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Abstract Proteolysis targeting chimera (PROTAC) technology represents a groundbreaking

development in drug discovery, leveraging the ubiquitin‒proteasome system to specifically degrade

proteins responsible for the disease. PROTAC is characterized by its unique heterobifunctional structure,

which comprises two functional domains connected by a linker. The linker plays a pivotal role in

determining PROTAC’s biodegradative efficacy. Advanced and rationally designed functional linkers

for PROTAC are under development. Nonetheless, the correlation between linker characteristics and

PROTAC efficacy remains under-investigated. Consequently, this study will present a multidisciplinary

analysis of PROTAC linkers and their impact on efficacy, thereby guiding the rational design of linkers.

We will primarily discuss the structural types and characteristics of PROTAC linkers, and the

optimization strategies used for their rational design. Furthermore, we will discuss how factors like linker

length, group type, flexibility, and linkage site affect the biodegradation efficiency of PROTACs. We

believe that this work will contribute towards the advancement of rational linker design in the

PROTAC research area.
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1. Introduction

The proteolysis targeting chimeras (PROTACs) hold remarkable
promise for resolving issues related to small-molecule
inhibitors1e4. These inhibitors frequently encounter difficulties
in targeting proteins that are considered “undruggable”, are more
likely to develop resistance, and often necessitate higher systemic
drug concentrations to maintain therapeutic efficacy5e8. As a
novel drug development approach, PROTACs use the UPS
(ubiquitin‒proteasome system) to biodegrade specific proteins,
thereby increasing the probability of successfully overcoming
these challenges7,9e11. This process occurs by a catalytic mech-
anism that leads to the dissociation of the target protein following
polyubiquitination, producing therapeutic efficacy at lower
concentrations12. PROTACs biodegrade target proteins of various
conformations, which can overcome drug resistance due to target
mutations, produce an increase in the durations of action, mini-
mize off-target effects, and decrease the incidence of adverse ef-
fects. Furthermore, inactive or less active inhibitors can be
converted into potent biodegraders13,14. As a result of these
beneficial characteristics, PROTAC has garnered significant in-
terest from both academic and industrial researchers, leading to a
significant increase in the number of published studies on
PROTAC15.

PROTAC is a unique molecule that has heterobifunctionality,
characterized by a linker component that effectively links a pro-
tein of interest (POI) ligand with an E3 ubiquitin ligase (E3)
recruiting ligand16. The unique configuration of PROTAC facili-
tates the establishment of a stable ternary complex between E3
ligase and POI. This ternary complex produces the selective
polyubiquitination of the POI, ultimately leading to its biodegra-
dation by the UPS (Fig. 1)17. Numerous studies have reported the
crucial role of the linker in determining the efficacy of PROTAC18.
The linker not only supports the stable formation of the ternary
complex but also affects the physicochemical and pharmacoki-
netic properties of PROTACs19,20. The length, group type, flexi-
bility, and linkage site of the linker all impact the stability of the
ternary complex and, ultimately, the biodegradation efficiency of
PROTACs21,22. Given these intricate relationships, it is evident
Figure 1 The three key components of PROTAC are: 1) the E3 ligase l

The PROTAC’s mode of action within cells involves promoting the interact

ubiquitinated as a result of this interaction and subsequently biodegraded b

labeled with the POI.
that the linker is the essential factor in ensuring greater specificity
and targeting efficiency of PROTACs23.

Recently, there has been a growing number of publications
reporting progress in the design and optimization of PROTAC
linkers. These efforts have primarily focused on linker length,
group type, flexibility, and linkage site. For instance, Wurz et al. 24

discovered that increasing the linker length facilitated the for-
mation of a ternary complex, ultimately increasing the biodegra-
dation efficiency of PROTAC for the protein, bromodomain and
extraterminal domain-4 (BRD4). Similarly, Han et al. replaced an
alkyl chain with a pyridyl group of similar length, creating a
potent PROTAC for the biodegradation of the androgen receptor
(AR), by increasing solubility and pharmacokinetics25. Farnaby
et al. increased linker rigidity by introducing a phenyl group,
leading to an additional T-shaped stacking interaction that
increased the potency of the PROTAC for (BAF)/phospho-BAF
chromatin remodeling complexes26. Zengerle et al. used crystal-
lographic data to identify an optimal linkage site that would in-
crease the protein‒protein interactions, directly increasing the
PROTAC’s efficacy for BRD427. These studies have significantly
advanced the PROTAC field and provided valuable insights for the
design of linkers. However, there is still a need for more advanced
and well-designed functional linkers to further revolutionize
PROTAC technology23. To date, the relationship between linker
characteristics and PROTAC efficacy has rarely been systemati-
cally explored.

In this study, we have focused our efforts on the multidisci-
plinary analysis of the structures and properties of PROTAC
linkers and their effect on the biodegradation efficacy of
PROTACs. Our major objective is to offer valuable insights into
the rational design of PROTAC linkers. We have primarily
examined three key areas: 1) an analysis of the various structural
types and characteristics of PROTAC linkers reported to date; 2)
the optimization strategies utilized in the rational design of
effective PROTAC linkers; and 3) the impact of linker length,
group type, flexibility, and linkage site on the ternary complex
formation, pharmacokinetics, protein‒protein interactions, and
ultimately, PROTAC biodegradation efficiency. We use case
studies to demonstrate these comprehensive effects. We hope that
igand; 2) the POI ligand and 3) the linker connecting the two ligands.

ion among the POI and E3 to produce a stable ternary complex. POI is

y proteasomes, which typically consume multiple ubiquitin molecules
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our work will increase the understanding of PROTAC linker
rational design, thereby facilitating future research in this field.
2. Structural types and characteristics of PROTAC linkers

2.1. An overview of existing PROTAC linkers

Given the crucial role of the linkers in PROTACs, we carried out a
thorough examination of the various linker structural types and
their frequencies in reported PROTACs, spanning from the first
reported PROTAC in 200128 to the end of 2023. Based on a sta-
tistical principle, we only selected the linker of the most potent
PROTAC in each paper for analysis. Our dataset comprises a total
of 337 PROTACs. By analyzing the linkers of these PROTACs, we
found that they can be categorized into two broad groups, ac-
cording to their structural types: flexible linkers and relatively
rigid linkers. The flexible linkers are the most widely used type,
accounting for 67.66% of the total. These mainly include alkyl-
based linkers and polyethyleneglycol-based (PEG-based) linkers,
which account for 44.81% and 22.85% of the total, respectively
(Fig. 2A). The flexible linkers are considered a standard feature in
the PROTAC field, and they can not only enable systematic var-
iations in linker length but also facilitate the rapid synthesis of
molecules with distinct linkers29e34. The relatively rigid linkers
account for 32.34% of the total and encompass eight types.
Among them, triazole-based linkers and cycloalkane-based linkers
are the two most commonly used types, accounting for 12.17%
and 12.76% of the total, respectively. The advent of “click
chemistry” reaction24,35,36, allows for the insertion of triazole-
based linkers into PROTACs, which significantly addressed the
challenges of synthesis in this field, thereby increasing the utili-
zation rate of these linkers37. The cycloalkane-based linkers,
particularly piperazine and piperazine groups, are the most widely
used due to their excellent stability and chemical reactivity. These
properties allow for the modulation of PROTAC polarity, thereby
meeting design requirements and increasing cell permeability and
biodegradation efficacy38e40. Additionally, in the relatively rigid
linkers, the optically controlled linkers have increasingly been
used as linkers in recent years41e46. These linkers introduce light-
responsive protective groups, yielding PROTACs with increased
targeting specificity, greater stability, and unique on-off in-
teractions. This linker type holds significant promise in the field of
PROTACs and will likely be widely used due to its potential in
cancer precision diagnosis44. Overall, our analysis highlights the
large diversity of linker structures and emphasizes the need for the
design of novel linkers to increase PROTAC biodegradability.

To understand the emergence of different linker types over
time, we examined the timeline in Fig. 2B. The initial linker
introduced in 2001 was a flexible linear alkyl chain, which was
utilized in the first PROTAC design28. In 2008, the amphiphilic
PEG chain was introduced to enhance solubility and cell
permeability47. In contrast, a fused heterocycle-based linker,
the first relatively rigid linker, emerged in 2016 through
bio-orthogonal click chemistry48. This was followed by a
notable increase in PROTAC-related publications, highlighting
their growing popularity and significance. Since 2018,
additional linker types have been introduced, including the ar-
omatic-49 and triazole-based linkers24,40,50e54. In 2019,
cycloalkane-25,55e57, spiro-58,59, photo-caged-45 and photo-
switchable-based linkers41e46, were introduced. In 2020, a
macrocyclic-based linker was designed, using computational
modeling to produce the most potent PROTACs60. The signifi-
cant growth in PROTAC linker diversity can be attributed to
advancements in synthesis technology and more rational design
strategies. These advancements will further facilitate the devel-
opment of the PROTAC field19,24,61e66.

2.2. Flexible linkers

Flexible linkers, chains of a certain length that may be saturated or
unsaturated67, are often categorized as alkyl-based or PEG-based
linkers depending on their structural features (Table 1)13,68e70.
These linkers are standard in the PROTAC field. The alkyl-based
linker, which is based on saturated or unsaturated alkyl chains,
often contains oxygen, nitrogen, carbonyl, secondary amine, or an
amide, inserted at various locations30,71e74. This linker is highly
stable under physiological conditions and has a simple structure,
making it relatively easy to synthesize30. It effectively links the
warhead and the E3 ligase binder. However, this linker is
frequently hydrophobic, leading to the poor water solubility of the
resulting PROTAC and affecting its properties in physiological
environments68,75. In fact, introducing polar groups into the
structure can solve this problem, and these polar groups can also
be used for further modification and connection with other
groups68,75. Furthermore, these linkers are more susceptible to
oxidative metabolism in vivo. For example, Khan et al.76 discov-
ered a selective BCL-XL PROTAC degrader DT2216, with an
aliphatic linker, to achieve safe and potent antitumor efficacy. The
linker adds flexibility to DT2216 and its optimal length allows for
the introduction of the favorable formation of a BCL-XL-DT2216-
VHL ternary complex, resulting in greater BCL-XL biodegrada-
tion efficacy. Additional examples are presented in Table 1 and
Supporting Information Table S1.

In alkyl-based linkers, various amino acids or short peptide
sequences, such as aminohexanoic acid (Ahx), glycine, serine,
and GSGS, are used as linkers in peptide PROTACs12,77,78.
Although these PROTACs have produced effective biodegrada-
tion of numerous targets, they often have limited cell perme-
ability and are highly susceptible to cleavage by proteases. To
address these limitations, amino acids or short peptide sequences
with cell-penetrating capabilities have been introduced to in-
crease flexibility and facilitate the uptake of the PROTACs into
intact cells79. The GSGS linker is currently the most widely
used. This linker, along with the resulting PROTAC, can be
easily synthesized using the standard Fmoc method. Lu et al.12

have developed a Keap1-dependent peptide PROTAC that de-
grades tau protein by the UPS degradation pathway. This
PROTAC uses a short GSGS peptide to link the tau recognition
moiety to the Keap1 binding moiety, increasing its flexibility and
binding capabilities. Other examples are provided in Table 1 and
Table S1.

The PEG-based linkers often consist of two or more consec-
utive ethylene glycol units and can be integrated with other chains
(Table 1)26,80e83. PEG’s hydrophilic nature increases the water
solubility of PROTACs, increasing their adaptability to physio-
logical environments30. PEG’s capacity to attach multiple chem-
ical functions enhances the modifiability of PROTACs and their
connectivity to other groups84. Furthermore, PEG has good
compatibility in vivo, mitigating the risk of inducing an immune
response or toxicity61. Nevertheless, compared to alkyl-based
linkers, PEG-based linkers may have reduced stability under
specific physiological conditions and their synthesis can be more
complicated. The significant cost of PEG’s raw materials can also



Figure 2 Structural types and characteristics of PROTAC linkers. (A) The frequency of occurrence of each type of linker in PROTACs en-

compasses the period from the initial report of PROTAC in 2001 up until the end of 2023. We have only counted the linker in the most effective

PROTAC described in each publication. (B) A timeline has been created to indicate the initial appearance of each linker type in the scientific

literature. (C) The linker characteristics that impact the biodegradation efficiency of the PROTAC have been identified.
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contribute to an increase in the overall cost of PROTACs.
Furthermore, these linkers are more susceptible to oxidative
metabolism in vivo. For example, Crews et al.85 used a PEG linker
to conjugate a classic BRD4 binding motif from the triazole-
diazepine acetamide with a cereblon (CRBN) binding motif
form the IMiD class pomalidomide, resulting in the potent
PROTAC ARV-825, which has anticancer efficacy. The PEG
linker’s significant conformational flexibility optimized the
ternary complex establishment between PROTAC, BRD4, and
CRBN, thus producing an efficacious compound. Additional in-
formation is provided in Table 1 and Table S1.
2.3. Relatively rigid linkers

The linkers containing cyclic structures have been characterized as
being relatively rigid40,48,86,87. Depending on the type of cyclic
structures, these linkers can be further categorized into several
types, including triazole-87, aromatic-88, cycloalkane-55, spiro-59,
fused heterocycle-32, and macrocyclic-based60. Table 1 provides a
comprehensive list of these types of cyclic structures. The tri-
azole- and cycloalkane-based linkers are the most widely used.
Triazole-based linkers contain a triazole group, which is easily
accessible through copper-catalyzed azide‒alkyne cycloaddition



Table 1 The types of PROTAC linkers and their associated information.

Linker type Common

structure

Representative PROTAC POI E3 ligase Ref.

Flexible linker Alkyl-based

linker

BCL-XL VHL 76

BET CRBN 32

BET CRBN 107

GSPT1 CRBN 108

AR VHL 109

PLK1 VHL 110

SOS1 VHL 111

GR CRBN 112
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Table 1 (continued )

Linker type Common

structure

Representative PROTAC POI E3 ligase Ref.

Tau Keap1 12

ERa VHL 77

PEG-based

linker

BRD4 CRBN 85

BET VHL 33

BRD4 VHL 27

TDP-43 CRBN 113

HPK1 CRBN 114

FLT-3 VHL 13

BTK CRBN 6

(continued on next page)
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Table 1 (continued )

Linker type Common

structure

Representative PROTAC POI E3 ligase Ref.

FAK VHL 115

BRD4,

P53

MDM2 21

ALK CRBN 116

Relatively

rigid linker

Triazole-based

linker

BRD3,

BRD4

CRBN 117

FKBP51 VHL 118

BCL-XL CRBN 103

HDAC6 CRBN 119

PARP1 MDM2 38
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Table 1 (continued )

Linker type Common

structure

Representative PROTAC POI E3 ligase Ref.

FAK CRBN 120

p38 CRBN 121

ER cIAP1 122

Sirt2 CRBN 51

MAFF cIAP1 123

Cycloalkane-

based linker

AR CRBN 98

ER CRBN 97

SHP2 VHL 124

(continued on next page)
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Table 1 (continued )

Linker type Common

structure

Representative PROTAC POI E3 ligase Ref.

CDK9 CRBN 125

AR CRBN 126

LCK CRBN 127

c-Src CRBN 128

BTK CRBN 129

PLK4 CRBN 130

AR CRBN 131

Aromatic-

based linker

PIKfyve VHL 106
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Table 1 (continued )

Linker type Common

structure

Representative PROTAC POI E3 ligase Ref.

PIPK2 VHL 132

BTK CRBN 133

BET CRBN 134

PTP1B, TC-

PTP

CRBN 90

PCAF,

GCN5

CRBN 49

AR VHL 135

FGFR1 VHL 136

EGFR CRBN 137

(continued on next page)
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Table 1 (continued )

Linker type Common

structure

Representative PROTAC POI E3 ligase Ref.

GSPT1 CRBN 138

Spiro-based

linker

MLKL CRBN 139

SMARCA2 VHL 140

ERa CRBN 141

AR CRBN 58

Fused

heterocycle-

based linkers

BRD4 CRBN 48

CDK12 CRBN 102
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Table 1 (continued )

Linker type Common

structure

Representative PROTAC POI E3 ligase Ref.

NSPs CRBN 93

Macrocyclic-

based linker

e BRD4 VHL 60

Photo-caged

linkers

BRD4 CRBN 45

Photo-

switchable

linkers

BCR-ABL CRBN 41

BRD2,

BRD4

VHL 43

BRD2,

BRD3,

BRD4,

FKBP12

CRBN 44

BRD2,

BRD4

CRBN 46

(continued on next page)
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Table 1 (continued )

Linker type Common

structure

Representative PROTAC POI E3 ligase Ref.

FAK,

AURORA-

A, TBK1

CRBN 46

CaMKIIa CRBN 42
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(CuAAC) reaction, also known as “click chemistry”89. The click
reaction efficiently produces the triazole moiety with near-
stoichiometric yield under mild conditions. This reaction has
excellent compatibility with other functional groups, even in the
presence of water90. This has greatly facilitated the application of
this type of linker in the PROTAC field91. Furthermore, unlike the
flexible linkers, which are more prone to oxidative metabolism
in vivo, the triazole structure is more stable in vivo and has a
longer duration of action92. As an example, Bagka et al. have
developed a long-acting Hedgehog pathway inhibitor, PROTAC
HPP-9, which utilizes a triazole-based linker to prolong biodeg-
radation of BET bromodomains. The rigid linker in this compound
ensures a stable interaction between the warhead HPI-1 and the
POI, whereas the optimal linker length allows both moieties bind
to their respective proteins, forming a stable low-energy com-
plex93. Other examples are summarized in Table 1 and Table S1.

The cycloalkane-based linkers, a commonly utilized class of
rigid linkers, frequently incorporate fragments of piperazine94,
piperidine55, tetrahydropyrrole95, or cyclohexane96. Currently, the
inclusion of piperazine and piperidine fragments is particularly
prevalent. These linkers increase the metabolic stability of the
resulting PROTACs, producing a longer duration of action, while
maintaining their structural integrity94. Furthermore, they increase
the water solubility of PROTACs, facilitating their dissolution and
distribution within the body60. Currently, multiple PROTACs
containing this type of linker are undergoing evaluation in clin-
ical trials: ARV-47197, ARV-11098, CFT863499, KT-413100, and
NX2127101. ARV-110 is a pertinent example. It selectively targets
and produces the biodegradation of the androgen receptor (AR)
protein, and is being developed to treat metastatic castration-
resistance prostate cancer (mCRPC). During its development,
the original flexible linker was modified into a more rigid struc-
ture, using piperidine and piperazine connections, which signifi-
cantly increased its metabolic stability and therapeutic potency.
The same linker design has also been used for the synthesis of the
PROTAC drug, ARV-417, which is undergoing evaluation in a
Phase 3 trail. Additional examples are shown in Table 1 and
Table S1.
The photo-caged PROTAC linkers feature photosensitive groups
that can be triggered to undergo irreversible photo-cracking reactions,
after exposure to specific wavelengths of light45. Using light, the
linker’s protective group is effectively removed, resulting in the
biodegradation of the targeted protein. This type of linker in
PROTACs addresses the problem of off-target toxicity. The resulting
PROTACsuse a prodrug design strategy, enabling selective activation
within target tissues. Xue et al.45 introduced the bulky DMNBphoto-
cage structure to the linker of the potent PROTAC dBET1, creating
the groundbreaking photocaged PROTAC (pc-PROTAC), that bio-
degraded the protein, bromodomain-containing protein 4 (BRD4).
When exposed to light at 365 nm, pc-PROTAC efficiently generated
dBET1 and produced the biodegradation of BRD4 in cells. This
approach offers a promising strategy for achieving selective biodeg-
radation of target proteins while minimizing the off-target adverse
effects.

The photo-switchable PROTAC linkers use azo groups, rather
than alkyl or polyether fragments, to attach the POI’s ligand to the
moiety, which recruits E3 ligase41. Following exposure to specific
wavelengths of light, these linkers cause the resulting PROTACs
to suffer reversible photoisomerization within their trans and cis
isomeric variants. This allows for precise and bidirectional control
over PROTAC biodegradative efficacy42. The predicted influence
of PROTAC conformational changes, induced by alteration in the
linker conformation, on protein biodegradation determines
the regulating effect. For example, Pfaff et al.43 developed the
first-in-class photoPROTACs that included a linker made of ortho-
F4-azobenzene fragments introduced within the ligand of the BET
protein, and the moiety recruited by the E3 ligase, van Hippel-
Landau (VHL). These linkers allow for the continuous spatio-
temporal control of the biodegradation of BET proteins by using
wavelengths of 415 nm and 530 nm, minimizing the systemic
toxicity produced by traditional anti-cancer drugs. Other examples
are listed in Table 1.

Other infrequent rigid linkers in PROTACs include those based
on aromatic, spiro, fused heterocycles, and macrocycles. The
phenyl structure is present in the aromatic-based linkers, and thus
far, only 10 related papers have been published88. Four papers
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have been published about spiro-based linkers containing struc-
tures, such as 7-azaspiro[3.5]nonane58, or 3,9-diazaspiro[5.5]
undecane59. Three papers have been published regarding the fused
heterocycle-based linkers, such as benzo[d]imidazole102 or
cyclohepta[d]pyridazine48. Furthermore, one paper described the
synthesis and characterization of a macrocyclic-based linker,
which was developed using a computer-aided drug design strat-
egy60. These rigid linkers are designed to increase the stability of
PROTACs by stabilizing their structural and metabolic properties.
Overall, these structures have good compatibility with other
structural groups87,103,104. By decreasing the reconfiguration of the
bind conformation of the ligands to that of POI or E3 ligase, they
can maintain the initial interaction105. They form stacking in-
teractions with the POI or E3 ligase, which increases the stability
of the POI-PROTAC-E3 ternary complex and increases the
biodegradation potency of the resulting PROTACs88. For example,
Li et al.106 discovered a first-in-class phosphoinositide kinase
PIKfyve biodegrader, PIK5-12d, which had an aromatic-based
linker. PIK5-12d selectively induced PIKfyve biodegradation
that was dependent on VHL and proteasome. The introduction of a
phenyl ring in the linker maintained the aromaticity of the pyridyl
group in the POI ligand, which may contribute to its binding with
the PIKfyve protein, producing the highest PIKfyve biodegrada-
tion activity. Additional examples are shown in Table 1.

2.4. Linker characteristics

The examination of the structure‒activity relationship (SAR) of
PROTACs highlights the significance that specific linker charac-
teristics involved in their function (Fig. 2C). The length of
the linker significantly affects the establishment and stability of
the POI-PROTAC-E3 complex4,51,68,142,143. The type of group
within the linker significantly affects pharmacokinetic proper-
ties6,29,64. Furthermore, the linkage site of the linker significantly
affects protein‒protein interactions144e146. In summary, linker
characteristics have a significant impact on PROTAC biodegra-
dation efficacy by modifying interactions between the PROTAC,
POI, and E3 ligase.

3. Reasonable design and optimization strategies for
PROTAC linkers

3.1. Basic strategies

Typically, PROTAC linker design and optimization rely on
empirical or computer-aided methods. These methods play a
fundamental role in drug development81,147e149. Initially, re-
searchers design PROTACs based on prior experience and then
focus on optimizing the linker in four key areas: 1) adjusting the
linker length to achieve an optimal configuration for a specific
PROTAC150, 2) modifying the type of linker group to balance the
hydrophilic and hydrophobic properties in the PROTAC151, 3)
modifying the flexibility of the linker and linkage site, to increase
the stability of the ternary complex involving the POI, PROTAC,
and E3 ligase120,152, and 4) designing and synthesizing a diverse
set of PROTACs with distinct linkers. This can also be accom-
plished using a computer-aided de novo approach19. The initial
step involves determining the binding modes of the POI with its
ligand and E3 with its ligand, respectively, using crystallography
or molecular docking19. Subsequently, obtaining global protein‒
protein docking simulations using Molecular Operating
Environment (MOE), Rosetta, PatchDock, or other computational
software, an ensemble of modeled structures of the POI-ligand
and E3-ligand are generated. Following evaluation using molec-
ular dynamics (MD), a reasonably modeled structure is used to
analyze the protein‒protein interactions (PPIs) and identify pro-
teins interacting proximal to their ligated pockets. This is followed
by the linker design process, where varying linkers are designed to
generate a series of POI-PROTAC-E3 conformers. The ternary
complex undergoes a restrained minimization protocol to elimi-
nate steric hindrance between the PROTAC and proteins, allowing
for the selection of an optimal linker for PROTAC synthesis. The
rationality of the designed linker is ultimately verified through
in vitro and in vivo experiments153. Additional analysis of the
structure‒activity relationship (SAR) and the binding mode of the
ternary complex, either through modeling or crystal structure, can
guide the optimization of the linker, ultimately leading to the
optimal linker (Fig. 3A)154e157.

This strategy is widely applicable for linker design and opti-
mization, particularly during initial efforts without knowledge of
the binding mode of the ternary complex158,159. However, this
approach has certain limitations. One significant disadvantage is
the synthesis of PROTACs160,161. Nevertheless, this approach
typically necessitates synthesizing multiple PROTACs with
various linkers to comprehensively understand the SAR, which
can be time-consuming, labor-intensive, and costly155. Another
limitation is the accuracy of theoretical predictions, particularly
those related to protein‒protein docking, which affects the design
of the linker162. Sun et al.130 made a significant discovery in the
treatment of breast cancer. Using a SAR investigation aimed at
examining various linker lengths and compositions, they created
the first PROTAC biodegrading of the protein polo-like kinase 4
(PLK4) that is highly powerful, selective, and effective. This
innovation was achieved by conjugating PLK4 ligand to a CRBN
ligand thalidomide analogue, using various linkers. Initially, they
designed and synthesized PLK4 PROTACs, connecting them with
even-carbon chains ranging from 2 to 18 carbon-chain lengths, to
determine the optimal range for the linker length. Their results
indicated that the biodegradation of PLK4 was maximal when the
carbon length of the PROTACs as 4 to 8 carbon atoms. Next, they
examined the influence of a rigid linker on biodegradative effi-
cacy, given that an inappropriate linker rigidity produces unfa-
vorable angles that prevent binding with the CRBN protein. They
discovered that the angle of the rigid linkers may be efficiently
changed by introducing a carbonyl group between the linker and
the PLK4 ligand, which increased the binding affinity of PLK4
and significantly increased the efficacy of PLK4 biodegradation.
Finally, they developed the first in vivo efficacious PROTAC,
SP27, using a linker that had a greater number of conformational
constraints. This innovative PROTAC offers a promising candidate
for characterizing PLK4-dependent biological functions and
treating TRIM37-amplified breast cancer.

3.2. Cutting-edged strategies

In recent years, several cutting-edged design strategies for
PROTAC linkers have emerged that primarily use artificial intel-
ligence (AI) technology to improve the accuracy of PROTAC
linker design163e169. These methods are based on the utilization of
existing knowledge. The general processes involve data collection,
feature extraction, selection of suitable machine learning
models, model training, validation, and application166. Initially, a
comprehensive dataset of known PROTAC linkers is collected,



Figure 3 Appropriate design and optimization strategies for PROTAC linkers. (A) A standard protocol for the fundamental strategies of

PROTAC linker design and optimization, which encompasses empirical design, de novo design using computational modeling, and further

structural optimization through SAR analysis or the ternary complex binding mode of POI-PROTAC-E3. (B) Machine learning-based strategies

for PROTAC linker design and optimization, which utilized existing knowledge of PROTAC linkers to train a model for rational PAROTC linker

design.
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encompassing their structures, efficacies, cellular penetration ca-
pabilities, and stability. This dataset is then utilized to train and
validate the machine-learning models. Next, the pertinent chem-
ical and physical properties are extracted from the structure of the
PROTAC linker which may encompass the types of atoms and
bonds, molecular weight, and electrical distribution, among
others. Subsequently, suitable machine learning models, such as
deep neural network (DNN)170, transformer neural network166, or
recurrent neural network (RNN)163 are chosen and trained using
the extracted features and known experimental data. By carefully
adjusting the model’s parameters and optimizing the underlying
algorithm, the prediction accuracy and generalization are
increased. An independent test dataset is used to evaluate the
predictive performance of the trained model. Finally, the trained
model is utilized to predict a novel PROTAC linker (Fig. 3B).

The integration of machine learning algorithms into PROTAC
linker design enables rapid extraction of patterns from vast data-
sets, expediting the design process, increasing success rates,
minimizing experimental iterations, and mitigating financial ex-
penses171. Nonetheless, this approach possesses certain
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limitations, such as the caliber and volume of data impact the
efficacy and precision of the model. As an instance, Kao et al.170

used cutting-edge techniques to introduce AIMLinker, a deep
neural network that facilitates the rapid design and creation of
novel PROTAC linkers. AIMLinker accepts two unconnected
fragments as inputs and uses an encoder-decoder deep learning
architecture to generate the substructures that constitute a novel
PROTAC molecule. Subsequently, it conducts postprocessing on
compounds that are produced to find possible candidates for
drugs. It checks for repeats and ignores structures that contain
unwanted substructures or defy basic chemical rules. This
streamlined process allows for the timely generation of new small
molecules that have strong affinity for binding CRBN-BRD4 and
its adaptability for application to other PROTAC targets. Addi-
tional machine learning strategies are summarized in Table 2.
4. Effects of linker characteristics on the biodegradation
efficiency of PROTACs

4.1. Linker length affects the formation of ternary complex

The linker length has a pivotal effect on determining the
biodegradation efficacy of PROTACs. It affects the formation of
the ternary complex, as illustrated in Fig. 4A68,142,143. The optimal
linker length depends on the interaction pattern, distance, and
spatial structure of the ternary complex151. Prior studies have
shown that an inappropriate linker can significantly decrease
PROTAC bioactivity58,174. If the linker is too long, it may weaken
the interaction between POI and E3 ligase, decreasing the prob-
ability of a stable ternary complex formation. Conversely, a
shorter linker may introduce steric hindrance, disrupting ternary
complex formation, and decreasing the biodegradation efficacy of
PROTAC58,174. Therefore, achieving an optimal linker length is
essential to produce maximal interactions between the POI and E3
ligase, leading to effective ubiquitination and biodegradation of
the POI.

To demonstrate how linker length affects PROTAC efficiency,
a study used the PROTAC ZZ151, which promotes the biodeg-
radation of the protein, Son of Sevenless Homologue 1
(SOS1)111. SOS1 plays a crucial role in the activation of the
oncogene, Kirsten ras (KRAS), making it a promising target for
KRAS-induced cancer treatment175,176. Researchers have inten-
ded to develop effective inhibitors or complexes that biodegrade
proteins for KRAS-driven cancers by regulating SOS1177. One
study focused on determining the relationship between linker
length and PROTAC efficacy, leading to the discovery of the
PROTAC ZZ151111. Initially, inhibitor-based SOS1 PROTACs
were developed that sequestered the E3 ligase VHL (von
Hippel-Lindau)178. The initial SOS1 inhibitor, analog 7179, with
an N-acetyl piperidine group, was an appropriate attachment site
for the VHL ligand. Alkyl-based linkers were used to connect the
SOS1 ligand, 7, to the VHL ligand, generating a series of
PROTACs (8a‒g) containing 3 to 9 methylene units (Fig. 4B).
The effect of PROTAC efficacy was determined by varying the
linker length. The efficacy of PROTACs 8 in inducing the
biodegradation of SOS1 in non-small cell lung cancer cells
(NCI-H358) was evaluated. The results indicated a significant
correlation between the length of the linker and the efficacy of
the PROTACs 8a‒g, containing 3 to 9 methylene units. Among
these, PROTAC 8c (ZZ151), with a linker that contained five
methylene units, had the most potent activity, producing
complete SOS1 biodegradation, at a half-maximal degradation
concentration (DC50) of 15.7 mmol/L and a maximal biodegra-
dation efficacy (Dmax) of 100% (Fig. 4C). In mice xenografted
KRASG12D-mutant cancer cells, the PROTAC ZZ151 produced a
dose-dependent decrease in SOS1 biodegradation (Fig. 4D),
producing corresponding decrease in the levels of phosphory-
lated ERK (pERK) (Fig. 4E). In contrast, PROTACs 8b and 8d,
containing four and six methylene units, respectively, were less
potent than 8C. The relationship between the biodegradative
efficacy of PROTACs for SOS1 and the ternary complex POI-
PROTAC-E3 formation was determined using a homogeneous
time-resolved fluorescence (HTRF) assay. PROTAC ZZ151
produced the highest HTRF signal and ternary complex forma-
tion. Other compounds with lower biodegradation efficacies
produced weaker HTRF signals, indicating a lower propensity
for ternary complex formation (Fig. 4F). In summary, the highly
potent PROTAC ZZ151 was developed using meticulous linker
length optimization. This compound effectively and rapidly
produced the biodegradation of SOS1, indicating that it might
represent a therapeutic approach to treating KRAS-driven
cancers.

An analysis of the above examples highlights the significant
effect of linker length on the biodegradation activity of
PROTACs. Indeed, small variations in length produced signifi-
cant alterations in efficacy. For example, this study identified an
optimal 5-carbon chain length, as shorter or longer chains pro-
duced a lower magnitude of biodegradation efficacy. When the
carbon chain was increased by 7 methylene units, the biodeg-
radation efficacy was increased, and the corresponding HTRF
signal was slightly weaker than that for an 8-carbon chain. This
may be due to differences in spatial conformations of the linker,
which can be determined by examining the crystal structure of
the ternary complex. Therefore, in the design of PROTACs,
careful consideration of linker length is paramount. A reasonable
range of linker lengths should be established, typically spanning
5 to 15 carbon chain lengths. A detailed evaluation is essential
and varying the number of carbon atoms one at a time is required
to accurately identify optimal lengths. The length of a linker is
intricately linked to ternary complex formation and, ultimately,
biodegradation efficacy. Consequently, optimizing linker length
is essential for the efficient identification of highly efficacious
PROTACs.

4.2. The group type of the linker affects the cell permeability of
the PROTACs

The group type of linker between the binding and recruiting
moieties in PROTACs significantly affects their biodegradative
efficacy105,180e182. This is due to the linker’s chemical composi-
tion, which directly affects the physicochemical properties of the
PROTAC, including its molecular weight (MW), hydrogen bond
donors (HBDs) and acceptors (HBAs), octanol‒water partition
coefficients (clogP), hydrocarbonewater partition coefficient
(logDdec/w), and solubility149,180. These factors, in turn, signifi-
cantly affect the PROTAC’s cell permeability (Fig. 5A)183. For
example, as the MW increases, cell permeability generally de-
creases184. When the MW exceeds 1000 Da, there is a significant
decrease in cellular permeability185,186. Furthermore, PROTACs
with fewer HBDs and HBAs have a higher magnitude of cell
permeability. However, introducing a solvent-exposed HBD can
decrease cell permeability187. The lipophilic permeability effi-
ciency (LPE) measures how well a PROTAC permeates a cell



Table 2 Innovative models for the design and development of PROTAC linkers.

Model Method Principle Characteristic Ref.

PROTAC-INVENT Reinforcement learning (RL) The model is jointly trained using

the RL approach, aiming to direct

PROTAC structure generation

towards predefined 2D and 3D

properties.

It can not only generate PROTAC

SMILES, but it can also calculate

their possible three-dimensional

bind conformations in

conjunction with POI and E3

protein.

163

DeLinker Graph-based deep generative

model (Gated Graph Neural

Network (GGNN))

The model combines structural

knowledge with machine learning

approaches, utilizes two

fragments or partial structures,

and generates a molecule that

incorporates both.

This is the inaugural molecular

generative model that

incorporates 3D structural

information directly into the

design process, successfully

demonstrating its efficacy and

applicability in PROTAC design.

165

FFLOM Deep generative model (graph

convolutional network (GCN))

The model typically adjusts the

fragment and generation lengths,

optimizing the local fragment

while preserving the dominant

region and its conformation.

During the PROTAC design

process, the model not only

replicates the experimentally

verified baseline molecule but

also generates numerous novel

structures with superior binding

affinity scores.

167

AIMLinker Deep learning (deep neural

network (DNN))

The model retrieves structural

data from input fragments and

creates linkers for their

integration.

It can rapidly design and generate

linkers to create drug-like

PROTACs with improved

chemical properties.

170

Link-INVENT Reinforcement learning (RNN) The model takes two molecular

subunits with a defined exit

vector and a pair of warheads. It

then produces a linker and

outputs the connected molecule

in SMILES format.

The model generates optimal

linkers that connect molecular

subunits and fulfill various goals,

making it easier to use the model

in practice for PROTAC design.

168

3DLinker Conditional VAE-based

generative model (vector neuron

networks)

The model has the ability to

predict anchor atoms and

generates invariant graphs and

equivariant absolute coordinates

of linkers given two 3D

fragments.

The model has a significantly

higher rate of recovering

molecular graphs and accurately

predicting the 3D coordinates of

all atoms.

164

ShapeLinker Reinforcement learning (RNN) The model implements fragment-

linking using reinforcement

learning on an autoregressive

SMILES generator.

The model generates linkers that

satisfy relevant 2D and 3D

criteria, achieving top-notch

results in generating novel linkers

under a predefined linker

conformation.

169

DRlinker Deep reinforcement learning

(transformer neural network)

The model manages the linking

of fragments by exploring the

desired chemical space for novel

molecules with anticipated

properties.

The model is effective for various

tasks, ranging from controlling

linker length and logP to

optimizing the predicted

bioactivity of compounds and

addressing various multiobjective

challenges.

166

PROTAC-RL Reinforcement learning (RL)

(transformer neural network)

The model, utilizing generative

deep learning, incorporates a

robust transformer architecture

along with memory-enhanced RL

to create highly effective

PROTACs. It accepts E3 ligands

and warheads as input and

generates linker sequences that

produce chemically feasible

PROTACs with superior

properties.

It not only enables the rational

design of PROTACs in limited

resource settings but also guides

the selection of PROTACs with

the most favorable

pharmacokinetics.

172
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Table 2 (continued )

Model Method Principle Characteristic Ref.

DeepPROTAC Deep neural network model

(graph convolutional network)

In the model, ligand and ligand

binding pockets are represented

using graphs and fed into GCNs

for feature extraction. Linkers are

represented using SMILES

notation to generate features for

rational PROTAC design.

It not only can achieve rational

PROTAC design but also can

estimate the biodegradation

activity of the resulting PROTAC

based on the targeted POI and

E3.

173
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membrane through passive diffusion, at a specific lipophilicity
level. A decrease in LPE results in lower cell permeability188.
Therefore, selecting the appropriate group type of linker is crucial
for optimizing the PROTAC’s physicochemical features, which
can significantly impact its cell membrane permeability.

To illustrate the effect of the linker group type on cell
permeability, we compared two PROTACs, MZ1 and MZ327,68,
which target the bromodomain and extra-terminal domain (BET)
protein. BET regulates the expression of certain genes and it has
been suggested that it may be a therapeutic target for various
diseases189e192. The PROTACs were developed based on a
comprehensive study examining the effect of the linker group type
on PROTAC efficacy27,68. The MZ series, composed of the BRD4
inhibitor, JQ1193, and the VHL binder, VHL-1194, used distinct
linkers to join the two compounds. The connection points of the
linkers were determined by analyzing the crystal structures of
BRD4 complexed with JQ1 and VHL with VHL-1. The solvent-
exposed t-butyl ester of JQ1 and the acetyl methyl of VHL-1
were suitable for linker attachment. MZ1 contained a PEG-
based linker with three ethylene glycol units, whereas MZ3 used
the same linker with an additional phenylalanine group between
the ethylene glycol units and VHL-1 (Fig. 5B). The intracel-
lular assay results indicated that MZ1, at 1 mmol/L, was the
most efficacious compound, removing over 90% of BET pro-
teins in HeLa cells. MZ3 produced concentration-dependent
biodegradation of BET proteins, achieving efficacy in HeLa
cells at concentrations from 0.1 to 10 mmol/L (Fig. 5C). Perme-
ability experiments indicated that MZ1 had significantly higher
permeability (Pe Z 6 � 10�7 cm/s), compared to MZ3
(Pe Z 6 � 10�9 cm/s), primarily due to their distinct physico-
chemical properties. MZ1 had optimal physicochemical proper-
ties, including an MW of 959 Da, clogP of 3.7, HBDs of 4, HBAs
of 11, logDdec/w of �1.1, and LPE of 0.5. These properties
contributed to its greater cell permeability and biodegradative
efficacy. In contrast, introducing an additional phenylalanine
moiety into the linker of MZ1, which produced MZ3 resulted in a
MW exceeding 1000 Da and an increase in the solvent-exposed
HBD count, which decreased cell permeability. Furthermore,
modifications to the clogP and logDdec/w values caused a signifi-
cant decrease in the LPE value, further compromising cellular
permeability (Fig. 5D). Collectively, these findings emphasize the
critical role of linker group types in determining the physico-
chemical properties of PROTACs and their subsequent effect on
cell permeability and biodegradative efficacy.

Obtaining a high magnitude of cell permeability and oral
bioavailability for PROTACs represents a significant challenge, as
these values are beyond the constraints defined by Lipinski’s rule
of five195, approaching or even exceeding the outer limits of the
oral beyond the rule of five (bRo5)196. Previous studies have
shown that PROTACs, utilizing CRBN and VHL ligands, had
median molecular weights of roughly 900 and 1000 Da, respec-
tively, and have rotatable bond (ROB) counts of 20e30. The
physicochemical characteristics of these PROTACs are similar to
those for orally absorbed medications, as indicated by clogP
values of 4e6 and HBD counts of 3e4. Notably, lipophilicities
and HBD counts produce a greater effect on permeability
compared to MW197,198. Differences in HBD counts and clogP
values within a series of PROTACs produce significant disparities
in cell permeability. Therefore, a comprehensive evaluation of
PROTAC permeability across a broader clogP spectrum can pro-
vide a lipophilicity profile that can guide the development of
PROTACs that have increased cell permeability.

4.3. Linker flexibility affects the stability of the ternary complex

The flexibility of the linker is a critical factor in determining the
biodegradative efficacy of PROTACs by modifying the stability of
the ternary complex (Fig. 6A)6,29,64. It is essential to consider
linker flexibility during PROTAC design85. A linker with signifi-
cant conformational flexibility can enhance interactions between
the PROTAC, POI, and E3 proteins, preventing stable binding at a
fixed interface85. Conversely, introducing rigid groups into a
flexible linker can enhance stiffness and replicate the original
geometry of the PROTAC, leading to new interactions and
increased stability of the ternary complex29. Therefore, it is
beneficial to choose linkers with a certain degree of rigidity for
use in PROTACs as they aid in stabilizing the POI-PROTAC-E3
complex, ultimately enhancing biodegradative efficacy.

In the following section, we will discuss the optimization
process that was used for the PROTAC, Bavdegalutamide (ARV-
110), and the impact of linker rigidity on the magnitude of the
biodegradation of AR. Prostate cancer, which ranks second in
frequency among cancers in males, is characterized by its
dependence on abnormal AR signaling199. Chronic exposure to
androgen deprivation therapy (ADT) often produces castration-
resistant prostate cancer (CRPC), where the AR is still a crucial
oncogenic driver200. Clinical research has reported the therapeutic
advantages of AR degraders for patients with colorectal cancer.
ARV-110, developed by Arvinas, was the first PROTAC to get into
clinical trials with an emphasis on AR, specifically for the treat-
ment of metastatic CRPC98. This PROTAC represents a prime
example of the optimization process and the significance of linker
rigidity in increasing AR biodegradation efficacy.

In the early design phase, the researchers evaluated various E3
recruiting ligands and AR binders. They ultimately selected
PROTAC 1 as the lead compound for further structural optimi-
zation. PROTAC 1 consists of an AR ligand and the CRBN
ligand, thalidomide, connected via an alkyl chain containing a
piperazine ring. The initial step in optimization involved modi-
fying the AR ligand of PROTAC 1. The trifluoromethyl group was



Figure 4 The impact of linker length on ternary complex formation. (A) The impact of linker length on the formation of the ternary complex

between POI, PROTAC, and E3 is significant. An optimal linker length is essential for facilitating this ternary complex formation. (B) The design

strategy for PROTAC 8 primarily focuses on optimizing linker length. (C) PROTAC 8C (ZZ151) exhibits the most potency in terms of

biodegradation activity for SOS1. (D) After 21 days of treatment, the expression levels of SOS1 and pERK were quantified in AsPC-1 xenograft

pancreatic cancer cells in mice. PROTAC 8C (ZZ151) at 10 and 20 mg/kg, BI-3406 (SOS1 inhibitor) at 50 mg/kg, and vehicle (DMSO) were

administered. PROTAC 8C (ZZ151) was most effective in reducing the expression levels of SOS1 and pERK. (E) An immunohistochemistry

assay was conducted to assess SOS1 and pERK levels in AsPC-1 xenograft tumors. (F) Minor modifications to the linker can significantly in-

fluence the formation of the ternary complex between SOS1, PROTAC, and VCB, as determined by HTRF assay results. The lead biodegradative

compound, PROTAC 8c (ZZ151), exhibited the greatest maximal ternary complex formation. Reprinted with permission from Ref. 111.

Copyrightª2023 American Chemical Society (Supporting Information Fig. S1).
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replaced with chlorine atoms and a pyridinyl ring replaced the
phenyl ring to increase the likelihood of hydrogen bond forma-
tion. The piperazine groups in the linker were directly connected
to the AR ligand, while maintaining the length of the linker,
yielding PROTAC 2. This compound could represent a potential
candidate for further optimization. The next phase of optimization
involved modifying the AR ligand. The pyridinyl group was
replaced with a pyrimidine ring, introducing a piperidyl group



Figure 5 The linker group type’s impact on PROTAC cell permeability. (A) The linker group type significantly impacts the cell permeability of

PROTAC. This effect is primarily due to its influence on the physicochemical properties of PROTAC, ultimately determining its cell permeability.

(B) The design strategy for PROTAC MZs primarily focuses on the insertion of different groups into the linker to alter the physicochemical

properties of PROTAC. (C) HeLa cells incubated with different concentrations of MZ1 (left) and MZ3 (right) demonstrate selective biodegra-

dation of BRD4. MZ1 is the most efficacious compound, removing over 90% of all BET proteins even at a concentration of 1 mmol/L. Reprinted

with permission from Ref. 27. Copyright ª2015 American Chemical Society (Supporting Information Fig. S2). (D) The physicochemical

properties of PROTAC MZs indicate that inserting different groups into the linker of PROTAC can significantly influence its physicochemical

properties, leading to notable differences in cell permeability. MZ1, with an MW < 1000 Da, fewer solvent-exposed HBD and HBA, suitable

clogP and logDdec/w, and LPE value, demonstrate higher cell permeability.
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that decreased the flexibility of the linker and this increased its
hydrogen bonding capacity, yielding PROTAC 3, which had sig-
nificant biodegradation efficacy in vitro. The addition of piperidyl
to the linker limited the rigidity of the PROTAC, thus allowing for
the original binding mode of the AR ligand, AR, thalidomide, and
E3, thereby producing biodegradation efficacy. Subsequently,
PROTAC 4 was developed by replacing the pyrimidine ring in the
AR ligand with a phenyl ring, which decreased the number of
hydrogen bond donors. Finally, the substituted cyclobutane in the
AR ligand was replaced with cyclohexane and this modification
increased the PROTAC’s rigidity but decreased its TPSA. Finally,
the replacement of the phenyl group with pyridazine increased the
hydrogen bonding interactions and retained the unchanged linker,
yielding ARV-110 (Fig. 6B)201. The oral administration of ARV-
110 was efficacious in producing the biodegradation of the wild
type and the antiandrogen therapy-induced mutant forms of AR.



Figure 6 The effect of linker flexibility on PROTAC stability. (A) Linker flexibility has an impact on PROTAC stability. A more stable ternary

complex enhances PROTAC efficacy. (B) The design approach for the discovery of PROTAC ARV-110 emphasizes linker flexibility and AR

ligand optimization. (C) ARV-110 selectivity was evaluated by proteomics. After treating VCaP cells with 10 nmol/L ARV-110 for 8 h, AR was

the only protein among nearly 4000 proteins. (D) Daily oral administration of ARV-110 significantly inhibited tumor growth. A 10 mpk dose

resulted in 70% tumor growth inhibition.
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ARV-110 is capable of biodegrading 95%e98% of AR among
various prostate cancer cells. ARV-110 also decreases tumor
growth by 70%e100% in drug-resistant mouse models
(Fig. 6C)202. Preliminary data from Phase I clinical trials indi-
cated that ARV-110 has satisfactory safety and tolerability
profiles.

The researchers developing ARV-110 initially focused on the
linker segment. They evaluated various linker lengths, increased
linker rigidity, and modified the AR ligand to obtain ARV-110.
The examination of the crystal structure of CRBN and thalido-
mide indicated that the isoindoline of thalidomide, towards the
solvent-exposed region, created a stacking interaction with the
neighboring amino acids of CRBN203. This observation suggested
that a rigid linker connected to this isoindoline would increase
thalidomide’s binding interaction with CRBN, by maintaining its
original binding mode. Furthermore, the aromatic ring of the AR
ligand, which was exposed to the solvent region, formed a
stacking interaction with Thr877 in the AR protein204. The rigid
linker component, directly connected to this aromatic ring,
appeared to increase the stability of the AR ligand’s binding mode
within AR. Based on the interaction modes of the AR ligand with
AR and thalidomide with CRBN, one could conclude that the rigid
linker is essential for maintaining their binding modes, increasing
the stability of the ternary complex, producing the biodegradation
efficacy of ARV-110. During the design of the linker, it is crucial
that the linker maintains a rigid structure when POI and E3 ligands
accumulate in the solvent-exposed region and form engaging in
stacking interactions. By maintaining a rigid linker, it may be
easier to ensure the stability of the ternary complex, ultimately
yielding the biodegradation efficacy of PROTACs.

4.4. The linkage site of the linker affects the proteineprotein
interactions

The linkage site of the linker plays a significant role in deter-
mining the biodegradative efficacy of PROTACs by affecting the
interaction of POI and E3 (Fig. 7A)144e146. The optimization of
PROTAC linkers often involves identifying the most favorable site
for structural derivatization, thereby ensuring that the maximal
binding affinity is retained205. This selection process typically
involves analyzing the solvent-exposed regions of the protein‒
ligand interaction interfaces145,146. When a PROTAC linker cannot
be extended, it limits the POI ubiquitination efficacy of the E3
ligase206. By introducing an optimal linker linkage in a solvent
exposure region, protein‒protein interactions can be maximized,
while preserving the original ligand interactions with the POI or
E3 ligase205. Furthermore, an appropriate linker can establish
alternative interactions with the POI, increasing ternary complex
stability1. Overall, selecting the linkage site in the PROTAC linker
is a crucial decision that can directly impact PROTAC’s bio-
degradative efficacy and selectivity.

We will discuss the discovery of PROTACs, SJFa, and SJFd147,
which can produce the biodegradation of the p38 Mitogen-
activated protein kinase (MAPK). This discussion will illustrate
the significance of the linkage site of the linker on the efficacy of
PROTACs. The p38 MAPK pathway is a crucial regulator of pro-
inflammatory cytokines biosynthesis at the transcriptional and
translational levels. Thus, modulation of this pathway by phar-
macological compounds could represent treatment for autoim-
mune and inflammatory diseases207,208. The p38 MAPK kinases,
consisting of a, b, g, and d isoforms, are activated by environ-
mental stress and cytokines. These kinases exhibit distinct
expression patterns in different tissues208,209. The PROTACs,
SJFa and SJFd, were discovered based on foretinib22, a kinase
inhibitor, and the VHL protein serving as an E3 ligase. The
linkage site connecting the VHL ligand and foretinib was metic-
ulously optimized to increase their biodegradative efficacy for the
related kinase isoforms147. The authors, through the crystal
structure of VHL and its ligand, identified two distinct groups in
the solvent-exposure region that could serve as linkage sites67,210.
They synthesized the “amide series” of PROTACs, using the
known amide of VHL ligand as the linkage point for the linker to
foretinib67. In contrast, the “phenyl series” of PROTACs used an
under-explored phenyl group as the attachment site210. Both series
utilized the same phenyl ether of foretinib as the linkage site,
connecting it with different lengths of linkers (Fig. 7B). In the
“amide series”, the PROTAC with a 13-atom linker (SJFa)
was highly selective in biodegrading p38a (Dmax Z 97.4%,
DC50 Z 7.16 nmol/L). However, it was significantly less effica-
cious in biodegrading p38d (Dmax Z 18%, DC50 Z 299 nmol/L).
In contrast, in the “phenyl series”, decreasing the linker length to
10 atoms yielded the PROTAC SJFd, which selectively bio-
degraded p38d (Dmax Z 99.41%, DC50 Z 46.17 nmol/L), without
biodegradation p38a, b, or g. The foretinib-based PROTAC had a
weak binary affinity for p38a. Nonetheless, the obstacle was
surmounted through the collaborative interactions within VHL
and p38a, ultimately leading to a heightened affinity of SJFa for
p38a with VHL22. Similarly, the affinity of SJFd for p38d and
VHL is 436 nmol/L, representing a tenfold increase, compared to
the affinity of the VHL-PROTAC complex. The ternary complex
has a higher binding capacity than the binary complex due to the
extra PPIs within VHL, p38a or p38d, and SJFa or SJFd,
respectively. Furthermore, the affinity of the p38d-SJFa-VHL and
p38d-SJFd-VHL complexes was also determined, and the results
indicated that the SJFd complex is approximately 3-fold stronger
than the SJFa complex (Fig. 7C). To determine the structural basis
for the variation in ternary affinity among the p38d-SJFa-VHL
and p38d-SJFd-VHL complexes, molecular dynamics simulations
were conducted. The results indicated that with SJFa, the inter-
action between Arg108 of VHL and Lys220, Thr221 of p38d was
unfavorable. In contrast, with SJFd, Arg108 of VHL and Glu49,
Glu160 of p38d produced a favorable stabilization of the ternary
complex (Fig. 7D). These findings suggest that the linkage site and
linker length influenced the formation of distinct ternary in-
terfaces, leading to inherent differences in ternary complex af-
finity. These differences ultimately enable selective
biodegradation by different PROTACs.

The objective of the p38 PROTACs study was to create isoform
inhibitors of p38MAPKs by utilizing a single E3 ligand and a single
POI ligand. By manipulating the linker design of PROTACs and
producing a distinct orientation of the recruited E3 ligand while
maintaining a consistent warhead, this approach allows for the se-
lective biodegradation of a specific isoform of a protein family147.
This study highlights the significance of linker linkage site selection
in PROTAC design. Typically, linker design involves selecting
solvent-exposed regions based on crystal structures. However, it is
also essential to consider the ease of synthesizing linkers at these
sites. For complexes without crystal structures, molecular docking is
often employed to determine the binding mechanism of POI with its
ligand, as well as E3 and its ligand, thereby aiding in the selection of
linker linkage sites. In conclusion, the selection of linker sites is
crucial in PROTAC design, as it affects the ternary complex stability
by influencing the interactions among POI and E3, ultimately influ-
encing the degradation activity of PROTACs.



Figure 7 The effect of linkage site on protein‒protein interactions. (A) The linkage site of the linker is essential for protein‒protein interaction
(PPI). An increase in PPI formation enhances the biodegradation efficiency. (B) The design approach for PROTAC SJFa and SJFd emphasizes the

optimization of the linkage site. (C) PROTAC SJFa preferentially biodegrades p38a, while SJFd preferentially biodegrades p38d. (D) Immu-

noprecipitation of GST-tagged VBC is only feasible when p38a is incubated with PROTAC SJFa (left). The AlphaLISA assay indicates that p38a,

SJFa, and VHL form a substantial ternary complex; p38a, SJFd, and VHL do not create a ternary complex (right). Reprinted with permission

from Ref. 147. Copyrightª2019 Nature Communication (Supporting Information Fig. S3). (E) Molecular dynamics simulations show distinct PPI

contacts between p38d and VHL depending on whether they are recruited by SJFd or SJFa.
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5. Conclusions

In this review, we have summarized the types of PROTAC
linkers, the design and optimization strategies used, and the
impact of linker characteristics on PROTAC efficacy. As
previously mentioned, PROTAC linkers can be broadly classified
into two groups: flexible linkers and relatively rigid linkers.
Flexible linkers, which are prevalent in PROTAC design, often
use a long and flexible structure29e31. However, this design can
increase the susceptibility to oxidative metabolism in vivo211. In
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contrast, relatively rigid linkers have been less frequently used
due to limitations in synthesis technology within the PROTAC
field37. Nonetheless, cycloalkane-based linkers, especially the
inclusion of piperazine and piperidine components, are used as
they increase the solubility and stability of the ternary complex.
Triazole-based linkers are another frequently used rigid linkers,
due to the advent of the “click” chemical reaction, using the
copper-catalyzed 1,3-dipolar cycloaddition reaction, which of-
fers high compatibility with different functional groups and a
consistent reaction rate24,35,36. Another type of linker, photo-
controlled PROTAC linkers, such as photo-switchable PROTAC
linkers, use azo fragments rather than alkyl or polyether frag-
ments, causing the resulting PROTACs to undergo reversible
photoisomerization when exposed to specific wavelengths of
light41. This makes it possible to precisely and reciprocally
regulate the rate of PROTAC biodegradation. Furthermore, re-
searchers have developed different linker optimization strategies.
The application of AI in PROTAC linker design has significantly
improved the accuracy and efficiency of linker optimization171.
By leveraging machine learning frameworks, researchers have
gained insights into the structural, physical, and chemical
properties of PORTAC linkers. These insights have been trans-
lated into practical applications, leading to more accurate
PROTAC linker designs. Advanced AI techniques, such as deep
learning and reinforcement learning, are expected to further
enhance PROTAC linker design in the future63,162,212,213.
Furthermore, the linker’s four key characteristics: length, group
type, flexibility and linkage site, were examined based on case
studies. These characteristics are essential for influencing the
stability of the ternary complex POI-PROTAC-E3, the cell
permeability of PROTACs, the creation of the ternary complex,
and the interaction between POI and E3. Consequently, they
significantly affect the biodegradation efficacy of PROTACs214.

Currently, there is a lack of precise quantitative descriptions
for these characteristics. Based on available data from reported
and clinically tested PROTACs, the typical length of atoms
within the linker chain ranges between 5 and 15 atoms. Although
a longer chain length can diminish activity due to increased
entropy, this effect is generally less significant than the effect of
a shorter molecular distance between ligand ends caused by a
shorter chain length. Consequently, in the initial stages of
PROTAC design, a slightly longer linker chain is often chosen.
To increase the formation of ternary complexes, a flexible linker
is chosen, allowing the PROTAC to adopt a suitable angle that
facilitates the stable assembly of ternary complexes23. Various
chemical groups, including amino, carboxyl, and hydroxyl
groups, can be introduced in the linker to increase the chemical
diversity of PROTAC and its ability to traverse cell mem-
branes27. To facilitate subsequent chemical modification and
optimization, it is essential for the linker to possess reactive
functional groups or other modifiable sites. When selecting a
linkage site, it is essential to consider the binding mode between
the POI and ligand or E3 and ligand. The solvent-exposed region
should be chosen, as it provides easy access for connecting
groups214. Overall, with appropriate linker optimization, a wide
range of linkers can be designed to produce greater PROTAC
potency. Additional linker characteristics will be discussed in
future studies. Nevertheless, our primary focus remains on
rationally optimizing the linker characteristics to enhance the
biodegradative efficacy of the PROTACS.

Although optimizing the length, group type, flexibility and
the linkage site of the linker can increase the efficacy of
PROTACs, several challenges must be overcome. Firstly, the
structural complexity and diversity of PROTACs hinder the
establishment of a clear structureeactivity relationship215. To
address this issue, exploring the optimal linker characteristics for
a specific biodegradation system could facilitate the rapid iden-
tification of more efficacious PROTACs. Secondly, the physico-
chemical properties of the PROTACs often deviate from the
classical “rule of five”196, necessitating the investigation of drug-
likeness rules tailored to PROTACs, to minimize the likelihood
of designing PROTACs with poor pharmacokinetic profiles.
Thirdly, purification and low yields, due to their large molecular
weight and intricate structure, pose challenges in PROTAC
synthesis and optimization37. Therefore, the development of
advanced synthetic techniques specific to PROTACs is essential
to access a broader range of structural types. Finally, the large
size of the ternary complex, consisting of POI-PROTAC-E3, can
make crystal structure determination difficult206. To address this,
the development of advanced crystallographic techniques or
more accurate computational simulation methods is necessary to
gain insights for further optimization. We believe that addressing
these issues will significantly enhance the progress of PROTAC
research. We anticipate that this study will prove to be an
invaluable reference for further developments in the field of
PROTAC.
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