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Degrons are short amino acid sequences that can facilitate the degradation of protein substrates. They can
be classified as either ubiquitin-dependent or -independent based on their interactions with the ubiquitin
proteasome system (UPS). These amino acid sequences are often found in exposed regions of proteins
serving as either a tethering point for an interaction with an E3 ligase or initiating signaling for the direct
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degradation of the protein. Recent advancements in the protein degradation field have shown the
therapeutic potential of both classes of degrons through leveraging their degradative effects to engage
specific protein targets. This review explores what targeted protein degradation applications degrons can
be used in and how they have inspired new degrader technology to target a wide variety of protein
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Introduction

Protein degradation of ubiquitinated proteins is required for
cell proliferation. The amount or rate of the degradation of
proteins varies from cell type to cell type, and can vary
depending on the life cycle state." Proteins that are damaged
or currently not required for cell proliferation must be
degraded to prevent apoptosis. Proteins can be degraded
through two cellular pathways, the ubiquitin-proteasome
system (UPS) or through autophagy. The proteasome is made
up of two main regions: the 19S regulatory particle (19S RP)
and 20S core particle (20S CP).> The 19S RP is commonly
referred to as the cap of the proteasome, and it has many
responsibilities including recognizing ubiquitinated-protein
substrates, unwinding the protein to reduce its tertiary
structure, and shuttling the protein into the catalytic core to
be hydrolyzed.?

For a protein to be degraded via the UPS pathway, it needs
to ubiquitinated. Ubiquitin (Ub) is a small 9 kDa protein that
can be covalently appended to a lysine of the protein of
interest (POI) to be degraded, Fig. 1.* The conjugation of Ub
to a POI requires the use of several other proteins: E1, E2,
and E3. Other reviews describe the importance of the
different linkages of Ub to the POI to lead to degradation by
the proteasome.”” This brief review describes how E3 ligases
can recognize a region of a POI to attach a chain of Ub
moieties utilizing an intrinsic degron region. The discovery
of the different types of degrons and E3 ligases provided the
inspiration for the development of bifunctional molecules

“ Department of Pharmaceutical Sciences, University of California, Irvine,
California 92617, USA. E-mail: dtrader@uci.edu
b Department of Chemistry, University of California, Irvine, California 92617, USA

This journal is © The Royal Society of Chemistry 2025

and molecular glues for targeted protein degradation as new
therapeutic agents, Fig. 2.

N-end degron

N-end degrons are a set of N-terminal residues that signal for
the degradation of a protein. These N-end degrons follow the
“N-end rule” which governs the relative half-life of a
respective protein. Originally discovered by the Varshavsky
group in 1986, N-end degrons play a vital role in the
regulation of protein homeostasis in eukaryotes, yeast,
bacteria, and plants. The scope of this review will focus more
specifically on their role in eukaryotes.®™*°

In eukaryotes, N-end degrons play a major part in the
ubiquitin proteasome system (UPS).''™'® In many contexts,
these sites specifically interact with an E3 ubiquitin ligase
such as UBRI and UBR2 known as N-recognins. Many
N-recognins exist as adaptor proteins that bind to E3 ligase
complexes and mediate the recruitment of a specific
N-terminal degron."”” > Once bound to the N-degron, the
conjugated E2 ligase within the E3 complex polyubiquitinates
the target protein at an exposed lysine residue. The
ubiquitinated protein is then processed and degraded via the
UPS.

Arg/N-end degrons

There are two main N-end degrons pathways that have been
discovered in eukaryotes with the Arg/N-end rule pathway
being the most prominent. The Arg/N-end rule pathway
utilizes the post translational modification (PTM)
arginylation to append the amino acid arginine to a target
protein to later be identified and degraded via an N-recognin
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Fig. 1 Ubiquitin proteasome system (UPS). The C-terminus of ubiquitin is activated in an ATP-dependent manner by the E1 activating enzyme and
subsequently transferred to the E2 conjugating enzyme. After complexing with a RING E3 ligase or transferring the ubiquitin to a HECT E3 ligase, a
target protein of interest (POI) is recognized and tagged via direct transfer of the ubiquitin. This ubiquitin cascade repeats resulting in poly-
ubiquitinated proteins which are targeted by the 26S proteasome for degradation.
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Fig. 2 Targeted protein degradation timeline. The field of targeted protein degradation began with the identification of the N-end degron pathway
in 1986. These amino acid sequences act as signals for recognizing proteins and targeting them for degradation by the proteasome. The discovery
of thalidomide as an IMiD drug and sulfonamides as anticancer therapies in the late 1990s led to the identification of small molecules that recruit
degron motifs within proteins, which were later referred to as “molecular glues”. Over the years, optimization of degron-based targeted protein
degradation has resulted in the discovery of many new small molecule binders to degron motifs. This progress has also led to the development of
alternative bifunctional molecules that use chemical moieties to mimic degron-like signaling via small molecules. Currently, this research has
expanded to include the identification of new degraders that leverage endogenous degradation signaling, including new classes of molecules that

can directly recruit the proteasome to degrade target proteins.

(Fig. 3A). Two types of N-terminal amino acids fall within the
Arg/N-end rule pathway, those that are directly recognized
and bound by N-recognins known as type 1s, and those that
are either endogenously basic or that must undergo a post
translation modification to be converted into an N-terminal
arginine.”* The bulky nonpolar and basic amino acids Lys,
His, Arg, Tyr, Leu, Phe, Trp, and Ile all serve as primary
destabilizing Arg/N-end degrons and are directly recruited by
N-recognins without PTMs. On the other hand, the amino
acids Asp, Glu, Asn, Gln, and Cys can only be bound by
N-recognins and function as primary destabilizing degrons
after undergoing arginine transformation from arginine-
transferases.

1068 | RSC Med. Chem., 2025, 16, 1067-1082

Arg/N-end degrons have been found to be pivotal in
the regulation of protein homeostasis with many cases
of these exposed amino acid residues coinciding with
oxidative = damage or misfolding of the target
protein.”*** Proteins that have undergone N-terminal
arginylation have also been shown to serve as
substrates for degradation via macroautophagy.** Instead
of ubiquitin recruitment and subsequent proteolysis by
the UPS, the protein substrate is targeted by the
autophagic adaptor protein p62. Upon binding to the
ubiquitin chain, p62 sequesters the target protein
trafficking it to a forming phagosome for lysosomal
degradation.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 N-degron pathways. (A) Arg/N-end degron pathway. UBR1/2 serves as the main E3 ligase for substrate recognition of Arg/N-end degrons.
N-terminal proteins are recognized at three stages: tertiary (Q, N), secondary (C, D, E), and primary (R, K, H, W, L, F, Y, |). Tertiary amino acids are
converted to secondary via the conversion of their amide substituent to a carboxylic acid. Secondary amino acids are converted to primary via
conjugation to the amino acid Arg. The final primary substrates are recognized by two distinct substrate binding sites of UBR, one binding positively
charged residues (type 1) and the other binding bulky hydrophobic residues (type 2). (B) Ac/N-end degron pathway. N-terminal acetylated proteins
can serve as degrons for many protein substrates. Many N-terminal degrons that are acetylated are recognized at either N-terminal Met or
N-terminal Met pairs (MA, MS, MV, MC, MT). Unpaired Met are cleaved via Met-aminopeptidases and both degrons are subsequently acetylated and
degraded. (C) Pro/N-end degron pathway. Met cleavage can lead to recognition of N-terminal Pro residues by the GID E3 ligase complex. (D) Gly/
N-end degron pathway. Met cleavage also can result in the recognition of N-terminal Gly residues by the Cul2 E3 ligase complex.

Though Arg/N-end degrons are widely recognized for their
role in protein degradation, it has been shown that these
degrons and their binding partners (UBRI and UBR2) also
regulate other biological processes.”>*® Some notable
examples include regulation of transcription and translation
in human cells, where UBR1 and UBR2 double knock-out
cells showed increased levels of glucocorticoid receptors,
suggesting that these receptors are physiological substrates
of the Arg/N-end degron pathway. Continuation of the knock-
out study showed lower levels of the intracellular proteins
neurofilament L (NF-L) and neurofilament-M (NF-M) despite
up-regulation of their mRNAs, suggesting that Arg/N-end can
also modulate the translation of specific mRNAs."?

Ac/N-end degrons

The other main branch of N-terminal degrons is known as
the Ac/N-end degron pathway (Fig. 3B) and it was discovered
in 2010 by the Varshavsky group.”” This pathway relies on
acetylation of target proteins to initiate N-recognin
recruitment and protein degradation.">*®?° The acetylation
of N-terminal protein residues has been shown to proceed
through a different mechanism than the one more commonly
observed in the acetylation of internal amino acid residues.*”

This journal is © The Royal Society of Chemistry 2025

In many cases, N-terminal methionine residues signal for the
acetylated degron through Met-aminopeptidase-mediated
cleavage.”® Through this mechanism, the remaining amino
acids are then “screened” for capability of acetylation based
on the size of their adjacent amino acids. Typically, the
N-terminal acetylation occurs in Ala, Val, Ser, Thr, Cys, and
Met (in the case of bulky amino acids), though in rare cases
the acetylation of N-terminal Gly and Pro has been observed.
Additionally, it has been reported that N-terminal acetylation
is irreversible and that no N-terminal deacetylases have been
identified to this point.** This irreversibility showcases the
finality of this degron pathway and could be directly
implicated in why Ac/N-end degrons are relevant to the
proteolysis of approximately 80% of the proteome.'*?
Adding this N-terminal acetyl group to a target protein
increases its hydrophobicity and introduces a new potential
protein binding surface that can be used as a “docking”
position to mediate protein complex formation between the
multiprotein E2-E3 ligases and the target protein. It has been
shown that antagonizing this acetyl-amide binding location
can impede the conjugation of the ubiquitin like protein
NEDD8 and cause subsequent protein accumulation.'*?
Additionally, N-terminal acetylation not only promotes the
degradation of proteins via the UPS, but degrons also have
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been shown to regulate autophagy. N-terminal acetylation by
B-type N-terminal amino transferase (NatB) promotes the
formation of actin filaments. These filaments facilitate the
trafficking of target proteins to phospholipid scramblase
containing vesicles for autophagosome formation, and
subsequent acetylation of Vpsl promotes autophagosome-
vacuole fusion.*

Alternatively, a small subset of Ac/N-end degrons have
been implicated in nonproteolytic activities, namely their
emerging role in histone modification and protein
trafficking. N-alpha-acetyltransferase 40 (NAA40) has been
shown to acetylate a terminal serine in histone H4 which
affects gene expression with misregulation of this event being
implicated in cancer progression.**® N-terminal acetylation
of the neuronal protein o-synuclein stabilizes its terminal
o-helix and increases its affinity for synaptic vesicles
regulating neurotransmitter release.’**>

Pro/N-end degrons

The Pro/N-end degron pathway is a less prevalent pathway of
N-end degrons that recognizes a Pro residue at the
N-terminus or at position 2 of the target protein (Fig. 3C).
This pathway, like the Ac/N-end pathway, utilizes Met-
aminopeptidase to remove Met groups and an N-terminal Pro
residue. The main N-recognin for this pathway is the glucose-
induced degradation (GID) E3 ubiquitin-protein ligase
complex that mediates the ubiquitination and subsequent
proteasomal degradation of the protein substrate. Glucose-
induced degradation protein 4 (Gid4) serves as the substrate
recognition subunit of the GID and directly binds the
N-terminal proline residue. It has also been shown that GID4
can recognize hydrophobic amino acids such as N-terminal
Gly and Ile though it has the highest affinity for the peptide
sequence Pro-Gly-Leu-Trp.**™*° Solved crystal structures of
human Gid4 support its affinity for N-terminal Pro
residues.*®*” An orthosteric site glutamic acid residue
(Glu237) engages in hydrogen bonding with the secondary
amine of Pro.

Gly/N-end degrons

N-terminal Gly residues have also been shown to be
degrons capable of recruiting the Cullin-RING E3 ligases
(CRLs) for target protein ubiquitination (Fig. 3D). Mammals
express seven canonical Cullin proteins (Cull, Cul2, Cul3,
Cul4A-B, Cul5 and Cul7) that form multi-subunit CRLs.*®
Cullin-RING E3 ligases are composed of three mains
subunits: the Cullin subunit itself, the E2 binding region,
and the substrate binding region. The Cullin subunit serves
as the main scaffold for the entire protein complex and is
composed of three Cullin repeats. This 3-mer protein
subunit then attaches itself to the E2 binding region via a
globular carboxy-terminal domain (CTD) that has a highly
conserved stretch of approximately 200 amino acids.**™>"
This CTD interface allows the RING protein to bind and
through subsequent activation of ubiquitin through the E1,
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E2, and E3 cascade, places a degradation tag on the target
protein. Recognition of the N-terminal Gly degron is carried
out by the Cul2 adaptor proteins ZYG11B and ZER1.’* It
was found that both these adaptor proteins have overlaps
in protein substrates with ZYG11B being widely able to
recognize shorter N-terminal Gly degrons while ZER1 can
target more specific degron substrates upstream of the Gly
with preferential binding towards more bulky amino acids.
The Gly/N-end degron role has seen implications in a
variety of cellular process regulation contexts, particularly,
the wuse of N-terminal Gly residues to regulate
N-myristylation has been studied in eukaryotic cells.
N-Myristylation refers to a PTM that attaches the 14-carbon
fatty acid myristate to the N-terminal glycine of a protein.
This attachment aids in plasma targeting, subcellular
trafficking, and localization of the target protein, ultimately
influencing the proteins functionality in cells.*™> Gly/N-
end degrons recruitment can serve as “quality control” for
this process signaling for the degradation of proteins that
failed to complete the PTM still bearing the N-terminal Gly
residue.”

C-end degron

Though N-end degrons were originally discovered in 1986
and it took approximately 30 years for scientists to identify
C-end degrons. Found originally in 2018 by the Elledge and
Yen labs,’® C-end degrons differ from N-end degrons in their
mechanism of action and localization, but ultimately are
analogous in their ability to signal for degradation of specific
protein substrates (Fig. 4). As their name suggests, C-end
degrons are carboxylic acid terminus amino acids that can be
present in full length proteins, protein fragments, and
prematurely terminated proteins. The responses to C-end
degrons stem from the protein's inability to protect their
C-terminus fast enough through folding or binding,
showcasing the protein loss of function and subsequent need
for proteolysis.

Gly/C-end degrons

Similar to N-terminal Gly, C-terminal Gly residues can also
serve as degradation signals for proteins. Identical to
N-terminal Gly binding, the Cul2 E3 complex remains the
key N-recognin in the ubiquitination of C-terminal Gly
residues. It has been found that this Gly/C-end degron
exhibits the highest substrate preference to disubstituted
C-terminal Gly residues (Gly-Gly) with the N-recognin
KLHDC2 serving as a protein substrate receptor in the
Cul2 E3 complex.’””®® KLHDC2 is a part of a related
family of the substrate adaptor proteins known as the
Kelch family, where each N-recognin has specific
selectivity towards C-terminal Gly [associated 2-mer peptide
fragments (KLHDC3: RG and KG and KLHDC10: AG, WG,
and PG)].>®

Gly/C-end degrons also play alternative biological roles
outside of solely signaling for protein degradation. Like Gly/

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 C-end degron pathways. Many C-terminal degrons have
specific E3 ligase complexes (gray) and adaptor protein recognins
(colored) that bind their terminal amino acids. The majority of
C-terminal degrons are ubiquitinated by Cullin family E3 ligases (Cul2,
Cul4, Cul5) except for the Gln/C-end degron pathway that utilizes the
tripartite motif (TRIM) E3 ligase complex.

N-end degrons, C-terminal glycine residues are implicated in
the regulation of myristylation, where proteins that fail to
undergo the C-terminal PTM are targeted for termination.
Gly/C-end degrons also have been shown to have roles in viral
protein evasion of proteolytic cleavage. Coronavirus non-
structural proteins (NSPs) are synthesized as polypeptide
chains that are proteolytically cleaved into individual NSP
that aid in viral cell replication by viral proteases. Cleavage of
NSP1-NSP3 by the viral protease PLpro releases a C-terminal
diGly residue that could be potentially targeted by the
KLHDC2 pathway.®® It was found that the stability of GFP
affixed with the final six residues of the SARS-CoV NSP1
protein has much greater stability compared to those ending
only with a diGly residue. This suggests that viral NSP
proteins have adapted resistance to proteolytic attack via host
cells and the evasion of this Gly/C-end degron pathway is
pivotal in viral protein proliferation and infection of host
cells.®

This journal is © The Royal Society of Chemistry 2025
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GIn/C-end degrons

The study of C-end degrons is currently in its early stages
with new pathways being identified rapidly, one of which
being the Gln/C-end degron pathway. The C-terminal Gln
residue in this pathway is targeted by the protein TRIM7 that
belongs to the tripartite-motif- containing (TRIM) protein
family of RING-type E3 ligases. Crystal structures of TRIM7
further elucidate its selectivity in binding to Gln residues.®"*>
The basic amines in the C-terminal Gln fit easily into the
positively charged binding pocket of TRIM?. Additionally, the
carbonyl group of Gln forms several hydrogen bonding
interactions with TRIM7 making it highly specific for the Gln
residue not allowing other substitutions at the C-terminus.

The GIn/C-end degron pathway has also been found to be
implicated in the immune response. The expression of TRIM
proteins is upregulated in response to interferons, and they
play various roles in the innate-immunity related pathway
such as regulating cytokine secretion, preventing autophagic
degradation of c¢GAS and STING, and facilitating the
autophagy = meditated  degradation @ of  pathogenic
proteins.®*™®®

EE/C-end degron

Cul4, a member of the Cullin family of E3 ligases is a known
N-recognin of the EE/ C-end pathway. Specifically, the
adaptor protein DCAF12 recognizes the EE degron and
targets its respective protein for degradation.®®””" It has been
found that DCAF12 can broadly recognize degron substrates
bearing a Glu residue at position two with the C-terminus
residue being ambiguous, although a pair of C-terminal
glutamic acid residues are preferentially targeted.""

R-3/C-end degrons

Cul4 is also implicated in the R-3/C-end degron pathway,
where degrons with Arg at position three relative to the
C-terminus (RXX-COOH) are recognized by the adaptor
protein TRPC4AP. Several important protein substrates have
been identified for the Cul4-TRPC4AP complex, most notably
the transcription regulator protein N-Myc was found to be
targeted by the N-recognin via its R-3 C-terminal degron
motif.>>7?

Arg/C-end degrons

Like the N-terminal Arg pathway discussed above, a similar
Arg/C-end degron pathway also exists for C-terminal Arg
residues. All three mammalian FEM1 proteins, FEMI1A,
FEM1B and FEM1C, have demonstrated the ability to serve as
CRL2 adapters recognizing the C-terminal Arg degron.
FEM1A and FEM1C have been shown to bind to peptides that
end in the more specific sequence RXXR or RXR, where X is
any amino acid.”®> Additionally, scientists have found that
FEM1B binds to C-terminal Arg residues with a different
specificity than FEM1A and FEM1B, having a roughly 5-fold
increase in selectivity towards an amino acid sequence

RSC Med. Chem., 2025, 16,1067-1082 | 1071
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derived from the C-terminus of the protein cyclin-dependent
kinase 5 activator 1 (CDK5R1).”*

Small molecule binders of degron
motifs

The discovery of degrons marked a pivotal moment in
understanding biological pathways that regulate protein
degradation. Over the years, this research has laid the
groundwork for a variety of degron binding small molecules,
primarily the molecule thalidomide and its derivatives.
Originally discovered in the early 1950s, the molecule
thalidomide was marketed for its antiemetic properties but
was later discontinued for its association to birth defects and
neuropathies. It was later determined that thalidomide
exhibited anti-inflammatory properties being used for the
treatment of acute erythema nodosum leprosum, an
inflammatory symptom associated with leprosy.”> Because of
its effects, thalidomide was later discovered to be efficacious
in the treatment of cancer’®’” (multiple myeloma) and this
spearheaded scientists to begin structure-activity relationship
studies to find new thalidomide analogues. After further
mechanism of action studies,”®*™®' thalidomide derivatives
known as immunomodulatory drugs (IMiDs) have been
shown to engage the protein target cereblon (CRBN).**%’
CRBN is a Cullin RING E3 ligase that plays an important role
within the UPS.”>*¥°° IMiDs have been used to leverage this
protein's abilities, with the molecules serving as recruiters
for the E3 ligase in bifunctional molecule applications.’* Co-
crystal structures of CRBN in the IMiDs thalidomide,
lenalidomide and pomalidomide show that the molecules
bind a rather shallow hydrophobic pocket at the surface of
the protein (Fig. 5).°> All three IMiD molecules show very
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Fig. 5 Structure of thalidomide and its derivatives.
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little variation in their binding orientation, with each
forming key interactions with His380 and Trp382 via their
glutarimide ring. Co-crystal structures of the IMiDs also
reveal that the additional chemical moieties of the molecules
do not interact with the binding pocket of the protein and
instead remain solvent-exposed. Many studies suggest that
these solvent-exposed regions can serve as sites for binding
other protein substrates, allowing thalidomide and its
derivatives to function as molecular glues, simultaneously
binding CRBN and other protein substrates. The Ward and
Tonnelle groups have demonstrated that treatment with
IMiDs leads to the degradation of the Ikaros family of
proteins (Ikaros, Aiolos, Helios, Eos, and Pegasus).”"*

Ikaros proteins are zinc finger (ZF) transcription factors
that participate in a complex network of interactions with
gene regulators to control gene expression and proliferation
via chromatin remodeling. These proteins primarily regulate
hematopoiesis and are important in the development of the
adaptive immune system. Members of the Ikaros protein
class are characterized by their “zinc finger” motifs that
consist of a zinc atom that is in specific coordination with
four other amino acids, typically histidine and cysteine. This
protein family has two sets of highly conserved C,H,-type
zinc finger motifs.”>°® The first set is located at the
N-terminus of the protein and mediates binding to specific
DNA sequences and the second set is found at the
C-terminus of the protein, enables dimerization with other
Ikaros proteins and serves as a binding location to mediate
interactions with other transcription regulator proteins.
Studies have indicated that the second C,H, ZF domains of
both Ikaros (IKZF1) and Aiolos (IKZF3) are drug-inducible
degrons. Many other IMiD protein targets that don't share
similar primary sequences have been shown to be degraded
via this molecular glue mechanism and emerging crystal
structures illustrate that many ZF-containing proteins with
diverse amino acid sequences bind the same IMiD
interface.”” ™

Sivers et al. later in 2018 found that ZF degrons bind a
complimentary groove on the CRBN surface that fits the
overall shape of the C,H, ZF domain, bringing different
amino acids from different ZF degrons in contact with the
same solvent exposed region of the respective IMiD and the
CRBN protein surface, showing that this degron recruitment
isn't based on traditional small-molecule-protein interactions
and more heavily relies on the “shape” and pseudo secondary
structure of the ZF-containing region.

Similar to ImiDs, sulfonamides are another class of small
molecule binders of E3 ligases that have been found to
additionally function as molecular glues for protein
substrates. Sulfonamides are highly diverse small molecules
that have been used for a wide variety of therapeutics
including antimicrobial therapies, carbonic anhydrase
inhibitors, anti-thyroid medications and more.' In the late
1990s, studies indicated that aryl sulfonamides such as
indisulam and tasisulam could be used to inhibit the
proliferation of cancer cells (Fig. 6)."°" Further explorations

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Structures of E3 ligase binding sulfonamides.

of the molecular mechanisms of these compounds showed
that they targeted a wide scope of oncogenic disease states,
showing lower cell viability in colorectal cancer, glioblastoma,
non-small cell cancer, acute leukemia and other tumor types
after administration. It wasn't until 2017 that scientists
discovered that molecules like indisulam were functioning as
molecular glues, bridging a target protein and the E3 ligase
DCAF15.'% Specifically, it was found that the molecule
indisulam inhibits cellular growth by degrading the RNA
binding motif protein 39 (RBM39) that serves as an essential
splicing factor of RNA regulating protein transcript levels.
Bussiere et al. found that indisulam binds a well-defined
pocket formed by DCAF15 making key hydrogen binding
interactions with both Ala234 and Phe235 of the protein.'® It
was also found that the nitrogen within the central
sulfonamide of indisulam forms two water-mediated
hydrogen bonds with both Thr262 and Asp264 of RMB39,
stabilizing the recruitment of the additional protein to the
DCAF15. The interaction between the DCAF15 and RBM39
mediated by indisulam binding also extends to other protein
substrates, specifically another member of the RNA binding
motif protein family RBM23. Both RBM23 and RBM39 share
a conserved o-helical sequence (X1XXM4XXG7XXEP11) that is
defined as a degron motif allowing the target proteins to be
recruited and degraded via ubiquitination by DCAF15."%

A more recent example of small molecule recognition of a
degron motif comes from a study conducted by Nurix
Therapeutics in 2019."°* This research showcased the ability
to target the protein f-catenin for degradation via a
molecular glue binding mechanism. f-Catenin is a Wnt
signaling effector protein that is often dysregulated and
stabilized in cancers. In healthy cells, p-catenin is highly
regulated and maintained at very low cytoplasmic levels
through a multi-step process including phosphorylation,
ubiquitylation, and subsequent degradation by the UPS. The
phosphorylation is carried out by the cytoplasmic destruction
complex (DC) consisting of suppressor proteins axin and
adenomatous polyposis coli (APC), and the serine-threonine
kinases glycogen synthase kinase 3 (GSK3) and casein kinase
1 (CK1). The protein B-catenin is initially phosphorylated on
Ser45 by CK1, followed by sequential phosphorylation at
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Thr41, Ser37, and Ser33.'°>™'%® In cancerous cells however,
this sequential phosphorylation cascade is not essential for
degradation of the protein. The phosphorylated Ser33 and
Ser37 of p-catenin have been found to be part of a
phosphodegron sequence (DS'GXXS"P) that binds the F box
protein B-TrCP that complexes with the Cullin E3 ligase Skp1
(SCF), leading to ubiquitination by the E3 ligase complex and
degradation.’® In most colorectal cancers, B-catenin is
stabilized due to mutations in Ser37 accounting for roughly
10% of known B-catenin mutations. This mutation impairs
B-catenin's ability to bind to B-TrCP.'*° Further structural
characterization of mutated f-catenin lacking Ser37
phosphorylation reveals that the monophosphorylated
degron (Ser33®) binds to B-TrCP in a similar orientation as
the wild-type B-catenin."'" These studies also elucidated that
the removal of phosphorylated Ser37 disrupted several key
electrostatic and hydrogen bonding interactions between
both B-catenin and B-TrCP, reducing binding affinity, but also
exposing a small hydrophobic binding pocket between the
two protein interfaces. After conducting a library screening
and hit optimization of over 350 000 compounds, the authors
developed compound NX-252114 that increased the binding
affinity of the mutant Ser37 B-catenin to -TrCP 100-fold after
administration (Fig. 7).

Additionally, other small molecules have been identified
that increase the binding affinity of phosphodegron motifs to
E3 ligases. c-Myc is a protein that is known to function as a
transcription regulator in cells, and its misregulation is
implicated in a variety of different cancer subtypes."'> c-Myc
is widely an elusive drug target because of its unique protein
structure, lacking a clear binding pocket for small molecules.
Like B-catenin, c-Myc also has two phosphodegron motifs
(LLPT’PPLS’P and EET'PPTT'S) that once phosphorylated
can be recruited to the F-box and WD repeat domain-
containing 7 protein (FBW7) that complexes with the Cullin
E3 ligase SCF for subsequent ubiquitination and
degradation.””® FBW7 mutations can occur in cancers
subtypes that dysregulate binding to Myc causing its
stabilization and accumulation in cells."'* A recent study
identified a new ligand (KI-FBX-001) that binds at the
interface of c-Myc and FBW?7 stabilizing the protein partners
and aiding in the proteolysis of the c¢-Myc protein
substrate."'® The effects of both NX-252114 and KI-FBX-001
are current working examples of utilizing small molecules to
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Fig. 7 Structure B-catenin-B-TrCP of E3 ligase binding sulfonamides.
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rebuild target protein's encoded degron motifs that were
otherwise only natively accessible for targeted protein
degradation.

Targeted protein degradation utilizing
“degron like” motifs

Over the years, methods for degron-mediated targeted
protein  degradation have evolved from exploiting
endogenous degron motifs within proteins to chemically
installing “degron-like” moieties into small molecules that
can signal the degradation of target proteins. A noteworthy
example comes from the Rao lab, which demonstrated the
use of N-terminal amino acids (N-end rule degraders) to
induce the degradation of the BCR-ABL protein complex.'®
The N-end rule pathway determines protein stability based
on the identity of the N-terminal amino acid residue. Specific
amino acids, such as basic residues (Arg, Lys, His) and
hydrophobic residues (Val, Leu, Ile, Phe, Trp, Tyr), are
directly recognized by UBR1/2 E3 ligases, which facilitate
substrate ubiquitination and subsequent proteasomal
degradation. Leveraging this pathway, the authors designed
molecules incorporating a single N-terminal amino acid, a
small polyethylene glycol (PEG) linker, and dasatinib, a
tyrosine kinase inhibitor, as a protein of interest (POI)
recruiter (Fig. 8). Dasatinib targets the Abelson proto-
oncogene (ABL), which, in hematological malignancies, forms
a fusion with the breakpoint cluster region (BCR) protein,
creating the oncogenic BCR-ABL complex.'"”"**° This fusion
protein exhibits heightened stability and kinase activity,
driving the wuncontrolled proliferation of myeloid cells.
Dasatinib locks BCR-ABL into an inactive conformation,
halting its activity."*""**> Using the N-terminal amino acids as
signaling degrons the authors tested their single amino acid
bifunctional molecules and showed that they were able to
lower the cellular levels of the BCR-ABL complex in vitro.
Further testing showed that the most effective degrader
utilized Arg as the N-terminal amino acid, achieving a DCs,
of 0.85 nM and an ICs, of 0.36 nM for BCR-ABL degradation.
This study is interesting because it is one of the first
instances of direct attachment of a recognized degron to a
protein of interest (POI) resulting in its degradation. Further
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Fig. 8 N-terminal degron bifunctional targeting BCR-ABL for degradation.
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expansion on this promising work, such as extending this
technology to target other protein substrates, would greatly
expand the field of protein degradation and provide scientists
with a better understanding of the capacity of chemically
installed degrons to signal for target protein degradation.

Additional methods of employing “degron like” motifs for
targeted protein degradation have been recently reported.
HyT-PDs (hydrophobic tag-based protein degradation)
represent an alternative approach for targeted protein
degradation. HyT-PDs are bifunctional molecules composed
of a (POI) binding moiety, a linker, and a highly hydrophobic
group known as the hydrophobic tag. This hydrophobic tag
acts similarly to a protein's degron by mimicking a damaged
or misfolded protein. One of the most prevalent moieties
used as hydrophobic tag is adamantane, an organic
compound consisting of three fused cyclohexane rings. In
2017, the first instance of a targeted approach for HyT-PDs
was published by the Li group.”* In this work, the authors
developed a bifunctional degrader consisting of the
hydrophobic tag adamantane, a peptide recognition motif for
the microtubule associated protein tau, and a poly-arginine
cell penetrating peptide tail (Fig. 9). It was found that these
series of HyT-PDs were able to effectively lower the
concentration of Alzheimer's disease-causing protein tau in
both in vitro and in vivo screenings.

Hydrophobic tags have also been featured in comparative
studies to the heavily studied proteolysis targeting chimeras
(PROTACs), showing increased efficacy and drug-like
properties. Choi et al. synthesized both a PROTAC (ND1-YL2)
and HyT-PD (YL2-HyT6) for the target ribonucleic protein
SCR-1 (Fig. 10). It was found that the HyT-PD increased the
degradation of the POI two-fold, lowering the DCs, from 5
uM as compared to the PROTAC. This observed increase can
stem from various factors, but it is hypothesized that the
enhanced “drug-likeness” due to improved ADME properties
may play a significant role in these increases.'>* HyT-PDs
typically have lower molecular weights, greater lipophilicity,
and longer half-lives compared to PROTACs, contributing to
their efficacy.'® For example, the YLS-HyT6 demonstrated
better cellular uptake and lower plasma metabolic rates in
media compared to the PROTAC BD1-YL2, which may be
attributed to these advantageous properties.
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Fig. 9 Hydrophobic tag targeting tau for degradation.

Targeted protein degradation by
direct proteasome recruitment

Throughout this review, we have explored various methods
of targeted protein degradation that rely on E3 ligase-
based mechanisms. However, scientific research has also
identified proteolysis mechanisms that function through
direct substrate recruitment to the proteasome. One
example of this is the hydrophobic tag Bocs;Arg, which
consists of three tert-butoxycarbonyl groups protecting all
side-chain amines in the Arg residue. This highly
hydrophobic group was found to avoid ubiquitin
dependent degradation of GST-n when tagged to the GST-
n inhibitor ethacrynic acid."**'*” It is hypothesized that
the BoczArg used in the hydrophobic tag might act as a
ligand for the 20S CP of the proteasome, facilitating its
degradation directly to the catalytic core and avoiding the
19S and the ubiquitin-dependent degradation system.
Other proteins have also been successfully targeted for
degradation using the hydrophobic tag BoczArg such as E.
coli dihydrofolate reductase (eDHFR), through the same
ubiquitin independent pathway.'>®

More recently, scientists have demonstrated that direct
recruitment of target proteins to the full 26S proteasome
complex can effectively induce their degradation. In a
study conducted by Genentech in 2023, they reported
the discovery of a new peptide macrocycle, MC1, which
binds directly to the 26S proteasome subunit alpha-2.'*
Scientists then conducted cryo-EM with MC1 and found
that the molecule binds within 70 A to the proteasome's
unfoldase pore. After binding site conformation,
scientists synthesized a bifunctional molecule consisting
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Fig. 11 MCl1 is a PSMD2-mediated BRD4 degrader.

of the macrocyclic peptide MC1 and the BRD4 inhibitor
JQ1 (Fig. 11). It was found that molecule was able to
facilitate the degradation of the POI BRD4 in a
proximity mediated manner. This was the first instance
of direct degradation of a POI by the 26S proteasome
via bifunctional molecule recruitment and provided an
important foundation for the expansion of this
degradation technology.

Ongoing research has expanded upon bifunctional
molecules that can recruit a POI directly to the 26S
proteasome.’®® A new class of bifunctional molecules have
been described that bind Rpn-13, a 19S RP subunit, and a
POL"*° Like the macrocyclic peptide MC1, TCL-1 binds in
close proximity to the proteasome's substrate channel
interacting with the ubiquitin receptor Rpn-13 (Fig. 12).
Similar findings were also found in a recent study by the
Kodadek lab, which employed a similar approach to degrade
BRD2/4 and CDK9 using a HaloTag recruitment system. In
this work, the ubiquitin receptor Rpn13 was conjugated to a
HaloTag, which served as a tether to a chloroalkane moiety
on the bifunctional molecule.”*" This method demonstrated
the degradation of all three target proteins, showcasing the
potential applicability of this mechanism. However, further
exploration is needed to determine which other 26S
proteasome subunits can be effectively targeted. Additionally,
it remains unclear which types of proteins are suitable for
degradation using this new 26S proteasome-targeting
methodology.
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Fig. 10 Hydrophobic tag targeting tau for degradation.
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Fig. 12 A bifunctional molecule that can increase BRD4 degradation by binding to Rpn-13, a 26S proteasome subunit.

Conclusion

Collectively, these findings illustrate how the UPS exploits
the unique properties of protein termini to facilitate selective
protein degradation. Despite intense research interest in the
N-degron pathways over the past three decades, important
new insights continue to be uncovered. We anticipate that
the coming years will bring similar advances in our
understanding of C-degron pathways, but already some
common principles are emerging: for example, recognition of
C-terminal degrons is achieved by tandem repeat domains.'**
A focus of future work will be to define the cellular contexts
in which these pathways operate, and to understand how
dysregulation of these pathways may be relevant to specific
disease states.

Given the research progress in the past two decades and
the recent level of interest and investment from both
academia and industry, it is clear that targeted protein
degradation will become a key therapeutic modality. As noted
above, protein degraders that interact with an E3 ligase are
already in clinics. New targeted protein degradation methods
are also being explored, including those that target the
autophagy pathway.**'**  The continuous discoveries
regarding the ability of cells to naturally degrade proteins will
continue to help guide research in harnessing target protein
degradation for a desired therapeutic response.
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