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Proteolysis targeting chimeras (PROTACs) come
of age: entering the third decade of targeted
protein degradation

Michael J. Bonda and Craig M. Crews *abc

With the discovery of PROteolysis TArgeting Chimeras (PROTACs) twenty years ago, targeted protein

degradation (TPD) has changed the landscape of drug development. PROTACs have evolved from cell-

impermeable peptide-small molecule chimeras to orally bioavailable clinical candidate drugs that

degrade oncogenic proteins in humans. As we move into the third decade of TPD, the pace of discovery

will only accelerate. Improved technologies are enabling the development of ligands for ‘‘undruggable’’

proteins and the recruitment of new E3 ligases. Moreover, enhanced computing power will expedite

identification of active degraders. Here we discuss the strides made in these areas and what advances

we can look forward to as the next decade in this exciting field begins.

Introduction

The initial 2001 study demonstrating the ability of PROteolysis

TArgeting Chimeras (PROTACs) to hijack the ubiquitin proteasome

system (UPS) offered a new chemical biology approach to control

protein function, which continues to impact drug discovery today.1

From their humble beginnings as chimeric peptides, PROTACs

have evolved into potent small molecules that can degrade a

variety of intracellular and transmembrane proteins in cells,

mice, and recently humans2–7 (clinical trials NCT04072952 and

NCT03888612). The success of PROTACs helped launch the field

of Targeted Protein Degradation (TPD), which has recently moved

beyond the proteasome. For example, Lysosome Targeting

Chimeras (LYTACs) harness the lysosomal degradation path-

way to induce degradation of extracellular proteins8 and the
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Macroautophagy Degradation Targeting Chimera (MADTAC)

platforms, AUTACs and ATTECs hijack the autophagy pathway,

thus potentially enabling the targeted destruction of entire

organelles and protein aggregates.9,10 These novel and exciting

TPD strategies will not be discussed herein, however there are

several reviews and perspectives highlighting these nascent

heterobifunctional modalities.4,11,12 Instead, we will focus on

how the molecules that started the TPD revolution, PROTACs,

continue to evolve.

The ubiquitin-proteasome system (UPS)

The ubiquitin-proteasome system (UPS) is the primary pathway

in eukaryotic cells by which intracellular proteins are degraded.13

To ensure that this system is tightly controlled, ubiquitin, a highly

evolutionarily conserved 76 amino acid (8.6 kDa) polypeptide, is

used to mark proteins for destruction. Once labelled with

ubiquitin, proteins can be recognized and degraded by the 26S

proteasome, a large barrel-shaped multi-subunit protein com-

plex consisting of six proteolytic sites.14 Although this system has

been extensively reviewed elsewhere, a brief overview will be

provided below for context.15

Ubiquitination of proteins is carried out by a cascade of

ubiquitinating enzymes named E1, E2, and E3. E1 enzymes

activate ubiquitin by using ATP to adenylate the ubiquitin

C-terminus. Once the activated ubiquitin thioester is formed,

the ubiquitin is conjugated to an E2 enzyme via a trans-

thioesterification. Next, the E2 enzyme binds an E3 ligase,

which is typically a large protein complex consisting of a

substrate adaptor and accessory proteins. Depending on the

class of E3 ligase, the ubiquitin is next transferred directly from

the E2 to a lysine on the surface of the substrate, or the

ubiquitin is sequentially passed from the E2 to the E3 to the

substrate. Ubiquitin itself contains seven lysine residues, which

allows for iterative rounds of ubiquitination by the E3 ligase to

form polyubiquitin chains. Proteins marked with K48-linked

polyubiquitin can then be recognized and degraded by the 26S

proteasome.

PROTAC mechanism

PROTACs are heterobifunctional molecules that can simulta-

neously engage an E3 ubiquitin ligase and a protein of interest

(POI) to be degraded (Fig. 1).2,3,5,16–18 The E3 ligase recruiting

element (E3RE) and the ligand for the POI are joined by a

chemical linker, whose composition and length can have dramatic

effects on PROTAC activity. Upon binding its targets, PROTACs

induce the formation of a ternary complex, enabling the E3 ligase

to ubiquitinate the POI on surface lysine residues.19,20 Once the

POI is sufficiently ubiquitinated, it can be recognized and

degraded by the 26S proteasome.

Shifting paradigms

Over the past twenty years, PROTACs and the emerging TPD

field have changed how academia and industry imagine drug

discovery. Historically, drug development has relied on an

‘‘occupancy-driven’’ pharmacological model.17,21 In this para-

digm, drug action is a direct result of its sustained occupancy of

a binding site within the target protein. The fraction of bound

drug is directly proportional to the compound’s affinity for its

target. Therefore, high affinity ligands (low nanomolar to

picomolar) are necessary for specific biological activity at toler-

able doses. While numerous academic and industrial research

campaigns have been undertaken against a variety of pharma-

cological targets, development of specific, high affinity ligands

for many disease targets remains challenging.

PROTACs and other TPD technologies may circumvent the

issues associated with ‘‘occupancy-driven’’ pharmacology since

they act through an ‘‘event-driven’’ paradigm.3,18,21,22 Rather

than compound activity correlating solely to affinity, activity

instead correlates to the ability of PROTACs and similar mole-

cules to elicit desired biological events, namely ubiquitination.

A PROTAC’s ability to induce ubiquitination is dependent on

the transient formation of a E3 ligase–PROTAC–POI ternary

complex. The ternary complex need not be sustained by the

PROTAC any longer than is needed for target ubiquitination to

occur, after which target destruction proceeds regardless of

PROTAC binding. In fact, dissociation of the PROTAC is desir-

able since it permits the degrader to form additional ternary

complexes with remaining POI molecules, inducing multiple

rounds of degradation.19 Excitingly, PROTACs with weak binary

interactions for a POI can still be potent degraders if a stable

ternary complex is formed. This was exemplified by our work on

foretinib-based PROTACs.20,23 Despite foretinib’sB10 mM affinity

for p38a kinase, foretinib-based PROTACs can potently degrade

p38a with a DC50 of 210 nM. This case study suggests that

transient binding of a modest affinity ligand can allow for

sufficient ternary complex formation to induce ubiquitination

and subsequent degradation of proteins with modest affinity

POI ligands.

Degrading ‘‘hard to drug’’ proteins

Advances in structural biology over the past 60 years have

yielded thousands of disease-relevant protein structures. From

these studies a clear pattern emerged: ‘‘druggable’’ proteins

possess well-defined deep grooves and pockets that small

molecules can occupy.24 However, other proteins with shallow

or no binding pockets have classically been viewed as ‘‘undrug-

gable.’’ Since small molecule ligands are components of PRO-

TACs, one might have assumed that these proteins are also

‘‘undegradable.’’ However, several studies have showed that

PROTACs are indeed capable of degrading these proteins, and

as advances in ligand discovery continue, the repertoire of

effective PROTACs will continue to shorten the list of ‘‘undrug-

gable’’ disease targets (Fig. 2).

Scaffolding proteins

Scaffolding proteins that lack enzymatic activity are ideal PROTAC

targets because they are generally impervious to small molecule

inhibition. Our lab first demonstrated the ability of PROTACs

to eliminate scaffolding proteins using phosphoPROTACs to

degrade fibroblast growth factor receptor substrate 2a (FRS2a).25
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FRS2a is a myristoylated, non-enzymatic scaffolding protein

that participates in mitogen-activated protein kinase (MAPK)

signaling during neuronal differentiation upon nerve growth

factor (NGF) stimulation.26 Hines et al. developed a chimeric cell

penetrable peptide consisting of a phospho-dependent FRS2a

recognition sequence linked to a Von-Hippel Lindau (VHL) E3 ligase

recognition sequence termed TrkAPPFRS2a.
25 When PC12 cells

were co-treated with TrkAPPFRS2a and NGF, the FRS2a TrkAPPFRS2a
recognition sequence was phosphorylated, enabling TrkAPPFRS2a
to simultaneously bind FRS2a and VHL. This resulted in pro-

teasomal-dependent FRS2a degradation and a blockade of neuronal

differentiation. Although high concentrations (450 mM) of the

Fig. 1 (A) PROTAC mechanism. (1) PROTACs engage their binding partners forming a ternary complex (2) stabilized by de novo protein–protein

interactions. (3) The POI is then ubiquitinated by the E3 ligase, resulting in proteasomal degradation of the POI (4). (5) Noncovalent PROTACs can

dissociate from the ternary complex and induce multiple cycles of degradation. (B) PROTACs that covalently bind the E3 ligase, but reversibly bind the

POI can also undergo catalytic rounds of degradation. (C) PROTACs that covalently bind the POI cannot participate in catalytic rounds of degradation.

PROTACs that bind in a covalent, reversible manner to either the E3 ligase or POI would have the catalytic cycle shown in A.
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peptide-based phosphoPROTACs were necessary to achieve

robust degradation, this study demonstrated the feasibility of

PROTAC-mediated elimination of a ‘‘hard to drug’’ protein.

Multicomponent protein complexes

Large multiprotein complexes have traditionally been viewed as

‘‘undruggable’’ because inhibition of one subunit may not be

entirely deleterious to complex function. Moreover, the targeting of

large protein–protein interactions (PPIs) has proved challenging

using small molecules.27 However, PROTACs and other TPD

technologies may circumvent this issue. If the most ligandable

subunit is targeted via a PROTAC, degradation ofmultiple complex

members can be achieved through ‘‘bystander’’ ubiquitination.20

Alternatively, degradation of one subunitmay destabilize the entire

complex, which can also lead to degradation of the remaining

complex subunits through the natural protein quality control

machinery. The recent development of PROTACs targeting the

BAF chromatin remodeling complex showcases the ability of TPD

to modulate disease-relevant multicomponent protein complex

activity.28

The BAF/PBAF chromatin remodeling complex modulates

the position of nucleosomes on genomic DNA, thereby regulating

many cellular processes including gene expression, DNA replica-

tion, and DNA repair.29 Due to its role in DNA maintenance, the

complex is highly mutated in human cancers (B20%). Key

components of this complex are the mutually exclusive ATPase

subunits SMARCA2 and SMARCA4,30 which are promising targets

for therapeutic intervention in cancers based on genetic knock-

down studies.31 Interestingly, bromodomain (BD) inhibitors of

SMARCA2/4 are not antiproliferative, suggesting that chromatin

remodeling can occur irrespective of BD function.32–34 Therefore,

elimination of the entire SMARCA2/4 protein by use of PROTACs

and destabilization of the BAF complex may phenocopy genetic

knockdown.

To test this, Farnaby et al. developed PROTACs using one of

the aforementioned BD inhibitors.28 After solving the crystal

structure of the BD inhibitor in complex with the SMARCA2BD

to identify a point of linker attachment, the inhibitor was

conjugated to a ligand for VHL using PEG linkers of various

lengths. From this library, an active PROTAC was identified

and biophysically characterized for its ability to induce a

SMARCA2BD-PROTAC-VHL ternary complex. A crystal structure

for this complex was solved and insights gained from this

structure were used to rapidly develop a more potent SMARCA2/4

degrader, ACBl1. This selective degrader was then shown to be

antiproliferative in AML cell lines, while the parent inhibitor did

not attenuate cell viability. Excitingly, treatment with ACBl1

showed loss of other BAF components such as ACTLA6 and

PHF10, suggesting bystander ubiquitination and/or destabiliza-

tion of the entire complex upon SMARCA2/4 degradation.

Although SMARCA4 degradation may not be therapeutically

useful due to the tumor suppressor function it plays in many

cancers, the development of a SMARCA2/4 degrader illustrates

that PROTACs can be used to inhibit the function of large

multicomponent protein complexes, as well as demonstrating

the benefits of structure-guided PROTAC design (see Improving

the efficiency of PROTAC identification). Concurrent with the

publication of ACBl1, a dual ATPase inhibitor for SMARCA2/4

was developed that also induces cell death in AML cells. Future

studies should be conducted to determine if PROTACs using

these ligands will be more selective for SMARCA2 degradation

than ACBI1. Other ‘‘undruggable’’ chromatin remodeling com-

plexes have also been degraded with PROTACs and this has been

reviewed elsewhere.4,5

Transcription factors

Transcription factors (TFs) are DNA binding proteins that

promote changes in gene expression.35 Therefore, their dysre-

gulation is associated with a myriad of diseases, especially

cancers. TFs have been difficult to drug because their natural

substrate, DNA, is negatively charged and compounds that

mimic this interaction tend to have poor cell permeability.36

Additionally, some TFs, like STAT3, dimerize or form larger

protein complexes that are difficult to drug due to the large

surface area of the PPIs.35 PROTACs and other TPD technologies

can overcome these limitations of traditional inhibitors since

binding to any part of the transcription factor may be enough to

elicit degradation.

The recent development of a STAT3-targeting PROTAC is a

great example of how PROTACs and similar technologies can be

used to degrade ‘‘undruggable’’ TFs.37 Aberrant STAT3 activity

has been linked to the incidence of several cancers including

Fig. 2 A non-extensive timeline of ‘‘hard to drug’’ proteins degraded with PROTACs. The insights gained from these studies will help the TPD community

tackle other proteins like KRAS G12D and c-Myc. FRS2a PDB: 2MFQ; BAF PDB: 6LTJ; STAT3 PDB: 1BG1; KRAS G12C PDB: 6UTO.
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leukemias and lymphomas.38 STAT3 activation has long been

held to be dimerization dependent, which is facilitated by

phosphorylation of Tyr705.39 pTyr705 of one monomer is

recognized by the SH2 domain of the other monomer. STAT3

ligands that bind to the SH2 domain have been discovered, but

have low utility as inhibitors since monomeric STAT3 can still

translocate into the nucleus and regulate gene expression.40,41

Additionally, these ligands have only modest selectivity for

STAT3 over the SH2 domains in STAT1 and STAT4 (B20 fold).

To address these issues, Bai et al. optimized a STAT3 ligand,

SI-109, and subsequently linked it to the cereblon (CRBN)

recruiter lenalidomide to create a specific STAT3-degrading

PROTAC named SD-36.37 SD-36 is capable of degrading STAT3

in leukemia cell lines, with corresponding significant decreases

in STAT3-regulated genes and induction of cell death. SD-36

degrades only STAT3, sparing STAT1 and STAT4, representing

another example of how a promiscuous ligand can be developed

into a more specific degrader.20 SD-36 was also able to eliminate

tumors in mice, with complete remissions that lasted until the

end of the 125-day experiment. This study, along with our lab’s

recent work on the TRAFTAC TPD system, showcase attractive

new methodologies for degrading hard-to-drug TFs.42

RAS proteins

RAt Sarcoma (RAS) proteins are mutated in approximately 25%

of human cancers and have long been attractive targets for

cancer therapeutics.43 However, their lack of druggable pockets

and high affinity for GTP have inhibited drug discovery efforts,

thereby placing RAS proteins in the category of ‘‘undruggable.’’

Despite this, recent progress has been made targeting the KRAS

G12C mutant prevalent in lung adenocarcinoma.43 The point

mutation to cysteine enables the opportunity for covalent

ligand development. Work by the Shokat group identified vinyl

sulphone and acrylamide molecules that covalently bind KRAS

G12C and form a drug stabilized pocket.44,45 This discovery

re-invigorated the field of small molecule RAS inhibitor dis-

covery, leading to the development of several covalent KRAS

G12C inhibitors currently in clinical trials.46–49 Among them,

AMGEN’s sotorasib (AMG 510), the leading clinical candidate,

and Mirati Therapeutics’ adagrasib (MRTX849) have shown

potent in vitro and in vivo inhibition of KRAS G12C signaling

and efficacy in early-stage clinical trials.46 However, recent

studies have suggested that cancer cells can acquire resistance

to KRAS G12C inhibitors by hyperactivation of other growth

pathways.50,51 Therefore, alternative therapeutic strategies, like

PROTACs, need to be explored.

Several TPD systems using VHL fusion proteins have been

developed to induce endogenous KRAS G12C degradation and

tumor cell death in cells and in mice, suggesting KRAS degrada-

tion as a viable option for cancer therapy.52–54 The first attempt

to induce KRAS G12C degradation with PROTACs recruited

CRBN via pomalidomide and bound KRAS G12C using

ARS1620, a tool KRAS G12C inhibitor developed by Wellspring

Biosciences.47,55 Zeng et al. used a flow cytometry-based assay to

identify a compound capable of degrading stably overexpressed

GFP-KRAS G12C, named XY-4-88. Interestingly, XY-4-88 did not

induce degradation of endogenous KRAS G12C, suggesting that

degradation of the GFP-KRAS G12C fusion protein was due to

ubiquitination of GFP and not KRAS G12C.

Our lab has also been interested in degrading KRAS G12C

with PROTACs. Based on data from Zeng et al., we opted to test

degraders that recruited VHL and used the synthetically tract-

able MRTX849 as the KRAS G12C warhead.49,56 We synthesized

a small library of PROTACs and identified LC-2 as the first

PROTAC capable of degrading endogenous KRAS G12C.57 LC-2

induces rapid, sustained degradation in both homozygous and

heterozygous KRAS G12C-expressing cell lines with maximal

degradation (DMax) values ranging from 40–90% and DC50

(concentration at which 1/2DMax was reached) values in the

high nanomolar range (0.25–0.76 mM). However, KRAS G12C

degradation with LC-2 does not inhibit downstream signaling

as effectively as the parent MRTX849 inhibitor. Additionally,

LC-2 is no more antiproliferative than MRTX849. This is due to

the covalent nature of LC-2 that does not allow for catalytic

rounds of KRAS G12C degradation, which has been observed in

cases of target engagement by non-covalent PROTACs.19

Despite this mechanistic limitation on its potency, the identifi-

cation of LC-2 confirms that ‘‘undruggable’’ RAS mutants can

be degraded using the PROTAC technology. This is particularly

exciting considering recent discoveries of cyclic peptides targeting

KRAS G12D,58 a more prevalent oncogenic mutation. Macrocyclic

PROTACs were recently described, so optimized, cell-permeable

versions of KRAS G12D binding macrocycles could serve as

warheads for future KRAS G12D PROTACs.59 Finally, our KRAS

G12C story, and other recently published studies, highlight that

not all E3 ligases can degrade all protein targets and that multiple

E3 ligases should be tested during PROTAC development.60,61

Advances in ligand development

To expand the reach of TPD to degrade other ‘‘hard to drug’’

proteins, novel ligands for these targets need to be identified.

Due to advancements in proteomics, chemical synthesis, and

molecular biology, tools now exist to identify ligands for almost

any protein. This is underscored by the recent Target 2035

campaign that aims to identify small molecule tool compounds

for the entire human proteome within the next 15 years.62 The

technologies that will lead the way in the discovery of novel

ligands for PROTAC development will be chemoproteomics to

identify covalent binding molecules and DNA encoded library

(DEL) screens to identify reversible ligands63–65 (Fig. 3).

It is now possible to identify covalent inhibitors in the

context of purified proteins, cell lysates, whole cells, and even

model organisms like mice,65 using competition between large

electrophilic libraries and highly reactive probes that covalently

modify a majority of the proteome.63 Briefly, ligandable hot

spots are identified by first treating cells or protein lysates with

libraries containing electrophilic compounds that specifically

react with nucleophilic side chains like cysteine, lysine, or

tyrosine. DMSO-treated samples are used as control. Next,

samples are treated with a highly reactive pan-specific molecule

(i.e. iodoacetamide for cysteine) functionalized with an alkyne.

Click chemistry can then be used to install a biotinylated
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‘‘light’’ or ‘‘heavy’’ mass tag, that can be used for subsequent

affinity purification. Samples are mixed 1 : 1 and then purified

using avidin agarose. Proteins are then digested with trypsin

following TEV cleavage of the tag to remove biotin/avidin.

Finally, relative amounts of tagged proteins, as determined by

the ratio of light vs. heavy protein, can be analyzed using mass

Fig. 3 Screening platforms that will enhance TPD in the next decade. (A) Chemo proteomic competition experiments using promiscuous probes will

uncover covalent binders of difficult to drug POIs and E3 ligases. Briefly, whole cells, cell lysate, or model organisms are treated with DMSO or the

covalent ligand of interest. Proteins are then harvested and treated with a promiscuous probe outfitted with a terminal alkyne. Next, click chemistry is

used to install a biotinylated light mass tag in the DMSO sample or a biotinylated heavy mass tag in the covalent ligand treated sample. The samples are

then mixed in a 1 : 1 ratio, proteins are enriched by avidin pulldown, digested with trypsin, and finally biotin/avidin are removed via TEV cleavage. Purified

proteins retaining the light and heavy tags are identified using mass spectrometry. Proteins with large light/heavy ratios are prospective targets of the

covalent ligand (figure modified from Spradlin et al.
93). (B) DEL screening will be used to identify reversible ligands for POIs and E3 ligases. Epitope tagged

protein can be purified from bacteria, insect, or human cells and then immobilized on affinity resin. Immobilized protein is then incubated with DNA

barcoded libraries of millions to billions of compounds. Samples are washed and then bound molecules are eluted with mild heating. Eluted compounds

are identified using next generation sequencing and can then be synthesized off DNA and tested in biophysical assays to assess binding.
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spectrometry. A decreased signal in ligand vs DMSO treated

samples for a given protein suggests the library compound is

binding to a ligandable hotspot within that protein. This

molecule can then serve as the basis for the design and characteri-

zation of novel covalent ligands. Importantly, because the majority

of the proteome can be evaluated in the same experiment, insights

are gained into the specificity of the molecule for each identified

ligandable site.

Recently, the Nomura lab has showcased the power of this

approach to identify a covalent ligand for Myc, an infamous,

‘‘undruggable’’ protein.66 Myc controls genes important in cell

proliferation, metabolism, and cell survival. Its amplification is

a hallmark of tumorigenesis, making Myc a very attractive

target for therapeutics.67 However, like most transcription

factors, it is predominantly disordered and lacks traditional

druggable pockets. Using the approach summarized above,

Boike et al. identified EN4, which covalently binds C171 of

Myc with good specificity (8 off targets) in cells.66 EN4 is able to

decrease Myc-associated gene expression and decrease tumor

cell viability in cellular and in vivo models at high micromolar

concentrations. Interestingly, C171 lies within a disordered

region of Myc, suggesting that chemoproteomics can be used

to identify ligandable hotspots in proteins that are intrinsically

disordered.66 EN4 binding alone induces proteasomal dependent

degradation of Myc at high micromolar concentrations. Myc

targeting PROTACs, particularly reversible-covalent degraders,

using EN4 could allow for more potent degradation of Myc.

It will be interesting to see if other disordered proteins are also

destabilized by covalent ligands and whether their ligands can

be used as warheads for PROTAC development. Regardless of the

outcome, covalent fragment screening will continue to be at the

forefront of ligand discovery in the TPD field for the foreseeable

future.

Although covalent ligands are becoming more prominent in

drug discovery, reversible ligands remain the primary focus of

drug discovery efforts in academia and industry. As highlighted

by LC-2, reversible POI ligands are invaluable for TPD applica-

tions since they allow for catalytic degradation of proteins

(although covalent E3 ligase ligands can permit catalytic degra-

dation, as will be discussed in the next section). Therefore,

robust high throughput screens for reversible ligands are

necessary. A promising candidate is DNA encoded library (DNA)

screens.68 DEL screens are a powerful combination of combi-

natorial synthetic chemistry andmolecular biology.64High fidelity

reactions like reductive aminations, Pd/C cross couplings, amide

formations, SNAR, etc. can be set up in parallel, allowing massive

libraries to be constructed. Each reaction can be coupled to the

addition of a nucleotide to a growing DNA strand, which enables

each compound to be individually ‘‘barcoded’’. Therefore,

libraries of millions or billions of compounds can be screened

simultaneously against a target. Typically, this is done using

epitope-tagged purified protein that is immobilized onto the

surface of a resin.69 However, to enable ligand identification in

the presence of protein binding partners, epitope tagged protein

could be expressed in cells either by CRISPR gene editing or

plasmid transfection and then immobilized to the corresponding

antibody resins. Once immobilized, compounds are incubated

with the target protein. After several rounds of washing, bound

compounds are then eluted using heat. Ideally, heating the

sample will free the DEL compounds, but will not denature the

protein, keeping it immobilized as to not interfere with down-

stream analysis. Eluted compounds are then identified by per-

forming deep sequencing of their built-in DNA ‘‘barcodes’’.64,68,69

Although there are limitations to DEL screening, namely the fact

that compounds are not purified so the true identity of the ligand

is not known (although this can easily be determined by testing

predicted final compounds alongside reaction byproducts in a

biophysical binding assay), it is an ideal system for PROTAC and

TPD degrader development because the position for linker

attachment on the molecule is already known once ligands are

identified: the site at which the DNA barcode is attached to the

molecule must be solvent exposed to have enabled binding of

the target protein. Therefore, a linker emanating from the same

chemical functionality as the DNA should be solvent exposed

and likely capable of inducing ternary complex formation. Now

that several companies have amassed large DEL libraries, the

next decade should see an increase in compounds identified by

this methodology. Due to the ability of DEL screening to inform

sites of linker attachment, ligands identified by this system

should make immediate impacts in the TPD field.

Expanding recruited E3 ligases

Despite evidence from our lab and others that multiple E3

ligases, encompassing all three E3 ligase families, can participate

in TPD, the identification of ligands for the recruitment of E3

ligases has, until very recently, lagged behind identification of

degradable POIs.70 The reasons for the disconnect are under-

standable. To generate an active molecule that induces POI

degradation all one needs is a ligand that binds the protein at

any binding site. Libraries of such compounds; those approved

by the FDA; those that had failed clinical trials; and those

developed solely as tool compounds already exist. To develop

an E3RE one needs to identify a molecule that occupies the

substrate recognition site of the E3 ligase (or E3 ligase adaptor

protein), but does not abolish activity of the E3 ligase complex.

While this rational design is possible, it has remained challen-

ging due to a lack of structural knowledge of E3 ligase recogni-

tion elements or ‘‘degrons.’’ Additionally, high throughput

screens are generally unable to distinguish between compounds

that disrupt E3 ligase–substrate interactions and those that

ablate protein activity. Therefore, the majority of E3 ligases used

in TPD to date, even those that were recently identified, have

been discovered through serendipity. However, advances in

screening technologies and a better understanding of E3 ligase–

substrate interactions may increase the number of E3REs avail-

able for TPD applications in the next decade (Fig. 4). Nonetheless,

serendipity, especially in the form of elucidating the function of

natural products, may continue to provide the field with more

E3REs.71
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‘‘Old Reliable’’ E3REs – cereblon and VHL

The majority of reported PROTACs have recruited either cereblon

(CRBN) or VHL. These are the preferred E3 ligases of the TPD

community since they are ubiquitously expressed and potent

small-molecule ligands of CRBN and VHL have been published,

enabling PROTACs recruiting these E3 ligases to be active inmany

cell lines. Thalidomide, a drug that has had a checkered history as

a teratogenic treatment for morning sickness turned cancer

therapy, was serendipitously discovered to bind CRBN in 2010.72

In the decade since, thalidomide and its analogs (pomalidomide

and lenalidomide) have become synonymous with TPD. Not only

can these molecules be used to recruit CRBN, but they can also

serve as molecular glues that change the surface of CRBN,

facilitating the recognition of neo-substrates, such as SALL4, the

likely source of its teratogenicity, and Ikaros zinc finger proteins,

the reason for its cytotoxicity in lymphocytes.4,73,74 Molecular

glues are another important UPS hijacking technology that have

been extensively reviewed elsewhere.2,4,75 However, as will be

discussed in subsequent sections, the more we learn about the

mechanisms of action of PROTACs and of molecular glues, the

more the line between these two modalities is blurring.

Unlike CRBN, the recruitment of VHL for PROTACs resulted

from a deliberate effort to identify E3REs. Early PROTACs

recruited VHL using a peptide known to mimic the degron of

VHL’s natural substrate HIFa.1 This knowledge, combined with

high-resolution determination of the peptides’ binding mode

determined by X-ray crystallography, allowed our lab to develop a

small molecule capable of hijacking VHL for TPD.76,77 The VHL

ligand mimics the hydroxyproline of HIFa. Inversion of the

stereochemistry at this hydroxyproline abolishes VHL binding.

Incorporation of this diastereomeric VHL ligand into a

PROTAC molecule ablates activity, unambiguously establishing

a PROTAC’s mechanism of action. This simple stereochemical

change that preserves physiochemical properties (e.g. permeability)

is a major advantage of the VHL ligand as abolishing binding of

other E3REs requires more consequential chemical changes.

Since the initial discovery, VHL ligand analogs have been

developed with improved potency and physiochemical

properties.78,79 However, the most exciting new VHL ligands

may actually be those that are weaker binders. We first demon-

strated that weak VHL ligands (B10 mM) can induce protein

degradation of Halotag fusion proteins, although activity was

modest (B50% DMax).
80 Building on this work, Han et al.

recently synthesized a VHL ligand with B10 mM affinity and

developed a potent, nanomolar degrader of the androgen receptor

(AR).81 This study reaffirms that event driven molecules do not

necessarily need high affinity ligands for activity. One caveat of this

work is that a high affinity ligand for AR was needed to achieve

degradation. However, these data are encouraging because it

suggests that lowmicromolar E3REs identified from screens could

be linked to already existing high affinity ligands to develop next

generation PROTACs.

Synergistic E3REs – MDM2, cIAP, and AhR

Although less common than VHL and CRBN, the E3 ligases MDM2

and cIAP have been used for many years in TPD applications.

Fig. 4 Chemical structures of E3 ligase recruiting elements (E3REs) used in TPD.
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In fact, the MDM2 E3RE nutlin was used to develop the first all

small molecule PROTAC in 2008.82 The original nutlin compounds

had poor physiochemical properties, which were exacerbated

when developed into PROTACs. Recent efforts have identified

more soluble and potent MDM2-p53 PPI inhibitors that may

increase the use of MDM2 future TPD efforts.83

Specific and Nongenetic Inhibitor of Apoptosis Protein (IAP)-

dependent Protein Erasers (SNIPERs) are a TPD technology that

recruits the cellular inhibitor of apoptosis protein (cIAP) using

methyl bestatin analogs.84 These molecules are said to be distinct

from PROTACs because SNIPERs induce the degradation of both

the E3 ligase cIAP and the POI. Although this limits the catalytic

ability of SNIPERs, simultaneous degradation of cIAP and an

oncogene can have synergistic effects on apoptosis induction.85

A similar phenomenon has been observed by our lab and others

withMDM2 recruiting PROTACs. Recruitment of MDM2 stabilizes

its native substrate p53, the resultant upregulation of which in

conjunction with a targeted oncogene’s degradation can

enhance antiproliferative effects compared to oncogene degra-

dation alone.86,87

A lesser known E3 ligase whose recruitment and inhibition

with PROTACs may result in synergistic activity is the aryl

hydrocarbon receptor (AhR). The AhR is a ligand-activated

transcription factor important in upregulating genes associated

with metabolism of exogenous molecules and inflammatory

signaling.88 However, when activated AhR can also bind CUL4B

and act as an atypical E3 ligase substrate adaptor.89,90 The AhR

is activated by a number of synthetic molecules and natural

metabolites, most notably a-napthoflavone (a-NF), b-naphtho-

flavone (b-NF) and 2-(10H-indole-30-carbonyl)-thiazole-4-carboxylic

acidmethyl ester (ITE).88 Taking advantage of the ligand induced

E3 ligase activity of AhR, Ohoka et al., developed AhR-recruiting

degraders that target cellular retinoic acid binding proteins

(CRABPs) and BRD proteins by linking all-trans retinoic acid or

JQ1 to one of the aforementioned AhR ligands.91 Modest, protea-

some- and AhR-dependent degradation was observed for both

proteins. Degradation of BRD proteins leads to more cell death in

MCF-7 breast cancer cells compared to co-treatment of b-NF and

JQ1. Activation of AhR with small molecule ligands can result in

its autoubiquitination and degradation, which was observed at

high concentrations of AhR-recruiting PROTAcs, suggesting they

behave like SNIPERs. Since AhR overexpression is oncogenic in

many tumors, co-degradation of AhR and another oncogene may

enhance apoptosis induction.88 The potential for synergistic

anti-tumorigenic activity is a major benefit to recruiting novel

E3 ligases.

Covalent E3REs – DCAF16, RNF114, & RNF4

Employing the chemoproteomics approach outlined in a pre-

vious section, three new E3 ligases have recently been added to

the TPD E3 ligase toolbox. Hijacking DCAF16 and RNF114 were

serendipitous discoveries, much like CRBN, whereas RNF4 was

a more targeted study, like that seen with VHL.

In 2019, Zhang et al. set out to identify novel E3REs using a

library of previously characterized electrophilic scout fragments.92

For their screen, scout fragments bearing chloroacetamide or

acrylamide warheads were tethered to the SLF ligand, a high

affinity binder of FKBP12. Proteasome- and neddylation-

dependent degradation of FLAG-FKBP12_NLS was observed in

stably expressing HEK293 cells for one compound, KBO2-SLF.

Interestingly, only nuclear FLAG-FKBP12_NLS was depleted. This

data suggested a nuclear cullin-RING E3 ligase was responsible

for the observed degradation. Due to lack of signal in competi-

tive chemoproteomics experiments, a FLAG pulldown approach

was used to enrich proteins associated with KBO2-SLF compared

to DMSO. These experiments identified DCAF16, an understu-

died nuclear E3 ligase. Control experiments with shRNA and

CRISPR/Cas9 knockout confirmed a dependency on DCAF16 for

KBO2-SLF activity. Although the exact cysteine modified by

KBO2-SLF could not be identified, the utility of DCAF16 to

degrade endogenous proteins was showcased with the design

and testing of KBO2-JQ1. This PROTAC was capable of degrading

BRD4 at modest mid-mM concentrations. The success of DCAF-

recruiting PROTACs suggests the exciting possibility that recruit-

ment of some E3 ligases may allow for cellular compartment-specific

degradation.

Concurrent with the discovery of KBO2, nimbolide was

reported to be useful for TPD.93 Nimobolide is a terpenoid

natural product that has been reported to have antitumorigenic

properties by a previously unknown mechanism. Due to the

presence of an electrophilic cyclic enone, a chemoproteomics

strategy was employed to identify possible targets to explain

nimbolide’s mechanism of action. From this screen, C8 of

RNF114 was identified and verified as the primary target of

nimbolide. RNF114 is a ring-finger containing protein that has

E3 ligase function and is implicated in immune signaling and

tumorigenesis.94 A notable substrate is the tumor suppressor

p21WAF1/CIP1 94. Interestingly, excess nimbolide was found to

block p21WAF1/CIP1 recruitment and ubiquitination, but did not

ablate the catalytic activity of the E3 ligase. Therefore, nimbo-

lide was tethered to the BRD inhibitor JQ1 to test whether

RNF114 could be used for TPD applications. Excitingly, the

resulting PROTAC, XH2, was capable of degrading BRD4 at

low-nM concentrations in a proteasome-dependent manner.

XH2, like nimbolide, was also able to stabilize p21 and other

RNF114 substrates, therefore, RNF114-recruiting PROTACs may

lead to synergistic effects like those seen with MDM2-recruiting

PROTACs in specific cancer subtypes. Interestingly, BRD2 and

BRD3 were spared by XH2 highlighting that recruitment of

novel E3 ligases may enable addition degradation specificity.

Nimbolide has also been used to recruit RNF114 to degrade

BCR-Abl with greater specificity for that fusion oncoprotein

than observed with phthalimide-based PROTACs.95 Nimbolide

has not been widely utilized to degrade other proteins, most

likely due to the fact that is difficult to synthesize and, instead

is typically isolated from Neem tree leaves.93 To enhance the

utility of RNF114 in TPD applications, a fully-synthetic RNF114

E3RE has been identified and used successfully to induce BRD4

and BCR-ABL degradation.96 The identification of this com-

pound should increase the use of RNF114 in PROTAC design.

RNF4 is an E3 ligase that plays a key role in DNA repair by

recognizing and ubiquitinating SUMOylated proteins, thereby
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targeting them for degradation.97 Due to the commercial avail-

ability of purified RNF4, Ward et al. set out to use a covalent

ligand strategy to identify RNF4 ligands.98 From competitive

assays with rhodamine-labelled electrophiles, several lead com-

pounds were identified. The most promising ligand, TRH 1-23

was found to covalently bind RNF4 in a dose-dependent man-

ner at Cys132/Cys135 without impairing RNF4 catalytic activity.

To test whether this compound was a suitable RNF4 E3RE, TRH

1-23 was linked to JQ1 to form CCW 38-3 and the resulting

PROTAC was capable of degrading BRD4 in a proteasome-

dependent manner in 231MFP breast cancer cells. Again,

CCW 38-3 showed enhanced specificity over the parent inhibi-

tor JQ1, as BRD2 and BRD3 were spared by the PROTAC.

Not only are these studies valuable because they increase the

number of E3 ligases that can be recruited using the PROTAC

technology, but they also suggest that covalent engagement of

E3 ligases can still allow for potent, catalytic degradation. This is

exemplified by KBO2-based PROTACs, which only occupy 10–40%

of cellular DCAF16.92 Covalent ligands may prime E3 ligases for

inducing degradation as a pseudo-binary complex, rather than a

ternary complex, would be needed for degradation. However

in-depth mechanistic studies are needed to confirm this.

Reversible-covalent E3REs – KEAP1

Reversible-covalent (RC) molecules have received increased

attention in recent years as they combine the specificity of

covalent ligands with the pharmacokinetic properties of rever-

sible inhibitors. PROTACs bearing RC POI ligands have been

described for BTK targeting PROTACs.99,100 Interestingly, the

RC BTK PROTACs are not as efficacious as covalent PROTACs,

despite the fact that RC PROTACs should retain their catalytic

nature since the PROTAC can dissociate. This suggests that

ubiquitination and degradation may be on a faster time scale

than dissociation, or may even impede dissociation.

To determine if RC E3REs could be used for TPD, Tong et al.

linked the natural product bardoxolone to JQ1.101 Bardoxolone

contains a reversible a-cyanoenone hetero-Michael acceptor

that modifies the KEAP1 E3 ligase. PROTACs bearing a peptide

that recruits KEAP1 were previously developed, demonstrating

KEAP1 utility in TPD. In agreement with these studies, the

bardoxolone-JQ1 PROTAC, CDDO-JQ1, was capable of inducing

proteasome- and neddylation-dependent degradation of BRD4.

At higher concentrations CDDO-JQ1 has a SNIPER-like mecha-

nism and induces the degradation of KEAP1, which could limit its

utility in cancers since KEAP1 has tumor suppressor functions.102

Nonetheless, this study establishes RC E3REs as viable ligands for

PROTAC development. Taken together, the studies described for

covalent and RC E3REs also demonstrate that BRD4 proteins are

susceptible to TPD by a variety of E3 ligases and should continue

to serve as a great model system for the discovery of new E3REs

over the next decade.

Tissue specific and disease specific degradation

There are 4600 E3 ligases within the human proteome, some

of which are projected to have tissue and disease specific

expression.103 Over the next decade, identification of ligands

for these E3 ligases will enable tissue/disease specific degrada-

tion that could improve potential toxicities associated with

systemic target degradation. The power of sparing proteins

based on E3 ligase expression has already been demonstrated

using VHL-, CRBN-, and cIAP-recruiting PROTACs. At the end of

2019 and beginning of 2020, three degrader molecules targeting

BCL-XL were reported.104–106 BCL-XL is an antiapoptotic BCL-2

family protein and a clinically relevant target in the treatment of

cancers. Navitoclax (ABT263), is an experimental BCL-XL inhibi-

tor that shows promising in vivo activity, but has yet to receive

FDA approval because of dose-limiting thrombocytopenia induced

by on-mechanism degradation of BCL-XL in platelets.107 Fortu-

nately, the expression of VHL, CRBN, and cIAP are low in platelets.

Therefore, researchers at the University of Florida and MD Ander-

son Cancer Center developed BCL-XL targeting PROTACs recruit-

ing these E3 ligases. All three bifunctional molecules potently

degrade BCL-XL in cancer cells, but do not have an effect on

BCL-XL in platelets. In addition, the degraders are selective for

BCL-XL over BCL-2, which also binds ABT263. Moreover, the

VHL based PROTAC, DT2216, had improved anti-tumor effects

in vivo compared to ABT263 with significantly less platelet

toxicity. Finally, the CRBN based PROTAC, PZ15227, was shown

to enhance the senolytic activity of ABT263 in mice while

sparring platelets.106 These studies cleverly took advantage of

the low expression of these commonly recruited E3 ligases in

platelets to develop potent PROTACs with enhanced toxicity

profiles compared to the parent warhead.

The studies described above are exciting, however the

expression of VHL, CRBN, and cIAP are rather broad, necessi-

tating the discovery of ligands for E3 ligases that have more

specific expression profiles. These E3 ligases could be system-

atically identified by searching all perspective E3 ligases (found

here103) in the Human Protein Atlas database.108 The Human

Protein Atlas combines RNA expression profiling with immu-

nostaining to provide detailed tissue expression data for a

majority of the human genome. It is a great platform for

triaging perspective tissue specific E3 ligases.

Another exciting possibility that may be realized within the

next decade is the recruitment of E3 ligases with disease-specific

expression (Fig. 5). PROTACs engaging these E3 ligases should

have decreased cytotoxicity since the target protein would be

spared in healthy cells. The Melanoma Antigen (MAGE) family of

proteins are exciting candidates to induce tumor-specific degrada-

tion. MAGE proteins have been reviewed in depth elsewhere,109–111

but briefly: type I MAGEs are cancer testis antigens whose expres-

sion is normally restricted tomale reproductive tissues but become

re-expressed during tumorigenesis. In 2010, MAGEs were found to

bind and activate RING domain containing proteins to form

MAGE-RING E3 Ligases (MRLs),112 thus MAGE proteins can also

act as substrate recognition domains for MRLs.113 Development of

ligands for MAGEs could therefore be used to induce tumor-

specific degradation of a target protein.

Recently, a ligand for MAGE-A11 was identified.114 MAGE-A11

binds the E3 ligase HUWE1 and PCF11, a member of an mRNA 30

end processing complex.115 HUWE1 induces K63 polyubiqutina-

tion of PCF11 in a MAGE-A11 dependent manner, which inhibits
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the formation of the mRNA processing complex. This results in

aberrant polyadenylation of complex substrates, like cyclin D2,

leading to activation of oncogenes like Rb, which promotes

tumorigenesis. Although the identified of a MAGE-A11 ligand

may not be useful for TPD applications because MAGE-A11

promotes K63 ubiquitination rather than the K48 ubiquitination

necessary for degradation, this study reveals a potential mecha-

nism by which MAGE proteins interact with their substrates.

MAGE-A11 recognizes a solvent exposed a-helix of PCF11 via its

conserved MAGE homology domain (MHD). Although MHDs

across the family can vary widely in sequence identity, the relative

fold – a dual-winged helix – is conserved. Therefore, it is likely that

themajority of MAGEs recognize solvent exposed a-helices of their

substrates. With this knowledge, screening of peptides within

solvent exposed a-helices of MAGE substrates could identify

peptide ‘‘degrons’’ that could be used to screen libraries by

proximity-based screening assays (e.g. TR-FRET) or fluorescence

polarization. These studies would focus on identifying ligands for

MAGEs that induce K48 polyubiquitination. Since such molecules

will bind at the site of substrate recognition, they should be

amenable to TPD applications and the development of tumor

specific degraders.

Improving the efficiency of PROTAC
identification

Despite the 20 years of advancement that have been outlined

thus far, the identification of active PROTAC molecules con-

tinues to be accomplished mainly by an arduous, empirical

fashion. Libraries of PROTAC molecules that vary (1) in attach-

ment point to the E3RE or POI ligand, (2) linker length, and/or

(3) linker composition are synthesized. Each compound is then

screened in cells for activity, typically measured by the disap-

pearance of protein via western blot. Based on these results, a

new library of PROTACs is then made with minor changes to

the structure (i.e. one or two atom differences in linker length)

of the lead, parental PROTAC. This iterative process is repeated

until an optimized PROTAC is developed that induces potent,

nanomolar POI degradation. The time and reagent cost could

be greatly reduced if we had a targeted approach to developing

heterobifunctional degraders. Just as structure-guided design

greatly accelerated small molecule discovery in the past three

decades,116 a similar advance in the TPD field could greatly

expedite identification of active degraders in the near future.

Ternary complex structures

The importance of ternary complex formation in PROTAC

function had been known for several years, as illustrated

by our group’s findings that even PROTACs that weakly bind

(41 mM) POIs can induce POI degradation provided the PRO-

TAC forms strong ternary complexes with the POI and recruited

E3 ligase.20 However, the full significance of this complex

formation was not truly appreciated until the elucidation of

the first PROTAC ternary complex crystal structure. In 2017,

Gadd et al. solved the structure of MZ1 bound to VHL and

BRD4BD2.117 Two striking features of this crystal structure were the

many MZ1-induced de novo PPIs between VHL and BRD4BD2 as well

as the collapse of MZ1’s PEG linker. In parallel, Isothermal Titration

Calorimetry (ITC) experiments demonstrated that MZ1-mediated

BRD4BD2-MZ1-VHL ternary complex formation displays positive

cooperativity.117 Biophysical and structural studies of BRD4BD2-

MZ1-VHL complex suggest that such positive cooperativity is

Fig. 5 Cell specific degradation. Identification of E3REs for E3 ligases with disease- and tumor-specific expression will allow for increased control of

protein degradation. Diseased cells will die as a result of degradation while healthy cells would be spared, decreasing risk of cytotoxicity.
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driven by the formation of the de novo PPIs. The formation of

these interactions is facilitated by collapse of the PEG linker that

enables VHL and BRD4BD2 to come into close proximity.

In the past several years nearly 10 different ternary complex

crystal structures have been solved.28,59,118,119 As witnessed in

the BRD4BD2-MZ1-VHL ternary complex, unifying characteristics

of these structures are de novo PPIs and the collapse of flexible

linkers. Therefore, PROTACs have been optimized using these

crystal structures by maximizing induced PPIs and developing

rigid linkers that fix the PROTAC in a more active conformation.

The first example of this was the transformation of MZ1 to AT1,

which has improved BRD4 selectivity.117 Due to the collapse of

the PEG linker, the VHL ligand and JQ1 of MZ1 were brought in

close proximity upon binding BRD4. Therefore, the authors

identified a vector for linker attachment that would enable

the use of a shorter linker, which was hypothesized to better

discriminate between BRD4, BRD2, and BRD3 due to decreased

flexibility. The resulting molecule, AT1 retained reasonable

binding to VHL and BRD4, but did not induce degradation of

other BRD proteins like its parent PROTACMZ1. Similarly, in the

development ACBl1, the previously discussed SMARCA2/4

degrader, enhancing rigidity was used to improve potency.28

Thanks to the structural data for PROTAC1, the authors were

able to arrive at a potent PROTAC with just two iterative design

modifications, the most important being replacement of the

flexible PEG linker with a more ridged 1,4 substituted phenyl

ring. Finally, structure guided design enabled the synthesis of a

PROTAC bearing a macrocyclic linker capable of potent, selec-

tive BRD4 degradation.59 This opens up the possibility of using

macrocycles as recruiting elements as well as the use of

macrocycle chemistry to improve PROTAC selectivity based on

structural data. These studies, highlight that linker rigidity may

be crucial to driving down potency in some systems and

structural insights can help guide where that rigidity can be

incorporated. As more rigid degraders are discovered the

opportunity will also arise to biophysically compare binding

kinetics of flexible and rigid PROTACs to discern how rigidity

impacts association/dissociation of ternary complexes for a

given E3 ligase/POI pair.

From these structure-guided design efforts it is tempting to

believe that the more positively cooperative a PROTAC is, and the

more rigid the linker, the better it will induce degradation.

However, this does not appear to be the case. Numerous unco-

operative or negatively cooperative PROTACs have been biophysi-

cally characterized and crystallized.118–120 Interestingly, even in the

case where ternary complexes are not positively cooperative, novel

PPIs are generated, as exemplified by the recent publication of

cIAP-BTK PROTAC ternary complexes.119 Potent POI ligands and

E3REs or inherent linker flexibility may enable these novel PPIs to

form despite the negatively cooperative system. As with positively

cooperative systems, negatively cooperative cIAP-BTK ternary

complex PPIs drive specificity and flexible, adaptable linker con-

formations influence degradation profiles, which our lab has also

observed for VHL-p38a PROTACs.23 From these studies, there is a

clear path toward improving the efficiency of PROTAC identifi-

cation: optimize novel PPIs between E3 ligases and POIs.

The ternary complex structures amassed thus far sew a

unifying theme among different TPD technologies. Although

the literature tries to paint PROTACs and molecular glues as

distinct entities, these compounds function via a nearly identical

mechanism: both modalities induce novel PPIs. Although mole-

cular glues can be distinguished by the fact that they lack affinity

for the POI in the absence of the E3 ligase and therefore require

positivity cooperativity to induce degradation, these TPD

approaches should be treated as variations on a theme rather

than distinct classes of degrader molecules.

Mathematical modeling and computational PROTAC design

The insights gleaned from PROTAC ternary complexes do not only

allow for structure-guided design of more potent compounds, but

also reveal insight into the molecular bases of ternary complex

formation. This has facilitated computational-based approaches

to design programs that predict PROTAC-dependent ternary

complex formation. Cooperativity, along with an intimate under-

standing of the equilibrium affinities that effect ternary complex

formation, could provide a metric to characterize and predict

PROTAC-mediated ternary complex assembly. Fortunately,

mathematical expressions to characterize formation of ternary

complexes have been solved, enabling prediction of both maximal

ternary complex concentrations, and the kinetics of association

and dissociation, on the basis of respective binary and ternary

affinities.121 This suite will be a valuable tool to elucidate SAR

trends during PROTAC development.

The above model describes ternary complex formation at

equilibrium. Although this will be useful for many systems, it

may not accurately describe degradation kinetics for proteins

with rapid turnover or in which deubiquitination occurs

rapidly. Binding equilibria may not be reached as the pool of

protein to be ubiquitinated is in constant flux. In an attempt to

account for these more complex systems, a kinetic proofreading

model for TPD molecules was recently developed.122 The system

was developed using the commercially available MATLAB Sim-

Biology software and used previously published BTK degradation

data to develop the model. This program predicts how changes in

permeability of a PROTAC will affect its DC50 and DMax. Selectivity

can also be predicted, based on binding affinities of the PROTAC

for the E3 ligase and POI, as well as the stability of the ternary

complex (determined by the dissociation kinetics of ternary

complex formation). The model can also be used to predict

protein recovery after transient PROTAC treatment by comparing

degradation kinetics to protein turnover. Along these same lines,

this model can be used to predict PK and PD properties of

PROTACs. Based on the kinetics of degradation, protein levels

over different dosing regimens can be modeled to help identify

which treatment schedule may be most beneficial. Therefore, this

kinetic proofreading model will be invaluable as more degraders

move into the clinic.

The computational models above will be beneficial to char-

acterizing and ranking tested PROTAC molecules. However, to

more fully expedite PROTAC discovery, programs are needed that

will allow researchers to dock proposed degrader molecules and

visualize the resultant ternary complex. These in silico modeling
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programs are already in development and have showed promising

results. The two available models can be run using the Molecular

Operating Environment (MOE) or Rosetta.123–125 Development of

the MOE based software was a pioneering achievement of in

silico docking of PROTAC ternary complexes. The program uses

four different methods to predict ternary complex formation:

(1) Sampling the entire ternary complex at once, (2) sampling

PROTAC conformations independently, (3) one binary inter-

action is modeled, to which second protein’s binding pose is

modeled, and (4) PROTAC conformations are sampled indepen-

dently of E3 ligase and POI, with E3-POI arrangements determined

by independent protein–protein docking.123 This program was

able to accurately predict active PROTACs based on previously

published BRD degraders. Recent improvements to the MOE

program allow for a fifth prediction method. Clustering of ternary

complex ensembles has been found to increase the accuracy of

identifying viable ternary complex structures.124 Additionally, two

crystal structures of binary protein–ligand complexes can be used

to predict optimal linker lengths to bridge the gap between the E3

and POI.

The new Rosetta program, PRosettaC, uses similar strategies

to dock PROTACs into ternary complexes.125 Its protocol con-

sists of sampling the distance between two anchor points on

the E3RE or POI ligand. This can be based on already existing

ternary complexes or one can use binary complex structures.

Then, global protein–protein docking is used to predict the

nascent E3 ligase–POI interactions. Local docking, followed by

conformational sampling of PROTAC linkers, and finally cluster-

ing of complex poses, allows for the identification of plausible

ternary complex structures. Excitingly, this program was able to

accurately predict the formation of the BTK-CRBN E3 ligase

complex, which had yet to be predicted by in silico docking.125

These data suggest that this program may be amenable to

predicting ternary complexes of novel E3 ligase and POI ternary

complexes. However, caution should be taken when interpreting

data from either the MOE or PRosettaC programs, especially

when considering new E3 ligase and POI ternary complexes.

Crystallography artefacts, such as crystal packing interfaces, may

unduly influence the PROTAC configurations within the top

ensembles.

Discussion and future perspective

As we enter the third decade of TPD, PROTACs will continue to

be at the cutting edge of targeted degradation research. Thanks

to technological advances in proteomics, sequencing, and

combinatorial chemistry, a bounty of reversible and covalent

ligands will be identified. These compounds will comprise the

next generation of PROTAC molecules. More ‘‘undruggable’’

proteins may become degradable and new E3 ligases with tissue

specific and tumor specific expression patternsmay be recruited.

Our ability to rapidly identify active PROTAC molecules will

continue to improve as we enhance our understanding of the

structural underpinnings of their activity. These insights can

then be incorporated into existing computational models to

improve in silico prediction of PROTAC efficacy.

Considering the strides in ternary complex structure deter-

mination and in silico PROTAC docking, one can imagine a

robust workflow for expediting PROTAC identification (Fig. 6). First,

binary protein–ligand co-crystal structures can be determined or

can be accessed via the Protein Data Bank. If these co-crystal

structures do not exist, programs like AlphaFold can be used to

predict protein structure and compounds can be subsequently

docked.126 Then, programs like PRosettaC, can be used to model

possible linkers and predict novel PPIs. These predictions can also

Fig. 6 Flowchart for expedited PROTAC discovery. Improved in silico modeling of ternary complexes can predict which PROTACs will form suitable

ternary complexes to induce ubiquitination. The top predicted PROTACs can then be synthesized. Next, molecules will be tested for engagement in

in vitro ternary complex assays and for their ability to degrade the POI in cells. For cell active PROTACs, ternary complex structures can be solved enabling

structure guided design of more potent PROTACs. This cycle can allow for iterative rounds of PROTAC design until an optimized PROTAC molecule is

developed.
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be combined with machine learning to investigate optimal linker

lengths and compositions.127 Molecular Dynamics simulations

will also play a role in ranking PROTAC structures computa-

tionally.23,117 Top hits from in silico modeling can then be

synthesized and tested. Subsequently, the most active PROTACs

can be selected for high-resolution structure determination in

complex with POI and E3 by X-ray crystallography. As the

resolution of cryo-electron microscopy continues to improve, it

may too be an effective technique for determining the structure

of ternary complexes.128 Finally, optimized PROTACs with

improved potency and PK/PD can be synthesized and tested.

There are even more exciting possibilities for PROTACs and

the field of TPD beyond what has been covered in this review.

The integration of PROTACs with other technologies has the

potential to drastically change the landscape of TPD. For

example, PROTACs could be used to enhance responses to

immunotherapy. Antigens presented on major histocompatibility

(MHC) receptors recognized by immune cells arise from the

peptides of degraded proteins.129 Peptides from proteins degraded

with PROTACs have been shown to be presented on MHC

receptors.130 There is currently a major effort in the immunology

field to identify neoantigens that are associated with cancers and

other diseases.131 If the protein source of these neoantigens can be

identified and ligands for them developed (or if they already exist),

PROTACs could be used to induce their degradation and increase

antigen presentation on MHC receptors. In combination with

immune checkpoint inhibitors, these PROTACs could enhance

the ability of the immune system to identify and eliminate cancers.

Additionally, PROTACs against immune checkpoint proteins, like

PD-L1, as well as PROTACs that modulate T cell receptor function

have been developed.132 These compounds could themselves

become useful small molecule immunotherapies that may have

improved pharmacokinetic and toxicity profiles compared to

antibody-based inhibitors.

Integration of TPD with other technologies may also have a

dramatic impact on how PROTACs are administered to patients.

Before tumor specific E3 ligases are identified and harnessed,

PROTACs could be delivered to tumors using a recently published

antibody drug conjugate approach.133 Alternatively, PROTACs can

be embedded onto the surface of gold nanoparticles that can

penetrate deep into tumors and other tissues.134 Finally, pro-drug

PROTACs could be beneficial by improving clinical delivery and

metabolic stability of PROTACs.135

The TPD field will continue to evolve at a rapid pace in the

next decade. As a result, new, imaginative, recruiting elements

will expand the number of cellular components that can be

manipulated with TPD. This is highlighted by recent reports of

RNA-PROTACs that use small molecule RNA mimics to bind

and induce degradation of RNA binding proteins.136 RNA itself

can also now be degraded using newly developed heterobifunc-

tional molecules, Ribonuclease targeting chimeras (RIBOTACs),

which have timely implications for degrading viral SARS-CoV-2

RNA.137,138 Additionally, DNA can now be used as a recruiting

element to degrade ‘‘undruggable’’ transcription factors using

our lab’s newly developed TRAFTAC technology.42 We are also

learning about novel modes of TPD, as seen with the recent

publications of a covalent natural product molecular glue and

a small molecule that induces BCL6 polymerization and

degradation.139,140 It is possible that these mechanisms may

also become prominent areas of TPD research. However, it is

likely that PROTACs, and the TPD field they inspired, will

continue pushing the boundaries of drug discovery for the

foreseeable future.
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