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SUMMARY

Proteolysis-targeting chimeras (PROTACs) that degrade disease-causing proteins by hijacking the endoge-
nous ubiquitin-proteasome system have emerged as an exciting and transformative technology in both
chemical biology and drug discovery. Currently, the majority of PROTACs use reversible non-covalent li-
gands for both the target protein of interest (POI) and E3 ligase. In this review, we explore the burgeoning
role of reversible and irreversible covalent chemistry in targeted protein degradation. We highlight the key
advantages of targeted covalent inhibitors, whether as the target POI or E3 ligase ligand, such as their ability
to enhance the selectivity of PROTACs, enable access to more of the ‘‘undruggable’’ proteome and expand
the repertoire of recruited E3 ligases.
INTRODUCTION

Targeted covalent inhibitors
The medicinal properties of natural products isolated from

plants, microbes, and other organisms have been harnessed

by humans for thousands of years and continue to influence

modern drug discovery and chemical biology today. For

example, the bark of Salix alba (white willow) has been used as

an analgesic for more than 3,500 years and its active ingredient,

salicin, formed the basis for the discovery of aspirin. In fact, at

least 60% of drugs currently on the market are derived either

directly from, or inspired by, bioactive natural products (Ji

et al., 2009; Newman, 2008). Many natural products engage their

biological targets via covalent bond formation using a diverse

array of electrophilic warheads that remain a rich source of

inspiration for modern covalent inhibitor design, covered by

numerous excellent reviews (Lagoutte and Winssinger, 2017;

Drahl et al., 2005; Leslie and Hergenrother, 2008; Gersch et al.,

2012; Wright and Sieber, 2016; Pan et al., 2016a; Jackson

et al., 2017). However, the intentional development of covalent

inhibitors had long been avoided in drug discovery and chemical

biology due to perceived fears concerning their promiscuous ac-

tivity and propensity to form irreversible adducts with off-target

biological nucleophiles, which could then result in idiosyncratic

toxicity. A recent analysis of the relative occurrence of common

functional groups (FGs) in drugs, bioactive molecules, natural

products, and common synthetic molecules revealed that,

although there is a high preponderance of electrophilic FGs in

natural products, it has only been in the past decade that electro-

philic FGs, particularly Michael acceptors, such as acrylamides,

have seen a sharp increase in popularity in medicinal chemistry

(Ertl et al., 2020).
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This is despite the fact that covalent inhibitors represent some

of the most common and widely used drugs in the world, such

as the aforementioned aspirin (Desborough and Keeling,

2017), and penicillin (derived from the mold Penicillium notatum).

Successful covalent drugs, such as omeprazole and clopidogrel

(Figure 1), were often discovered serendipitously through biolog-

ical assays/phenotypic screening with their target and mecha-

nism of action only later elucidated. However, in recent decades

the shift toward more target-based and structure-guided ap-

proaches to new ligand discovery, such as high-throughput

screening (Scott et al., 2012), DNA-encoded library technology

(Brenner and Lerner, 1992; Goodnow et al., 2017; Neri and

Lerner, 2018), and fragment-based drug discovery (Murray and

Rees, 2009; Scott et al., 2012), has meant that covalent com-

pounds and fragments were rarely screened and typically

avoided due to poor selectivity and toxicity concerns (London

et al., 2014).

However, when their reactivity is carefully controlled, the ad-

vantages of covalent warheads are numerous and significant.

They include: high ligand efficiency and concomitant small size

that results in favorable absorption, distribution, metabolism,

excretion, and toxicity (ADMET) properties, improved potency

and selectivity (Lagoutte et al., 2017), enhanced ability to

outcompete endogenous ligand binding, sustained target

engagement resulting in less frequent dosing, increased ability

to target shallow binding sites previously considered ‘‘undrug-

gable’’, and potential to evade resistance mutations that plague

reversible inhibitors and result in disease relapse (Singh et al.,

2011). These advantages have only been appreciated in the

past decade, duringwhich the success of rationally designed co-

valent inhibitors, such as telaprevir (Kwong et al., 2011), afatinib
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Figure 1. A brief timeline of covalent drug discovery and PROTAC developments
The success of rationally designed covalent inhibitors, such as afatinib and ibrutinib, has led to a resurgence in their development and, more recently, their
incorporation into PROTACs. The reactive pharmacophores are highlighted in red. The covalent mechanism of action and target for each inhibitor is
detailed in red.
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(Li et al., 2008), and ibrutinib (Honigberg et al., 2010) has led to a

resurgence in their development (Figure 1).

Moreover, new methods are being developed to identify and

develop covalent ligands for use as chemical probes and poten-

tial therapeutic agents, such as chemoproteomic platforms

(Wright and Sieber, 2016; Pan et al., 2016b; Drahl et al., 2005),

fragment-based screening libraries (Resnick et al., 2019; Miller

et al., 2013), and computational docking software (London

et al., 2014).

Tomitigate the promiscuous reactivity of covalent ligands, tar-

geted covalent inhibitors (TCIs) were developed. The generic

mechanism of covalent bond formation and target inhibition for

TCIs occurs in at least two steps (Figure 2A). Firstly, the scaffold

forms high-affinity reversible interactions with the target protein

of interest (POI). The formation of this reversible, non-covalent
complex is characterized by rate constant Ki. These initial inter-

actions orient a mildly reactive electrophilic warhead in close

proximity to a (usually non-catalytic) specific nucleophile on

the surface of the POI in order for covalent bond formation to

occur, denoted by rate constant k2. The lifetime of the covalent,

inhibited complex is governed by k–2, the reverse reaction back

to the non-covalent complex. For completely irreversible cova-

lent inhibitors, k–2 is effectively 0 and so their concentration

and time-dependent target inhibition is solely governed by Ki

and k2. Fully reversible inhibitors never form the covalent com-

plex, and so k2 = 0. However, for reversible covalent inhibitors,

the covalent complex can dissociate and revert back to the

non-covalent complex. Therefore, the reversibility of covalent

bond formation exists on a continuum characterized by a range

of values for both k2 and k–2 (Figure 2B) (Singh et al., 2011).
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Figure 2. Targeted covalent inhibitors
(A) The mechanism of covalent bond formation and target inhibition for tar-
geted covalent inhibitors occurs in at least two steps: the formation of the initial
non-covalent complex is characterized by rate constant Ki, and the formation
of the final covalent complex is characterized by k2.
(B) The reversibility of covalent bond formation exists on a continuum char-
acterized by a range of values for both k2 and k–2.

Figure 3. The catalytic mechanism of PROTAC-mediated target
degradation
The heterobifunctional PROTAC induces the formation of an E3 ubiquitin li-
gase:PROTAC:POI ternary complex that leads to ubiquitination of accessible
lysine residues on the POI surface and subsequent proteasome-mediated
degradation of the POI. POI, protein of interest; E2, Ub-conjugating enzyme;
E3, E3 ligase/substrate adaptor protein.
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The application of both irreversible and reversible TCIs in the

field of targeted protein degradation as either the target POI or

E3 ligase ligand has very recently gainedmomentum. This review

aims to demonstrate the advantages and potential of this strat-

egy to further broaden the scope of targets amenable to protein

degradation and access more of the undruggable proteome.

Moreover, there is an emphasis on methods that have been

used to identify and validate TCIs, particularly chemoproteomic

platforms, covalent fragment-based screening, and computa-

tional docking strategies, and their transferable potential for

identifying and validating future TCIs for TPD applications.

PROTACs

Rapid progress in the field of TPD began with the development

of proteolysis-targeting chimeras (PROTACs), first conceived

by Crews and his colleagues in 2001 (Sakamoto et al., 2001).

PROTACs are heterobifunctional molecules that consist of a

ligand for the target POI chemically tethered to a ligand for an

E3 ubiquitin ligase (Figure 3). PROTACs engage the cellular

ubiquitin-proteasome pathway via the formation of a protein

target:PROTAC:E3 ubiquitin ligase ternary complex that facili-

tates the transfer of ubiquitin to lysine residues on the surface

of the target protein by E2 ubiquitin-conjugating enzymes. The
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polyubiquitinated protein target is subsequently recognized by

the 26S proteasome and degraded (Figure 3) (Bondeson et al.,

2015; Schneekloth et al., 2008).

Small-molecule inhibitors operate via an ‘‘occupancy-driven’’

paradigm, where pharmacologically relevant inhibition is often

only achieved with high (>90%) target engagement/occupancy.

This necessitates high dosing levels that could elicit undesirable

off-target toxic side effects. In addition, approximately 80% of

the human proteome lacks an active or allosteric site into which

small-molecule inhibitors can bind, thus these undruggable tar-

gets are inaccessible in occupancy-driven pharmacology (An

and Fu, 2018; Bondeson et al., 2015). Moreover, small-molecule

inhibitors often fail to recapitulate the phenotypic results of tar-

get validation work conducted using genetic knockdown ap-

proaches since they can only achieve target inhibition, rather

than ablation. Another issue small-molecule inhibitors can face

is a compensatory increase in the expression of the target pro-

tein post-treatment, resulting in incomplete inhibition of both

the POI and its downstream signaling cascade. Consequently,

the efficacy of traditional inhibitors as single agents is often

limited and short-lived. Finally, toxicities associated with their

non-specific systemic administration may be encountered (An

and Fu, 2018; Chung, 2012).

In contrast, PROTACs use a chemical knockdown strategy

that can recapitulate the phenotypic consequences of protein

knockdown associated with RNAi and CRISPR-Cas9, combined

with the temporal control, high cell permeability, and pharma-

ceutical properties of typical small-molecule inhibitors. There-

fore, PROTACs are better poised to realize the therapeutic

potential of targets for which inhibition alone is ineffective.

Importantly, PROTACs operate via an ‘‘event-driven’’ paradigm



Figure 4. PROTACs with irreversible covalent ligands for the
target POI
(A) Schematic of PROTAC with irreversible covalent ligand for the target POI
where k–2 = 0.
(B) Representative examples of PROTACswith irreversible covalent ligands for
the target POI.
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and can thus act catalytically, which reduces systemic drug

exposure and potential associated toxic side effects. They

have also displayed picomolar potencies in cell culture, where

the degradation of the protein target is rapid and sustained, as

well as inhibition of its downstream signaling cascades. More-

over, PROTACs can avoid the aforementioned compensatory

target upregulation observed post-treatment with some small-

molecule inhibitors (An and Fu, 2018; Bond et al., 2020; Bonde-

son et al., 2015).

The PROTAC approach has thus far successfully degraded

targets including kinases (Bondeson et al., 2015; Buhimschi

et al., 2018; Cromm et al., 2018; Olson et al., 2018; Powell

et al., 2018; Sun et al., 2018), bromodomains (Bai et al., 2017;

Lu et al., 2015; Raina et al., 2016; Remillard et al., 2017; Winter

et al., 2015; Zengerle et al., 2015; Zhou et al., 2018), nuclear hor-

mone receptors (Bargagna-Mohan et al., 2005; Sakamoto et al.,

2003), and multi-pass transmembrane proteins (Bensimon et al.,

2020). Extracellular and membrane-associated targets are

accessible for degradation using an analogous strategy that

hijacks the lysosome, known as LYTACs (Banik et al., 2020).

Antibody-based PROTACs have also been able to induce

the lysosomal degradation of a cell surface protein (PD-L1) (Cot-

ton et al., 2021). Moreover, two orally bioavailable PROTAC

candidates, ARV-110 (https://clinicaltrials.gov/ trial number

NCT03888612) and ARV-471 (https://clinicaltrials.gov/ trial num-
ber NCT04072952), targeting the androgen receptor and estro-

gen receptor, respectively, are currently in phase I clinical trials

for prostate and breast cancer. A tau-directed PROTAC for the

treatment of Alzheimer disease has even been shown to cross

the therapeutically challenging blood-brain barrier; an impres-

sive feat for these non-‘‘drug-like’’ compounds that do not

conform to Lipinski’s ‘‘rule-of-5’’ (Ro5)—a set of drug-like prop-

erties that are associated with orally bioavailable drugs (Ed-

mondson et al., 2019; Lipinski, 2004).

These results demonstrate the potential of the PROTAC

approach for developing effective therapeutics. The majority of

PROTACs developed thus far use reversible ligands for both

the target POI and recruited E3 ligase. Harnessing the potential

of covalent warheads could enable the degradation ofmore ther-

apeutically challenging targets (Bond et al., 2020). Optimization

of the linker region is undoubtably imperative but is beyond the

scope of this review; the reader is referred to recent excellent re-

views (Maple et al., 2019; Troup et al., 2020).
PROTACs with covalent ligands for the target
Irreversible covalent engagement of the target POI (where k–2
is effectively 0), rather than the more conventional reversible

binding, would abrogate the aforementioned advantages of

the PROTAC mechanism; namely its substoichiometric catalytic

target turnover that permits reduced dosage andmitigates unde-

sirable off-target effects (Figure 4A). The first ever reported

PROTAC, PROTAC-1, is purported to covalently engage and

degrade its target MetAP-2 (Sakamoto et al., 2001) (Figure 4B).

PROTAC-1 uses the natural product ovalicin, which is known to

covalently bind His-231 of MetAP-2 via its ring epoxide (Griffith

et al., 1998). However, PROTAC-1 was not tested in cells due to

poor permeability attributed to the 10-amino acid phosphopepti-

dic E3 ligase recruiting moiety. Since then, there have been

comparatively few reports of PROTACs that covalently engage

the target POI, perhaps due to the substantial disadvantage that

losing catalytic target turnover presents from a pharmacokinetic

(PK) optimization perspective. Moreover, their efficacy has been

controversial, with conflicting reports even for the degradation

of the same target (Tinworth et al., 2019; Xue et al., 2020).

Nevertheless, recently there have been successful examples

of PROTACs using covalent warheads that have degraded a

range of targets, including ERK1/2 (Lebraud et al., 2016), Bruton

tyrosine kinase (BTK) (Xue et al., 2020), and KRASG12C (Bond

et al., 2020). There have also been examples of TCIs that

degrade a target POI themselves, such as the BMX inhibitors

BMX-IN-1 and highly potent JS25 (Seixas et al., 2020), but this

is beyond the scope of this review.
The advantages of covalent binding for PROTAC
development
The advantages of covalent bond formation are particularly

attractive for PROTACs since, due to their heterobifunctional

nature, they are typically larger and more flexible than classical

small-molecule inhibitors and occupy a ‘‘beyond-rule-of-5’’

(bRo5) chemical space (Edmondson et al., 2019). These proper-

ties can translate into poor membrane permeability and an

increased susceptibility to transporter-mediated efflux (Poonga-

vanam et al., 2018).
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Chessum et al. (2018) attributed the failure of their first-gener-

ation pirin-targeting PROTAC 3 to its physicochemical proper-

ties that resulted in poor cell permeability and inactivity, despite

displaying high affinity for both pirin and E3 ligase cereblon

(CRBN). Reducing its very high polar surface area (258 Å2) and

hydrogen bond donor count, and thus improving its cellular

permeability, resulted in a successful second-generation pirin

PROTAC. Powell et al. (2018) discovered that PROTACs can

be substrates of the ATP-binding cassette subfamily B member

1 (ABCB1) drug transporter, which is known to efflux hydropho-

bic and amphipathic compounds (Yu et al., 2015). In certain cell

lines with high ABCB1 expression, their anaplastic lymphoma ki-

nase PROTACs had low antiproliferative activity, but degrada-

tion efficacy was restored via co-treatment with an ABCB1 inhib-

itor. Similarly, PTK2 PROTACs (Popow et al., 2019) exhibited low

permeability and significant efflux. To mitigate this, themultidrug

efflux pump P-glycoprotein was saturated with known substrate

cyclosporine A. Consequently, PTK2 degradation efficacy

increased, thus demonstrating the susceptibility of PROTACs

to efflux and the effectiveness of blocking efflux pumps. Future

SAR studies will be required to identify structural modifications

that can prevent PROTAC efflux.

Covalent binding can potentially mitigate these disadvantages

by allowing high affinity to be achieved in compounds of lowmo-

lecular weight. The principal goal of structure-based design in

drug discovery is to achieve high binding affinity and selectivity

without increasing the molecular mass of a compound and detri-

mentally affecting its pharmacokinetic properties: ADMET. How-

ever, this is difficult to achieve through non-covalent interactions

alone (De Cesco et al., 2017). At least three independent studies

(Kuntz et al., 1999; Smith et al., 2009; Borea et al., 2000; Gilli

et al., 1994) have found that the maximal affinity that can be

achieved when solely non-covalent bonding interactions are

involved is 10 pM (10�11 M). This corresponds to DGbinding of

15 kcal/mol. Each non-hydrogen/heavy atom in a small molecule

contributes �1.5 kcal/mol up to 10 atoms, above which there is

only a minimal increase. The free energy of binding per heavy

atom of a ligand is known as its ligand efficiency (LE). However,

this maximal affinity is rarely achieved by conventional medicinal

chemistry compounds; on average their non-covalent binding

energy per atom is in fact �0.3 kcal/mol per heavy atom, far

below the �1.5 kcal/mol maximum (Hopkins et al., 2004).

Conversely, inhibitors that form covalent interactions to pro-

tein targets routinely exceed these LE limits, and for irreversible

covalent inhibitors, for which k–2 = 0, the LE is even essentially

infinite (Singh et al., 2011). Indeed, nature exploits covalent inter-

actions with their highly proficient catalysts: enzymes. Although

a study by Bar-Even et al. (2011) demonstrated that the catalytic

proficiencies of natural enzymes span more than 5 orders of

magnitude with the average enzyme being only moderately pro-

ficient, covalent catalysis via partial covalent bond formation af-

fords highly proficient enzymes (>1011 M�1) (Smith et al., 2009).

Therefore, due to the high LE that can be achieved, there is more

opportunity to optimize the size and structure of the remainder of

the PROTAC. This could translate into more favorable PK prop-

erties (ADMET), such as improved cell permeability and reduced

susceptibility to efflux, and ultimately greater target degradation

efficacy. However, it must be stated that TCIs are not necessarily

smaller than conventional reversible inhibitors. The use of the
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least reactive electrophilic warhead, inherent to their design,

to attenuate promiscuity can necessitate optimization of the

reversible binding scaffold to the extent that the TCI is not signif-

icantly smaller than conventional reversible inhibitors.

Comparison of reversible and covalent PROTACs: A BTK
case study
The aberrant expression of BTK has been implicated in the

development of numerous B cell malignancies, such as chronic

lymphocytic leukemia (CLL), the most common leukemia in

western societies (Herman et al., 2011). Targeting BTK with

small-molecule inhibitors, particularly covalent inhibitors, has

become a well-validated therapeutic strategy for treating CLL.

The most successful small-molecule inhibitor is ibrutinib, which

received approval by the US Food and Drug Administration as

a first-line treatment for CLL in 2016 (Figure 1). Ibrutinib irrevers-

ibly binds to cysteine 481 in the kinase domain of BTK using an

acrylamide electrophilic warhead. Ibrutinib has demonstrated

high clinical efficacy with the majority of patients experiencing

dramatic and durable responses. However, more than 80% of

CLL patients develop resistance to ibrutinib (and second-gener-

ation inhibitor acalabrutinib) because of a Cys481 to Ser481 mu-

tation (C481S) that abolishes its ability to covalently bind BTK,

thereby restoring BTK function, tumor growth and ultimately re-

sulting in clinical relapse (Burger et al., 2016; Jain et al., 2015;

Woyach et al., 2014).

Buhimschi et al. (2018) developed a BTK PROTAC, MT-802,

that successfully induced degradation of both wild-type and

C418S mutant BTK at nanomolar concentrations within 4 h.

Analogous examples have further demonstrated that PROTACs

are able to evade resistance mechanisms that commonly cause

relapse in response to inhibitor treatment (Kregel et al., 2020;

Zhang et al., 2018; Burslem et al., 2019). However, although

MT-802 is ibrutinib based, its electrophilic acrylamide moiety

was not incorporated to retain catalytic target turnover that

would be abrogated by covalent binding.

In an attempt to evaluate the impact of covalent binding on

the PROTAC-mediated degradation of BTK, Tinworth et al.

(2019) synthesized both reversible and covalent ibrutinib-based

PROTACs for comparative studies. They reasoned that a cova-

lent PROTAC could act as a stoichiometric degrader, where

one target protein molecule is degraded per PROTAC molecule.

Ibrutinib-based PROTAC 2 (Figure 4B) and its corresponding

reduced acrylamide-based reversible control, PROTAC 3, both

use a ligand that recruits E3 ligases from the inhibitor of

apoptosis proteins (IAP) family. PROTAC 2 and 3 demonstrated

inhibition of BTK in a biochemical assay and PROTAC 2 cova-

lently modified BTK in vitro. However, no BTK degradation was

observed for the covalent PROTAC when tested in THP-1 cells,

despite measurement of a range of concentrations and time

points. Conversely, reversible PROTAC 3 successfully degraded

BTK in a concentration and time-dependent manner. To assess

whether the failure of covalent PROTAC 2 to degrade BTK was

due to recruitment of IAP E3 ligases, reversible and covalent

ibrutinib-based PROTACs with a binding motif for a different

E3 ligase, CRBN, were synthesized. Once again, no BTK degra-

dation was observed for covalent PROTAC 4, whereas reversible

PROTAC 5 successfully degraded BTK. Therefore, given that not

even stoichiometric degradation was observed, they concluded
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that covalent bond formation inhibits target degradation possibly

due to impairment of ubiquitin transfer onto surface lysine resi-

dues, or by obstruction of the presentation of the intrinsically

disordered region of the protein that was shown to be required

for recognition by the proteasome (Prakash et al., 2004).

However, a recent report by Xue et al. (2020) describes cova-

lent PROTACs that successfully degrade BTK. A range of BTK

PROTACswere synthesized that utilized two different covalent li-

gands for the BTK binding moiety: an ibrutinib analog 1 and PLS-

123, due to their high affinities and large structural differencesbe-

tween their scaffolds. The PROTACs were also composed of li-

gands to recruit two different E3 ligases: pomalidomide and

VH032, which bind CRBN and von Hippel-Landau (VHL), respec-

tively. The ibrutinib analog-based CRBN PROTAC series

achieved BTK degradation, but BTK levels were only reduced

by �50%. Changing to structurally different BTK ligand PLS-

123, while still recruiting CRBN, led to improved degradation ac-

tivity and enhanced reduction of BTK levels to 75% at 1 mM.

To explore whether recruiting a different E3 ligase would

further improve the degradation efficacy, they synthesized ibru-

tinib analog-based PROTAC 7 and PLS-123-based PROTAC 8,

which both use ligand VH032 to recruit VHL. PROTAC 7

(Figure 4B) proved to display the best degradation efficacy.

The concentration at which 50% degradation was observed

(DC50) was 136 nM, and the maximal degradation (Dmax)

achieved was 88%. PROTAC 7 also effected degradation of ho-

mologous protein BLK with a DC50 of 220 nM and Dmax of 75%.

To evaluate the role of covalent bond formation in the degra-

dation efficacy of PROTAC 7, PROTAC 9was synthesized where

the acrylamide was replaced by a saturated propanamide that

binds reversibly. Results from the head-to-head comparison of

the reversible and covalent PROTACs in cells revealed that cova-

lent PROTAC 7 reduced BTK levels to a greater extent than

reversible PROTAC 9. Moreover, measurement of their IC50

values against BTK indicated that PROTAC 7 is a more potent

BTK inhibitor as well as a more potent BTK degrader.

Therefore, Xue et al. (2020) concluded that PROTACs that

covalently engage the target POI can be successful degraders,

in contrast to the findings of Tinworth et al. (2019). Moreover,

the importance of optimizing all three components of the heter-

obifunctional molecules to obtain successful degraders was un-

derscored, since VHL-recruitment proved to elicit more potent

degraders than CRBN recruitment. Switching E3 ligase has pre-

viously been shown to drastically affect the degradation efficacy

of PROTACs (Lai et al., 2016).

The discrepancy between these studies can perhaps be ex-

plained by consideration of the relative rates of degradation and

covalent bond formation. Gabizon et al. (2020) observed very

potent degradation with their irreversible covalent acrylamide

BTK PROTACs, such as IR-2 (Figure 4B). They noticed that IR-2

forms covalent bonds slowly relative to the rate of BTK degrada-

tion,most likely due to the lower reactivity of substituted acrylam-

ides. Therefore, much of its activity may have been derived from

its reversible binding affinity. In particular, since ibrutinib pos-

sesses high non-covalent binding affinity, its saturated analog is

comparatively >6-fold less potent (IC50 = 4.9 versus 0.72 nM)

but still displays high reversible binding affinity. Moreover, the

degradation efficacy of the irreversible covalent PROTACs did

not significantly differ between wild-type and C481S mutant
BTK, suggesting that the covalent bond was not involved, i.e., it

formed too slowly relative to the rate of degradation.

This is supported by the study of Schwartz et al. (2014), in

which they demonstrated that the overall potency of covalent

EGFR inhibitors is derived from contributions of reversible bind-

ing affinity (Ki) and covalent adduct formation (k2) (Figure 2A), but

that reversible interactions are particularly essential and highly

correlated to antitumor cell potency. These interactions include

reversible contributions from the Michael acceptor moiety itself,

such as S-p to EGFR-Cys797, which contributes significant

binding energy (2.6 kcal/mol). Therefore, the comparison of

non-covalent ibrutinib analogs to ibrutinib is more nuanced.

In addition, Lebraud et al. (2016) observed reduced ERK1/2

degradation with their acrylamide-based in-cell click-formed

PROTACs after performing a washout step. This suggests that

at least some of the degradation arises from non-covalent bind-

ing and supports the possibility that the rate of degradation is

faster than the rate of covalent bond formation. Moreover, Roy

et al. (2019) and Riching et al. (2018) discovered that the initial

rate of target degradation is positively correlated to the stability

and cooperativity of the ternary complex formed. A more stable

ternary complex is more long-lived and results in increased initial

rates of degradation.

Therefore, it could be the case that the covalent PROTACs that

have successfully degraded their targets form stable, coopera-

tive ternary complexes such that the rate of degradation is faster

than the rate of covalent bond formation (k2). Those that fail to ef-

fect target degradation could form negatively cooperative, un-

stable ternary complexes such that covalent bond formation is

faster than the rate of degradation and covalent bond formation

impairs target degradation. For instance, the ternary complex

formed by Tinworth et al.’s (2019) unsuccessful BTK PROTACs

(Figure 4B) could have been destabilized by the piperazine

moiety in the linker that was attached in close proximity to the

acrylamide group. As proposed by Gabizon et al. (2020), it is

apparent that measurement of the relative rates of covalent

bond formation and target degradation is needed to clearly eluci-

date the role of covalent binding in PROTAC degradation effi-

cacy. Washout assays do not give information about the relative

kinetics. Fortunately, methods are being developed that permit

both cell-based (Riching et al., 2018; Chung et al., 2018) and bio-

physical measurement (Roy et al., 2019) of the kinetics of ternary

complex formation.
PROTACs with covalent ligands for the E3 ligase
While it appears that PROTACs that engage the target POI with

irreversible covalent ligands can be effective degraders, they

have lost the ability to catalytically turnover the target. However,

PROTACs that use covalent ligands to recruit the E3 ligase and

reversibly engage the target POI (Figure 5A) could potentially

retain all the PK benefits of covalent binding and catalytic target

turnover, while availing of some additional advantages.

There are numerous factors to take into consideration when

choosing which E3 ligase to recruit to effect PROTAC-mediated

target degradation (Schapira et al., 2019). These include:

d Its subcellular location; co-localization of target POI and E3

ligase is required for effective target protein degradation

d Its tissue expression levels
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Figure 5. PROTACs with irreversible covalent ligands for the E3
ligase
(A) Schematic of PROTAC with irreversible covalent ligand for the E3 ligase
where k–2 = 0.
(B) Representative examples of PROTACswith irreversible covalent ligands for
the E3 ligase.
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d Its endogenous biological function and the effects of

perturbation

d Any beneficial synergism that arises from perturbing its

endogenous function

d The degree of fractional engagement by the E3 ligase

ligand and whether low fractional engagement permits

the E3 ligase to still perform its endogenous functions

d An awareness that the factors that govern successful

target protein:E3 ligase pairing are currently unknown;

substantial empirical screening and iterative optimization

can be required to discover a compatible target protein:E3

ligase pairing

The expression profile, domain architecture, and chemical

tractability of human E3 ligases was recently systematically re-

viewed (Schapira et al., 2019). E3 ligases with a tissue-selective

expression profile represent a particularly attractive therapeutic

opportunity for tissue-selective PROTAC-mediated degradation

of targets. He et al. (2020) exploited the differential expression of

an E3 ligase (CRBN) in different cells to achieve 22-fold BCL-XL

degradation selectivity in cancer cells over platelets in their

proof-of-concept study.

Of the �600 E ligases encoded by the human genome, fewer

than 10 have been recruited by successful protein degraders,

and only 4 have been extensively targeted: CRBN, VHL, cellular
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IAP, and mouse double minute 2 homolog (MDM2). Ottis et al.

(2017) demonstrated that all three major classes of E3 ligase

are amenable to TPD; thus the recruitment of further E3 ligases

is only limited by the paucity of small-molecule ligands. Those

that have been commonly used all act reversibly (Schapira

et al., 2019).

However, new ligands for previously untargeted E3 ligases are

being discovered to expand the PROTAC toolbox in this area.

Particularly, covalent ligands for the E3 ligases RNF114, RNF4,

and DCAF16 have recently been validated (Figure 5B). However,

the full selectivity profile of these ligands requires elucidation.

The benefits of covalent over reversible E3 ligase recruitment

and the opportunities it presents are discussed here. Moreover,

the need to expand the repertoire of recruited E3 ligases is high-

lighted.

RNF114
Nomura and coworkers used an activity-based protein profiling

(ABPP) chemoproteomic platform, named isotopic tandem

orthogonal proteolysis-enabled ABPP (isoTOP-ABPP) (Backus

et al., 2016; Grossman et al., 2017; Wang et al., 2014), to identify

the direct targets and elucidate the mechanism of the natural

product nimbolide. Nimbolide is known to inhibit tumorigenesis

andmetastasis without causing toxicity or unwanted side effects

(Bodduluru et al., 2014; Hao et al., 2014; Subramani et al., 2016).

Using this platform, the E3 ubiquitin ligase RNF114 was identi-

fied as one of nimbolide’s primary targets (Figure 5B). The cyclic

enone of nimbolide covalently binds to cysteine-8 of RNF114 in

its substrate recognition site. This impairs the ubiquitination

and degradation of its endogenous substrates, the tumor sup-

pressors CDKN1A (p21) and CDKN1C (p57), which promote

cell-cycle arrest and apoptosis when their levels are elevated.

Moreover, dual knockdown of p21 and p57 significantly reduced

the antiproliferative effects observed upon nimbolide treatment in

231MFP breast cancer cells, thus suggesting that their stabiliza-

tion contributes to the anti-cancer effects of nimbolide.

Using nimbolide as the E3 ligase recruiting ligand of a PRO-

TAC results in a beneficial synergistic effect whereby the target

protein is degraded and, by occupying RNF114, p21 and p57

are stabilized. A similar synergistic strategy was exploited with

MDM2-recruiting PROTACs that led to more potent antiprolifer-

ative effects than a corresponding VHL-based PROTAC with

similar potency and efficacy for degradation of the same target

(BRD4) due to its additional ability to stabilize the tumor suppres-

sor p53 (Hines et al., 2019). This highlights the importance of ex-

panding the PROTAC toolbox to recruit more E3 ligases so that

similar complementary synergistic mechanisms can be ex-

ploited for additive therapeutic effect.

To demonstrate that nimbolide could be used in an RNF114-

recruiting PROTAC, two degraders were synthesized. Degraders

XH1 and XH2 both consist of nimbolide attached to the bromo-

domain and extraterminal (BET) family inhibitor JQ1 with varying

linker length and composition. XH1 did not show appreciable

degradation, but XH2 binds to RNF114 with an IC50 of 0.24 mM

and led to degradation of BRD4 after 12 h. Although the selec-

tivity of XH2 has not been fully investigated, selective degrada-

tion of BRD4 over highly homologous BET family members

BRD2 and BRD3 was achieved in 231MFP breast cancer cells.

Other previously reported JQ1-based degraders that recruit
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either CRBN or VHL have various selectivity profiles for BET pro-

teins hence this re-emphasizes the need to expand the reper-

toire of ligandable E3 ligases for TPD so that degrader selectivity

and efficacy can be tuned (Zengerle et al., 2015).

Finally, to identify a more synthetically tractable covalent

ligand (than nimbolide) for future use as an RNF114 recruiter in

TPD applications, Nomura and coworkers screened a library

of cysteine-reactive covalent ligands against RNF114 using a

moderate-throughput gel-based ABPP approach. From �200

screened fragments they discovered acrylamide EN62, an initial

hit that binds to the same site as nimbolide and recapitulates its

effects, but requires substantial optimization of cell permeability,

potency, and selectivity. Nevertheless, it serves as a promising

starting point for future RNF114 ligand optimization (Spradlin

et al., 2019). This method has previously been effective in the

development of more synthetically tractable covalent ligands

derived from complex natural product parent molecules and

will undoubtably be invaluable in the future search for both novel

E3 ligase and target POI ligands (Nomura and Maimone, 2019).

Having demonstrated that nimbolide can be incorporated into

a degrader to successfully recruit RNF114 and degrade BRD4,

Tong et al. (2020a) sought to show the broader utility and selec-

tivity of nimbolide and RNF114 in TPD applications. Therefore,

they turned their attention to a more difficult challenge that had

not yet been accomplished: selective degradation of BCR-ABL

over highly homologous c-ABL (Tong et al., 2020a). Previously

reported CRBN- or VHL-recruiting BCR-ABL degraders had

only shown opposite selectivity, or in some cases, inactivity (Bur-

slem et al., 2019; Lai et al., 2016).

Nomura and coworkers synthesized two RNF114-recruiting

nimbolide-based degraders, BT1 and BT2, linked to dasatinib in

an attempt to address this selectivity challenge. Both PROTACs

induced degradation of BCR-ABL and c-ABL upon treatment of

K562 leukemia cells expressing BCR-ABL for 24 h. BT1 treatment

resulted in a more pronounced effect, since the deeper binding

pocket likely favors the longer linker. Pleasingly, both BT1

and BT2 displayed preferential degradation of BCR-ABL over

c-ABL, thusachieving thedesiredselectivityprofile. Indirectcom-

parisons with CRBN-dasatinib and VHL-dasatinib, BT1 was the

only degrader that demonstrated preferential and faster degrada-

tion of BCR-ABL over c-ABL at every time point tested over 24 h

(Tong et al., 2020a). BT1 also displayed less degradation of

the known dasatinib target BTK than both CRBN-dasatinib and

VHL-dasatinib. However, dasatinib is a highly promiscuous ki-

nase inhibitor (Karaman et al., 2008), thus it will be important to

elucidate the full selectivity profile of BT1.

RNF4

Ward et al. (2019) identified chloroacetamide CCW 16 as an in-

hibitor (IC50 = 1.8 mM) of the E3 ligase RNF4 using an ABPP-

based covalent screening approach. CCW 16 was found to

covalently modify either of the two zinc-coordinating cysteines

C132 andC135 in the RING domain of RNF4. CCW16was linked

to JQ1 to form PROTAC CCW 28-3 (Figure 5B). CCW 28-3 dis-

played higher potency for RNF4 with an IC50 of 0.54 mM than

parent ligand CCW 16 in a competitive ABPP assay. BRD4

degradation was also achieved in a time- and dose-dependent

manner in 231MFP breast cancer cells after 1 h. In comparison
with previously reported JQ1-based degraders, such as MZ1,

CCW 28-3 did not show as complete or potent BRD4 degrada-

tion but did have a superior selectivity profile; homologous

BET family members BRD2 and BRD3 were not degraded.

To confirm and determine the degree of RNF4 engagement by

CCW 28-3 in situ, an alkyne handle was appended to CCW 16 to

yield probe CCW 36. Interestingly, only moderate fractional

engagement (�30%) of RNF4 seems to be required to facilitate

CCW 28-3-mediated BRD4 degradation. This was attributed to

the poor cell permeability of CCW16, which requires further opti-

mization. Low target engagement suggests that the endogenous

functions of RNF4, which include ubiquitinating SUMOylated

proteins for proteasomal degradation, would not be significantly

perturbed.

Concerning the proteome-wide selectivity of CCW 28-3, iso-

TOP-ABPP analysis revealed that, out of 1,114 probe-modified

peptides, only 7 potential off-targets of CCW 28-3 were identi-

fied; none of which play a role in the ubiquitin-proteasome

system. However, the zinc-coordinating cysteines of RNF4 tar-

geted by CCW 28-3 are conserved across the RING family of

E3 ligases. Therefore, CCW 28-3-mediated BRD4 degradation

was compared in wild-type and RNF4 knockout (KO) HeLa cells

to confirm that BRD4 degradation was solely due to RNF4-

mediated ubiquitination. Encouragingly, CCW 28-3-mediated

BRD4 degradation was not observed in RNF4 KO cells, further

supporting the RNF4-recruiting mechanism of action of CCW

28-3.

DCAF16

Zhang et al. (2019b) recently developed a chemoproteomic plat-

form capable of site-specifically mapping the cysteine reactivity

of electrophilic small molecules in native biological systems

(Backus et al., 2016; Bar-Peled et al., 2017; Wang et al., 2014).

The fragment electrophiles that can capture the hundreds to

thousands of small-molecule-cysteine interactions are called

‘‘scouts.’’ They aimed to incorporate these scout fragments

into PROTACs to discover novel E3 ligases that could be re-

cruited for TPD applications.

Initially three scout fragments were linked to synthetic ligand

SLF that selectively binds and targets FKBP12, a cytosolic prolyl

isomerase frequently used to validate protein degraders (Nabet

et al., 2018; Winter et al., 2015). FKBP12 was expressed with

FLAG tag variants containing either cytosolic- or nuclear-direct-

ing sequences to elucidate the location of TPD. Lenalidomide-

SLF, which recruits CRBN, degraded both cytosolic and nuclear

FKBP12. However, treatment with one of the scout fragment de-

graders, KB02-SLF (chloroacetamide warhead), led to exclusive

and selective degradation of nuclear-localized FKBP12. FLAG-

mediated affinity enrichment identified two E3 ligases that could

be responsible for the degradation: DCAF16 and DTL. Upon

small hairpin RNA-mediated knockdown of each E3 ligase,

only reductions in DCAF16 significantly impaired KB02-SLF-me-

diated polyubiquitination and degradation of nuclear FKBP12.

CRISPR-Cas9 genetic knockdown of DCAF16 further confirmed

its key involvement. The electrophilic chloroacetamide warhead

was shown to be key for engaging DCAF16 because a saturated

propanamide analog that binds reversibly failed to degrade nu-

clear-localized FKBP12.
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Figure 6. PROTACs with reversible covalent ligands for the
target POI
(A) Schematic of PROTAC with reversible covalent ligand for the target POI
where the values for k2 and k–2 exist on a continuum.
(B) Representative examples of PROTACs with reversible covalent ligands for
the target POI.

ll
Review
Moreover, washout assays did not attenuate the durability of

FKBP12 degradation observed with KB02-SLF but did abolish

the degradation seen with non-covalent PROTAC lenalido-

mide-SLF. This highlights that loss of degradation activity is

dependent upon the target protein turnover rather than PROTAC

clearance. The pharmacodynamics are effectively decoupled

from the pharmacokinetics of the PROTAC. Consequently,

target resynthesis rate is the determining factor that decides

the potential dosing regimen of the PROTAC.

Since KB02-SLF appeared to exclusively degrade nuclear

FKBP12, they sought to investigate whether DCAF16 recruit-

ment could lead to degradation of other nuclear proteins, such

as BRD4. PROTAC KB02-JQ1 (Figure 5B) successfully pro-

moted dose-dependent BRD4 degradation in HEK293T cells

and this was significantly attenuated in DCAF16 KO cells.

Much higher concentrations of KB02-JQ1 (20–40 mM) were

required to induce BRD4 degradation than degradation of nu-

clear FKBP12 by KB02-SLF (0.5–2 mM). To explain this, they

postulated that DCAF16 engagement could be less efficient

with KB02-JQ1. This was confirmed by competitive ABPP,

which revealed that KB02-SLF and KB02-JQ1 produced

�10% and 40% DCAF16 engagement, respectively. Therefore,

despite KB02-JQ1 engaging a greater fraction of DCAF16 than

KB02-SLF, BRD4 degradation was less efficient than that of

nuclear FKBP12. This highlights that differential fractions of

DCAF16 engagement are required to support FKBP12 and
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BRD4 degradation by their respective electrophilic PROTACs,

but in both cases modest fractional engagement (<50%) is suffi-

cient to recruit DCAF16 for PROTAC-mediated target degrada-

tion. Finally, KB02-JQ1 was found to selectively degrade BRD4

over other homologous BET family members BRD2 and BRD3.

Once again highlighting the need to recruit more E3 ligases to

exploit differential substrate specificity. This study highlights

the utility of these broadly reactive scout fragments as a valuable

starting point in developing ligands for the 600+ E3 ligases that

lack ligands.

PROTACs with reversible covalent ligands for the target
Two reports of PROTACs that use reversible covalent ligands for

the target POI have only very recently emerged (Guo et al., 2020;

Gabizon et al., 2020) (Figure 6B). Interestingly, both studies were

performed in the same model system: BTK, a target frequently

used to test non-covalent PROTACs as well as the aforemen-

tioned covalent PROTACs. Moreover, both PROTACs utilize

cyanoacrylamide as the reversible covalent FG. Reversible

covalent PROTACs are theorized to combine the benefits of co-

valent bond formation with the substoichiometric target turnover

achieved by reversible PROTACs, but unattainable for covalent

PROTACs (excluding PROTACs with covalent ligands for the

E3 ligase).

Reversible covalent binding was first observed in the 1960s

when, at physiological pH, the products of thiol addition to

FGs, such as 2-cyanoacrylates and 2-cyanoacrylamides could

not be isolated or structurally characterized (Pritchard et al.,

1968). Stemming from this observation, the Taunton group

were inspired to investigate these FGs in their search for inhibi-

tors that would retain the benefits of covalent inhibition, such

as high selectivity and sustained potency, but would avoid the

potential pitfalls of irreversible inhibition, such as the accumula-

tion of permanently modified off-targets that can result in idio-

syncratic toxicity (Serafimova et al., 2012). Irreversible acryl-

amide-based inhibitors are known to be prone to these pitfalls;

ABPP coupled with quantitative MS analysis revealed that acryl-

amide-based probes nearly identical to ibrutinib form irreversible

adducts with numerous cysteine-containing proteins (Lanning

et al., 2014).

Serafimova et al. (2012) elucidated the specific structural fea-

tures that confer reversibility of thiol addition to electron-defi-

cient olefins, such as cyanoacrylates and cyanoacrylamides,

by demonstrating that the installation of a small nitrile group

(only 26 Da) at the a-carbon increases the susceptibility of the

b carbon to nucleophilic attack and stabilizes the resultant carb-

anion. The enhanced acidity of the a C-H bond derives from the

combined electron-withdrawing power of the nitrile and ester/

amide. This double activation both facilitates rapid elimination

of thiols at physiological pH and accelerates the rate of thiol

addition (Serafimova et al., 2012).

With this knowledge, Serafimova et al. (2012) rationally de-

signed a reversible covalent RSK2 inhibitor containing a cyanoa-

crylamide FG, referred to as N-isopropyl cyanoacrylamide (CN-

NHiPr). Notably, its duration of RSK1 and RSK2 occupancy was

indistinguishable from that of the irreversible inhibitor. Moreover,

SDS-PAGE highlighted the reversible nature of RSK2 inhibition

since CN-NHiPr failed to label RSK1 and RSK2 and did not

display any irreversible adducts, despite being >50,000 times
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more reactive toward thiols than its irreversible inhibitor counter-

part. Therefore, reversible covalent inhibitors are capable of

recapitulating and even enhancing the selectivity and prolonged

duration of action of irreversible inhibitors, while avoiding the off-

target binding and potential associated toxicity. This is particu-

larly important for treating diseases that require chronic dosing

and a high safety margin, such as autoimmune diseases, and

thus for which off-target binding and poor selectivity would pre-

sent a significant issue.

BTK inhibition has emerged as a potential therapeutic strategy

for the treatment of autoimmune diseases (Edwards et al., 2004;

Hauser et al., 2008; Navarra et al., 2011). Bradshaw et al. (2015)

sought to engage BTK Cys481 with cyanoacrylamide reversible

covalent BTK inhibitors. A key improvement to the design strat-

egy used for previous reversible covalent inhibitors (Miller et al.,

2013; Serafimova et al., 2012) camewith inverting the orientation

of the electrophilic b carbon with respect to the kinase-recogni-

tion scaffold; the proximity of the electrophile and target Cys481

was optimizedwhen the b carbonwas no longer directly linked to

the scaffold. The new orientation also permitted facile modula-

tion of the steric and electronic environment of the b carbon

using branched-alkyl capping groups. Consequently, the resi-

dence time/BTK occupancy of these ‘‘inverted’’ cyanoacryla-

mides is readily tuneable by varying the steric bulk of the alkyl

capping groups and can be just as long as their irreversible acryl-

amide counterparts. Moreover, successful targeting of Cys486

of FGFR1, which had previously only been targeted with irrevers-

ible acrylamide inhibitors, demonstrated the general applicability

of this strategy. Notably, it may be possible to match a ligand’s

residence time to the biological requirements of the target POI.

These studies also paved the way for the development of revers-

ible covalent PROTACs that use inverted cyanoacrylamides with

branched-alkyl capping groups that attenuate their reactivity.

To compare the effects of different warhead chemistries on

degradation efficacy, Guo et al. (2020) designed three BTK

PROTACs: RNC-1, RC-1 (Figure 6B) and IRC-1, which form

reversible non-covalent, reversible covalent, and irreversible co-

valent bonds to BTK, respectively. The degraders were also

compared with their respective ibrutinib-based warhead con-

trols. After treatment of MOLM-14 cells, an AML cell line, with

the three PROTACs and subsequent immunoblotting to quantify

BTK levels, they found that IRC-1 induced inefficient BTK degra-

dation, consistent with Tinworth et al.’s (2019) previous report.

However, both RNC-1 and RC-1 successfully induced BTK

degradation. RC-1 was more potent than RNC-1 at lower con-

centrations (8 and 40 nM), but comparable at 200 nM. After

considerable linker optimization of RC-1, where the effects of

both longer and shorter linker lengths on the BTK degradation ef-

ficacy were evaluated, they concluded that the original RC-1 is in

fact optimal. Moreover, it is one of the most potent BTK de-

graders to date, with a DC50 of 6.6 nM. In a biochemical kinase

inhibition assay, of the warhead controls IRC-Ctrl (ibrutinib)

was predictably the most potent BTK inhibitor (0.3 nM) followed

by RC-Ctrl (2.2 nM) and RNC-Ctrl (13.6 nM). The degraders fol-

lowed the same pattern; IRC-1 inhibited BTK most potently

(0.8 nM), closely followed by RC-1 (1.8 nM) and RNC-1

(21.1 nM). However, in a cell viability assay the IC50 values for

IRC-1 and RNC-1 were in the micromolar range (2.7 and

4.1 mM), whereas RC-1 had a similar IC50 (0.31 mM) to the parent
warheads (0.3–0.5 mM). This surprising result suggested that

IRC-1 and RNC-1 may have impaired cellular uptake compared

with RC-1 and their corresponding parent warhead controls and

warranted further investigation.

To compare the intracellular accumulation of the BTK de-

graders, Guo et al. (2020) utilized the nano-luciferase (nLuc)-

based bioluminescence resonance energy transfer (NanoBRET)

assay to assess both CRBN and BTK target engagement. To

quantitatively compare the intracellular concentrations of the

PROTACs they defined an intracellular accumulation coefficient

(KP,D) for drug D, where P and D denote partition and drug,

respectively. They discovered that the intracellular accumulation

of RC-1 is 10- and 16-fold greater than the levels of its irrevers-

ible covalent and reversible non-covalent counterparts. More-

over RC-1 demonstrated superior target engagement of both

CRBN and BTK compared with IRC-1 and RNC-1. The high

target engagement (90%at 200 nM) of BTK in particular is impor-

tant since it illustrates that RC-1 can act as both a potent BTK

degrader and inhibitor. This dual mechanism of action potentially

enables RC-1 to completely block BTK downstream signaling

due to its ability to inhibit any remaining undegraded BTK. This

is highly advantageous since ibrutinib is most clinically effective

when it can achieve complete BTK engagement and subsequent

inhibition of downstream signaling. Based on these results, the

authors concluded that the efficient BTK degradation and potent

cell growth inhibition induced by RC-1 can mostly be attributed

to its high intracellular accumulation. To demonstrate the impor-

tance of the cyanoacrylamide, control compounds where either

the C=C double bond in the Michael acceptor was reduced,

or the cyano group was removed, were synthesized. However,

the intracellular accumulation of RC-1 was 5-fold higher than

these controls, highlighting the importance of the cyanoacryla-

mide and dismissing a physical properties explanation for its

enhanced intracellular accumulation. Moreover, RC-1 has highly

similar values for cLogP and polar surface area compared

with IRC-1 and RNC-1, which rules out the possibility that its

physicochemical properties are the cause of its superior intracel-

lular accumulation.

Reversible covalent PROTACs have enhanced cellular
uptake and target selectivity
Guo et al. (2020) propose two possible explanations for the

enhanced cellular uptake and target engagement of cyanoacry-

lamides. Key to both explanations is the rapidly reversible reac-

tion of cyanoacrylamides with thiols; as extensively validated by

the Taunton group (Bradshaw et al., 2015; Serafimova et al.,

2012). The first mechanism involves the rapid and reversible re-

action of RC-1 with intracellular glutathione (�1–10 mM), which

could sequester RC-1 intracellularly and perhaps reduce its sus-

ceptibility to drug efflux pumps. In contrast, saturated RNC-1

cannot react with glutathione (GSH) and the rate of reaction of

IRC-1 with GSH is much slower. In addition, the enhanced

cellular uptake of RC-1 could be explained by interactions with

cell surface thiols. These exofacial thiols protect the cell from

strong extracellular oxidants. Thiol-mediated cellular uptake is

a known uptake mechanism for thiolated molecules, such as

strained cyclic disulfides as reported by the Matile group (Abegg

et al., 2017; Gasparini et al., 2015), but there are also examples of

maleimide-containing molecules interacting with cell surface
Cell Chemical Biology 28, July 15, 2021 961



ll
Review
thiols that result in significant enhancement of cellular uptake

and drug delivery efficiency (Fretz et al., 2007; Li and Takeoka,

2014). Moreover, similarly to other reported BTK PROTACs

(Buhimschi et al., 2018), RC-1 degrades BTK regardless of its

mutation status. This is particularly important since the C481S

mutation causes resistance to ibrutinib in 80% of CLL cases in

the clinic.

To evaluate the selectivity of the PROTACs, Guo et al. (2020)

used a quantitative multiplexed proteomic approach, which re-

vealed that IRC-1 and RNC-1 treatment causes the degradation

of seven kinases, whereas only two (BTK and CSK) were

degraded upon RC-1 treatment. Therefore, reversible covalent

PROTACs could have improved target selectivity relative to their

non-covalent and irreversible covalent counterparts.

Finally, to test whether the introduction of a cyanoacrylamide

moiety can be a general and valuable strategy to enhance the

cellular uptake and target engagement of PROTACs, Guo et al.

(2020) moved to a different but analogous system. An activating

mutation in the FLT3 gene is implicated in the pathogenesis of

AML. Similar to BTK, Fms-tyrosine kinase (FLT3) has a cysteine

residue in its ATP-binding pocket. Building upon Yamaura et al.’s

(2018) discovery of a highly potent irreversible covalent FLT3 in-

hibitor, Guo et al. (2020) designed a series of reversible non-

covalent, reversible covalent, and irreversible covalent FLT3

PROTACs. Once again, the reversible covalent PROTACs ex-

hibited superior target engagement and intracellular accumula-

tion relative to the reversible and irreversible covalent FLT3

PROTACs, thereby demonstrating the broad applicability of

this strategy to enhance the cellular uptake and target engage-

ment of PROTACs.

Reversible covalent PROTACs could exploit abundant
biological nucleophiles as transport vehicles
Aswell as enhancing cellular uptake, the ability to form reversible

covalent bonds could confer some potential advantages from a

transport and delivery perspective, such as the potential to

exploit abundant biological nucleophiles as transport vehicles

to increase bioavailability and distribution. The most abundant

protein in human plasma, human serum albumin (HSA), and

the most abundant non-protein thiol in animals and plants,

GSH, both contain free thiols that are soft nucleophiles that

can readily react with soft electrophiles, such as cyanoacryla-

mides, according to Lewis’ Hard Soft Acid Base Principle (Baillie

and Greg Slatter, 1991). The free thiol of HSA comprises 80% of

the free thiols in the blood plasma. More than 90% of marketed

drugs are known to be >90% plasma protein bound, with

numerous drugs, such as diazepam andwarfarin, utilizing the hy-

drophobic binding sites in HSA as transport vehicles to increase

their bioavailability and distribution around the body. However,

HSA is also known to bind drugs covalently via its free cysteine

(cys34), lysines, or tyrosine (Larsen et al., 2016).

The EGFR TCI afatinib andHer-2 TCI neratinib are examples of

drugs that utilize reversible covalent adduct formation to abun-

dant plasma nucleophiles, such as GSH and HSA, for enhanced

transport and delivery (Baillie, 2016). Neratinib was found to form

a covalent adduct with HSA between the ε-NH2 group of Lys-

190 (in contrast to the more nucleophilic free Cys-34 thiol) and

its acrylamide warhead (Wang et al., 2010). Chandrasekaran

et al. (2010) speculated that HSA acts as a transport vehicle
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that releases neratinib in the more acidic environment of the tu-

mor (pH between 6.1 and 6.8), thereby latentiating and prolong-

ing its action and facilitating selective targeting of tumors. There-

fore, PROTACs that incorporate reversible covalent ligands

capable of binding and utilizing abundant biological nucleophiles

as transport vehicles could have enhanced transport and deliv-

ery and could exploit similar pH-dependent release to selectively

target tumors.

The binding of electrophilic drugs and electrophilic reac-

tive intermediates/metabolites to biological nucleophiles has

frequently been a cause for concern in drug discovery and devel-

opment due to the potential formation of conjugates that result in

idiosyncratic toxicity and adverse events. However, covalent

protein adducts that exhibit reversibility were found to be less

cytotoxic than stable conjugates; transient adducts failed to

trigger damage-signaling pathways, whereas stable adducts

activated stress signaling and apoptosis (Lin et al., 2008).

Thus, reversible covalent PROTACs could exhibit less potential

cytotoxicity than their irreversible covalent counterparts.

Gabizon et al. (2020) also explored the role of reversible cova-

lent and irreversible covalent chemistry in PROTAC-mediated

BTK degradation by synthesizing a range of BTK PROTACs

(Figure 6B). Similar to Guo et al. (2020), the reversible covalent

PROTACs (RC-1, RC-2, and RC-3) used cyanoacrylamide ibruti-

nib analogs with different linkers; the irreversible covalent (IR-1

and IR-2) used ibrutinib itself with different linkers; and one

reversible PROTAC that incorporated saturated ibrutinib was

evaluated (NC-1).

It is difficult to directly compare the reversible covalent BTK

degraders from the Wang and London groups since they feature

different linker designs. However, aside from linker design, the

main difference between the Wang group’s reversible covalent

PROTAC RC-1 and that of London’s is the dimethyl group at

the g-position of the cyanoacrylamide group in RC-1, which

reduces the reactivity of the Michael acceptor and results

in KD values in the mM range upon reaction with thiols. The cya-

noacrylamide of the London group’s initial reversible covalent

PROTAC RC-2 is too reactive and susceptible to extracellular

entrapment by cysteine in the medium. However, when the

dimethyl group is added to form RC-3, rendering it more akin

to the Wang group’s RC-1, its efficacy is significantly improved.

A further difference between RC-1 and RC-3 is themechanism of

their selectivity. Guo et al. (2020) discovered that RC-1 can

degrade both wild-type BTK and C481S mutant with similar po-

tency, which suggests that itsmechanism does not rely upon co-

valent bond formation and hence it could have non-covalent off-

targets. Conversely, RC-3 can only degrade wild-type BTK, thus

it is dependent upon covalent bond formation and can enjoy the

selectivity that affords no non-covalent off-targets. Therefore,

selectivity is achieved via different mechanisms; once again

highlighting the need to understand the role of the covalent

bond and rates of covalent bond formation versus degradation.

Moreover, the key advantage of reversible covalent PROTACs

from the Wang group’s study was their enhanced intracellular

accumulation compared with their reversible non-covalent and

irreversible covalent counterparts. Conversely, Gabizon et al.

(2020) showed that their reversible covalent and reversible

non-covalent PROTACs have similar cellular concentrations

based on a lysate-based liquid chromatography-mass



Figure 7. PROTACswith reversible covalent ligands for the E3 ligase
(A) Schematic of PROTAC with reversible covalent ligand for the E3 ligase
where the values for k2 and k–2 exist on a continuum.
(B) Representative example of PROTACwith reversible covalent ligands for the
E3 ligase KEAP1.
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spectrometry (LC-MS) measurement, contrary to the measure-

ments of RC-1 and RNC-1 performed by Guo et al. (2020) using

the live-cell-based NanoBRET assay. Therefore, a direct head-

to-head comparison is required to explain these discrepancies

and further elucidate the benefits of reversible covalent target

engagement.

PROTACs with reversible covalent ligands for the E3
ligase
Tong et al. (2020b) decided to explore reversible covalent E3

ligase recruitment (Figure 7A) based on the success of covalent

E3 ligase ligands and the advantages of reversible covalent

compared with irreversible covalent binding; namely the avoid-

ance of permanent protein modification and potential toxicity.

Although (as seen) reversible covalent chemistry has very

recently been used to target the POI, there are no prior examples

of its use for E3 ligase recruitment.

The synthetic oleanane pentacyclic triterpenoid bardoxolone

methyl (CDDO-Me) is known to form reversible covalent bonds

to cysteines on the E3 ligase KEAP1 via its highly electron-defi-

cient and reactive a-cyanoenonemoiety (Figure 7B). This activity

also results in the activation of Nrf2, a master regulator of oxida-
tive stress that is aberrantly ubiquitinated, degraded, and

repressed by KEAP1 in disease states (Liby and Sporn, 2012).

Therefore KEAP1-recruiting PROTACs could exhibit a beneficial

synergistic mechanism similar to MDM2-PROTACs that stabilize

p53 (Hines et al., 2019) and RNF114-PROTACs, which result in

stabilization of p21 and p57 (Spradlin et al., 2019; Tong

et al., 2020a).

Tong et al. (2020b) synthesized a CDDO-based PROTAC

composed of CDDO chemically tethered to the BET inhibitor

JQ1 that successfully degraded BRD4 in a proteasome-depen-

dent manner (Figure 7B). However, since the identification of

all CDDO’s proteome-wide targets has been challenging to

elucidate due to the rapidly reversible nature of its cysteine inter-

actions, additional E3 ligases to KEAP1 may be targeted by

CDDO-JQ1; hence, future chemoproteomic and genomic

studies are required to identify the full complement of its targets.

Nonetheless, CDDO-JQ1 represents the first PROTAC to use a

reversible covalent ligand to recruit an E3 ligase and also ex-

pands the repertoire of ligandable E3 ligases to include KEAP1.

OUTLOOK

Each PROTAC design possesses strengths and weaknesses.

Deciding which design to pursue is dependent upon the nature

of the target and chemical matter available. Covalent target

engagement is particularly suited to therapeutically challenging

targets due to the inherent advantages of TCIs, such as their

high LE, sustained target engagement, and ability to outcompete

endogenous ligand binding. Covalent target engagement had

previously been avoided in PROTAC design due to abrogation

of a key advantage of the mechanism: catalytic target turnover

and associated reduced dosage and PK benefits. However,

several studies have demonstrated that repurposingandconvert-

ing covalent inhibitors into PROTACs can result in successful

degradation of targets, including ERK1/2 (Lebraud et al., 2016),

BTK (Xue et al., 2020), and KRASG12C (Bond et al., 2020). How-

ever, the role of covalent bond formation and explanation for

why some covalent PROTACs fail (Tinworth et al., 2019) remains

to be understood. Methods that permit both cell based (Riching

et al., 2018; Chung et al., 2018) and biophysical measurement

(Roy et al., 2019) of the kinetics of ternary complex formation

will be important in delineating the relative rates of covalent

bond formation and target degradation to illuminate these issues.

An attractive strategy that combines the benefits of covalent

ligands with the substoichiometric target turnover achieved by

reversible target engagement entails conversion of an irrevers-

ible covalent ligand into an reversible covalent one. This would

avoid any potential toxicity arising from permanent off-target

modification and is synthetically facile to achieve via a one-

step Knoevenagel condensation that installs a small nitrile group

(26 Da) at the a carbon of an acrylamide to form a cyanoacryla-

mide. Electrophilic FGs, such as acrylamides have seen a sharp

rise in popularity in medicinal chemistry (Ertl et al., 2020), as

exemplified by ibrutinib and afatinib, hence there are many

eligible inhibitors for conversion. Reversible covalent PROTACs

are also purported to display enhanced selectivity and cellular

uptake compared with their non-covalent and irreversible cova-

lent counterparts (Guo et al., 2020). Explanations for the mecha-

nism of enhanced cellular uptake have been proposed, including
Cell Chemical Biology 28, July 15, 2021 963
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sequestration of PROTAC by intracellular GSH and interactions

with exofacial thiols, but this requires further elucidation.

Conversely, Guo et al. (2020) did not observe enhanced cellular

uptake with their reversible covalent BTK PROTACs using a

different method (lysate-based LC-MS versus NanoBRET).

Therefore, future studies will be required to validate this benefit

of reversible covalent PROTACs and investigate other target

systems and reversible covalent FGs.

Concerning the discovery of future reversible covalent ligands

for either the target POI or E3 ligase, Miller et al. (2013) have

developed a fragment-based approach that can identify cyanoa-

crylamide fragments to serve as valuable starting points for

ligand design. In addition, Senkane et al. (2019) have developed

a chemoproteomic platform to evaluate the proteome-wide

reactivity of cyanoacrylamides for cysteines, which revealed

their promising ability to selectively engage cysteines across

diverse protein classes. Moreover, it is not just thiols that can

and have been targeted by reversible covalent ligands. Boronic

acids can reversibly conjugate to the hydroxyl groups of serine

and threonine residues to form boronates, and 2-acetyl phenyl-

boronic acid can reversibly conjugate to the amines of lysine side

chains to form iminoboronates (Bandyopadhyay and Gao,

2016). London et al. (2014) adapted a non-covalent docking pro-

gram into a large-scale, covalent virtual screening platform

(DOCKovalent) that facilitated the discovery of reversible cova-

lent fragments for distinct target nucleophiles, including new

boronic acid inhibitors of AmpC b-lactamase that bind Ser64,

and new cyanoacrylamide inhibitors for RSK2 and MSK1 ki-

nases. Therefore, these fragment based, computational dock-

ing, and chemoproteomic approaches will undoubtably expedite

the discovery of additional reversible covalent ligands not only

limited to targeting cysteine residues.

From the proof-of-concept studies that validate covalent li-

gands for the recruitment of E3 ligases, certain advantages

of covalent over reversible E3 ligase engagement emerge.

PROTACs that covalently recruit the E3 ligase still retain the abil-

ity to catalytically turnover the target if the POI ligand is reversible

or reversible covalent. They also have the advantage of simpler

‘‘pseudo-binary’’ kinetics since formation of a ternary complex

is not required because the binding is between E3:PROTAC

and POI. Moreover, covalent engagement decouples the phar-

macokinetics from the pharmacodynamics since target degra-

dation will depend upon the rate of E3 ligase and target turnover

instead of PROTAC clearance. In addition, low fractional

engagement of the E3 ligase, as observed with RNF4 and

DCAF16, avoids antagonizing its endogenous functions. In

some cases, like with MDM2 and RNF114, perturbing endoge-

nous functions is desirable to elicit an additive and therapeuti-

cally beneficial synergistic effect. However, maintaining endoge-

nous functions of other E3 ligases is important for mitigating

off-target effects and potential toxicities (Matyskiela et al.,

2018). The ability of covalent ligands to bind undruggable, intrac-

table targets, such as PPIs was demonstrated by nimbolide tar-

geting an intrinsically disordered region of RNF114. However,

the complete selectivity profile of all these reported covalent

E3 ligase binders remains to be elucidated. In addition, further

structural optimization to improve PK properties, such as perme-

ability, is required. The use of chemoproteomic platforms will be

critical to thoroughly investigate their target profile so that their
964 Cell Chemical Biology 28, July 15, 2021
full potential as chemical probes or potential therapeutics can

be realized (Arrowsmith et al., 2015).

In terms of the scope and prospects of discovering additional

binders for the 600+ E3 ligases that still lack ligands, isoTOP-

ABPP experiments have revealed that more than 562 cysteines

on 211 E3 ligases, from all main subclasses (CRL, RING, UBR,

HECT, UBOX), could be ligandable and amenable to PROTAC-

induced degradation (Backus et al., 2016; Bar-Peled et al., 2017;

Blewett et al., 2016). Therefore, this chemoproteomic platform

serves as a valuable starting point to expand the repertoire of re-

cruitable E3 ligases for TPD. Access to more E3 ligases would

allow greater tuning of the substrate selectivity of a PROTAC, as

already seen with the exclusive degradation of nuclear proteins

when recruiting DCAF16, which could be useful in some settings.

Finally, another motivation for expanding the scope of recruit-

able E3 ligases concerns the ability to evade acquired resistance

to PROTACs. Acquired resistance to both VHL- and CRBN-

based BET-PROTACs was discovered to be primarily caused

by genomic alterations that compromise core components of

the relevant E3 ligase complexes. The acquired resistance per-

sisted for (at least) 2 months after PROTAC treatment was with-

drawn, but it could be rescued by overexpression of the core

components of the relevant E3 ligase complex. Notably, cells

resistant to the VHL-based BET-PROTAC remained sensitive

to the CRBN-based BET-PROTAC and vice versa. This absence

of cross resistance suggests (1) that acquired resistance can be

rescued by switching the recruited E3 ligase and (2) that the pro-

teasome degradation machinery remains functional in these

resistance cells; thereby underscoring the need to recruit as

many E3 ligases as possible (Zhang et al., 2019a).

Moving forward, the well-characterized reversible and cova-

lent ligands provided by the Target 2035 initiative (Carter et al.,

2019), which aims to develop a chemical probe for every pro-

tein, will serve as valuable starting points in the development

of PROTACs for new targets. The ligands need not even be

functional or of high affinity since PROTACs can convert non-

functional or low-affinity ligands into functional, potent de-

graders. The discovery of covalent ligands in particular will be

important for degrading therapeutically challenging targets

(Bond et al., 2020).

Finally, even after suitable target and E3 ligands have been

discovered, substantial empirical screening and iterative optimi-

zation is often required to ascertain a compatible target pro-

tein:E3 ligase pairing, optimal linker length/composition, and ul-

timately achieve an effective degrader. Rosetta-basedmodels of

PROTAC-mediated ternary complexes (Bai et al., 2020; Zaidman

et al., 2020) aim to provide a rational, structure-based solution to

this rate-limiting step of PROTAC development. The current pro-

tocols were able to successfully rationalize published PROTAC

structure-activity relationships with near-native predictions and

their accuracy will only continue to improve asmore structural in-

formation on ternary complexes becomes available. They repre-

sent an invaluable tool to aid the design of PROTACs for new tar-

gets, optimize PROTACs for existing targets and save both time

and synthetic effort. Finally, all computational methods and

models for both protocols have been freely disseminated to pro-

mote wide adoption.

The diversity of PROTAC designs now possible due to incor-

poration of irreversible covalent and reversible covalent ligands
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presents an exciting opportunity to tune the design to the re-

quirements of the target system. For example, to our knowl-

edge, there are no reports as yet of PROTACs that use an irre-

versible covalent ligand to recruit an E3 ligase and a reversible

covalent ligand to bind the POI. This would be an advanta-

geous combination that combines the pseudo-binary kinetic

and potential synergistic advantages of covalent E3 engage-

ment with the enhanced cellular uptake and catalytic target

turnover offered by reversible covalent target engagement.

The ability to model the designs first computationally will also

be invaluable. Harnessing the potential of covalent ligands

will undoubtably expand both the druggable and degradable

proteome.

SIGNIFICANCE

Despite the great success of PROTACs, including their

translation to the clinic, they have thus far been limited to

non-covalent chemistry due to their catalytic mechanism

of target turnover. Here, we review the recent role of revers-

ible and irreversible covalent chemistry in TPD. Collectively,

these studies demonstrate that PROTACs that use revers-

ible covalent or irreversible covalent inhibitors can be highly

effective degraders. In particular, reversible covalent chem-

istry combines the benefits of covalent binding and catalytic

target turnover with unique advantages, such as enhanced

cellular uptake, increased selectivity and the potential

for improved transport and delivery. Advances in chemopro-

teomic methods, fragment-based screening libraries and

computational docking platforms are primed to expedite

the discovery of novel reversible and irreversible covalent

inhibitors to expand the scope of targets amenable to TPD

and the repertoire of recruited E3 ligases. We anticipate

and encourage further progress in this area to elucidate

the mechanism of covalent and reversible covalent

PROTACs and harness their potential to access more of

the ‘‘undruggable’’ proteome.
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R.L., McFarland, J.M., Miller, R.M., Frödin, M., and Taunton, J. (2012). Revers-
ible targeting of noncatalytic cysteines with chemically tuned electrophiles.
Nat. Chem. Biol. 8, 471–476.

Singh, J., Petter, R.C., Baillie, T.A., andWhitty, A. (2011). The resurgence of co-
valent drugs. Nat. Rev. Drug Discov. 10, 307–317.

Smith, A.J.T., Zhang, X., Leach, A.G., and Houk, K.N. (2009). Beyond picomo-
lar affinities: quantitative aspects of noncovalent and covalent binding of drugs
to proteins. J. Med. Chem. 52, 225–233.

Spradlin, J.N., Hu, X., Ward, C.C., Brittain, S.M., Jones, M.D., Ou, L., To, M.,
Proudfoot, A., Ornelas, E., Woldegiorgis, M., et al. (2019). Harnessing the
anti-cancer natural product nimbolide for targeted protein degradation. Nat.
Chem. Biol. 15, 747–755.

Subramani, R., Gonzalez, E., Arumugam, A., Nandy, S., Gonzalez, V., Medel,
J., Camacho, F., Ortega, A., Bonkoungou, S., Narayan, M., et al. (2016). Nim-
bolide inhibits pancreatic cancer growth and metastasis through ROS-medi-
ated apoptosis and inhibition of epithelial-to-mesenchymal transition. Sci.
Rep. 6, 1–12.

Sun, Y., Zhao, X., Ding, N., Gao, H., Wu, Y., Yang, Y., Zhao, M., Hwang, J.,
Song, Y., Liu, W., et al. (2018). PROTAC-induced BTK degradation as a novel
therapy for mutated BTK C481S induced ibrutinib-resistant B-cell malig-
nancies. Cell Res 28, 779–781.

Tinworth, C.P., Lithgow, H., Dittus, L., Bassi, Z.I., Hughes, S.E., Muelbaier, M.,
Dai, H., Smith, I.E.D., Kerr, W.J., Burley, G.A., et al. (2019). PROTAC-mediated
degradation of Bruton’s tyrosine kinase is inhibited by covalent binding. ACS
Chem. Biol. 14, 342–347.

Tong, B., Spradlin, J.N., Novaes, L.F.T., Zhang, E., Hu, X., Moeller, M., Brittain,
S.M., McGregor, L.M., McKenna, J.M., Tallarico, J.A., et al. (2020a). A nimbo-
lide-based kinase degrader preferentially degrades oncogenic BCR-ABL. ACS
Chem. Biol. 15, 1788–1794.

Tong, B., Luo, M., Xie, Y., Spradlin, J.N., Tallarico, J.A., McKenna, J.M.,
Schirle, M., Maimone, T.J., and Nomura, D.K. (2020b). Bardoxolone conjuga-
tion enables targeted protein degradation of BRD4. Sci. Rep. 10, 1–8.
968 Cell Chemical Biology 28, July 15, 2021
Troup, R.I., Fallan, C., and Baud, M.G.J. (2020). Current strategies for the
design of PROTAC linkers: a critical review. Explor. Target. Anti-tumor Ther.
1, 273–312.

Wang, C., Weerapana, E., Blewett, M.M., and Cravatt, B.F. (2014). A chemo-
proteomic platform to quantitatively map targets of lipid-derived electrophiles.
Nat. Methods 11, 79–85.

Wang, J., Li-Chan, X.X., Atherton, J., Deng, L., Espina, R., Yu, L., Horwatt, P.,
Ross, S., Lockhead, S., Ahmad, S., et al. (2010). Characterization of HKI-272
covalent binding to human serum albumin. Drug Metab. Dispos. 38, 1083–
1093.

Ward, C.C., Kleinman, J.I., Brittain, S.M., Lee, P.S., Chung, C.Y.S., Kim, K.,
Petri, Y., Thomas, J.R., Tallarico, J.A., McKenna, J.M., et al. (2019). Covalent
ligand screening uncovers a RNF4 E3 ligase recruiter for targeted protein
degradation applications. ACS Chem. Biol. 14, 2430–2440.

Winter, G.E., Buckley, D.L., Paulk, J., Roberts, J.M., Souza, A., Dhe-Paganon,
S., and Bradner, J.E. (2015). Phthalimide conjugation as a strategy for in vivo
target protein degradation. Sci. (80- 348, 1376–1381.

Woyach, J.A., Furman, R.R., Liu, T.-M., Ozer, H.G., Zapatka, M., Ruppert, A.S.,
Xue, L., Li, D.H.-H., Steggerda, S.M., Versele, M., et al. (2014). Resistance
mechanisms for the Bruton’s tyrosine kinase inhibitor ibrutinib. N. Engl. J.
Med. 370, 2286–2294.

Wright, M.H., and Sieber, S.A. (2016). Chemical proteomics approaches for
identifying the cellular targets of natural products. Nat. Prod. Rep. 33,
681–708.

Xue, G., Chen, J., Liu, L., Zhou, D., Zuo, Y., Fu, T., and Pan, Z. (2020). Protein
degradation through covalent inhibitor-based PROTACs. Chem. Commun. 56,
1521–1524.

Yamaura, T., Nakatani, T., Uda, K., Ogura, H., Shin, W., Kurokawa, N., Saito,
K., Fujikawa, N., Date, T., Takasaki, M., et al. (2018). A novel irreversible
FLT3 inhibitor, FF-10101, shows excellent efficacy against AML cells with
FLT3 mutations. Blood 131, 426–438.

Yu, D.M.T., Huynh, T., Truong, A.M., Haber, M., and Norris, M.D. (2015). ABC
transporters and neuroblastoma. In Advances in Cancer Research (Academic
Press Inc.), pp. 139–170.

Zaidman, D., Prilusky, J., and London, N. (2020). ProsetTac: Rosetta based
modeling of PROTAC mediated ternary complexes. J. Chem. Inf. Model. 60,
4894–4903.

Zengerle, M., Chan, K.-H., and Ciulli, A. (2015). Selective small molecule
induced degradation of the BET bromodomain protein BRD4. ACS Chem.
Biol. 10, 1770–1777.

Zhang, C., Han, X.R., Yang, X., Jiang, B., Liu, J., Xiong, Y., and Jin, J. (2018).
Proteolysis targeting chimeras (PROTACs) of anaplastic lymphoma kinase
(ALK). Eur. J. Med. Chem. 151, 304–314.

Zhang, L., Riley-Gillis, B., Vijay, P., and Shen, Y. (2019a). Acquired resistance
to BET-PROTACs (proteolysis-targeting chimeras) caused by genomic alter-
ations in core components of E3 ligase complexes. Mol. Cancer Ther. 18,
1302–1311.

Zhang, X., Crowley, V.M., Wucherpfennig, T.G., Dix, M.M., and Cravatt, B.F.
(2019b). Electrophilic PROTACs that degrade nuclear proteins by engaging
DCAF16. Nat. Chem. Biol. 15, 737–746.

Zhou, B., Hu, J., Xu, F., Chen, Z., Bai, L., Fernandez-Salas, E., Lin, M., Liu, L.,
Yang, C.-Y., Zhao, Y., et al. (2018). Discovery of a small-molecule degrader
of bromodomain and extra-terminal (BET) proteins with picomolar cellular
potencies and capable of achieving tumor regression. J. Med. Chem. 61,
462–481.

http://refhub.elsevier.com/S2451-9456(21)00144-6/sref101
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref101
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref101
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref101
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref102
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref102
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref102
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref103
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref103
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref103
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref104
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref104
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref104
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref104
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref105
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref105
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref105
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref106
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref106
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref106
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref106
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref107
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref107
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref107
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref107
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref107
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref108
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref108
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref108
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref108
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref109
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref109
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref110
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref110
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref110
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref111
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref111
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref111
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref111
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref112
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref112
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref112
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref112
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref112
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref113
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref113
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref113
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref113
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref114
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref114
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref114
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref114
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref115
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref115
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref115
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref115
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref116
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref116
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref116
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref117
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref117
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref117
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref118
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref118
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref118
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref119
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref119
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref119
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref119
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref120
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref120
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref120
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref120
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref121
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref121
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref121
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref122
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref122
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref122
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref122
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref123
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref123
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref123
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref124
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref124
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref124
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref125
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref125
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref125
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref125
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref126
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref126
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref126
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref127
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref127
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref127
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref128
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref128
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref128
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref129
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref129
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref129
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref130
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref130
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref130
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref130
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref131
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref131
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref131
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref132
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref132
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref132
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref132
http://refhub.elsevier.com/S2451-9456(21)00144-6/sref132

	The role of reversible and irreversible covalent chemistry in targeted protein degradation
	Targeted covalent inhibitors
	PROTACs with covalent ligands for the target
	The advantages of covalent binding for PROTAC development
	Comparison of reversible and covalent PROTACs: A BTK case study
	PROTACs with covalent ligands for the E3 ligase
	RNF114
	PROTACs with reversible covalent ligands for the target
	Reversible covalent PROTACs have enhanced cellular uptake and target selectivity
	Reversible covalent PROTACs could exploit abundant biological nucleophiles as transport vehicles
	PROTACs with reversible covalent ligands for the E3 ligase
	Acknowledgments
	Declaration of interests
	Declaration of interests
	References


