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Abstract

Proteolysis targeting chimera (PROTAC) is a state-of-the-art technology for ablating undruggable
targets. A PROTAC degrader achieves targeted protein degradation (TPD) through the
simultaneous binding of a protein of interest (POI) and an E3 ligase to form a ternary complex.
Nanofibril-based PROTAC strategy to form a polynary (E3)ny:PROTAC:(POI),, complex has not
been reported in the TPD field. A recent innovation shows that a POI ligand and E3 ligase ligand
don’t have to be within a fused degrader molecule. Instead, they can be recruited to cellular
proximity by a self-assembly-driving peptide and click chemistry. The resulting nanofibril can
recruit multiple POI and E3 ligase molecules to form a polynary complex as a degradation center.
The Nano-PROTAC provides a novel approach for TPD in cancer therapy.
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A new PROTAC (proteolysis targeting chimera) method reported by Zhang and co-workers uses
self-assembling peptides as carriers of POI (protein of interest) and E3 ligase ligands. Cellular
nanofibrils built upon the peptide assembly can serve as degradation centers (Nano-PROTACS)
through the formation of polynary POIl:Nano-PROTAC:E3 complexes. This strategy thus has the
potential to overcome the hook effect of traditional PROTACs.
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Proteolysis targeting chimera (PROTAC) and molecular glue-induced targeted protein
degradation (TPD) has emerged as an appealing approach to chemically knockdown
(degrade) a protein of interest (POI) through ubiquitin-proteosome system (UPS)[L]. Besides,
alternative approaches including autophagy-targeting chimera (AUTAC), autophagosome-
tethering compound (ATTEC), lysosome-targeting chimera (LY TAC), antibody-based
PROTAC (AbTAC), AUTOphagy-TArgeting Chimera (AUTOTAC) using non-UPS systems
(lysosome)[1-2] are emerging and have attracted many attentions from both academia and
industry.

The development of these lysosome-focused TPD approaches is still in the infancy stage;

it is not clear whether targeting lysosome, an important intracellular organelle, would cause
damage to the body as a wholel2l. In contrast, two rationally designed PROTACs (ARV-110
and ARV-471) representing the most advanced clinical status of existing protein degraders
have been in phase Il clinical trials since 2020 providing the first proof-of-concept for the
entire TPD field[Xl. Encouraged by this advancement, the TPD field has witnessed rapid
development in both protein-degradation technologies and heterobifunctional degraders in
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the past few years. Nevertheless, the PROTAC strategy still faces many layers of challenges
including improving the drug properties of PROTAC molecules, reducing PROTAC toxicity,
and expanding the repertoire of E3 ubiquitin ligases[?.

An essential step in the degradation efficiency of a PROTAC molecule is the formation of

a cooperative ternary POI:PROTAC:E3 complex for UPS-mediated protein degradation.[3!
Thus, the appropriate concentration window of PROTAC to form a ternary complex is a key
factor in determining the success of a degrader.

There are often cases where high concentrations of PROTACS result in unproductive binary
complexes POI:PROTAC or PROTAC:E3 instead of the desired ternary POI:PROTAC:E3
complex. This widely observed phenomenon has been termed the “hook” effect as an
intrinsic property of any PROTACs[4l. The hook effect is associated with an inevitable
entropic penalty from the amalgamation process at high concentrations. Possible ways to
counter the hook effect are increasing the protein-protein interaction[®] or cooperativity of
the ternary complex!6l.

Extended from previous technology on /7 vivo peptide self-assemblyl”], Zhang et a/have
reported a novel PROTAC strategy (Figure 1) that utilizes bifunctional nanofibril to achieve
multivalent binding with POI and E3 ligase, resulting in improved cooperativity of polynary
complex to counteract the hook effect[8l. A key innovation is to conjugate ligands of

POI and E3 ligase with self-assembling GNNQQNY peptide (P), part of the prion-like
domain of yeast Sup35 protein[®]. Through self-assembly, GNNQQNY peptides carrying
ligands of both POI (Ppo;) and E3 ligase (Pjigase) €nable the recruitment of POI and

E3 ligase. However, Ppg)-Pjigase monomer only presents POI and E3 ligands in fixed
angles and positions which may not efficiently induce a ubiquitination-degradation cascade.
The authors thus have introduced the alkyne, azide, and GHK-Cu! to the peptide for

in-cell induction of conjugated Ppo;-Pjigase monomer via glutathione (GSH) triggered click
chemistry[10l. It is a smart design strategy to take advantage of the higher GSH level in
cancer than normal cells to achieve cell-type specificity. Covalent conjugation of Ppg,

and Pjigase Via click chemistry greatly accelerated their self-assembly behaviors to yield
Ppoi-Pligase monomer which further forms nanofibril assembly. Such fibrils equipped with
both POI and E3 ligase ligands formed the chemical basis of the Nano-PROTAC. While

it is possible to change ligands for broader applications, several questions arise: can the
self-assembling peptide be changed into other peptides?[!] If so, will these precursors still
work the same as current Nano-PROTACS? These questions warrant further exploration in
subsequent studies.

After Nano-PROTAC characterization, proof-of-concept data showed that Nano-PROTAC
can form cooperative polynary complexes with desired POl and E3 ligase with a
calculated ratio of POI:E3 = 2:1. In comparison with unassembled Ppo; and Pjjgase,

the binding of POI and ligase to Nano-PROTAC showed higher affinity when measured
by microscale thermophoresis (MST). The ability of Nano-PROTAC to recruit POl and
E3 ligase /n vitroand in-cell provided the functional basis of the Nano-PROTAC. It

is encouraging to see that this approach induced the /n vitro degradation efficiency of

two POls in several cancer cells. Importantly, the Nano-PROTAC assembly showed great
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promise in its anti-hook effect with a wide concentration range and long-lasting protein
degradation efficiency. The self-assembled Nano-PROTAC can efficiently form polynary
complexes with multiple supramolecular interactions at high concentrations which directly
contribute to anti-hook effect. Such property makes Nano-PROTAC distinct from recent
nanoscale PROTAC advancements including split-and-mix PROTAC (SM-PROTAC)[12],
Gold nanocluster PROTAC (GNC-PROTAC)[3], carbon-dot (CD)-based PROTAC (CDTAC)
(141 and DNA framework-based PROTAC (DbTAC)19],

The Nano-PROTACs were evaluated /in vivo for their tumor-specific localization and
retention using animal models. The injected Nano-PROTAC was able to quickly accumulate
at tumor sites within 30 min and retain their localization for up to 72 h, such tumor
enrichment and retention was time- and dose-dependent. Interestingly, nanofibrils were
observed in bundles inside tumors, confirming the nanofibril formation /in vivo, being
consistent with /n situ observations. Efficacy evaluation was carried out against two POIs

in mouse xenograft models. Tumor growth was suppressed by Nano-PROTAC treatment

in a dose-dependent manner. POI degradation was confirmed by measuring the POI level

in tumor tissues. More importantly, no obvious toxicity was observed for Nano-PROTAC
treatments when monitoring the body weights of animals. Histological and biochemical data
on major tissues, organs, and blood, further confirmed the safety and biocompatibility of
applying Nano-PROTAC to anti-cancer treatments.

This work has demonstrated an unprecedented PROTAC strategy to achieve oncoprotein
degradation. GSH-dependent click chemistry accelerated the formation of Nano-PROTAC
fibrils while achieving tumor specificity due to the presence of high GSH levels. Ligands
of POI and E3 ligase on Nano-PROTAC enable the recruitment of POIs and E3 ligases to
form polynary complexes with great potential to overcome the hook effect of traditional
PROTACSs. Nano-PROTAC demonstrated promising anti-cancer and anti-tumor efficacies,
represents a significant progression in the TPD field, and is an emerging therapeutic
modality in cancer therapy.
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Figurel.
Chemical structures and mechanism of action of the new Nano-PROTACSs. (a) Precursors

of a Nano-PROTAC consist of three moieties: a ligand (POI or E3 ligase), a linker, and

a self-assembling peptide. The linker is additionally functionalized with a shared GHK
(Gly-His-Lys) coordinated copper and alkyne (or azide). (b) Mechanism of targeted protein
degradation (TPD) achieved by Nano-PROTACSs. High levels of glutathione (GSH) in tumor
reduces Cu?* into Cu* which activates in-cell click chemistry between two precursors.
While peptide precursors self-assemble through H-bonds into monomers, the resulting
triazole accelerates the formation of monomers and bifunctional nanofibrils. Peptide fibrils
induce cellular proximity of E3 ligase and POI for degradation through polynary complexes,
thus have great potential to overcome the inherent hook effect during the drug development
of existing PROTACs.
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