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ABSTRACT: Proteolysis-targeting chimeras (PROTACs) have shown great
therapeutic potential by degrading various disease-causing proteins, particularly
those related to tumors. Therefore, the introduction of PROTACs has ushered in a
new chapter of antitumor drug development, marked by significant advances over
recent years. Herein, we describe recent developments in PROTAC technology,
focusing on design strategy, development workflow, and future outlooks. We also
discuss potential opportunities and challenges for PROTAC research.

1. INTRODUCTION

Proteolysis-targeting chimeras (PROTACs), which induce the
ubiquitination and degradation of targeted proteins through the
ubiquitin—proteasome system, have gained considerable
attention for the discovery and development of novel
therapeutics.” PROTAC technology has been successfully
applied to target cytoplasmic, nuclear, and membrane-
associated proteins.” > PROTACs have three building blocks:
a ligand of the protein of interest (POI; warhead), an E3 ligase
ligand, and a linker that tethers the two ligands (Figure 1).
Over the past 6 years, PROTACs have brought unprece-
dented opportunities to industry and academia (Figure 2). As a
major milestone, androgen receptor (AR) degrader compound 1
(ARV-110) and estrogen receptor (ER) degrader compound 2
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Figure 1. PROTAC-induced degradation mechanism and advantages.
After a PROTAC molecule binds to the POI and E3 ligase and forms a
ternary complex, ubiquitin is transferred to a lysine residue on the
surface of the PO], resulting in the formation of polyubiquitinated POI
that is subsequently degraded by the proteasome. At the same time, the
PROTAC molecule dissociates from the complex and participates in
the next degradation cycle. This degradation mechanism determines
the therapeutic advantage of PROTAC technology.
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Figure 2. Search results for “PROTAC” as a topic on the “Web of
Science” Web site. Field of PROTACs is in a period of explosively rapid
development.

(ARV-471) have entered phase II clinical trials for the treatment
of castration-resistant prostate cancer and ER*/HER2™ breast
cancer, respectively (NCT03888612 and NCT04072952)
(Figure 3). More than a dozen PROTACs have also entered
clinical trials in the last 2 years (Table 1). Currently, two
PROTAC databases exist: PROTACpedia (http://protacdb.
weizmann.ac.il/ptcb/ stats) and PROTAC-DB 2.0 (http: //cadd.
zju.edu.cn/protacdb/).6’7
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Figure 3. Chemical structures of compound 1 and 2.

In the past decade, extensive efforts have been made to
develop PROTAC-based therapeutics. Many reviews have
clarified the advantages and disadvantages of PROTACs."™"*
Despite all of the advantages and considerations of PROTAC
technology, the design of PROTAC: is still a matter of empirical
trial and error. A review of recent design strategies is necessary,
especially in a field with such rapid and explosive development.
In this review, we discuss the recent advances focused on design
strategy, development workflow, and future outlooks in this

field.

2. PROTAC DESIGN STRATEGY

2.1. E3 Ligase Ligands. A variety of E3 ligases have been
utilized in PROTAC therapeutics, including VHL, CRBN,
MDM2,"* 1AP,'* RNF4,'> RNF114,'>'” STRCP,"® parkin,'®
DCAF16,” KEAP,'”*° and FEM1B.”' Among these, VHL and
CRBN are the two most widely applied. Compound 3 (VH032),
a high-affinity ligand of VHL widely used in PROTAC
formulations, was first reported in 2014 (Figure 4).”” Recently,
Li et al. reported a column chromatography-free process that
enables the production of 42.5 g of compound 3 amine

hydrochloride in 1 week with 65% overall yield and 97% purity,
facilitating rapid construction of VHL-based PROTAC
libraries.”> In the course of optimization of VHL ligands,
introduction of an (S)-methyl group on the benzylic carbon
atom of compound 3 provided compound 4 (compound 11,
Figure 4) that has two times more affinity than the prototype.”*
Currently, approximately 51% of VHL ligands are compound 3,
and only 32% of VHL ligands are compound 4. Therefore, the
utilization of diverse VHL ligands, such as compound 4, will
enrich the VHL-based PROTAC library.

Diamine CRBN ligands are small-molecule drugs with
molecular weights between 250 and 260 and are ideal for
PROTAC design owing to their excellent physiochemical
properties. However, hydrolysis of amide linkages in compound
S (thalidomide, Figure 4) occurs in aqueous solutions at
physiological pH, leading to chemical instability at pH > 7. The
half-life of thalidomide at pH 7.4 is 5 h in vitro. The primary
hydrolysis products are compounds 6—8.°>° Several novel
stable CRBN ligands have been discovered in recent years,
including PG derivatives compound 9 (2a) and compound 10
(2b), which remain stable at pH 7.4 (Figure 4). The half-lives of
compounds 9 and 10 are over 24 h at pH 7.4, longer than those
of compounds §, 11 (lenalidomide), and 12 (pomalidomide)
(3.3,11.7, and 12.2 h, respectively).”” Compound 13 (TD-106)
is another novel CRBN modulator that induces the degradation
of IKZF1/3 and inhibits the proliferation of multiple myeloma
cells (Figure 4). Most importantly, PG derivatives and
compound 13 have been used to design PROTACs with
successful POI degradation.28 Compound 14 (CC-122) is
another new chemical entity that binds CRBN to degrade Aiolos
and Tkaros (Figure 4).”” Interestingly, hydrolysate compound 15
(Figure 4) was also shown to be a PROTAC CRBN recruiter.””
Great effort has been devoted to discovering new CRBN ligands,
which will contribute to improving chemical stability.

2.2. Anchor Point. In PROTAC:S:, a linker tethers the ligand
of the POI and an E3 ligase ligand. The linker can be attached at
several exit vectors for both CRBN and VHL ligands. The
binding site has an impact on not only PROTAC selectivity”'

Table 1. PROTAC: in clinical trials

compound company target indication phase NCT no.
ARV-766 Arvinas AR prostate cancer Phase 1 NCT05067140
AC0682 Accutar ERa breast cancer Phase 1 NCT05080842
ACO0176 Accutar AR prostate cancer Phase 1 NCT05241613
CFT8634 C4 BRD9 synovial sarcoma, soft tissue sarcoma Phase 1/2 NCT05355753
DT-2216 Dialectic BCL-XL liquid and solid tumors Phase 1 NCT04886622
FHD609 Foghorn synovial sarcoma Phase 1 NCT04965753
NX-2127 Nurix BTK B-cell malignancies Phase 1 NCT04830137
NX-5948 Nurix BTK lymphocytic leukemia Phase 1 NCT05131022
KT-474 Kymera IRAK4 autoimmune disease Phase 1 NCT04772885
KT-413 Kymera IRAK4 non-Hodgkin lymphoma; diffuse large B-cell lymphoma Phase 1 NCT05233033
KT-333 Kymera STAT3 Iymphocytic leukemia; solid tumors Phase 1 NCT05225584
BGB-16673 BeiGene BTK B-cell malignancies Phase 1 NCT05294731
NCT05006716
GT-20029 Kintor AR androgenic alopecia and acne Phase 1 NCT05428449
HSK-29116 Haisco BTK B-cell malignancies Phase 1 NCT04861779
HPS18 Hinova AR Metastatic castration-resistant prostate cancer Phase 1 NCT05252364
LNK-01002 Lynk primary or secondary myelofibrosis; acute myeloid leukemia Phase 1 NCT04896112
CC-94676 Bristol Myers Squibb AR prostate cancer Phase 1 NCT04428788
RNK05047 Ranok BRD4 advanced solid tumor Phase 1/2 NCT05487170
ASP3082 Astellas KRASS?P advanced solid tumor Phase 1 NCT05382559
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Figure 4. Representative ligands of E3 ligase used for PROTAC development.

but also DMPK parameters, such as microsomal stability.”” W.
Farnaby et al. introduced linkers at different locations of the
VHL ligand, thereby forming “phenolic series” and “benzylic
series” PROTACs for SMARCA2/4 degradation (Figure 5).*
Pharmacokinetics studies revealed that, compared with the
“phenolic series”, “benzylic series”, compound 16 (compound
6) shows improved microsomal stability with a low clearance of
7 mL/min/kg in mice. Besides, compound 16 exhibited
significant tumor growth inhibition in the NCI-H1568 tumor
xenograft model with subcutaneous treatment. Furthermore, for
CRBN-based PROTAC, replacing the amide connectivity at the
S’ position in Thalidomide with an ether moiety may provide a
more robust and metabolically stable compound, such as
compound 18 (MT802) (t,,, = 0.119 h) versus compound 19
(SJF608) (t,,, = 1.62 h) (Figure 5).% Interestingly, current
CRBN-based PROTACs with oral bioavailability all exhibit
linkers at the S’ position (as mentioned in section 2.4.2). In
conclusion, through the modification of the anchor point,
PROTACs can acquire better microsomal stability, which
provides a feasible way to optimize the pharmacokinetic
properties of PROTAC:s.

The anchor point of the linker is important for degradation
efficiency. In threonine tyrosine kinase degradation, for example,
moving the anchor point in compound 20 (8d, Figure S) from
the 4’ site into the 7’ site generated compound 23 (8p), which
has a DCy, value of 21.7 nM and is, therefore, 10 times less

2310

potent than compound 20 (DCs, = 2.2 nM).** Similarly, using
4’ site tethering in diamine compounds yielded a stronger
inhibitory activity in RS4 11 cell line (compound 24, IC,, = 1.5
nM) than tethering at the S’ position (compound 25, IC;, = S
nM).* Similar phenomena are also observed with SHP2, BTK,
p38a, HMGCR, and HDAC6 degraders.36_40 Briefly, this
suggests that the 4’ position in diamine compounds may be a
better anchor point than the 5’ position in terms of obtaining
high degradation efficiency.

It is well known that the binding of the ligand itself to the E3
ligase CRBN may result in a molecular glue effect or IMiD off-
target effect, that is, CRBN neosubstrates would be degraded.
This effect caused by the E3 ligase ligand in PROTAC is an
important factor that has to be considered when designing
PROTAC: for drug safety. For example, when the anchor point
of the linker is the S’ position of compound 27 (C13, Figure 5),
the substrates of IMiD, including IKZF1 and ZFP91, could not
be degraded because the molecular glue function of the E3 ligase
ligand was lost.*" Lier et al. reported that linking the 5’ position
of compound 28 (MDEG-541, Figure S) can induce
degradation of CRBN neosubstrates GSPT1(eRF3a) and
GSPT2 (eRE3b).*»** Furthermore, neosubstrates ZNF653
and IKZF1 clearly favor 4’ position-linked degraders, whereas
neosubstrate RNF166 favors S’ position-linked degraders.”**
In addition to the linker exit vector, modification on the
thalidomide aryl attachment point can also regulate IMiD

https://doi.org/10.1021/acs.jmedchem.2c01555
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substrate degradation. In a data set consisting of 68 CRBN-
recruiting PROTAC: targeting different targets, degraders with
an aryl oxy acetamide conjugation to the linker tend to exhibit
fewer IMiD off-target effects.*® This suggests that the IMiD-like
effect of the E3 ligase ligand in PROTACs might be avoided
depending on the selection and modification of the anchor
point.

2.3. Warhead. Binding between the warhead and the POI
does not have to be strong, but POI ligands with low nanomolar
affinity are ideal. Notably, de novo design of novel and potent
POI ligands with improved physicochemical properties is more
likely to arrive at orally available degraders.”” Besides, for
suitable conjugation and optimized physicochemical properties,
the structure of the POI ligand can be slightly modified, for
example, by replacing a piperidine with an N,N-diethylamino
group,”* a morpholine with piperazine,””*® or a quaternion ring
with a topine ring and octahydroopentalen,49 or by omitting the
noncritical o-fluoro substitution®” (Figure 6).

Moreover, choosing the right protein target is key, as some
proteins are highly expressed in normal tissues and their
degradation may cause unpredictable toxicity. This can limit
translation to clinical application. For example, Khan et al. found
that ABT263-based VHL-recruiting PROTACs induce selective
BCL-XL degradation in T-cell acute lymphoblastic leukemia (T-
ALL) tumor models while sparing platelets due to low levels of

VHL expression.”’ A similar phenomenon was observed for
phthalimide-based PROTACs.”” The best-case scenario is to
identify targets and ligases highly expressed in tumor tissues but
with low expression in normal tissues. Within this framework,
Cristina et al. found that coupling the MDM?2 ligase with
inhibitors of targets BCL2L1, BRD4, CDK9, PLK1, and MCL1
in stomach cancer and with PIK3C3 inhibitors in breast cancer
formed ideal combinations for PROTACs.”’ The tissue
distribution studies of E3 ligase and the POI in different cancer
types open up new opportunities for developing PROTACs with
a wider therapeutic window. The narrow therapeutic window
could also be addressed in many other ways. For example, due to
the lack of small-molecule ligands, only less than 1% of the 600+
existing E3 ligases have been successfully utilized.”* Therefore,
the discovery of E3 ligase ligands is of great relevance. Moreover,
consensus frameworks that integrate in silico methodology with
in vivo and in vitro data to inform the potential clinical risk
profile of a given compound are being devised.>®

2.4. Linkers. 2.4.1. Linker Length. The linker length is the
most critical feature to be considered early during PROTAC
development. Linker parameters such as the length can have
profound effects on cell permeability, degradation, and
specificity.’®~>” If the chain length is too short, the two ligands
will not bind to the corresponding protein due to steric
hindrance. Conversely, if the length is too long, proteins cannot

https://doi.org/10.1021/acs.jmedchem.2c01555
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be brought in close proximity for target ubiquitination. In
addition, the linker length significantly affects the selectivity of
PROTAC degradation. Nowak et al. observed that shorter
linkers have better selectivity due to conformational restric-
tions.”® Conversely, in a study conducted by Crews et al, a
longer linker achieved selective degradation of EGFR.”’
Notably, for the same POI, the optimal linker length is different
for degradation by different E3 ligases. As shown in Figure 7, for
BRD4 degraclation,(’o’61 the linker length of FEMI1B-based
PROTAC is shortest”' and that of CRBN-based PROTAC is
longest.”® The same phenomenon was found in ALK
degrader®® and BTK degrader.”*®® Therefore, each target/
E3 combination has its appropriate linker length, which reflects
the degradation potency and selectivity.

Furthermore, Troy et al. showed correlations between the
degrader efficacy and the linker length.”® Their analysis
suggested that to produce a lead degrader compound, a SAR
study of the linker length is best started with longer lengths to
test for compatibility between the E3 ligase and the POL
Systematically shortening the linker length will reveal a sharp
cutoff point in potency, which may allow for the production of
PROTAC:s with the greatest potency and selectivity.

2312

2.4.2. Chemical Composition. The chemical composition of
the linker is a major determinant of the rigidity, solubility, cell
permeability, and pharmacokinetic/pharmacodynamic profile.
A wide variety of linkers are based on polyethylene glycol
(PEG), unsaturated alkane chains, and heterocyclic rings
(Figure 8). Due to their polarity and flexible nature, PEG chains
are essential scaffold elements for PROTAC design. However,
PEG linkers with aliphatic and/or ether chains are often
associated with an increased risk of oxidative metabolism,"’
which may be ameliorated via click chemistry to produce groups
containing triazole.””

To modulate the PROTAC physicochemical properties,
positively charged nitrogen heterocycles (such as piperidine
and piperazine) can be introduced.”* Rigid linkers can lead to
more effective degradation, as seen for compounds 46 (GSK215,
Figure 9) and 47 (DGY-09-192, Figure 9).9%%° Furthermore,
nitrogen heterocycles are beneficial for increasing solubility and
improving oral bioavailability. Wang et al. reported two orally
bioavailable AR degraders, compounds 48 (ARD-2128, Figure
10) and 49 (ARD-258S, Figure 10). The linkers of these
molecules harbor nitrogen-containing heterocyclic rings piper-
azine and azetidine. In both molecules, rigid chains were shown

https://doi.org/10.1021/acs.jmedchem.2c01555
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to be essential for the development of AR degradants.”””" The
oral bioavailable PROTACs, compounds 50 (HJM-561, Figure
10) and 51 (SIAISOOI Figure 10), both harbor piperidine and
piperazine rings.”””® Recently, the orally bioavailable compound
27 (C13, Figure 10) was discovered, containing two piperidine
rings.”' Moreover, compounds 1 and 2 (Figure 10), which are in
phase II clinical trials for prostate cancer and breast cancer,
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respectively, also contam the nitrogen heterocycles piperidine
and piperazine.”*””® This may indicate that linkers comprising
nitrogen-containing heterocycles are more conducive to oral
absorption. Researchers from AstraZeneca have recently
suggested that linker modifications should be selected based
on physical property optimization while taking full advantage of
crystal structure and homologous modeling information. This
will enable the identification of suitable attachment points or
new interactions in the ternary complex without enduring the
traditional “trial-and-error” approach.”

Due to the relatively large molecular weight of VHL ligands
(compared with CRBN ligands), it is generally considered that
VHL-based PROTACs are difficult to exhibit good bioavail-
ability. However, W. Farnaby et al. recently reported the first oral
bioavailable PROTAC based on VHL, compound 52 (ACBI2,
Figure 10).”> A slight linker modification in compound 53,
introducing a methyl group, increased oral bioavailability from
3% to 22%, which is the result of a more compact PROTAC
conformation with a reduced 3D polar surface area and radius of
gyration.”” Compound 52 significantly inhibited tumor growth

https://doi.org/10.1021/acs.jmedchem.2c01555
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Figure 9. Chemical structures of compounds 46 and 47.

in an A549 xenograft model with treatment at 80 mg/kg orally.
Besides, compound 54 (XL01126, Figure 10), another VHL-
based PROTAC for LRRK2 degradation, also exhibited modest
oral bioavailability (F = 15%). More importantly, compound 54
is the first VHL-based PROTAC that is both orally bioavailable
and blood—brain barrier permeable.”® These are ground-
breaking findings that have significant implications for the
improvement of other VHL-based PROTAC oral bioavailability.

2.4.3. Molecular Glue Function. As mentioned in section 2.2,
molecular glue function is an important factor that has to be
considered for drug safety. The linker has a key impact on the
molecular glue function. Recently, the structural mechanism for
this function of IMiDs was elucidated.”” The authors studied
three molecules with different activities for ubiquitinylation of
the neosubstrate Ikaros: compounds 12 (moderate), 55 (CC-
220, potent), and 56 (CC-92480, most potent). Their data
showed that pomalidomide induced 20% of CRBN to be closed,
and compound 55 induced 50% of CRBN to be closed.
Compound 56, with the most potent activity, induced almost
100% of CRBN to be closed (Figure 11). Compared to
compounds 12 and 55, compound 56 makes extra interactions
with the sensor loop and Lon domains of CRBN. Additional
phenyl and morpholino moieties of compound $8 arch over the
top of the sensor loop. The benzonitrile group in compound 56
is stabilized by aromatic or cation—x interactions with Phe102
and Phel50 in the CRBN Lon domain. This suggests that we
should consider avoiding the interaction with the sensor loop
and Lon domain of CRBN when designing the linker, so as to
reduce this IMiD off-target effect.

2.5. PROTAC Synthesis. Unlike traditional small-molecule
inhibitors, the synthesis of a whole PROTAC molecule requires
the linking of three parts (POI ligand, E3 ligase, and linker),
which makes the synthesis of PROTACs time consuming and
laborious. Many efforts have been made to improve the synthesis
efficiency of PROTACs. Current strategies for increasing
synthetic throughput have been introduced through Staudinger
ligation chemistry,” solid-phase synthesis,”" copper-catalyzed
click chemistry,” activated esters,” the rapid synthesis of
PROTACs (Rapid-TAC) platform,** and the modular synthetic
platform.® Notably, a late-stage single-step reductive deoxyge-

2314

nation method allows immediate conversion from thalidomide-
containing PROTACsS to lenalidomide groups without a de novo
synthesis.”® A few studies have focused on the synthesis
methodology of PROTAC fragments. For example, Duncan et
al. reported a strategy for the reliable and succinct preparation of
pomalidomide linkers.*” Furthermore, Qiu et al. developed the
organic base-promoted chemoselective alkylation of lenalido-
mide with different halides.”® Some fragments have become
commercially available. These advances will greatly benefit the
establishment of a PROTAC molecular library and accelerate
the discovery of PROTACs with clinical therapeutic applica-
tions.

2.6. Whole Ternary Complex Formation. The ternary
complex consists of the POI, PROTAC, and E3 ligase, which are
the basis for the formation of the polyubiquitinated POI for
degradation by the proteasome. Design strategies aimed at
forming whole ternary complexes will be conducive to the
discovery and development of PROTACs. The ternary complex
crystal structure-based design and optimization is more
attractive and efficient than the current multiturn, empirical
trial-and-error approach. Crystallizing ternary complexes has
been demonstrated to be challenging, but several examples at
present have been reported (Table 2, Figure 12). For example,
the first orally bioavailable VHL-based PROTAC (F = 22%),
compound $2, was discovered by taking advantage of the ternary
complex crystal structure (see Figure 10). Besides, the first
crystal structure of a ternary complex was published in 2017.*
This PROTAC, compound 57 (MZ1), binds to the E3 ligase
VHL, degrading BRD4. Compound 58 (AT1) was rationally
designed with an unusual anchor replacing the tert-Leu group of
compound 57, improving its selectivity for BRD4 (Figure 13).
Similarly, the macrocyclic PROTAC compound 59 (macro-
PROTAC-1) was designed based on the crystal structure to lock
the PROTAC conformation in the bound state by a macro-
cyclization strategy; cyclization is a feasible strategy to enhance
potency and selectivity (Figure 13).”” These studies show that
the ternary complex cocrystal structure will guide us toward the
design of a more optimal degrader, avoiding lengthy empirical
exploration of structure—activity relationships based on
PROTAC:.

Compared to a single ligand contact with an individual
protein, the ternary complex provides more interaction
networks. For example, the POI can interact with E3 ligase,
which is called de novo protein—protein interaction; the POI
ligand in PROTAC can interact with E3 ligase or the E3 ligase
ligand can interact with the POI, which is called “cross” protein—
ligand interaction. These interactions are essential for the
formation of ternary complexes, guiding us to improve the
characteristics of the degrader. For example, to maintain de novo
protein—protein interactions and “cross” protein—ligand
interactions, simultaneously increase conformational restraint,
and attempt to form z-stacking interactions to Y98, benzene
rings were immediately introduced into the linker in compound
60 (PROTAC 1, Figure 14) to obtain compound 61 (PROTAC
2) with improved permeability. Indeed, the introduced benzene
rings formed new 7-stacking interactions with the Y98 in the
cocrystal structure. Emboldened by crystallographic and
biophysical data, for the same linker length of compound 60,
oxygen atoms were further introduced into the linker in
compound 61, yielding compound 62 (ACBI1), a more potent
degrader with promising antiproliferative effects in acute
myeloid leukemia cell lines.”’ Recently, X-ray crystallography
of the FAK:compound 46:VHL ternary complex was reported.
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Compound 46 (see Figure 12) is a potent FAK degrader (DCjs, cooperativity as a result of various de novo protein—protein
= 1.3 nM, DC,,, = 99%) and induced high ternary complex interactions in the cocrystal, including van der Waals
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CN

Figure 11. Cocrystal structure of compounds 12 (left row, PDB: 8D81), 55 (middle row, PDB: 5V30), and 56 (right row, PDB: 8D7U) bound to
CRBN. Compared to compound 12, compound 5§ additionally interacts with the sensor loop (red). Besides the sensor loop, compound 56 also
interacts with the Lon domain (orange). Represented are the key residues (green) between each ligand and CRBN, highlighting the activity of

molecular glue.

Table 2. Reported Ternary Cocrystal Structure

neointeraction

PROTAC E3 POI E3 residues POI residues ref PDB

1 57 (MZ1) VHL BRD4"P* R69, P71, R107, R108, 1109, H110,  W374, P375, F376, D381, E383, A384, 89  ST3S
Y112 L1385
2 59 (Macro PROTAC-1)  VHL BRD4"P? 90  6SIS
3 60 (PROTAC-1) VHL SMARCA2  R69, Y112 T1462, F1463, N1464 91  6HAY
4 61 (PROTAC-2) VHL SMARCA2 6HAX
5 61 (PROTAC-2) VHL SMARCA4 6HR2
6 36 (PROTAC 6) VHL Bcl-xL Arg60, Arg69, GIn90, Phe9l, GIn96  Argl03, Ala104, Phel0S, Asp133 50  6ZHC
7 63 (BCPyr) cIAP1  BTK NR” NR” 64  6W70
8 44 (BC5P) cIAP1  BTK 6WSI
9 46 (GSK215) VHL FAK N67, R69 C427, E430 68  7PI4
10 64 (dBET23) CRBN  BRD4""! residues 101—104 and 147—-157 residues 76—104 and 145—161 56 6BN7
11 65 (dBET6) CRBN  BRD4*"! NR” NR” 6BOY
12 66 (dBET70) CRBN  BRD4®"! NR“ NR“ 6BN9
13 67 (dBETS5) CRBN  BRD4! NR“ NR“ 6BN8
14 68 (dBETS7) CRBN  BRD4*™ NR® NR® 6BNB
15 69 (MS33) VHL WDRS Arg69, Asp92 Aspl72, Tyr191, Asp192, Asn214, Lys259 94  7JTO
16 70 (MS67) VHL WDRS Arg69, Asp92, Pro71, Argl07, Argl08, Aspl72, Tyrl91, Asp192, Asn214, 7JTP
His110 Leu234, Lys259

17 71 VHL BRD4"! R107, Pro97 Aspl4S, Trp81 95  7KHH
18 17 VHL SMARCA2  Asn67 Gln1469 32 7Z6L
19 72 (compound 10) VHL SMARCA2 NR“ NR“ 32 7276
20 16 VHL SMARCA2 NR“ NR? 32 7277

“NR: not reported.

interactions, direct H bonds, and salt bridges.68 These suggest
that de novo protein—protein interactions and “cross” protein—
ligand interactions are crucial for more potent degrader
discovery and should be considered seriously in PROTAC
design.

To form productive ternary complexes, small E3 ligases seem
to be most suitable for some membrane proteins that are barely
exposed to the cytosol. For example, KRAS, a recognized
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antitumor target, is localized to the plasma membrane after post-
translational modification. It can be degraded by a PROTAC
recruiting a small CUL2-elongin B (ELOB)-ELOC-VHL-E2-
Ub complex but not by those recruiting the large Cullin 4A
(CUL4A)-DDB1-CRBN-E2-Ub complex, even when ternary
complexes are formed.”””” It seems that those small E3 ligases

can form ternary complexes more easily.

https://doi.org/10.1021/acs.jmedchem.2c01555
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Figure 12. Representative PROTAC:s in ternary crystal structures.

3. PROTAC DEVELOPMENT WORKFLOW first determined universally' and then by DC, and D,,,,. In
This section describes the general process of PROTAC addition, detection of POI mRNA levels is necessary to verify
development at the molecular level (Figure 15). The time and whether the decrease in POI content is caused by protein
concentration dependence of POI degradation in tumor cells are expression.
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5) is shown to allow the amide groups to form new linkers with tert-Leu

Caution should be paid to the degradation kinetics. For
example, using luminescence and bioluminescence resonance
energy transfer (NanoBRET), Riching et al. found that BRD4
levels rebounded after 10 h of compound 73 (dBET1, Figure
16) treatment.”® This phenomenon is called “rapid recovery”. In
addition, the establishment of a PROTAC-mediated ternary
complex is dependent on PROTAC concentration. At high
concentrations, ineffective binary complexes (PROTAC-POI or
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PROTAC-E3 ligase) are often observed in the range of 1—10
UM, representing the “hook effect”. This effect is not always
observed"*” and might be avoided or reduced by improving
cooperative interactions in the ternary complex that favor
stability. For example, with significant positive cooperativity, the
BTK-targeting PROTAC compound 18 did not exhibit an
observable hook effect at concentrations below 2.5 uM."*
Briefly, as heterobifunctional molecules, PROTACs exhibit

https://doi.org/10.1021/acs.jmedchem.2c01555
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unique degradation kinetic profiles, which require particular
attention.

To confirm that the POI is degraded according to the
expected mechanism of action, pretreatments with excessive
target protein inhibitors, E3 ligase ligands (such as compounds
11" and 12,"%%? see Figure 4), proteasome inhibitors (such as
compounds 74 and 75°*), and NEDDS8-activating enzyme
inhibitors (such as compound 76""*) are required, as these
demonstrate whether the degradation is dependent on the
ubiquitin—proteasome system (Figure 17). Interestingly, some
PROTAC-inducing EGFR degradation is not only dependent
on ubiquitination/proteasome but also on autophagy/lysosome
pathways.”” =" Additionally, evaluation of negative controls is
always needed for on-target validation. For example, methyl-
modified glutarimide compounds and (S)-OH compound 3
(Figure 17) have been used to block binding to CRBN and
VHL, respectively.%100 In conclusion, it is necessary to prove
the degradation mechanism of PROTAC:s.

Affinity for the target protein is also usually measured, for
example, through homogeneous time-resolved fluorescence
(HTRF) assays.”’ It is worth noting that the affinity was
demonstrated to rarely correlate with the selectivity observed in

cellular assays. For example, Jin et al. reported that PROTACs
compounds 77 (MS9449, Figure 17) and 78 (MS9427, Figure
17) have high binding affinity to both WT EGFR and mutant
EGFR but effectively degraded only mutant EGFR without the
degradation of WT EGFR.” This lack of correlation between
binding affinity and degradation selectivity was also found in a
selective BRAFV*" degrader.'”" To uncover any potential off-
target effects, it is necessary to elucidate the proteome-wide
selectivity of PROTACs through proteomic analysis." Fur-
thermore, the primary determinant of effective degradation is
the ternary complex formation rather than the binding ability of
the PROTAC:S to the target protein.'’>'®* For example, BRD4
inhibitor 79 (JQ1)-based PROTACs showed more potent
degradation than compound 80 (I-BET726)-based PROTACs,
even though compound 80 has a higher binding affinity (K, = 4
nM vs Ky = 100 nM for BRD4)'*" (Figure 17). As shown in
Figure 18, the a value is a ratio of binary to ternary affinities, thus
indicating the degree of cooperativity. Generally, & > 1 describes
a system that favors stable ternary complex formation,
facihtatmg ubiquitin transfer and subsequent target degrada-
tion.*” However, Zorba et al. found that the highest & value was
not associated with the most efficient degradation of BTK.® In
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conclusion, a is often determined as a priority to indicate Kd(ternary)
whether an effective ternary comp.le).( is .formed. . K, (binary) K,(binary)
To speed up PROTAC optimization, C4 Therapeutics POI PROTAC E3 == PROTAC
employs a three-pronged, enzymology-based approach. At the
early stage of hit identification, the kinetic constants, or the rate Kq(ternary) Kq(ternary)
—
of degradation, are derived. Simulated or measured pharmaco- POI PROTAC-E3 E3 PROTAC-POI
kinetic profiles are then layered in to predict how degradation Figure 18. o value calculation diagram: binary, binary complex; ternary,

would affect the body.'” Together, these data provide directions ternary complex; E3, E3 ligase.
for further optimization by chemists.

To further understand and recognize the workflow, a typical
example, compound 54 recently reported for LRRK2 degrada-
tion, is given (Figure 19). At the beginning of the project, an round of optimization led to the development of second-
LRRK2 inhibitor with favorable physicochemical properties was generation PROTACsS, including the most potent PROTAC
selected as the warhead, followed by conversion of the compound 54 that degraded 20—30% of WT LRRK2 and 50—
morpholine ring to piperazine for linker attachment facilitation. 60% of G2019S LRRK2 with a 33 nM/4 h treatment.
Then, the degradation activity was evaluated by Western Subsequent degradation kinetics studies showed that compound
blotting, which revealed the first-generation PROTACs with 54 was the most efficient and fastest degrader for G2019S
30—70% degradation at 1 yuM/4 h. Among the first-generation LRRK2 (DCspyq, = 14 nM; Dpqr, = 90%) and WT LRRK2
PROTACs, compound 81 (SD13, Figure 19) exhibited a “hook (DCso, 41 = 32 nM; D, 41, = 82%). Moreover, in line with its

effect” with 60% of G2019S LRRK2 degraded at 33 nM/4 h but “most potent” activity, compound 54 could induce the most
less degraded at 1 M. For PROTAC improvement, further cooperative ternary complex, as indicated by an @ value of 5.7 in
structure—activity relationship studies were carried out, focusing the NanoBRET-based assay, despite the weak binary binding

on the LRRK2 ligand, the linker, and the VHL ligand. This affinity of the PROTAC to E3 or LRRK2.
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Besides, both WT and G2019S LRRK2 degradation could be
blocked by the VHL ligand (compound 82, Figure 19),
neddylation inhibitor (compound 76, see Figure 17),
proteasome inhibitor (compound 74, see Figure 17), and a
PROTAC with an inverted hydroxyl group of hydroxyproline,
and the degradation was mediated by the ubiquitin—proteasome
system. Further, to assess its drug development potential, the in
vitro physicochemical and ADME properties of compound 54
were detected including ¢, , in mouse plasma, liver microsome,
and hepatocytes. Finally, an in vivo pharmacokinetic profile
study of compound 54 showed fast absorption in treatment with
both IP (30 mg/kg, Cppo = 7700 ng/mL, £, = 0.25 min) and PO
(30 mg/kg, C,.x = 3620 ng/mL, t,,, = 2 h) and was orally
bioavailable (F = 15%). Notably, compound 54 is capable of
penetrating the blood—brain barrier. Overall, this example can
reflect the current commonly used process of developing
PROTAC:.

4. OUTLOOK FOR PROTAC DEVELOPMENT

4.1. Improving Physicochemical Properties. The RoS,
introduced in 1997, aids in the identification of drug candidates
that are likely to have high oral bioavailability (MW < 500, logP
< 5, H-bond donors < 5, H-bond acceptors < 10).'%° Besides
the traditional RoS, the extended RoS (eRoS) and the beyond
RoS (bRoS) have been introduced, with the former extending
just outside RoS thresholds and the latter not conforming to RoS
rules.'*>'"” With advances in PROTAC research, the phys-
1c0chem1cal properties associated with a favorable pharmacoki-
netics profile are becoming predictable. By searching the Roche
compound library, Cantrill et al. found that PROTAC molecules
fitinto the bRoS space in a 3D plot of PSA, MW, and AlogP with
a tendency for all three to decrease over time.'”® Moreover,
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accurate pK, values of PROTACs can be measured through
intact PROTAC molecules instead of fragments, even though
PROTACs harbor multiple ionizable centers. The distribution
coeflicient logD is best measured via chromatographic methods.

Permeability is best defined via cellular permeability assays,
for which incubation conditions need to be optimized. The rate
of invalid PAMPA data for compounds in the bRoS space is
higher than that in the RoS space (14% versus 8%),'"” even
though Cantrill et al. investigated several mechanistic refine-
ments (i.e., incubation concentration and absolute quantifica-
tion of compounds) for improving the permeability prediction
by PAMPA.'% Therefore, PAMPA may not be suitable for the
permeability assessment of degraders. Thermodynamic sol-
ubility experiments should be used to obtain reliable values in
aqueous media. Solubility is the important optimization
parameter to focus on for improving the oral absorption of
new degrader molecules. Two studies have shown that
traditional in silico lipophilicity prediction methods may fail in
the case of degraders.'”''" Most recently, the PROTAC
random tree model, a solubility decision-making tool, was
developed, which can be implemented in pharma companies’
drug discovery pipelines."'” This model is based on one polarity
(computed) and one lipophilicity (chromatographic) descrip-
tors, TPSA and BRlogD," " respectively. One PROTAC with a
TPSA value equal to or higher than 289.31 A* is classified as
highly soluble; otherwise, one PROTAC with BRlogD values
equal to or higher than 2.58 are classified as low solubility.
Moreover, flexibility should be considered with great attention,
especially when molecules with cyclic moieties are inves-
tigated."'* A strategy of amide-to-ester substitutions can be
employed to improve the physxcochemlcal properties of
PROTAC-like model compounds Moreover, the design
philosophy behind the orally dosed PROTACs compounds 1
and 2 (see Figure 3) includes a low hydrogen-bond donor count,
high lipophilicity, and the incorporation of semirigid linkers. In
the process of developing PROTACS, permeability may be the
priority test item over solubility. Medium-chain fatty acid
permeation enhancers and solid dispersion formulations can
improve oral exposure to account for limited permeability and
low solubility, respectively.'"”

Metrics, such as the multiparametric scoring function AB-
MPS, have been developed to provide guidelines for bRo$
compounds (alowerAB MPS score indicates a higher likelihood
of absorption),'*” and recent analyses of these compounds have
provided new descriptors for predicting absorption."'®'"”
Edmondson et al. used the AB-MPS score alongside various in
silico metrics associated with permeability/absorption [HBDs
and HBAs, PSA, nRotB, N, . ¢, nAr, and cLogP/D] to analyze
a representative set of 38 PROTACs across the 4 most
commonly recruited E3 ligases (VHL, CRBN, cIAP, and
MDM2).'"®

Most efforts focused on CRBN-targeting molecules because
the lower molecular weight, reduced number of hydrogen-bond
donors and receptors, and greater liposolubility of IMiDs ofter a
more oral druglike starting point.''®''"” The Yang group
developed an orally bioavailable prodrug for a CRBN-based
PROTAC by increasing F from 1% to 68%.'*° In the PROTAC
molecule library of AstraZeneca, thalidomide/pomalidomide/
lenalidomide-derived CRBN E3 ligase ligands were used to
show that high oral bioavailability (>30%) can be regularly
achieved with PROTACs from multiple projects, which was
rather unexpected.'”' Researchers concluded the following: (1)
CRBN-based PROTACs show better oral bioavailability than

https://doi.org/10.1021/acs.jmedchem.2c01555
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VHL-based PROTACS, (2) a value of chromatographic LogD, ,
between 4.5 and 6.5 may indicate ideal oral bioavailability, and
(3) PROTACs with high oral bioavailability violate 2—3 items of
RoS5. Furthermore, the maximum achievable oral bioavailability
tails off as lipophilicity is reduced. Due to high lipophilicity and
chemical instability at a specific pH, especially for the
glutarimide moiety of thalidomide/pomalidomide/lenalido-
mide-derived E3 ligase ligands, in most cases, conventional
water-soluble and CACO-2 screening assay data indicate that
orally bioavailable compounds would have restricted oral
absorption. Simple kinetic aqueous solubility is an inadequate
measure for predicting PROTAC absorption. However,
solubility in biorelevant systems, such as FaSSIF/FeSSIF,
showed marked improvements (>50-fold in some instances)
and may be suitable for routine use.

Overall, compared to small-molecule drugs, prediction of the
physical and chemical properties of PROTAC is still in the
scattered exploration stage, and no obvious rules have been
formed. We believe that “S Rules of PROTAC” will definitely
appear in the near future.

4.2. Computer-Aided Drug Design. In this rapidly
growing field, the synthesis of numerous analogs to explore
structural variations is required for the identification of potent
degraders. Rational and efficient design PROTACs without
extensive trial and error remains a challenge. In silico methods
have been increasingly utilized for the efficient design of
PROTAC:s and for predicting the structure of formed ternary
complexes.

In 2019, Drummond et al. reported four modeling methods
using the molecular operating environment modeling package to
generate ensembles of PROTAC-mediated ternary complexes.
In particular, the protein—protein docking-based Method 4
accurately complemented structural campaigns, representing a
potential starting point for testing hypotheses and refining
principles of PROTAC design.'** In 2020, Method 4 was further
improved by the same group to produce Method 4B, which
yields noticeably superior predictions. Method 4B could be
applied to a more realistic scenario in which the cocrystal
structure of protein—ligand complexes is unavailable."*’ In
addition, the PRosettaC model developed by Zaidman et al. in
2020 alternates between sampling of the protein—protein
interaction space and the PROTAC molecule conformational
space. The ternary complexes were successfully recapitulated in
6 out of 10 cases using PRosettaC, even though the global
docking step was not optimized.'”* Furthermore, a structure-
based modeling approach was developed by Bai et al. for
predicting the efficacy and selectivity of a given PROTAC
through the Rosetta software suite' > and is freely available for
research use.'”® More recently, the Hou group developed an
integrative computational method named PROTAC-Model to
predict ternary complex structures. This method can predict 8
cases out of 14 with medium or high quality, thus performing
better than PRosettaC developed by Drummond et al.'”
Moreover, docking simulations and molecular dynamics have
been used to discover optimal linker lengths and ideal sites for
linker connection.'”*'*” Recently, the HAPOD scoring method
was developed based on an MD scoring approach for native
configuration identification. This method accounts for both
enthalpic and entropic contributions to ternary complex
stability. It also allows the candidate pose to be generated
through other sources, such as the online server PRosettaC.
Such compatibility is very 1practical for medicinal chemists with
limited MD experience.”’ Most recently, the Wang group
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reported that the MD-based MM/GBSA method is a useful tool
for compound ranking, pose rescoring, and cooperativity
prediction to further relax the ternary com{)lex structure and
visualize PROTAC-induced cooperativity.”*' The Yang group
proposed a novel deep generative model for the rational design
of PROTAC: with optimal pharmacokinetics. Importantly, as a
proof of concept, they experimentally tested 6 PROTACs, and 1
candidate demonstrated favorable pharmacokinetics in mice."*”
Therefore, greater expediency and lower cost are achieved for
the structure-based iterative design of novel PROTAC:.

With continuous advances in the field, an increasing number
of potential PROTACs can be efficiently designed and
synthesized through in silico methods.'”"'*>"**=1%° For
example, a global docking experiment using Rosetta was
performed with the crystal structures of compound 11-bound
CRBN (PDB: 4TZ4) and compound 79-bound BRD4"P!
(PDB: 3MXF)*® (Figure 20). The top 200 low-energy binding
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Figure 20. Chemical structures of compounds 11, 79, and 83.

conformations were clustered to provide a rationale for the
design of required minimal linker lengths. The distance between
the selected solvent-exposed atoms of compounds 79 and 11
was 3—4 A for all top 200 conformations, indicating that 2—3
atoms were sufficient to bridge the two moieties. Compound 83
(ZXH-3-26, Figure 20) was then synthesized, and immunoblot
analysis confirmed that it was a highly selective degrader of
BRD4 (DCy, = 5§ nM) while inactive on BRD2 and BRD3.
These novel in silico methods hold great promise for the future
of PROTAC development.

5. PERSPECTIVES

PROTAC: are bifunctional molecules that bind to an E3 ligase
and target a POI, forming a ternary complex that leads to target
ubiquitination and subsequent proteasomal degradation. In this
paper, we provide advance strategies about PROTAC design
from different aspects. Importantly, linker length, chemical
composition of linker, and anchor points are critical for the
physicochemical properties, degradation selectivity, and poten-
tial. In addition, we introduce the latest research progress on
computational approaches to PROTACs design. We believe that
the design will become more efficient, such as by utilizing CADD
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or ternary complex crystal structure. Furthermore, due to the
large molecular weight of PROTACs, the improvement of the
PK/PD is challenging. Now the research of physicochemical
properties is getting out of a trial-and-error situation, for
example, rigid linker seems to be more conducive to achieving
oral bioavailability. As more and more PROTACs are reported,
the five rules belonging to PROTAC:s will definitely appear.

Notably, the development of E3 ligases in the PROTAC field
is far from enough, and only a small part of E3 ligases in the
human body has been utilized. Making full use of E3 ligases that
have not been used in PROTACs will be conducive to the
development of PROTACs with more therapeutic advantages.
In addition, employment of E3 ligases with differential
expression patterns is important to mitigate the limitations
and increase efficiency of PROTACs. Currently, the most widely
applied E3 ligases are CRBN and VHL. For development of
CRBN-based PROTACs, efforts should be focused on the
chemical stability of CRBN ligands and controllability of IMiD
off-target effect. As the first oral bioavailable VHL-based
PROTAC is reported, many other VHL-based PROTACs
with good oral bioavailability will appear more and more quickly,
which has important implications for the further cognition of
good PK/PD properties in the PROTAC field.

However, one limitation needs to be further improved:
Chronic PROTAC exposure can induce acquired drug
resistance in tumor cells."**"*’ Drug resistance arises through
point mutations in the target protein, which cause failure to form
a ternary complex and enhanced target protein activity.'**
Zhang et al. found that genomic alteration of the E3 complex
also led to resistance against PROTACs."*® For the emergence
of resistance, the following three aspects could be considered.

(1) Application of a new POI ligand or new E3 ligase.
PROTACs containing different POI ligands that bind a new
pocket of POI could be employed to slow down the resistance,
such as the case of BCR-ABL inhibition by both a competitive
and an allosteric inhibitor."** Moreover, expanding the E3 ligase
toolbox is an attractive way. Mitsiades et al. found that the cancer
cell that has been resistant to CRBN-based PROTAC is still
sensitive to VHL-based PROTAC targeting the same
oncoprotein or vice versa.'*

(2) Dual-targeting treatment. On one hand, combined
application of PROTAC and a small-molecule inhibitor may
potentially prevent resistance. For example, Duncan et al. found
that inhibition of multidrug-resistance receptor 1 resensitizes
degrader-resistant cells to PROTACs targeting BET or
CDK9.'*! On the other hand, the development of dual-targeting
PROTACs should also be considered for overcoming the
resistance. Such PROTACs contain either a dual-targeting
warhead or two warheads that bind different targets separately.
The former is like compound 84 (753b, Figure 21), a potent
dual-BCL-2/BCL-xL degrader that was developed based on a
dual-targeting POI ligand, compound 85 (ABT-263, Figure
21).142 As an example of the latter, dual-targeting PROTACs:,
compound 86 (DP-C-1, Figure 21) or 87 (DP-V-4, Figure 21),
encompass two warheads, compounds 88 (gefitinib, Figure 21)
and 89 (olaparib, Figure 21), for simultaneous degradation of
EGFR and PARP.'*’

(3) Inhibition of deubiquitinase. Deubiquitinase removed
ubiquitin from target proteins, playing an important role in
protein homeostasis mediated by the ubiquitin—proteasome
system.'**'*® Much research has shown that deubiquitinase
plays an important role in drug resistance."*” Notably,
deubiquitinase USP1S prevents CRBN-mediated substrate
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Figure 21. Chemical structures of compounds 84—89.

degradation by antagonizing ubiquitylation. Depletion of
USPIS resensitizes IMiD-resistant multiple myeloma cells by
promoting IMiD-induced degradation.'*® Therefore, identifica-
tion and inhibition deubiquitinase that mediate resistance to
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PROTACs may also an important method to achieve over-
coming resistance and therapeutic response in cancer.

In conclusion, PROTAC technology has shown bright
therapeutic prospects. We believe that PROTACs have the
potential to give rise to novel targeted therapy drugs.
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PDB, Protein Data Bank; POI, protein of interest; PROTAC,
proteolysis-targeting chimera; PSA, polar surface area; RoS,
Lipinski’s rule of 5; SCF, SKP1-Cullin-F-box; TPSA, topological
polar surface area; UPS, ubiquitin-proteasome system; VHL,
von Hippel—Lindau
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