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ABSTRACT

The mechanism of action of traditional Chinese medicine (TCM) remains unclear. Historically, research on
TCM has mainly focused on exploring the mechanisms of active components acting on single targets.
However, it is insufficient to explain the complex mechanisms by which these active components in
TCM treat diseases. In recent years, the emergence of molecular glues (MGs) theory has provided new
strategies to address this issue. MGs are small molecules that can promote interactions between proteins
at their interface. The characteristic of MGs is to establish connections between diverse protein struc-
tures, thereby enabling a chemically-mediated proximity effect that triggers a wide spectrum of biolog-
ical functions. Natural products are the result of billions of years of evolutionary processes in the natural
environment. Thus, the extensive structural diversity of natural products renders them a rich source of
MGs, including polyketides, terpenoids, steroids, lignans, organic acids, alkaloids and other classes.
Currently, several well-known natural MGs, including the immunosuppressants cyclosporin A (CsA)
and tacrolimus (FK506), as well as the anticancer agent taxol, have been incorporated into clinical prac-
tice. Meanwhile, the advancement of new technologies is propelling the discovery of novel MGs from nat-
ural products. Thus, we primarily summarize a growing variety of MGs from natural origins reported in
recent years and categorize them based on the chemical structural types. Moreover, the main sources of
TCM are natural products. The discovery of natural MGs promises to provide a new perspective for the
elucidation of the molecular mechanism behind the efficiency of TCM. In summary, this review aims
to provide insights from the perspective of natural products that could potentially influence TCM and
modern drug development.
© 2025 Tianjin Press of Chinese Herbal Medicines. Published by ELSEVIER B.V. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Concept of molecular glues

Molecular glues (MGs), are classified as small molecules that
have the ability to bind to the interfaces of two proteins, thus facil-
itating protein-protein interactions (Domostegui et al., 2022;
Geiger et al,, 2022). In general, the proteins targeted by MGs con-
sist of the protein-of-interest (POI) and the accessory protein
(AP) (Geiger et al., 2022). The POI plays a central role in specific
biological pathways (Geiger et al., 2022; Song et al., 2023). Mean-
while, AP is a protein that modulates the function of POI. Despite
the fact that AP does not directly participate in biological pro-
cesses, AP exerts regulatory control over the activity of POI,
thereby affecting cellular function (Cooray et al., 2009). In general,
MGs engage with POI and AP to form a ternary complex, which
subsequently modulates protein-protein interactions to influence
the functionality or stability of POI for cell phenotypes. Currently,
from a molecular mechanism perspective, MGs can be divided into
two categories, “non-degradative MGs” and ‘“degradative MGs”
(Domostegui et al., 2022).

Non-degradative MGs refer to a class of MGs that do not induce
the degradation of POI. Non-degradative MGs establish a ternary
complex with POI and AP, thereby modulating downstream signal-
ing pathways without inducing degradation of POI (Domostegui
et al., 2022; Guo, 2024). Non-degradative MGs such as cyclosporin
A (CsA), tacrolimus (FK506), taxol and forskolin are of great signif-
icance for drug development (Jennewein & Croteau, 2001;
Schreiber, 2021; Tesmer et al., 1997). In addition, MGs that cause
the degradation of POI are degradative MGs. Degradative MGs, also
known as MG degraders, promote the formation of a ternary com-
plex involving the E3 ubiquitin ligase, which promotes ubiquitina-
tion and subsequent proteasomal degradation of POI to exert
biological effects (Domostegui et al., 2022). For example,
immunomodulatory drugs (IMiDs), such as thalidomide and its
derivatives lenalidomide and pomalidomide, along with sulfon-
amides like indisulam and tasisulam, serve as MG degraders
(Faust et al., 2020; Fischer et al., 2014). These agents selectively
target pathogenic POI for degradation, thereby showing therapeu-
tic potential. Thus, MG degraders present a novel avenue in drug
discovery, highlighting advantages over traditional small molecule
inhibitors. In particular, MG degraders can target a broader range
of POI and facilitate ubiquitination-dependent degradation in a
substoichiometric fashion (Dong et al., 2021). Both proteolysis-
targeting chimeras (PROTACs) and MGs possess distinct advan-
tages and limitations that enable them to target protein degrada-
tion effectively. PROTACs are particularly amenable to rational
design, facilitating the development of these compounds (Yang
et al,, 2021). Besides, the use of PROTACs has facilitated the effec-
tive degradation of numerous pathogenic targets (Yang et al,
2021). However, PROTACs frequently exhibit high molecular
weights and limited druggability (Dong et al., 2021; Yang et al.,
2021). In contrast to PROTACs, MG degraders are monovalent small
molecules that demonstrate superior cell permeability, reduced
molecular weight, and enhanced pharmacokinetic properties. Con-
sequently, these attributes position MG degraders as promising
lead compounds in drug development (Dong et al., 2021). How-
ever, the design of MG degraders poses significant challenges due
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to a limited understanding of the controlling factors and a
restricted number of available MG degraders (Dong et al., 2021;
Yang et al., 2021).

The concept of MGs originated in the early 1990s, with the term
first introduced in 1991 to explain the mechanisms of the
immunosuppressive agents cyclosporine A (CsA) and FK506
(Schreiber, 2021). Previous studies have revealed that CsA and
FK506 form the binary complexes CsA-cyclophilin and FK506-
binding protein 12 (FKBP12), respectively. Here, calcineurin is the
POI of binary complexes cyclophilin-CsA and FKBP12-FK506. The
binding of cyclophilin-CsA or FKBP12-FK506 to calcineurin inhibits
the enzyme activity of calcineurin, thereby causing T cell receptor
inactivation in T lymphocytes and IgE receptor-mediated signaling
pathways in mast cells (Liu et al., 1991; Schreiber, 1992, 2021). In
1994, rapamycin (RAPA) was reported to function as a MG by form-
ing a ternary complex with FKBP12 and the mammalian target of
rapamycin (mTOR), ultimately resulting in the inhibition of mTOR
(Schreiber, 2021). Moreover, the plant hormone auxin has been
found to serve as a MG to facilitate the interaction between the
E3 ligase complex SCF™™®! and the transcriptional regulatory factor
Aux/IAA, subsequently resulting in the ubiquitination-dependent
degradation of Aux/IAA (Tan et al., 2007). Furthermore, research
has uncovered the MG properties of thalidomide, lenalidomide
and pomalidomide, which promote the interaction between the
E3 ubiquitin ligase CRL4“REN and IKAROS family transcription fac-
tors IKZF1 and IKZF3. The interaction between CRL4REN and
IKAROS family transcription factors triggers the ubiquitination
and proteasomal degradation of IKZF1 and IKZF3, then resulting
in the anti-proliferative effects in multiple myeloma cells
(Fischer et al., 2014; Kroénke et al., 2014). A retrospective review
of the evolution of MG reveals a promising role of natural products
as the source of MG discovery. Moreover, natural products possess-
ing diverse pharmacological activities significantly contribute to
the design, development, and application of pharmaceuticals. In
addition, the active compounds in TCM potentially act as MGs to
exert pharmacological effects. The exploration of natural MGs not
only is expected to expand the target range of TCM but also is
advantageous to elucidate the mechanism of action of TCM. Conse-
quently, in recent years, researchers have intensified their efforts
to identify MGs from natural sources and promote the develop-
ment of TCM.

2. Working principle of molecular glues

There is a general hypothesis regarding the working principle of
MGs. Upon binding to a protein, MGs undergo conformational
changes by combination with specific amino acid residues of the
protein to form a binding pocket. Specially, the binding pocket
facilitates the interaction between POI and AP, enabling the forma-
tion of a stable complex. Thus, the unique structural adaptations of
MGs facilitate the specific interaction between proteins, resulting
in a chemically-induced proximity effect (Guo, 2024; Wu et al.,
2022). For instance, the oxygen atoms in the sulfonyl groups of
sulfonamide-based MGs like indisulam and tasisulam engage
through hydrogen bonds with the amino acid residues Ala234
and Phe235 in the hydrophobic cavity of the DCAF15. The interac-
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tion between sulfonamide-based MGs and DCAF15 establishes a
binding pocket that recruits the gene-splicing factors RBM39 and
RBM23, thus promoting the ubiquitination-dependent protein
degradation of RBM39 and RBM23 (Bussiere et al., 2020; Faust
et al.,, 2020; Wei et al., 2022).

Of note, ternary complexes can regulate various biological func-
tions of POI (Holdgate et al., 2024). For example, velcrin stabilizes
the interaction between phosphodiesterase 3A and Schlafen family
member 12 (SLFN12) to induce SLFN12 dephosphorylation,
increasing RNase activity of SLFN12 and subsequently triggering
cell death (Robinson et al., 2024; Yan et al., 2022). Moreover, antas-
comicin B acts as a MG to enhance the interaction between FKBP51
and Akt, thereby promoting Akt activation to regulate the down-
stream proteins involved in cellular survival, proliferation, and
angiogenesis (Revathidevi & Munirajan, 2019; Schafer et al,,
2024; Tufano et al., 2023). Additionally, CR8 as a MG induces the
interaction between complex cyclin-dependent kinase 12
(CDK12)-cyclin K and the E3 ubiquitin ligase CUL4 adaptor protein
DDB1 by directly binding to CDK12 and DDB1, which results in the
ubiquitination-dependent degradation of cyclin K for anti-tumor
effect (Stabicki et al., 2020). In summary, MGs play a pivotal role
in modulating disease progression by inhibiting, activating, or
degrading POI (Fig. 1).

3. Molecular glues from natural products

Natural products represent a valuable source of fundamental
components for investigating MGs. MG-like natural products, char-
acterized by different chemical structures, include polyketides, ter-
penoids, steroids, lignans, organic acids, alkaloids and others. In
general, MG-like natural products display specific molecular struc-
tures that are responsible for selective interacting with cellular
proteins to enable efficient molecular interactions (Andrei et al.,
2017). Particularly, natural products-derived MGs display a series
of pharmacological actions, such as anti-bacterial, anti-
inflammatory, and anti-cancer properties for clinical application.
Therefore, natural MGs play a crucial role in medicinal chemistry
and offer opportunities for the advancement of novel pharmaceu-
tical agents. This section will discuss the various structures and
origins of MGs from natural sources to emphasize the unique bio-
logical functions.

3.1. Polyketide molecular glues
Polyketides represent a significant class of natural products,

predominantly synthesized by bacteria, fungi, and plants. Polyke-
tides are highly valued for significant clinical potential, including
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anti-cancer, anti-bacterial, anti-oxidant, and anti-inflammatory
activities (Xu et al., 2021). From a biological synthesis perspective,
polyketides are produced through a sequence of Claisen condensa-
tion reactions of short-chain acyl-CoA molecules like acetyl-CoA or
malonyl-CoA, which results in the formation of structures charac-
terized by a carbon skeleton decorated with p-keto groups (Yang
et al.,, 2023). Thus, the structural variety of polyketides includes
macrolide polyketides, polyether polyketides, xanthone polyke-
tides, linear polyketides, hybrid polyketide nonribosomal peptides,
and pyridine derivatives (Wang et al., 2023). Meanwhile, the diver-
sity of polyketides not only enhances the functional flexibility, but
also has potential to act as non-degradative MGs. Thus, the explo-
ration and development of natural polyketides-derived MGs listed
in Fig. 2 as therapeutic agents continue to be a promising field in
pharmaceutical research.

3.1.1. Polyketide molecular glues targeting FK506-binding protein 12

FKBP12 with peptidyl-prolyl isomerase activity is widely con-
served among many eukaryotes (Kasahara, 2021). Polyketide
MGs such as FK506 and RAPA can promote the interaction of
FKBP12 with other proteins for regulating cellular function. One
of the earliest discovered MGs targeting FKBP12 is FK506, isolated
from the fungus Trichoderma polysporum. FK506 specifically targets
FKBP12 to form a binary complex that subsequently recruits cal-
cineurin to modulate the activation of T cells. The FK506-
mediated interaction between FKBP12 and calcineurin signifi-
cantly inhibits the biological function of calcineurin, which induces
T cell inactivation (Domostegui et al., 2022; Guo, 2024; Liu et al.,
1991). Furthermore, both calcineurin and FKBP12 are conserved
in pathogenic fungi. Consequently, FK506 has anti-fungal activity
by inducing the inhibitory ternary complex of FKBP12 with cal-
cineurin (Geiger et al., 2022; Lee et al.,, 2018). Meanwhile, the
structural analogs based on FK506 have also been reported to exhi-
bit MG-like effects. For example, ascomycin, structurally analogous
to FK506, similarly mediates interactions between FKBP12 and cal-
cineurin, exhibiting obvious immunosuppressive and antifungal
effects (Geiger et al., 2022; Sierra-Paredes & Sierra-Marcufio,
2008; Wang et al., 2019). Additionally, APX879, a derivative of
FK506, exhibits decreased immunosuppressive activity, yet
demonstrates enhanced antifungal effects (Geiger et al., 2022;
Juvvadi et al., 2019).

Meanwhile, RAPA binds to FKBP12 to exert the immunosup-
pressive effects by targeting the mTOR instead of calcineurin. Fur-
ther research demonstrates that the RAPA-FKBP12 complex
directly interacts with the FRB domain in mTOR, thus inhibiting
T cell proliferation for immunosuppressive effects (Benjamin
et al.,, 2011; Gaali et al., 2011). Furthermore, RAPA-inspired macro-

A B
¥ b POI 0 b ¥ POI
AP POl —————» AP PO .
Non-degradative MG degraders - |
MGs POI activiation ~ E3 ubiquitin ligase ernary complex
Non-degradative Ub
MGs POl inhibition Ub
POI

POI degradation

Proteasome

Fig. 1. Working principle of MGs. Non-degradative MGs enhance the interaction between POI and AP by forming a ternary complex, thereby activating or inhibiting POI to
affect downstream signaling pathway. In particular, the mechanism of non-degradative MGs does not involve the degradation of POI. POI: protein-of-interest, AP: accessory
protein (A). MG degraders promote the interaction between the E3 ubiquitin ligase and POI to induce ubiquitination-dependent degradation (B).
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Fig. 2. Polyketide-derived natural molecular glues.

cycles rapadocin can form the ternary complex with FKBP12 and
human equilibrative nucleoside transporter 1 (hENT1), thereby
inhibiting hENT1 to treat kidney ischemia-reperfusion injury
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Rapamycin
Target 1 FKBP12
Target 2 mTOR

Voclosporin
Target 1 Cyclophilin
Target 2 Calcineurin

RMC-6291
Target 1 Cyclophilin A
Target 2 KRASC12C

Manumycin A
Target 1 UBR7
Target 2 p53

Lobophorolide
Target 1 G-actin
Target 2 G-actin

(Guo et al., 2019). Moreover, WDB002, another FKBP12-binding
polyketide, targets the centrosomal protein 250 (CEP250), which
interacts with the Nsp13 protein of SARS-CoV-2, implicating
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potential antiviral activities by disrupting CEP250 function
(Schreiber, 2021; Shigdel et al., 2020).

3.1.2. Polyketide molecular glues targeting cyclophilin

Cyclophilin is an 18 kD protein that exhibits peptidyl-prolyl iso-
merase activity (Schreiber, 2021). CsA, one of the earliest identified
polyketide MG targeting cyclophilin, was isolated from the fungus
Trichoderma polysporum. Initially, the exclusive inhibition of
peptidyl-prolyl isomerase activity by CsA alone was inadequate
in elucidating the biological effects of CsA, prompting the explo-
ration of intricate mechanism of action. Then, the discovery of
the interaction between the cyclophilin-CsA complex and cal-
cineurin, leading to the formation of a ternary complex that struc-
turally inhibits calcineurin activity, marks a significant
advancement in understanding the molecular mechanisms
involved. Thus, the inhibition of calcineurin blocks the dephospho-
rylation of NFAT, thereby diminishing effector T cell function and
manifesting potent immunosuppressive effects. Similarly, the CsA
analog voclosporin is able to act as a MG for the inhibition of cal-
cineurin (Gaali et al., 2011; Liu et al., 1991; Milroy et al., 2014).

Moreover, sanglifehrin A (SfA) also binds to cyclophilin A to
form the SfA-cyclophilin A binary complex. However, the SfA-
cyclophilin A complex does not suppress calcineurin activity, but
instead interacts with inosine monophosphate dehydrogenase 2
(IMPDH2). The interaction targets the cystathionine-p-synthase
domain of IMPDH2 to induce a NF-xB mediated upregulation of
the tumor suppression genes p53 and p21, thereby inhibiting T cell
proliferation (Clarke et al., 2002; Geiger et al., 2022). In addition,
RM-018 functions as a novel KRAS®'?¢ inhibitor. RM-018 induces
a binary complex with cyclophilin A, which subsequently engages
with the active KRAS'? to establish a covalent bond in a
mutation-selective fashion. Of note, the interaction effectively
inhibits KRAS®12€ by forming steric hindrance that prevents down-
stream effector protein binding for anti-KRAS“!2¢ mutant cancers
(Geiger et al., 2022; Tanaka et al., 2021). Therefore, RM-018 con-
tributes to the development of new targeted strategies for KRAS
mutant cancers. Similarly, the RM-018 analog RMC-6291 exerts
pharmacological effects by mediating the interaction between
cyclophilin A and KRAS®!2¢ (Geiger et al., 2022; Mullard, 2023).
In particular, RMC-6236 can promote the interaction between
cyclophilin A and other mutant KRAS proteins such as KRAS®'2Y
and KRASS'?P, thus inhibiting multiple RAS-driven cancers
(Koltun et al., 2021; Mullard, 2023).

3.1.3. Other polyketide molecular glues

There are also some other types of polyketide MGs. Notable
examples of polyketides, derived from Streptomyces, encompass
asukamycin (ASU) and manumycin A (MANU A), both of which
exhibit anti-tumor properties. Researchers have identified that
ASU acts as a MG by covalently modifying the cysteine374 within
the E3 ligase UBR7 domain, thereby forming the binary UBR7-ASU
complex. The UBR7-ASU complex interacts with p53, leading to an
enhancement of p53 transcriptional activity for tumor cell sup-
pression. Similarly, the ASU analog, MANU A, also serves as a MG
to mediate the interactions between UBR7 and p53, thereby reveal-
ing the anti-tumor mechanism for potential clinical utilization of
polyketide MGs (Domostegui et al., 2022; Isobe et al., 2020). Addi-
tionally, macrolides like swinholide A, isolated from the sponge
Theonella swinhoe, along with swinholide A analogs rhizopodin
and lobophorolide, inhibit cancer progression by stabilizing G-
actin homodimers to prevent actin polymerization. Thus, swin-
holide A represents a promising lead compound for cancer therapy,
highlighting the vast potential of polyketide MGs with diverse bio-
logical activities (Andrei et al., 2017). Overall, polyketide MGs have
already transitioned into clinical applications, highlighting the
importance of developing MG-based therapies. The well-
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established research methods and techniques not only facilitate
the subsequent study and development of polyketide MGs but also
promote progress and innovation in related fields.

3.2. Terpenoid molecular glues

Terpenoids represent the largest class of natural products from
plants. Terpenoids, composed of isoprene units with five carbon
atoms, are classified into different subclasses, including hemiter-
penoids, monoterpenoids, sesquiterpenoids, diterpenoids, and
polyterpenoids (El-Baba et al., 2021; Tholl, 2015). Numerous ter-
penoids function as non-degradative MGs by stabilizing protein
interactions to exert biological effects. Thus, the clarification of
potential mechanisms of terpenoids-based MGs listed in Fig. 3 pro-
vides valuable insights for innovative drug development.

The MGs from terpenoids comprise a wide range of natural
products. Previous study has indicated that the primary target of
the fungal toxin fusicoccin is the plasma membrane H'-ATPase,
which is responsible for the electrochemical proton concentration
gradient. Meanwhile, the 14-3-3 protein, a ubiquitous AP in
eukaryotic organisms, regulates various cellular processes, includ-
ing cell cycle, signal transduction, and apoptosis. In particular, the
14-3-3 protein activates the H*-ATPase by binding to the autoin-
hibitory C-terminus of H*-ATPase. Moreover, fusicoccin stabilizes
the interaction between the C-terminus of H*-ATPase and the 14-
3-3 protein, leading to sustained activation of the proton pump
for stomatal opening in plants (Anders et al., 2013; Tholl, 2015).
Meanwhile, fusicoccin has the ability to impede the transcriptional
activity of estrogen receptor o (ERa) by enhancing the interaction
between 14-3-3 protein and ERc. This discovery presents a promis-
ing potential for the development of novel therapies for recurrent
breast cancer (Anders et al., 2013; Milroy et al., 2014). Moreover,
fusicoccin forms a ternary complex with a 14-3-3c dimer and an
murine double minute 2 (MDM?2) di-phosphorylated peptide for
promoting degradation of MDM2 to protect the activity of p53
tumor suppressor, thus exhibiting anti-tumor effect (Ward et al.,
2024). Further, fusicoccin derivatives such as fusicoccin-THF (FC-
THF) has been reported to enhance plasma membrane insertion
of potassium channels TASK3 and TASK1 through interaction with
the 14-3-3 protein, thereby influencing crucial physiological func-
tions including heart electrical activity, oxygen sensing, and aldos-
terone secretion. Therefore, FC-THF may act as a lead compound
for the regulation of potassium channel (Konstantinidou et al.,
2023; Milroy et al., 2014). Similarly, cotylenin A, a metabolite from
Cladosporium sp., continuously activates H*-ATPase by mediating
interactions between the 14-3-3 protein and H*-ATPase, thus pro-
moting potassium channel-mediated transpiration toxic to plants
(Ottmann et al., 2009). In addition, cotylenin A provides treatment
strategy for RAS mutant cancers by promoting physical interaction
of C-RAF with the 14-3-3 protein (Molzan et al., 2013).

The antibiotic kirromycin exhibits the capability to stabilize
elongation factor Tu (Ef-Tu) in the GTPase conformation, thereby
impeding the entry of the receptor domain of aminoacyl tRNA into
the peptide transferase center for bacteriostatic effects (Stark et al.,
1997; Wiirtele et al.,, 2003). In addition, brefeldin A, a fungal
metabolite derived from Eupenicillium brefeldianum blocks GDP/
GTP exchange on ADP-ribosylation factor (ARF) by binding to the
interface between the inactive small G protein ARF-GDP and the
SEC7 domain of the ARF guanine nucleotide exchange factor for
trapping the ARF-GDP/ SEC7 complex at the membrane. The action
of brefeldin A ultimately hinders the generation of active ARF-GTP,
leading to the inhibition of Golgi membrane transport function.
Since ARF is primarily responsible for regulating cell membrane
transport and the formation of the cell membrane skeleton, brefel-
din A inhibits ARF-GTP formation to disrupt Golgi membrane
transport function and protein secretion, which renders it a valu-
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Fig. 3. Terpenoid-derived natural molecular glues.

able tool for investigating these biological processes (N. Anders &
Jirgens, 2008; Milroy et al., 2014; Peyroche et al., 1999).

Apart from fungal metabolites, the terpenoids in traditional
medicine also have the potential to function as non-degradative
MGs. Forskolin, derived from Coleus forskohlii, enhances cardiac
function and reduces blood pressure by stabilizing the interaction
between the C;, domain from adenylyl cyclase V and the C,
domain from adenylyl cyclase Il (Maghsoudi et al., 2024; Milroy
et al., 2014; Tesmer et al., 1997; Wiirtele et al., 2003). Moreover,
taxol, the primary anti-tumor compound in Taxus, impedes the
proliferation of tumor cells by stabilizing dynamic protein-protein
interactions between o-tubulin and g-tubulin, thus resulting in
microtubule stabilization (Dou et al., 2023; Jennewein & Croteau,
2001).

In summary, terpenoids possess significant research value due
to the wide range of pharmacological activities, such as anti-
inflammatory, antibacterial, anti-tumor properties, and potential

for cardiovascular diseases. Thus, the identification of terpenoids
as MGs underscores promising relevance in clinical applications.

3.3. Steroid molecular glues

Steroids are characterized by the basic skeleton of
cyclopentano-perhydrophenanthrene, which comprises three
cyclohexane rings (rings A, B, and C) and one cyclopentane ring
(ring D) (Gomes et al., 2023; Zhou & Liu, 2021). Research indicates
that certain steroids listed in Fig. 4 function as MGs for exerting
significant pharmacological effects. For example, bufalin, an anti-
tumor component from Bufonis venenum, specifically targets the
transcription factor E2F2. Here, bufalin serves as a MG to promote
the formation of a ternary complex of E2F2 and atypical E3 ligase
ZFP91. The ternary complex induces the ubiquitination and subse-
quent degradation of E2F2, resulting in the suppression of c-Myc
transcription for anti-liver cancer effect. Thus, the evidence high-
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lights the potential of bufalin as a therapeutic MG in cancer treat-
ment (Liu et al., 2022). Meanwhile, natural product physachenolide
C, derived from the 17p-hydroxywithanolide class, demonstrates
the ability as a steroid MG by linking the E3 ligases TRIM25,
UBR4, UBR5, ZNF598, and HUWE1 to the bromodomain and
extra-terminal (BET) domain family proteins BRD3 and BRD4,
thereby promoting their degradation for overcoming resistance
mechanisms of current prostate cancer therapies (Zerio et al.,
2023). Furthermore, there are other steroid MG degraders for the
treatment of prostate cancer. Galeterone and its analog
VNPP433-33 enhance the interaction between the androgen recep-
tor (AR), a key driver of prostate cancer, and the E3 ligases MDM2/
CHIP in prostate cancer cells. This interaction leads to the
ubiquitination-dependent degradation of AR and its splice variant
AR-V7, thereby inhibiting activation of oncogenic eukaryotic trans-
lation initiation factor 4E phosphorylation, finally blocking the
growth of prostate cancer cells (Thankan et al., 2023; Thomas,
Thankan, & Purushottamachar et al.,, 2022; Thomas, Thankan,
Purushottamachar, Weber, & Njar, 2023). In addition, brassinolide,
a plant steroid hormone, significantly enhances the interaction
between the cell surface receptor BRI1 and BRI1-associated kinase
1 (BAK1). As a MG, brassinolide promotes the heterodimerization
of the leucine-rich repeat domains of BRI1 and BAK1, thereby ini-
tiating a BRI1 phosphorylation-mediated intracellular signaling
pathway for plant growth (Santiago et al., 2013; Sun et al., 2013).
In conclusion, steroids serve as an important source for natural
MGs. Thus, the discovery of steroids-derived MGs underscores
the underexplored potential of steroids as lead drugs.

3.4. Lignan molecular glues

Lignans belong to a class of natural compounds that are poly-
merized from two phenylpropanoid derivatives (Brito & Zang,
2018). Lignan compounds listed in Fig. 5 have the capacity to act
as MGs by forming a ternary complex with two proteins. For exam-
ple, schisandrol B (SolB) is a natural compound derived from the
fruit of Schisandra chinensis (Turcz.) Baill. (Wuweizi in Chinese).
SolB functions as a MG that boosts the interaction between MDM
and p53, thereby enhancing p53 ubiquitination and degradation.
Consequently, SolB exhibits significant anti-inflammatory and
anti-senescence properties. Thus, SolB exhibits promising potential
as a therapeutic candidate for calcific aortic valve disease (Liu et al.,
2024). In addition, lignan derivatives MMH2 and GNE-0011 act as
MGs by facilitating the interaction between the BET protein BRD4
and the E3 ubiquitin ligase DCAF16. This interaction ultimately
leads to the targeted degradation of BRD4. The strategic degrada-
tion of BRD4 presents a novel therapeutic approach in the field of
cancer treatment, potentially offering new avenues for interven-
tion in oncogenic signaling pathways (Donati et al., 2018;
Konstantinidou & Arkin, 2024). In particular, the relatively simple
structure of lignans with fewer elements, which facilitates the syn-
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Fig. 5. Lignan-derived natural molecular glues.
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thesis of lignan-derivative MGs for the advancement of clinical
translation.

3.5. Organic acid molecular glues

Some organic compounds with acidity listed in Fig. 6 from nat-
ural source demonstrate characteristics of MGs. Organic acid plant
hormones play essential roles in exerting physiological effects
through the MG-dependent protein degradation process. For
example, indole-3-acetic acid (IAA), a growth-promoting hormone
in plants, functions as a MG degrader by directly interacting with
the E3 ligase complex SCF™™®!  thereby initiating the ubiquitin-
dependent proteolysis of the transcriptional regulatory factor
Aux/[IAA for plant development (Dharmasiri et al., 2005; Gray
et al., 2001; Tan et al., 2007). Similarly, the bioactive compound
(3R,7S)-jasmonoyl-L-isoleucine (JA-Ile) is produced when the plant
hormone jasmonic acid (JA) specifically binds with Ile. JA-Ile acts as
a MG that enhances the interaction between the F-box protein sub-
unit COI1 of SCF®" and the JASATE ZIM DOMAIN (JAZ) family of
transcriptional regulators, thereby leading to the ubiquitination-
mediated degradation of JAZ. Then, the degradation of JAZ pro-
motes MYC2 activity to upregulate the jasmonic acid-responsive
genes for various plant regulatory processes (Sheard et al., 2010).
Meanwhile, abscisic acid, as a MG, induces proximity of the mono-
meric receptor Pyl to protein phosphatase ABI1 for inducing leaves
to abscise (Stanton et al., 2018; Yin et al., 2009). In addition to plant
hormones, the small molecule inositol tetraphosphate (IP4) has
also the capability to enhance the enzymatic activity of histone
deacetylase 3 (HDAC3) by stabilizing the interaction of HDAC3
with the deacetylase activation domain of the SMRT co-repressor.
HDAC has become a crucial focus in cancer treatment, as HDAC
inhibitor has the potential to block cell growth. Hence, understand-
ing the mechanism of IP4 presents an avenue for the development
of innovative HDAC inhibitors (Khan & La Thangue, 2012; Milroy
et al.,, 2014; Rui et al., 2023). Moreover, adenosine monophosphate
acts as MG enhancing the interaction between the 14-3-3 protein
and the carbohydrate-response element-binding protein (ChREBP)
to regulate subcellular localization in response to changing glucose
levels (Stevers et al., 2018). In the future, it is feasible to design
new compounds for innovative drug development by modifying
the structure of organic acid MGs.

3.6. Alkaloid molecular glues

Alkaloids are nitrogenous organic compounds found in nature,
encompassing diverse types such as pyrrole alkaloids, pyridine
alkaloids, indole alkaloids, and benzylisoquinoline alkaloids
(Yamada & Sato, 2021). Alkaloid-derived compounds listed in
Fig. 7 undoubtedly possess the potential to function as MGs,
demonstrating various physiological effects. Isoindoline alkaloids
are widely found in a variety of natural products. The first naturally
occurring isoindole is isolated from the sponge Reniera sp (Speck &
Magauer, 2013). Compounds such as NRX-252114, and NRX-
252262 that have dihydroindole nucleus structure facilitate the
interaction between mutant p-catenin and its corresponding E3
ligase, SCF’T™P to enhance the ubiquitylation and subsequent
degradation of mutant B-catenin. This process effectively hinders
the progression of tumors characterized by elevated levels of j-
catenin (Jaffry & Wells, 2023). Moreover, RO-2443 and RO-5963
with indole skeleton serves as a MG that facilitates MDMX dimer-
ization, consequently impeding the interaction with downstream
p53. This mechanism offers a potential therapeutic strategy for
cancers characterized by MDMX overexpression (Graves et al.,
2012; Holdgate et al., 2024). Therefore, alkaloids with various
chemical structures and functions have the potential to serve as
a crucial source of medically significant compounds.
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3.7. Other natural molecular glues

Apart from the diverse structural categories of MGs mentioned
above, ions also have a significant physiological impact similar to
MGs. For example, Zn?" acts as a specialized metal ion type cofac-
tor to promote the interaction of E3 ubiquitin ligase CUL2FEM!B and
the reduced form of FNIP1 protein. The interaction triggers the
ubiquitination-dependent degradation of FNIP1 via the protea-
some pathway, thus facilitating the restoration of mitochondrial
oxidative phosphorylation to replenish cellular ATP levels. There-
fore, these studies indicate that manipulating mitochondrial func-
tion through the MGs with Zn?*-like mechanism may represent a
promising approach for cancer therapeutics (Domostegui et al.,
2022; Manford et al., 2021). Moreover, proteins can also exert
physiological functions similar to MGs. For example, the 14-3-3
protein functions as a molecular glue to bind to phosphorylated
Cdc25C and Cdc25B phosphatases, regulating the progression of
mitosis and facilitating repair of DNA damage (Forrest &
Gabrielli, 2001; Robinson et al., 2024). Therefore, the discovery of
novel MGs expands the conventional notion that MGs are
restricted to organic small-molecular compounds. Further research
should focus on unraveling the unique mechanisms of these speci-
fic types of ion and protein-based MGs, thus potentially enabling
the exploration of therapeutic strategies.

4. Future trend of natural molecular glues

Natural products, with abundant and structurally diverse char-
acteristics, have long been a vital source of lead compounds. Thus,
the discovery of MGs from such natural sources is a crucial strat-
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egy. Natural MGs have the potential to enhance weak or establish
new protein-protein interactions, leading to significant physiolog-
ical effects on downstream signaling pathways (Holdgate et al.,
2024; Wu et al., 2022). Therefore, natural MGs are promising lead
compounds for drug design and do not necessarily rely on classical
ligand-binding pockets to exert biological function. Consequently,
the function characteristic of MGs expands the range of potential
targets for drug development in pharmaceutical research (Wu
et al., 2022).

The unique mechanism of MG degraders involves the enhance-
ment and stabilization of interactions between E3 ligases and
disease-related proteins, thereby facilitating the ubiquitination-
mediated proteasomal degradation. In particular, the MG degra-
ders operate through transient binding rather than competitive
occupancy of target proteins, and subsequently dissociate after
inducing the polyubiquitination of pathogenic proteins (Sasso
et al., 2023). Consequently, a MG degrader is capable of eliminating
multiple pathogenic proteins, leading to increased efficacy at sig-
nificantly low dosages. Moreover, MG degraders can completely
abolish the functions of pathogenic proteins, offering enhanced
sensitivity towards drug-resistant targets and the potential to
impact non-enzymatic protein functions (Sasso et al., 2023). How-
ever, the availability of natural MG degraders is presently con-
strained. Therefore, a comprehensive comprehension of current
characteristics of MGs is crucial for the rational identification of
MG degraders from natural sources.

Considering that natural products are an important source of
MGs, it is necessary to develop a series of novel methods for the
discovery of MGs. Firstly, the discovery of MGs often happens inad-
vertently, while intentional design presents significant challenges,
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which emphasizes the need for a deeper understanding of the
working mechanisms (Wu et al., 2022). Secondly, the advancement
of novel computational methodologies for forecasting the binding
configuration of protein-protein interaction complexes triggered
by MGs will enhance virtual screening and structure-based discov-
ery of new MGs. Meanwhile, the integration of artificial intelli-
gence technology may help to improve the efficiency of data
mining and molecular design. For example, machine learning algo-
rithms offer the potential to construct robust models from exten-
sive high throughput screening, multi-omics, and protein-protein
interactions network data, thereby enabling accurate prediction
of potential protein-MGs-protein complexes (Dewey et al., 2023;
Dong et al., 2021). In addition, MGs usually regulate protein-pro-
tein interactions through solvent exposure regions, thus novel
MGs can be obtained by structural modification. Meanwhile, given
the generally restricted dimensions of the protein-protein interac-
tion interface, an effective strategy entails designing a MG that can
promote the rearrangement of residues on the protein-protein
binding surface, thus forming a more accommodating binding
pocket for MGs (Dong et al., 2021; Wu et al., 2022).

In addition to the proteasomal pathway, lysosomes offer an
alternative route for degrading disease-related proteins including
membrane proteins, extracellular proteins, and protein aggregates.
Therefore, investigating lysosomal pathway-mediated targeted
protein degradation strategies will broaden the range of substrates
available for targeted degradation (Sasso et al., 2023). Nowadays,
there is a significant deficiency in both the variety and quantity
of natural MGs from medicinal plants; therefore, exploring natural
products that target lysosomal pathways is advantageous for
expanding the sources of natural MGs.

In conclusion, the discovery of natural MGs is expected to
increase due to commitment of scientists to developing advanced
technologies and methodologies for studying these materials. A
major challenge that remains is the systematic acquisition of tar-
geted MGs through rational design, guided by a thorough under-
standing of the physical and chemical properties of existing
natural MGs. Overcoming this challenge could facilitate the devel-
opment of MGs that exhibit improved therapeutic efficacy, thereby
establishing MGs as valuable pharmacological agents for treating a
range of diseases. Consequently, the advancement of research
focused on natural MGs is anticipated to contribute significantly
to the evolution of modern medicine. Notably, numerous natural
MGs constitute the primary active constituents identified within
TCM. Thus, the comprehensive screening of effective natural
medicinal agents from TCM presents an innovative strategy to
enhance both the diversity and availability of medicinal agents.
Furthermore, the identification of natural MGs holds the potential
to elucidate the complex pharmacological mechanisms underlying
the therapeutic effects of TCM, thereby facilitating the moderniza-
tion and scientific validation of traditional healing practices.
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