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Abstract:

Keywords:

Proteolysis targeting chimera (PROTAC) is a drug discovery strategy using
a ubiquitin-proteasome system (UPS) to degrade the target protein. Unlike
traditional small molecule drugs utilizing occupancy-driven pharmacology
as the mode of action (MOA) to regulate protein activity, PROTACs function
through forming stable target protein-PROTAC-E3 ubiquitin ligase ternary
complex and use the ubiquitin-proteasome system to degrade the target protein.
However, only a few E3 ubiquitin ligases have been used in PROTAC drug
design now, and the space of target proteins that PROTAC can target needs
to be further expanded. On the other hand, the complicated system of ternary
crystal structures is difficult to capture and identify, computational simulation
provides modeling of PROTAC-mediated ternary complex formation with
effective approaches. Because of this, this review describes the recent progress
of bioinformatics in expanding the landscape of E3 ubiquitin ligases and target
proteins and summarizes the methods of computation simulation in modeling
PROTAC ternary complex. Finally, the trend of development about PROTAC is
prospected.
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1. The principles and characteristics of
PROTAC

The concept of proteolysis targeting chimeras (PROTAC)
was first proposed by the Crews and Deshaies laboratories
in 2001. This team successfully achieved the degradation
of the target protein methionine aminopeptidase-2
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(MetAp-2) using PROTAC technology ). Since then,
more PROTACSs have entered clinical studies. Among
them, PROTAC targeting the degradation of androgen
receptor (AR) has entered Phase II clinical trials, and
PROTAC targeting estrogen receptor (ER) is about to
enter Phase III clinical trials, for the treatment of prostate
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cancer and breast cancer, respectively . So far, PROTAC
technology has been used to degrade different target
proteins related to various diseases, showing good clinical
efficacy in cancer, immune diseases, neurodegenerative
diseases, and cardiovascular diseases ",

PROTAC is a bifunctional molecule that targets the
protein of interest (POI) and recruits ubiquitin ligases
(E3), achieving targeted degradation of the POI. PROTAC
molecules consist of three parts: a ligand that binds to
the target protein, a ligand that binds to the E3 ubiquitin
ligase, and a linker that connects the two ligands. By
inducing the proximity of E3 ligase and the target
protein to form a ternary complex, PROTAC utilizes
the ubiquitin-proteasome system (UPS) to degrade the
target protein ¥ (Figure 1A). In eukaryotic cells, the
ubiquitin-proteasome system is the primary mechanism
for maintaining protein homeostasis by degrading
defective and damaged proteins. In this pathway, proteins
are recognized by the proteasome and targeted for

A

degradation through a three-step process involving three
enzymes: ubiquitin-activating enzyme (E1), ubiquitin-
conjugating enzyme (E2), and ubiquitin ligase (E3). First,
the activated ubiquitin (Ub) molecule is connected to the
E1 ubiquitin-activating enzyme. Then, E1 binds to the E2
ubiquitin-conjugating enzyme and transfers the activated
ubiquitin to E2. Finally, the E3 ubiquitin ligase catalyzes
the transfer of ubiquitin from E2 to the lysine side chain
of the target protein .

Compared to other drugs, PROTAC offers
advantages such as targeting undruggable proteins,
prolonged duration of action, reusability, overcoming
drug resistance, high selectivity and specificity, and
multiple administration routes ' (Figure 1B), indicating
a broad application prospect. Unlike the “occupancy-
driven® mode of action of traditional drugs that require
long-term and high-intensity binding to active sites,
PROTAC degrades target proteins in an “event-driven®
manner. PROTAC only needs to bind to induce target

Figure 1. Proteolysis targeting
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protein degradation, greatly expanding the space of
targetable proteins. Even if PROTAC dissociates, the
ubiquitinated target protein continues to be degraded,
and it takes a long time for the target protein to return to
a functional level. PROTAC can be recycled and reused
in the next degradation cycle with unchanged activity ",
avoiding high-dose administration and corresponding
adverse reactions, allowing PROTAC to achieve higher
activity at lower concentrations. Preclinical studies have
shown preliminary data indicating the potential of this
low-dose, low-frequency dosing approach. Furthermore,
while traditional small molecule inhibitors can only block
protein activity, PROTAC can eliminate the target protein,
blocking not only its catalytic function but also affecting
other functions such as protein-protein interactions and
the ability to form large protein complexes. In a way,
PROTAC can address acquired resistance caused by
traditional inhibitors because target protein degradation
may block certain feedback mechanisms of cellular
protein homeostasis . Although studies have shown that
PROTAC treatment may also lead to drug resistance,
this resistance mechanism is different from that of small
molecule inhibitors and is due to mutations in E3 ligase
that limit the formation of ternary complexes. This type of
resistance can be overcome by modifying the E3 ligase.
Compared to macromolecular drugs such as
monoclonal antibodies, PROTACs can target a large
number of intracellular proteins and exhibit high tissue
permeability, enabling oral administration. Depending on
the disease and requirements, PROTAC protein degraders
can be developed for oral, injection, and infusion
administration. Indeed, PROTAC technology has achieved
significant success over the past few decades, providing
new avenues for drug development. However, this new
technology faces several challenges, including issues
related to PROTAC pharmacokinetics, limited target
protein localization, improving selectivity and specificity,
and off-target effects . To address these challenges,
increasing research efforts have focused on developing
new derivative technologies. For instance, antibody-
PROTAC conjugates (APCs) have been developed to
conjugate PROTACs to tumor-specific antibodies ",
enabling selective targeting of proteins located in specific
tissue cells in a tumor-directed manner to achieve specific
targeted degradation. Additionally, trivalent PROTACSs
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have been designed to enhance molecular affinity and
synergism, forming stable complexes that better bind to
target proteins, improve protein degradation efficiency,
and exhibit more potent anticancer activity, particularly
against tumors that have developed drug resistance .
Furthermore, to overcome the limitation of PROTACs
in degrading proteins at restricted locations, researchers
have devised novel techniques that utilize lysosomal
degradation pathways to degrade membrane and
transmembrane proteins, enabling targeted localization of
different target proteins """\

Despite the development of many new technologies
to compensate for PROTAC’s inherent limitations, this
technology still faces several non-negligible challenges
(Figure 1B). Firstly, the ADMET properties of PROTACs
need optimization. PROTACs themselves do not conform
to the rule of five for drug-likeness, with molecular
weights ranging from 700 to 1,200 Da, and poor solubility,
membrane permeability, and oral bioavailability '
Secondly, there is a possibility of off-target effects during
PROTAC-induced target protein degradation, which
can potentially cause greater toxicity than traditional
drugs, and there is a lack of effective detection methods.
Although derivative technologies such as photochemical
targeting chimeras (PHOTACS), semiconducting polymer
nano-PROTACs (SPNpros), and folate-group-linked
PROTAC:s (floate-PROTACSs) have been developed to
address the issue of off-target toxicity "', they are not
applicable in all cases. Furthermore, there is currently
no effective high-throughput screening technology for
rapidly and efficiently evaluating PROTAC’s ability to
degrade target proteins, which slows down the speed and
success rate of PROTAC development.

Additionally, E3 ligases are one of the key factors
determining the selectivity and specificity of target protein
degradation, which is crucial for achieving precise targeted
protein degradation. Currently, two E3 ligases, CRBN
(Cereblon) and VHL (Von-Hippel-Lindau), are primarily
selected for clinical development. However, mutations in
E3 ligases can affect degradation efficacy, highlighting
the need to expand the space of E3 ligases to improve
PROTACs selectivity and specificity in targeting proteins
2l In the process of PROTAC-induced target protein
degradation, the formation of a ternary complex consisting
of the target protein, PROTAC, and E3 ubiquitin ligase is
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critical for achieving effective and selective degradation
of the target protein. For PROTAC S, although the target
protein-binding ligand and E3 ligase ligand do not need
to bind tightly to proteins like other drugs, both ligands
must have a certain affinity for the target protein and E3
ligase. When the concentration of PROTAC increases to a
certain level, excess PROTAC can form binary complexes
with either the target protein or E3 ligase, a phenomenon
known as the hook effect "*. This is unfavorable for the
formation of stable ternary complexes and may lead to
severe adverse reactions and increased off-target toxicity.
Furthermore, the interaction between the target protein
and E3 ligase can also affect the formation of the ternary
complex. Attractive interactions can stabilize the ternary
complex, while repulsive interactions can destabilize it,
thereby influencing PROTAC’s degradation efficiency.
This is referred to as cooperativity, which is defined as
the ratio of dissociation constants for PROTAC-bound
binary and ternary complexes (a) and describes the
efficiency of ternary complex formation *). The first
crystal structure of a ternary complex (BRD4-MZ1-VHL,
PDB ID: 5T35) revealed that PROTAC-induced surface
electrostatic interactions between the target protein and
E3 ligase play a positive cooperative role in stabilizing the
ternary complex 'Y, A higher a is believed to be associated
with a weaker hook effect, which is a crucial aspect of
PROTAC design and development. Although studies have
shown that ternary complexes with negative cooperativity
can also lead to degradation, cooperativity is generally
important for assessing PROTAC-induced ternary complex
formation. Understanding the structure and stability of
ternary complexes aids in optimizing degradation and
improving PROTAC design '*. However, only a few
crystal structures of ternary complexes have been resolved,
such as the ternary complex crystal structures of different
bromodomains of the BRD4 protein interacting with VHL
and CRBN systems (Figure 1C) "*'?. During complex
formation, various factors such as PROTAC linker length,
composition, and attachment position, ligand-protein
interactions, and the mode of interaction between the
two proteins can result in different binding modes. As
current experimental methods are challenging to obtain
crystal structures of ternary complexes, rational PROTAC
modification is difficult without these structures.

In summary, expanding the space of E3 ligases
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and targets, as well as constructing ternary complexes,
are significant for PROTAC development and design.
Therefore, this article first introduces bioinformatics
methods for expanding the space of E3 ligases and
degradable target proteins, particularly focusing on
PROTAC selectivity and specificity. Secondly, it presents
computational simulation methods, including protein
docking, sampling, clustering, and currently established
computational pipelines for ternary complex modeling.
Finally, it explores other new technologies based on the
proximity effect, like PROTAC, and discusses the future
development of bioinformatics and molecular simulation
techniques to further advance the field of drug design.

2. Research on bioinformatics in
expanding E3 ubiquitin ligase and target
space

2.1. Research on bioinformatics in expanding
E3 ubiquitin ligases

Many signaling pathways in cells selectively degrade
certain key regulatory proteins through the ubiquitin-
proteasome pathway. This highly specific recognition
mechanism for specific proteins is primarily determined
by E3 ubiquitin ligases. E3 ubiquitin ligases can
catalyze degradation through various mechanisms,
and more than 600 E3 ligases in the human genome
are mainly classified into three categories based on
different catalytic mechanisms (Figure 2A) '". The
largest class of E3 ubiquitin ligases is the RING (really
interesting new gene) ligase, which transfers ubiquitin
to the lysine residue of the target protein by binding to
the target protein and E2-Ub """, The second category is
the HECT (homologous to E6-AP C-terminus) ligase,
which transfers ubiquitin to the HECT domain by binding
to E2-Ub. The catalytic domain’s cysteine residue
covalently binds to ubiquitin, forming a covalent thioester
intermediate, and finally transfers ubiquitin to the lysine
residue of the target protein """, The third category is the
RBR (RING-between-RING) ligase, which combines the
characteristics of RING and HECT ligases. It contains
three domains: the RING1 domain that binds to E2-
Ub, the RING2 domain that catalyzes ubiquitin transfer,
and the IBR domain located between the two RING
domains. RING1 recognizes E2-Ub first, then ubiquitin is
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transferred to the catalytic cysteine residue of RING2 to
form a thioester intermediate and finally transferred to the
lysine residue of the target protein '”’. Different E3 ligase
families are presented in the form of a phylogenetic tree
based on the E3 ligases collected in the Ubihub database
(Figure 2B) *”. Unlike the three classifications mentioned
above, the left side shows monomeric E3 ligase families,
including HECT, RBR, TRIM (tripartite motif), TRAF
(tumor necrosis factor receptor-associated factor), and
other families. The right side represents complex E3
ligases that rely on multiple subunits, including families
such as DCAF (DDB1-CUL4-associated factor), SOCS
(suppressor of cytokine signaling), BTB (broad-complex,
tramtrack, and bric-a-brac), FBXL (F-box with leucine-
rich amino acid repeats), FBXW (F-box with WD40 amino
acid repeats), FBXO (F-box only with uncharacterized
domains), etc.

Figure 2. Expanding the arsenal A

of E3 ubiquitin ligaSCS. (A) RING27 biquitin transfer
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protein degradation.
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only a few have developed corresponding E3 ligase
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to VHL, CRBN, MDM2 (murine double minute 2), and
IAPs (inhibitor of apoptosis) proteins. All four E3 ligases,
VHL, CRBN, MDM2, and IAPs, belong to the RING
family. Most PROTAC molecules entering clinical trials
are developed based on CRBN ligands, and a few are
based on VHL ligands. The heavy reliance on these two
E3 ligases poses challenges to the clinical development
of PROTACSs. Mutations can rapidly lead to PROTAC
resistance mechanisms and may even cause off-target
effects resulting in severe adverse reactions ™. Therefore,
expanding the available E3 ubiquitin ligases for
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PROTAC:S is a necessary approach to optimize targeted
protein degradation strategies.

Expanding the available E3 ligases for PROTACs
(Figure 2C) involves several steps. Firstly, researchers
can search for broadly applicable E3 ligases, similar to
CRBN and VHL, that can interact with multiple target
proteins for different disease treatments. The PROTAC-
DB database developed by Weng et al. ! collects E3
ligases currently used in PROTAC molecule design.
Secondly, besides the collected E3 ligases, researchers
use chemical methods like activity-based protein profiling
(ABPP) ™ to expand the library of E3 ligases for
PROTAC development. PROTACSs based on E3 ligase
ligands such as ring finger protein 4 (RNF4), ring finger
protein 114 (RNF114), DCAF16 (DDBI1-Cul4-associated
factor 16), and AhR (arylhydrocarbon receptor) have been
developed ™). Furthermore, in addition to the E3 ligases
already proven for targeted protein degradation (TPD),
some E3 ligases do not have accessible or complete
crystal structures but can theoretically be used for
PROTAC development. Modeling can predict possible
structural models for these E3 ligases. In recent years,
artificial intelligence (Al)-based predictions, such as those
from Google/DeepMind * and Rose TTAFold ", have
provided excellent quality tertiary structure models. For
instance, the AlphaFold database launched by DeepMind
offers high-quality structural prediction models, opening
possibilities for drug discovery for many target proteins
and ligases with unknown structures until now .

Although discovering universally applicable E3
ligases for PROTAC molecular design represents a practical
and valuable approach, enhancing their selectivity and
specificity, and avoiding adverse reactions remain primary
goals in drug development. Differences in degradation
among various E3 ligases are determined by several
factors, including the degree of shape complementarity
between the ligase and target protein, the ability to
form stable ternary complexes, subcellular localization
disparities, and cell type-specific expression profiles of the
ligase and target protein *"). Among these, the characteristic
expression profiles of E3 ligases play a crucial role in
discovering new E3 ligases. Identifying E3 ligases with
unique expression profiles can improve PROTAC selectivity,
reduce cytotoxicity, and achieve precisely targeted protein
degradation (Figure 2C). Currently, publicly available
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databases such as GTEx (genotype-tissue expression), TCGA
(The Cancer Genome Atlas), and HPA (Human Protein
Atlas) ** can be utilized to analyze E3 ligase expression and
identify those with distinct expression patterns '”. So far,
several E3 ligases with tissue-specific expression have been
identified, including KLHL40 (Kelch-like family member
40) and KLHLA1 (Kelch-like family member 41) enriched
in skeletal muscle ', and RNF182 (ring finger protein 182)
enriched in the central nervous system . Additionally,
some E3 ligases demonstrate reverse specificity with low
expression in certain tissues or cell types. For instance,
Bcel-XL (B-cell lymphoma extra large) is an anti-apoptotic
protein, but drugs targeting this protein may lead to reduced
platelet levels. VHL, which has low expression in platelets,
can be recruited using PROTAC to target specific tumor
types without causing thrombocytopenia as an adverse
reaction ",

Beyond analyzing the tissue specificity of E3 ligases,
investigating their tumor specificity or tumor enrichment aids
in achieving precise targeted protein degradation (Figure
2C). Typically, the enrichment of E3 ligases aligns with
the tumor’s dependency on their expression. The CERES
algorithm ¥ (computational correction of copy-number
effect in CRISPR-Cas9 essentiality screens) developed
by DepMap "* can analyze E3 ligase dependency scores
across multiple tumor cell lines, measuring their importance
for the growth and survival of specific tumor cells **.
Tumor cells have a lower ability to develop resistance to
PROTAC: based on critical E3 ligases, but the toxicity of
PROTAC:Ss developed from such E3 ligases remains to be
tested. Furthermore, cancer-testis antigens (CTAs), a subset
of E3 ligases, are restricted in normal testes but highly
overexpressed in various cancers. The melanoma antigen
(MAGE) family ®*, often referred to as MAGE-RING
ligases (MRLSs), participate in recruiting substrates for RING
E3 ligases and function as multi-subunit complexes "\
Although not all MAGE E3 ligases are tumor-specific, such
tissue and disease-specific E3 ligases represent an area for
expanding E3 ligase space research ©*".

PROTAC S exert their effects by forming stable
ternary complexes, enabling even ligands with low
binding affinity to function effectively. Since the hook
effect depends on the expression levels of E3 ligases
and target proteins, PROTAC degradation efficiency can
vary across different cell types and tissues **'. Therefore,
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specific E3 ligases are crucial for forming stable ternary
complexes, reducing drug toxicity, and targeting more
challenging proteins.

2.2. Research on bioinformatics in expanding
the space of degradable targets

PROTAC technology has been successfully applied to
degrade various target proteins, including kinases, nuclear
receptors, epigenetic proteins, and misfolded proteins.
Increasingly, target proteins are being confirmed as
“PROTAC table,” and can be used to design PROTACs
for targeted degradation. PROTAC target proteins that
have entered clinical trials include the androgen receptor
(AR), estrogen receptor (ER), interleukin-1 receptor-
associated kinase 4 (IRAK4), and signal transducer and
activator of transcription 3 (STAT3) . The PROTAC-
DB database covers information on 3,270 PROTAC
molecules, 365 target protein ligands, 82 E3 ligase
ligands, 1,501 linkers, and 664 ternary complex models.
PROTACSs do not need to bind to the biologically active
sites of target proteins, expanding the space of target
proteins and enabling the targeted degradation of targets
considered difficult to drug.

Statistics show that over 80% of human proteins
are “undruggable® target proteins. Understanding
whether these proteins can be targeted for degradation
by PROTACs (PROTAC ability) is key. Schneider
et al. (2021) " conducted the first systematic and
comprehensive evaluation of potential drug targets
from an omics perspective. They analyzed proteins that
could serve as drug targets by integrating information
from various publicly available data sources, collecting
information on six aspects: clinical development, literature
reports, ubiquitination, protein half-life (turnover), small-
molecule binders, and location (Figure 3).

Based on six aspects of information, target proteins

Figure 3. Expanding the PROTAC table target
proteins.

were systematically analyzed and classified into different

categories.

(1) The ClinicalTrials.gov website was searched to
determine whether the protein is a PROTAC drug
target that has entered clinical trials, and it was
categorized into three groups:

(a) Target proteins in Phase IV clinical PROTAC
trials;

(b) Target proteins in Phase II or III clinical
PROTAC trials;

(c) Target proteins in Phase I clinical PROTAC
trials.

(2) The PubMed database was searched to check if
there were any reported PROTAC studies on the
target protein.

(3) Target proteins were classified into two categories
based on the collection of ubiquitination site
information on the protein:

(a) Proteins with ubiquitination site information
provided by the UniProt database;

(b) Proteins with ubiquitination sites provided by
the PhosphoSitePlus database, mUbiSiDa
database, and proteomics-based experimental
methods .

(4) The half-life data of target proteins was collected,
as proteins with very short half-lives may limit the
degradation efficiency of PROTACs. Mathieson
et al. (2018) ** used proteomics based on stable
isotope labeling with amino acids in cell culture
(SILAC) to determine the range of protein half-
lives in various cell types.

(5) It was investigated whether the target protein had
small molecule ligands. Small molecule ligands
for target proteins only require appropriate
binding affinity, and even transient interactions
are sufficient to exert PROTAC degradation
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function. In target-based activity assays reported
in the ChEMBL database, the measured activity
of small molecule ligands is at least 10 umolL™".
(6) Protein location data was obtained by searching the
UniProt database and GO database, and a location
score was assigned to each target protein. Proteins
located in the cytoplasm or nucleus are considered
to be in favorable locations, membrane proteins
are considered to be in gray locations, and the
rest are considered to be in unfavorable locations.
These locations were then further classified based
on confidence level to obtain a location score.
Based on the above six types of information for
target proteins, targets can be further simplified into four
PROTAC ability categories: clinical priority (presence of
clinical data), literature priority (reported in the literature),
degradable opportunity (meets at least one of the three
criteria: has ubiquitination sites, has half-life data, and has
reported small molecule ligands, and has a good location
score), and incomplete evidence (insufficient evidence for
degradation). The first three categories of target proteins
are considered “PROTAC table” and can be evaluated

and quantified for their potential as degradable targets "7
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3. Research on computational simulation
methods in PROTAC ternary complex
structure modeling

3.1. Computational analysis methods for
constructing PROTAC ternary complex
structure models

The formation of the “target protein-PROTAC-E3 ligase”
ternary complex is crucial for PROTAC-induced target
protein degradation. Effective and specific degradation
of the target protein can only occur when PROTAC
simultaneously binds to both the target protein and E3
ligase, forming a stable ternary complex. However, the
complex crystal structure of the ternary complex is often
difficult to characterize. In recent decades, biophysical
methods have provided powerful tools to describe the
formation of ternary complexes. To better understand the
structural basis of PROTAC ternary complex formation,
molecular simulation can be used to study PROTAC
selectivity for target proteins and provide molecular-
level explanations for degradation activity *. Currently,
computational methods used to construct PROTAC
ternary complexes mainly include structure generation
and analysis (Figure 4) "', Structure generation primarily

Figure 4. Computational
methods applied in target protein
degradation (TPD). (A) Protein-
protein docking; (B) PROTAC
conformation sampling; (C)
Molecular dynamics simulation;
(D) Clustering; (E) MM/GBSA;
(F) Normal mode analysis.
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Table 1. Characteristics of the key computational methods applied in TPD

Model generation technique

Analysis technique

Protein-protein docking .
protein complexes

PROTAC conformational
sampling

Accurate prediction of binary protein-

Sample PROTAC conformations
restrained to the protein-protein complex

Obtain the conformational ensemble of

Molecular dynamics (MD) ternary complex

Clusterin Categorize the conformational space
u .
& to get representative poses

L . . Improve the ranking accuracy of
Estimating energies with P 8 Y

MM/GBSA ternary complexes and estimate the

stability and cooperativity
Describe the collective motion of the

Normal mode analysis .
protein complexes

involves protein-protein docking, PROTAC sampling,
and molecular dynamics simulation. The analysis mainly
includes clustering, MM/GBSA (molecular mechanics/
generalized born surface area), and normal mode analysis
(Table 1) ">,

3.1.1. Protein-protein docking methods

To obtain a reasonable ternary complex model, the
structural information of proteins must first be acquired,
determining whether crystal structures are available and
whether they bind to ligands. After identifying the protein
structures to be used, the target protein and E3 ligase are
docked to obtain a structural model of protein interaction.
Then, based on this, a PROTAC-bound ternary complex
is generated (Figure 4A). However, not all of these
protein interaction structural models are reasonable, and
they need to be scored and evaluated. The best structure
is then selected for optimization. Schiedel et al. (2018)
1 were the first to use the protein docking software
HADDOCK “ in the study of PROTAC-induced target
protein degradation. Later, more protein-protein docking
tools were developed to obtain reasonable protein docking
conformations. In recent years, Rosetta Dock ', based
on the Monte Carlo algorithm, has become one of the
most widely used protein-protein docking tools in TPD.
Nowak ef al. (2018) " used Rosetta Dock to dock CRBN
and the binding domain 1 (BD1) of the bromodomain
BRD4, generating 20,000 docking structures. Among the
200 lowest-energy conformations, they identified one
that was very similar to the complex crystal structure.
They designed a PROTAC by calculating the shortest
distance between the solvent-exposed atom pairs of the
BRD4 ligand JQ1 and the CRBN ligand lenalidomide in
the top 200 conformations. Other commonly used protein
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docking tools include ZDOCK Y, HDOCK ', ClusPro
14 patchDock ", and LightDock 481,

3.1.2. PROTAC conformation sampling methods
Protein-protein docking yields possible binding
conformations between the target protein and E3 ligase in
the ternary complex, while in reality, the ternary complex
is formed through PROTAC induction. To determine
the exact conformation of PROTAC binding to the two
proteins, PROTAC sampling needs to be performed
within the corresponding protein docking conformations,
yielding a protein-protein structure suitable for PROTAC
binding. PROTAC conformation sampling methods
include:

(1) Sampling PROTAC based on the ligand naturally

bound to the protein;

(2) Directly sampling the entire PROTAC molecule;

(3) Separately docking the protein and ligand, and

generating the complete PROTAC molecule
through the linker (Figure 4B).

Both Zaidman et al. (2020) ' and Bai et
al. (2021) P generated linker conformations based
on protein-protein interactions to obtain PROTAC
conformation sets. Currently, individual sampling
is mainly used to acquire PROTAC conformations,
including separate sampling of the linker and sampling
of the entire PROTAC based on chemical information.
PROTAC docking can generate and score geometric
shapes around protein binding sites, or use docking
scoring functions to evaluate the binding energy of
PROTAC conformations. The combination of protein-
protein docking and PROTAC conformation sampling
methods can predict structural models of potential
ternary complexes . The commonly used conformation
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generation software is RDKit, an open-source tool based
on Python. Other commonly used software include
OMEGA " and MOE.

3.1.3. Molecular dynamics simulation methods
Proteins are dynamic, and this characteristic is particularly
important in predicting PROTAC ternary complexes.
Molecular docking only obtains reasonable binding
modes from the scoring function and conformational
space sampling to determine whether binding can occur,
but it cannot judge whether PROTAC can stably bind to
the target protein and E3 ligase. Additionally, molecular
docking cannot capture protein-ligand-induced fit effects
or conformational changes between apo (monomer) and
holo (complex) states °*). Molecular dynamics (MD)
simulation predicts how each atom in a protein or other
molecular system moves with time based on general
models of interatomic interactions in physics. MD reveals
the positions of all atoms in a molecule with femtosecond
time resolution, providing atomic-level explanations
for important molecular processes °*. Importantly, this
simulation can also predict the response mechanisms of
biomolecules at the atomic level to perturbations such as
mutations, post-translational modifications, protonation,
or ligand binding **'. By performing MD simulations to
observe the movement of PROTAC ternary complexes,
the stability of the complexes can be evaluated "',
Weerakoon et al. (2022) "% studied the conformational
changes of MZ1 and dBET6 using MD simulations and
found that the conformational ensembles generated by
MD results were consistent with those measured by
nuclear magnetic resonance techniques. Commonly
used molecular dynamics simulation programs include
LAMMPS, AMBER, CHARMM, Tinker, NAMD,
GROMACS, and OpenMM.

3.1.4. Clustering methods

Protein-protein docking, PROTAC conformational
sampling, and molecular dynamics simulations
generate a broad conformational space of target protein-
PROTAC-E3 ligase ternary complexes, which requires
further analysis. In this context, clustering can group the
conformational ensemble of PROTAC ternary complexes
into distinct clusters. PROTAC ternary complex
conformations within the same cluster are similar, while
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conformations from different clusters exhibit significant
differences. Representative conformations from different
clusters can be selected for further analysis. The variation
in clustering groups depends on the algorithm used.
Commonly used clustering algorithms include K-means
clustering, expectation-maximization clustering based on
Gaussian mixture models, density-based spatial clustering
of applications with noise, agglomerative clustering, and
hierarchical clustering. Different clustering methods can
be chosen based on the objective. Some computational
modeling pipelines integrate clustering analysis after
protein-protein docking methods, while other modeling
tools perform clustering on ternary complex models to
obtain more reasonable complex models. Weerakoon
et al. (2022) P% performed clustering based on MD
simulation results and conducted a network analysis to
visualize transitions between different states of the ternary
complex based on the clustering. Therefore, clustering
can categorize the conformational space to obtain stable
representative conformations from simulations.

3.1.5. MM/GBSA method

Although clustering methods can provide grouping
information for protein conformational spaces, other
metrics like energy are more suitable for evaluating the
stability of ternary complexes. Among various methods
for assessing ligand-receptor interactions, the calculation
of binding free energy plays a crucial role. Methods
for calculating free energy include thermodynamic
integration (TI), free energy perturbation (FEP), molecular
mechanics/Poisson Boltzmann (Generalized Born)
Surface Area (MM/PB(GB)SA), and linear interaction
energy (LIE). Among them, MM/GBSA calculation is
a commonly used method to estimate the binding free
energy of small molecule ligands to biomacromolecules.
Typically, based on MD simulation results, the binding
free energy is decomposed into molecular mechanics
terms and solvation energy for separate calculations. Liao
et al. (2022) ®” developed an MD-based computational
workflow that combines protein-protein docking with
ligand docking to generate initial ternary complex
confirmation candidates. MD simulations were performed
on these structures to obtain stable ternary complex
conformations, which were then clustered and ranked
using MM/GBSA for energy scoring. Li et al. ™ proposed
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a new strategy using MD to reorder ternary complexes
generated by PRosettaC. The stability and synergy of
PROTAC-induced ternary complexes were evaluated
through MM/GBSA calculations. As protein-protein
docking, PROTAC conformational sampling, and MD
simulations produce a large number of conformations,
MM/GBSA measures the degree of binding of ternary
complex components by calculating energy and assessing
the reasonability of ternary complex models.

3.1.6. Normal mode analysis method

Normal mode analysis (NMA) is widely used to
predict vibrational modes in proteins, which are often
associated with biological functions. Low-frequency
motion modes correspond to global movements of the
protein, while high-frequency motion modes correspond
to local conformational changes. Studies have shown
that these low-frequency motion modes correspond to
functionally relevant global movements in proteins, and
conformational transitions follow one or more of these
normal modes . NMA is often combined with coarse-

grained models to simplify calculations

, such as by
using the anisotropic network model (ANM) to represent
the protein structure as an elastic network of nodes and
edges. Each node in the network represents an amino
acid residue, and the edges represent interactions between
them. Through this simplified elastic network analysis,
normal modes can be used to study protein movements
and obtain information about the global movement
directions of residues . By extracting information from
the lowest frequency normal modes, ANM identifies
flexible regions in the protein and their movement
directions, predicting conformational changes in the
protein.

By tracking changes in normal mode amplitudes
with frequency, ANM can quantify the dynamic behavior
of proteins and track large conformational changes. In
studying the role of PROTACS, the ANM method analyzes
the correlation between experimental degradation and
data by calculating the distance between accessible lysine
residues on E2Ub and the target protein .

In the simulation calculations for constructing
target protein-PROTAC-E3 ligase ternary complexes,
these modeling and analysis methods are often used
interchangeably. Drummond et al. (2019) " proposed
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four methods for constructing target protein-PROTAC-E3
ligase ternary complexes, including:

(1) Generating a linker as a PROTAC-derived ternary
complex based on two binding ligand proteins as
the starting conformation, and then sampling the
entire ternary complex;

(2) Independently sampling PROTAC conformations
and then adding them to rigid proteins;

(3) Sampling PROTAC:Ss based on one of the proteins
and then adding the second protein;

(4) Sampling PROTAC conformations but adding
possible E3 ligase-target protein interaction
structures through protein-protein docking.

Research experience has shown "***" that
discovering favorable interactions between target proteins
and E3 ligases is more meaningful for studying ternary
complexes ", Sampling protein-protein and PROTAC or
linker conformations independently is currently the main
method for constructing ternary complex models.

In ternary complex studies, Schiedel et al.
(2018) *" obtained the binding conformation of the
target protein Sirt2 and the E3 ligase CRBN through
HADDOCK " docking, and then further evaluated the
complex structure model using scoring functions, Van
der Waals forces, and electrostatic interactions. The
obtained conformations were clustered, and the three
clusters with the highest scores were selected for further
analysis. The molecular docking program GOLD was
used to dock PROTAC into the Sirt2-CRBN complex
to obtain docking conformations. MM/GBSA was
used to analyze the obtained conformations, and low-
energy conformations were selected for hydrogen bond
analysis. The docking results showed that the binding
mode of PROTAC to Sirt2-CRBN was consistent with
the resolved crystal structures of Sirt2 and CRBN binding
to small molecules, resulting in a reasonable Sirt2-
PROTAC-CRBN ternary complex model. Crews et al.
(2018) '’ used molecular docking to obtain a p38a-
PROTAC-VHL ternary complex model, performed 120ns
MD simulations, and hierarchical clustering to obtain
representative conformations. They then further analyzed
the conformation of PROTAC and the protein-protein
interactions between VHL and p38a to investigate which
interactions are favorable for forming stable ternary
complexes. In another study from the Crews laboratory
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[ the degradation of p388, another subtype of the p38
MAPK family, was investigated based on the study of
targeted degradation of p38a. Similarly, the corresponding
ternary complex model was obtained through molecular
docking, and short MD simulations were performed.
By analyzing the structural differences between the two
ternary complexes, the selective degradation of PROTAC
molecules targeting different p38 subtypes was explained,
guiding the design and optimization of PROTAC
molecules. Experimental methods for studying target
protein-PROTAC-E3 ligase ternary complexes mainly
include biophysical methods for characterizing ternary
complex formation and methods for determining ternary
complex structures. Biophysical methods mainly include
time-resolved fluorescence energy transfer (TR-FRET),
amplified luminescent proximity homogeneous assay
linked immunosorbent assay (AlphaLISA), fluorescence
polarization (FP), isothermal titration calorimetry (ITC),
and surface plasmon resonance (SPR). /n vitro biophysical
methods such as TR-FRET, AlphaLISA, FP, ITC, and
SPR can characterize affinity, thermodynamic, and kinetic
information during ternary complex formation. In live
cell detection, nanobioluminescent resonance energy
transfer (NanoBRET) and NanoLuc binary technology
(NanoBiT) can dynamically monitor the formation
of ternary complexes in live cells. Computational
simulations involve performing molecular dynamics
simulations on ternary complexes and combining
them with MM/GBSA for binding energy calculations,
which can predict PROTAC binding energies and the
synergies of ternary complex formation, improving the
prediction accuracy of ternary complex structure models.
Methods for determining ternary complex structures
mainly include experimental techniques such as X-ray
crystallography, nuclear magnetic resonance (NMR),
and electron microscopy (EM). Computational method
workflows include protein-protein docking, PROTAC
conformation sampling, molecular dynamics simulations,
and other steps to obtain the conformational space of
ternary complex structures. By structurally modeling
known ternary complex crystal structures, the rationality
of computational methods for ternary complex structure

modeling can be evaluated "\
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3.2. Computational workflow for the structure
modeling of PROTAC ternary complexes
Currently, there are mainly four computational methods
used for PROTAC ternary complex research:

(1) Based on docking to obtain ternary complex
models, such as the four methods proposed by
Drummond et al. (2019) "', PRosettaC proposed
by Zaidman et al. (2020) "’ and PROTAC-
Model proposed by Hou Tingjun ez al. (2021) °'.

(2) Combines MD simulations to study ternary complexes,
as demonstrated by Li ef al. (2022) " who presented
a strategy to reorder ternary complexes generated
by PRosettaC based on MD.

(3) Studying ternary complexes based on
ubiquitination models. For instance, Bai et al.
(2022) Y simulated the conformation of the
CRLA4A ligase complex and classified the ternary
complexes into productive and unproductive
complexes based on the distance between
ubiquitin and lysine on the target protein.

(4) Utilizes machine learning to predict ternary complexes,
as exemplified by DeepPROTACs '), which
uses machine learning to predict the targeted
degradation ability of PROTAC small molecules.

Among these methods, PRosettaC *” and PROTAC-

Model ®Y integrate RosettaDock ! to provide online
predictions of ternary complex models.

3.2.1. PRosettaC

Zaidman et al. (2020) " developed PRosettaC (Figure
5A), a tool based on the molecular modeling software
Rosetta ) to construct PROTAC-mediated ternary
complexes. Firstly, PROTAC conformations are randomly
generated using RDKit, and a distance threshold between
the two ends of the protein-binding ligand is provided
to obtain a distance distribution. Then, within the limits
of this distance threshold, the PatchDock " software
is used to filter the conformational space obtained from
protein docking, significantly reducing the number of
docked conformations. Next, RosettaDock ! software is
employed for local docking to generate 50 high-resolution
models. Based on these protein docking models, the
complete PROTAC is constructed. The PROTAC
ternary complex models are obtained and analyzed using
Rosetta to filter out high-energy complexes, selecting
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the top 200 models with the highest scores. Finally, these
ternary complexes are clustered, and the representative
conformations of the clusters are considered the complex
models closest to the crystal structure. This method
restricts the search space for protein-protein docking
by using the distance distribution of PROTAC and then
limits the search space for ligand conformations through
energy optimization and clustering techniques.

Docking
[ S
Constrained global docking with PatchDock
Sampling of the distance between anchor points Local docking with RosettaDock
Clustering Conformation sampling
2 D
=% ®
.qé y/\/
G
Clustering the top scoring complexes Generating ined PROTAC c
B Filtering & Re-scoring
Sk Ly .
i
i
"o g;;sx Filtering
*  Interface residues filtering
Local docking by FRODOCK + Modeling of full PROTACs by RDKit
*  Scoring by Open Babel Obenergy
: +  Scoring by AutoDock Vina
Refinement
1.RosettaDock
Input
. = 2 Filtering
g Re-scoring
3.Re-scoring :
+ Re-ranking by VoroMQA
*  Clustering

Figure 5. Modeling of PROTAC-mediated ternary complexes. (A)
PRosettaC protocol; (B) PROTAC-Model protocol.

3.2.2. PROTAC-model

The PROTAC-model was proposed to integrate
FRODOCK ™!, RosettaDock *, and several filtering
and scoring methods (Figure 5B) . Local protein-
protein docking is performed using FRODOCK

199" and the generated protein docking

software
conformations are then screened. Firstly, docking
conformations are filtered based on the number of
interface residues. PROTAC conformations are then
modeled using RDKit, eliminating unreasonable docking
models. The energy of PROTAC conformations is
calculated using the Open Babel Obenergy (Obenergy) ")
tool, and models with unfavorable atomic collisions are

removed. AutoDock Vina (Vina) ** is used to evaluate the
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binding mode of PROTAC to the protein-protein complex,
and complexes with a Vina energy score less than 0
kcalmol™ are retained. The filtered models are further
ranked by the VoroMQA method . Finally, a clustering
algorithm is applied to cluster these models. During the
conformation screening process, the best model from each
cluster provided by FRODOCK can also be selected for
optimization in RosettaDock . The generated models
are then screened, reordered, and clustered similarly. This
computational workflow integrates predicted ternary
complex models with good degradation ability into the
updated PROTAC-DB database.

3.3. Constructing PROTAC-target-E3-E2-
ubiquitin complex structure model

Research indicates that the binding affinity of ternary
complexes is not always correlated with target protein
degradation. Although the formation of a target protein-
PROTAC-E3 ligase ternary complex is key to achieving
targeted degradation, the formation of the ternary
complex does not always lead to TPD, suggesting
that other factors can drive degradation 7", Target
protein ubiquitination is an important step following
the formation of the ternary complex in the PROTAC-
induced TPD process. PROTAC participates in a three-
enzyme cascade reaction where E2/Ub binds to E3,
transferring Ub to lysine residues on the target protein
surface. Studies suggest that not every ternary complex
conformation can be considered an “active* conformation
that can induce target ubiquitination, which may depend
on the direction or distance from the accessible lysine on
the target to Ub on E2. Bai et al. (2022) 'Y proposed a
structure-based computational method. By overlaying the
E2-E3 ligase complex structure with the ternary complex,
they constructed a ubiquitination model of the ternary
complex bound to CRL4A (target/PROTAC/CRBN/
DDB1/CUL4A/Rbx1/NEDDS8/E2/Ub) using the Cullin-
Ring ubiquitin ligase 4A (CRL4A) complex based on
CRBN. The interactions between these proteins enable
the transfer of Ub to the target protein (Figure 6) .
This method aims to investigate the relationship between
ubiquitination ternary complex formation and lysine
proximity in CRBN-based PROTAC systems from a
structural modeling perspective.
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Figure 6. CRL4A ligase complex model.

4. Prospects of PROTAC technology

4.1. PTM-mediated protein stability techniques
Ubiquitination modification is an important type of
ubiquitous protein post-translational modification (PTM).
As a significant way of regulating protein function, PTM
can regulate protein stability V" Ubiquitination regulates
protein stability through the ubiquitin-proteasome system,
degrading 80% of proteins in the body. Additionally,
several common PTMs, such as methylation,
phosphorylation, and acetylation, are also involved in
regulating protein stability. These modifications are
controlled by corresponding writer enzymes and eraser
enzymes that regulate the modification level of substrate
proteins. Currently, the number of detected PTMs far
exceeds the number of functionally reported PTM sites,
making it a significant challenge to interpret unknown
functional PTM sites ", With the rapid development
of precision medicine, research on modificomics is
gradually deepening. For example, phosphoproteomics
can comprehensively analyze phosphorylated proteins,
enabling qualitative, localization, quantitative, and
functional analysis of phosphorylation modifications "',
Therefore, in studying PTM-driven protein stability
regulation, functional PTM proteomics can be employed
to systematically evaluate the impact of PTMs on protein
stability.

The application of novel proteomics technologies
is expected to greatly accelerate the identification and
elucidation of PTM sites that regulate protein stability.
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Currently, quantitative proteomics based on high-
throughput mass spectrometry (MS) and stable isotope
labeling technology (SILAC) under cell culture conditions
is primarily used to investigate which PTMs affect protein
stability, enabling rapid screening of functional PTM sites.
On the other hand, systematically measuring changes
in protein stability after cellular perturbation can be
achieved by interfering with the functions of PTM writer
or eraser enzymes. Combining SILAC technology with
tandem mass tags (TMT), a technique called multiplexed
proteome dynamics profiling (mPDP), allows precise
evaluation and comparison of the effects of multiple
perturbations, revealing changes in protein stability under
different perturbation conditions. Protein stability can
be regulated by individual PTM sites or multiple PTMs.
A single PTM acts as part of a PTM regulatory network
formed through protein-protein interactions, where one
PTM can serve as a promoter for the next PTM through
network interactions ", The ways these PTMs participate
in regulating protein stability suggest that the combined
use of inhibitors targeting both eraser and writer enzymes
to target PTM-modified proteins can be a potential drug
design strategy "”'. Expanding the potential drug target
space by targeting PTMs involved in the co-regulation of
protein stability.

4.2. PTM-mediated proximity-inducing
bimolecular techniques

In recent years, the research field of TPD has rapidly
developed. With PROTAC entering clinical trials, drug
development has entered the stage of heterobifunctional
drugs. The PROTAC design concept has become a
precursor to heterobifunctional molecule design strategies.
This strategy utilizes proximity-inducing therapeutics,
which connect recruitment molecules with target-binding
molecules through rationally designed linkers, bringing
the target protein close to functional proteins recruited
by the recruitment molecules to achieve the desired
biological effect . The category of heterobifunctional
molecules can be expanded based on the classification
of recruited functional proteins. Heterobifunctional
molecules can regulate the function of target proteins
by recruiting their upstream functional proteins as
effectors (such as E3 ubiquitin ligases, endosomes/
lysosomes, ribonucleases L, protein phosphatases/kinases,
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acetyltransferases, etc.), bringing effectors and target
proteins closer to accelerate their interactions. Through
this chemically induced proximity (CIP) technology,
more and more heterobifunctional molecules are being
designed to target undruggable proteins ", In targeted
protein degradation, besides the ubiquitin-proteasome
system, the lysosomal pathway is also an important
protein degradation pathway, including autophagy-
lysosome and endocytosis-lysosome pathways. Among
them, techniques such as autophagy-targeting chimera
(AUTAC) and autophagosome-tethering compounds
(ATTEC) degrade target proteins through the autophagy-
lysosome pathway; lysosome targeting chimera (LYTAC)
technology degrades target proteins through the
endocytosis-lysosome pathway (Figure 7A) ", These
methods can selectively recognize proteins/organelles
and transport them to lysosomes for degradation. The
autophagy system plays a major role in lysosome-
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Figure 7. Different bifunctional molecules based on chemically
induced proximity (CIP). (A) Target protein degradation; (B)
Mechanism of PHORC and PHICS; (C): Target RNAs degradation.
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mediated intracellular material degradation, enabling the
degradation of damaged organelles, intracellular debris,
and other substrates. The endocytosis system mainly
targets extracellular and membrane-associated proteins.
Lysosome-based target protein degradation can overcome
the limitations of proteasome-mediated degradation.
However, the understanding and large-scale application
of these methods are still in their infancy.

In addition to targeted protein degradation,
heterobifunctional molecules targeting PTMs can also
alter protein function by modulating PTMs on target
proteins. These heterobifunctional molecules recruit
functional proteins that regulate PTMs, bringing them
close to the target protein to exert their effects. Examples
include phosphorylation-inducing chimera (PHICS)
(Fig 7B), phosphatase-recruiting chimera (PHORC/
phosphorylation targeting chimeras, PhosTAC) (Fig 7B),
and acetylation-tagging-system (AceTAG) ", These
heterobifunctional molecules precisely regulate the
function of target proteins by altering their PTM status
rather than their expression levels. Furthermore, beyond
directly targeting protein PTMs, there are currently
strategies to target pre-translational mechanisms, such
as RNA degradation, RNA interference, and gene
editing methods """, Ribonuclease Targeting Chimera
(RIBOTAC) is a type of heterobifunctional molecule
technology that degrades RNA ", consisting of an RNA-
targeting ligand, a recruiting ribonuclease (RNase L)
ligand component, and a linker (Figure 7C). RIBOTAC
recruits endogenous ribonuclease L to specific RNAs
and activates ribonuclease, inducing proximity-based
degradation of target RNAs ") However, the most
significant limitation of this approach is its low cell
permeability 'Y, Additionally, designing highly selective
RNA small molecule ligands is challenging, and prone
to off-target effects, and RIBOTACs are not suitable
for RNAs that function normally in the nucleus as they
primarily act in the cytoplasm *.

Heterobifunctional molecules are at the forefront
of new trends in small-molecule drug design, recruiting
different effectors to target proteins to regulate various
biological processes. However, several critical issues
regarding heterobifunctional molecules still need to be
addressed, including hook effects, controllability, stability,
and off-target effects. By developing heterobifunctional
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molecules that recruit more endogenous effectors, the
range of targeted regulatory mechanisms can be greatly
enriched. Optimizing heterobifunctional molecules to
overcome their drug ability is a significant research

challenge in the coming years 7.

4.3. Application of bioinformatics and
computational simulation techniques in
PROTAC development

Among the 600+ E3 ligases in the human genome,
less than 2% have been involved in targeted protein
degradation studies. While systematic analyses of target
proteins have been conducted to evaluate their PROTAC
ability ©7
quantified. Recruiting more potential E3 ligases is crucial

, the E3 ligase space has not been systematically

for achieving precise targeted protein degradation.
Beyond the strategies described in Section 2.1 to recruit
more potential E3 ligases based on expression profiles,
structural availability, and functional necessity, recent
efforts by Liu er al. (2023) **! have integrated data from
Ge et al. (2018) ", Ubihub “*”, and UbiBrowser 2.0 *”
to obtain a comprehensive list of E3 ligases. They further
propose expanding the E3 ligase space based on chemical
ligands, protein-protein interactions (PPI), PPI interface
analysis, and cellular location of E3 ligases. This approach
involves collecting E3 ligase ligand data through database
searches, predicting interactions between E3 ligases
and drugs using deep learning-based virtual screening
models, constructing comprehensive PPI maps based
on interactions between E3 ligases and target proteins,
analyzing PPI interface information to identify mutations
that may disrupt these interactions, and determining the
cellular location of E3 ligases to discover more potential
novel E3 ligases. Despite current limitations, recruiting
more potential E3 ligases is significant for expanding the
target protein space, enhancing selective degradation, and
guiding PROTAC design.

Regarding the construction of PROTAC ternary
complex structural models, while several modeling
methods have been reported in recent years, the binding
of ternary complexes cannot be described by solely
calculating the interaction energy between PROTAC and
each protein *”. The binding stability and synergism of
PROTAC-mediated ternary complexes are key factors
determining PROTAC degradation efficiency. The
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emergence of hook effects is detrimental to the stable
existence of ternary complexes, and higher synergism
is believed to be associated with weaker hook effects.
Therefore, predicting synergism is crucial for PROTAC

T obtained low-

design and optimization. Li et al. (2022)
energy structures of PROTAC ternary complexes through
molecular dynamics simulations, calculated binding
energies and predicted synergism using MM/GBSA, and
improved the accuracy of ternary complex conformation
prediction by introducing a new scoring and ranking
system based on PRosettaC.

On the other hand, with the booming development
of artificial intelligence methods, increasing studies
are combining deep learning approaches to predict the
structural models of ternary complexes, predict PROTAC
degradation efficiency, and guide PROTAC design.
Zheng et al. (2022) ™ proposed a deep generative model
(PROTAC-RL) to design and sample PROTAC:s for given
target proteins and E3 ligands. They used reinforcement
learning to generate PROTACs with optimal
pharmacokinetic properties and employed PRosettaC *)
and molecular dynamics simulations for conformation
clustering and screening analysis. This combination of
deep learning and molecular simulation can facilitate
rational PROTAC design and optimization. Due to the
limitations of current ternary complex modeling methods,
Li et al. (2022) " circumvented the modeling process
by extracting five components from determined protein-
ligand structures: target protein pocket, E3 ligase pocket,
a target protein-ligand, E3 ligase ligand, and linker.
They then used five modules to extract corresponding
features and proposed a deep learning model called
DeepPROTACSs based on graph neural networks to
predict the degradation efficacy of designed PROTACSs
for target proteins.

Recent research !"* has introduced a new method for
generating PROTAC ternary complex structural models.
Considering the rationality of protein conformations and
the geometry of the linker itself, the ligand-generated
linker is split into two parts and connected to the E3
ligase-ligand complex and the target protein-ligand
complex, respectively. Then, based on the Fourier
fast sampling algorithm, protein-protein complex
conformations are generated to obtain low-energy
conformations of target proteins and E3 ligases, along
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with potentially reasonable linkers. These are further
optimized through energy minimization, clustering,
and ranking. By testing published ternary complex
structures, this model can predict ternary complex
structures with high precision and predict synergism and
degradation efficiency of ternary complexes based on the
method proposed by Bai er al. (2021) ®. This approach
integrates protein structures into deep learning models,
simultaneously obtaining ternary complex structures
and PROTAC degradation efficiency. The combination
of bioinformatics, computational simulation, and Al
holds significant promise in predicting ternary complex
formation, degradation efficiency prediction, and guiding
PROTAC design.

5. Summary

PROTAC technology utilizes the ubiquitin-proteasome
system for the ubiquitination and degradation of target
proteins. Compared to other small molecule drugs
and macromolecular drugs, PROTAC exhibits unique
advantages. However, this technology also faces
numerous challenges, particularly in improving selectivity
and specificity, which largely depends on the choice of E3
ubiquitin ligases. Currently, there are very few E3 ligases
that can be used, so expanding the space of E3 ubiquitin
ligases is crucial for the rational design of PROTACs
to enhance selectivity. Additionally, PROTACs do not
need to bind tightly to proteins, the key to achieving

degradation is the formation of a stable ternary complex.
Efficient and selective degradation relies, to some extent,
on the plasticity of PROTAC-induced low-energy binding
conformations and inter-protein contacts. Therefore,
structurally studying the formation of ternary complexes
is significant for understanding selective degradation.
Nevertheless, there are currently few reported crystal
structures of ternary complexes, and molecular
simulation can help understand how PROTACS induce
the interaction between target proteins and E3 ligases
to form ternary complexes, guiding PROTAC design
and deepening the understanding of PROTAC structure-
activity relationships. With the rapid development of
bioinformatics and computational simulation methods,
many studies have constructed ternary complex models
by combining deep learning and structural simulation to
address the limited number of ternary complex crystal
structures and the accuracy of modeling methods. These
studies have predicted PROTAC degradation efficiency,
positively contributing to guiding PROTAC design.
After years of research and development, the PROTAC
field has spawned many new technologies based on
chemically induced proximity (CIP) theory, and the
field of drug design based on CIP theory has entered the
stage of heterodimeric bifunctional molecules. Overall,
PROTACs future prospects in drug discovery are vast
and will open up new possibilities for expanding the
druggable proteome.
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