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Proteolysis-targeting chimeras or PROTACs are hetero-bifunctional molecules designed to mediate the
disposal of a target protein via recruitment of the ubiquitination—proteasome degradation machinery.
Because of the chimeric nature of such molecules, their synthesis requires a key step of “assembling”
whether in the lab or in situ. Furthermore, targeted PROTACs often are hetero-trifunctional and require
a second “assembling” step. Click chemistry has the unique advantages of tethering two or more
molecular entities of choice under near physiological conditions and therefore has been applied to the

Received 15th October 2023, development of PROTACs in various ways. This review provides a succinct summary of this field with a critical

Accepted 16th December 2023 analysis of various factors that need to be considered for optimal results. Specifically, we examine issues
including applications of click chemistry in in situ assembly for improved delivery, conjugation with a targeting

group for selectivity, rapid synthesis for linker optimization, and lysosomal degradation of extracellular and
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1. Introduction

Proteolysis-targeting chimeras (PROTACs) are hetero-bifunc-
tional molecules that constitute a ligand for a target protein
tethered to an E3 ubiquitin ligase recruiting group to bring
together the ubiquitinating machinery and the target protein
for facilitated proteasomal degradation. Different from classi-
cal occupancy-driven protein inhibition for therapeutic inter-
vention, PROTACs are event-driven and only require transient
target binding to initiate a cascade of events, leading to reduced
protein levels. Due to the catalytic nature of their mechanism
of action (MOA), PROTACs are potentially more potent than
traditional inhibition-based drugs, at least in some applica-
tions. Because of this advantage, PROTACs have generated
widespread interest since the publication of the first PROTAC
molecules by the lab of Prof. Craig Crews." Furthermore, the
first orally-administered PROTAC, ARV-110, is currently in
phase II clinical trials, showing the promising potential of
this class of therapeutics.> However, PROTACs are hetero-
bifunctional molecules and possess molecular weights in a
significantly higher range than what is desired for optimal drug-
like properties. Therefore, low oral bioavailability and membrane
permeability are issues of concern. Furthermore, achieving tissue
specificity is a persistent topic for drug development, especially for
PROTACs, which lack intrinsic tissue-selectivity and can have
potential off-target side effects. Consequently, there is much room
for improvement in developing PROTACs as therapeutics, espe-
cially as orally active therapeutics.
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membrane-associated proteins. We also examine reaction kinetics issues whenever possible or warranted.

Click chemistry®>~ has found widespread application®*® in a
range of areas including in expediting drug discovery
and optimization processes. In the context of PROTACsS, click
reactions have been used for direct conjugation in vitro or
in vivo (see Section 2 for select examples). There have also been
reports on strategies of using click reactions to conjugate a
targeting moiety for tissue selectivity as shown in Section 3.
Moreover, click reactions can also be used for rapid construc-
tion of PROTAC libraries (see Section 4 for highlighted exam-
ples). Table 1 shows representative examples of click reaction
applications in PROTAC development. This review especially
focuses on using click chemistry approaches to address PROTACs’
problems in terms of poor permeability, poor tissue-selectivity, and
synthetic challenges. We also address targeted degradation of
extracellular and membrane-associated proteins in Section 5.
Applications were also discussed in the context of reaction kinetics
and concentrations used, especially for in situ assembly at low to
mid-micromolar concentrations, which would require the reaction
kinetics to be fast enough for assembly before elimination or
metabolism. This is to provide an assessment of the “upper limit”
in terms of response time and how reaction kinetics might impact
the pharmacological outcome.

2. Click chemistry approaches for

in situ assembly of PROTACs for
targeting oncogenic proteins

One of the challenges associated with PROTACs is their high

molecular weights and the resulting low tissue or cell perme-
ability. To overcome these challenges and improve the tissue/
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Table 1 Select examples of click reactions used in PROTAC-related research
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In situ assembly for

Conjugation with a targeting

Rapid construction of

Degradation of extracellular

Applications improved permeability = moiety for tissue selectivity PROTAC libraries proteins

Desirable 1. Compatible with 1. Compatible with various 1. Compatible with various 1. Compatible with various
features of various functional functional groups functional groups functional groups

click groups.

reactions 2. Fast reaction 2. Functional in aqueous 2. Fast reaction kinetics 2. Stable for in vitro and in vivo

Examples of

kinetics in aqueous
solution, sufficient for
rapid conjugation at
UM concentrations

Strained alkene-tetra-

solution for conjugating with
biomacromolecules

Strain-promoted azido-alkyne

applicable zine cycloaddition cycloaddition
click Cu-mediated azido- Cu-mediated azido-alkyne
reactions alkyne cycloaddition cycloaddition
Tetrazine mediated drug
release from a strained alkene
Kinetic Reaction rate constant ~ No specific reaction rate
requirements  at 100 L mol ' s™" requirement except for the need

would give the first ¢,
of 17 min at 10 uM of
each reactant.

to complete the reaction within
a reasonable period of time at a
given concentration.

3. Compatible with various
organic solvents needed for
bench reactions

Cu-mediated azido-alkyne
cycloaddition
Staudinger ligation

No specific reaction rate
requirement except for the need
to complete the reaction within
a reasonable period of time at a
given concentration.

applications

Strain-promoted azido-alkyne
cycloaddition

Cu-mediated azido-alkyne
cycloaddition

No specific reaction rate
requirement except for the need
to complete the reaction within
a reasonable period of time at a
given concentration.

cell permeability of PROTACs, Lebraud et al.'* examined the
idea of in situ assembly. In doing so, there is a need for a
reaction that is bioorthogonal and fast. The reaction rate needs
to be compatible with the low micromolar intracellular con-
centrations of each PROTAC partner. As analyzed before,"™ for
the assembly to complete within a reasonable period of time
(e.g., less than an hour) at low micromolar concentrations, the
second-order rate constant needs to be over 100 M~ * s, which
gives the first half-life at 17 min at 10 pM and 2.8 hours at 1 pM.
In this study, the trans-cyclooctene-tetrazine reaction pair was
chosen for its fast reaction rate (~10* L mol " s~*)."%'* Briefly,
a thalidomide (E3 ubiquitin ligase recruiter) derivative linked to
tetrazine and trans-cyclooctene-conjugated JQ1 (JQ1-TCO) were
synthesized. JQ1 is a ligand for bromodomain-4 (BRD4) with
IC5, values of 77 nM and 33 nM for BRD4 1 and 2 respectively.'”
This was intended for delivery of the two partners of the
PROTAC molecule separately for improved cellular permeabil-
ity and intracellular assembly for degradation of BRD4. This
approach was termed as CLIPTAC (Fig. 2). To evaluate biologi-
cal activity, HeLa cells were incubated with varying concentra-
tions of JQ1-TCO for 18 h, followed by treatment with 10 pM
Tz-thalidomide for another 18 h. Western blot studies showed
that JQ1-TCO induced the degradation of BRD4 in a
concentration-dependent fashion. At 3 pM (¢;, = 33 s) and
10 puM (t1, = 10 s) of JQ1-TCO together with Tz-thalidomide,
complete degradation of BRD4 was noted, while at 0.3 uM (¢, =
5.5 min) and 1 pM (¢, = 100 s) of JQ1-TCO, partial degradation
occurred. Then a similar experiment was repeated with varying
concentrations of Tz-thalidomide, while the concentration of
JQ1-TCO was fixed at 10 uM. A similar trend of BRD4 degrada-
tion was observed. BRD4 was completely degraded at high
concentrations (3 and 10 uM) and partially at lower concentra-
tions (0.3 and 1 uM). Hence, the CLIPTAC approach demon-
strated significant degradation of oncoprotein BRD4 by
recruiting cereblon E3 ubiquitin ligase. Therefore, this strategy
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Fig. 1 Leveraging click chemistry to address unmet needs in PROTAC
development.

allows for the use of low molecular weight component mole-
cules to achieve the effects of PROTACs through application of
click chemistry. The successful demonstration of the applica-
tion of click chemistry in PROTAC development spurred addi-
tional interest in devising innovative strategies'®*® to advance
the development of PROTACS.

Copper (Cu) is an essential micronutrient and plays an
important role in cell proliferation and angiogenesis."® Cu
concentration was 46% higher in several tumor tissues than
in the normal ones.?® Owing to significant Cu accumulation in
several tumor tissues, tumor-specific therapy based on this
property has been developed.>" In this regard, Si et al.>* applied
intracellular self-assembled PROTACs with tumor specificity
based on Cu-mediated azido-alkyne cycloaddition (CuAAC).
Specifically, alkyne-modified sorafenib (targeting the receptor

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Click reaction between JQ1-TCO and Tz-thalidomide to form
JQ1-CLIPTAC for degradation of BRD4 in Hela cells.

tyrosine kinase ligand) and the azido-modified VHL or cereblon
ligand (E3 ubiquitin ligase recruiter) were synthesized for in situ
assembly of tumor-specific PROTACs using CuAAC (Fig. 3). It is
of note that sorafenib is a kinase inhibitor with multiple targets
and can inhibit both vascular endothelial growth factor recep-
tor (VEGFR-2) and receptor tyrosine kinase (EphB4).>* Further-
more, as determined by HPLC, treatment of tumour cells (A549)
or normal cells (HEK293) with a 1:1 mixture of precursor
molecules for 24 h generated a chromatographic peak of self-
assembled PROTAC. Ultrafast high-resolution mass spectro-
metry is used to confirm that there are molecular ion peaks
of the corresponding self-assembled PROTAC in the cells. More
interestingly, self-assembled PROTAC was produced in both
A549 and HEK293 cells, but more in A549 cells than in HEK293
cells. Taken together, HPLC and ultrafast high-resolution mass
spectrometry results indicated the formation of self-assembled
PROTAC intracellularly. Lastly, the cell proliferation inhibitory
activity of precursor molecules and the combination of pre-
cursor molecules towards A549 and HEK293 cells was mea-
sured by MTT assays. The combination of precursor molecules
had a significant effect on the cell viability of A549 cells (ICs, =
~1 uM). However, the combination of precursor molecules had
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Fig. 3 Intracellular self-assembly of PROTACs driven by CuAAC to
degrade VEGFR-2 and EphB4 proteins in tumor cells.
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no obvious cytotoxicity to HEK293 cells at 1 uM. Altogether, this
intracellular self-assembly PROTAC approach opens new ave-
nues for tumor-specific degradation of the target protein based
on the fact that concentrations of copper ions are higher in
tumor tissues than in normal tissues. It is important to note
that the second-order rate constant of the CuAAC is normally
in the range of 100 L mol™' s '.** This means that at the
concentration used, the t;, is estimated to be 2.8 hours.
Understanding these parameters should help maximize the
chance for success.

In summary, to overcome the issue of high molecular weight
and thus low permeability of PROTACS, in situ assembly using
click chemistry has been successfully used. Additional consid-
erations may include the assessment of the optimal reaction
rate based on the desired concentrations of each component
to ensure timely assembly of the eventual PROTAC molecule
and/or prevention of premature (extracellular) assembly of the
PROTAC partners.

3. Click chemistry approaches to
conjugate PROTACs with a targeting
moiety for tissue selectivity

Although PROTAC-based approaches do not intrinsically have
tissue selectivity, there are ways to achieve added selectivity
through conjugation with a targeting molecule. ADCs (Antibody-
Drug Conjugates) have gained significant attention in the field of
targeted cancer therapy. This targeted approach allows for the
selective delivery of the cytotoxic drug to cancer cells while sparing
healthy cells and reducing toxicity and side effects. Recognition of
cancer cell-specific antigens by ADCs has enabled significant
progress in the development of targeted cancer therapy.>> The
same approach can be applied to the selective delivery of PROTAC
molecules. However, antibody conjugation is a complex process
even with traditional small molecules. With PROTAC molecules,
the conjugation step presents extra challenges because of the size,
functional group complexity, and chimeric nature of the mole-
cules. Therefore, such conjugation desires chemistry that fits the
profile of click chemistry. Along these lines, Maneiro et al.*®
reported using strain-promoted azido-alkyne cycloaddition
(SPAAC) to form antibody-tagged PROTAC molecules for targeted
delivery to breast cancer cells, which express human epidermal
growth factor receptor 2 (HER2). In this study, an antibody against
HER?2, trastuzumab, was used as the targeting moiety and the
PROTAC molecule used a ligand for the von Hippel-Lindau factor
for ubiquitination of the target protein. It should be noted that the
von Hippel-Lindau factor recognizes the hydroxyl group of the
proline moiety for ubiquitination. As such a ligand for the von
Hippel-Lindau factor contains a hydroxyproline moiety, the PRO-
TAC molecule was tethered to an azido-PEG linker by modifying
the free hydroxyl group of a von Hippel-Lindau ligand (Fig. 4).
Since the presence of a free hydroxyl group is critical for biological
activity, its modification is through a cleavable ester bond. It was
envisioned that upon trastuzumab-facilitated delivery of the PRO-
TAC to the HER2+ cells, the PROTAC would be released into the
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Fig. 4 Synthesis of Ab—PROTAC via click reaction for degradation of
BRD4 in HER2+ cancer cell lines.

lysosomes after ester hydrolysis. Therefore, the free PROTAC
subsequently can induce ubiquitination of the target protein. In
this case, a ligand JQ1 for BRD4 was used for the purpose of
degrading this oncoprotein. With such a design, the azido-
modified PROTAC was reacted with BCN-modified trastuzumab
through a SPAAC reaction (Fig. 4). It should be noted that in such
a chemical synthetic step, biocompatibility is only an issue if
antibody stability is affected. In contrast, the reaction rate is less a
problem than that in in situ PROTAC assembly as described in the
previous section. This is because of the high concentration of the
reaction components and long reaction time. The biological
activity of the antibody-PROTAC (Ab-PROTAC) conjugate was
examined against HER2+ cancer cell lines, SK-BR-3 and BT-474.
Two HER2— cancer cell lines, MCF-7 and MDA-MB-231, were used
as controls. As expected, Western blot studies showed complete
degradation of BRD4 by 100 nM Ab-PROTAC after 4 h of incuba-
tion in HER2+ cell lines. On the other hand, no degradation
of BRD4 was detected in HER2— cell lines. These results show the
selective delivery of the PROTAC to the HER2+ cells via conjuga-
tion with trastuzumab.

In addition to using an antibody for targeted delivery, one
could also use small molecule vectors. For example, folate
receptors are overexpressed in various types of cancers, including
ovarian, lung, breast, and colorectal cancers. Folate-conjugated
drugs exploit this characteristic for targeted drug delivery. The
folate moiety acts as a ligand that selectively binds to cancer cells
overexpressing the folate receptor, allowing for selective delivery
of the drug to the tumour site. However, folate conjugation is
chemically challenging for reasons of poor solubility, difficulty in
purification, and the need for selective conjugation to the
y-carboxylic acid. Click chemistry offers many of the character-
istics suited for such conjugation. Liu et al.>” synthesized folate-
conjugated PROTACs using click chemistry. Since the folate
receptor is highly expressed in many types of cancer cells, con-
jugation with folate enables the selective delivery of PROTACs to
cancer cells. ARV-771 is a small-molecule pan-BET degrader based
on linking a JQ1 ligand and a von Hippel-Lindau ligand. Speci-
fically, the free hydroxyl group of the von Hippel-Lindau ligand
moiety in ARV-771 is linked to 5-azidopentanoic acid through a
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Fig. 5 Synthesis of folate conjugated PROTAC via click reaction for
degradation of BRD4 in FOLR1-expressing cancer cells.

cleavable ester group. Applying CuAAC, the azido-functionalized
PROTAC molecule (ARV-771) was conjugated with folate having
an alkyne handle to generate folate-ARV-771 (Fig. 5). In addition,
a negative control compound folate-ARV-771N was also prepared
by replacing the ester bond with a non-cleavable amide bond.
Furthermore, various cancer cell lines (HeLa, OVCAR-8 ovarian
cancer cells, and T47D breast cancer cells) exhibiting high levels
of folate receptor expression were treated with the folate-
conjugated ARV-771 at various concentrations (3, 10, 30, and
100 nM). Significant degradation of the BRD4 oncoprotein in
HelLa cells was observed after 12 h incubation with comparable
potency to the non-folate-PROTAC counterpart ARV-771. Similar
effects were also observed in OVCAR-8, and T47D cell lines.
In addition, the negative control, folate-ARV-771N, was incapable
of eliciting BRD4 degradation in all the cell lines. Next, these
compounds were evaluated against noncancerous cell lines such
as HFF-1 human fibroblast cells, HK2 human kidney epithelial
cells, and 3T3 mouse fibroblast cells with low levels of folate
receptor o (FOLR1) expression. Under the same experimental
conditions, ARV-771 induced a significantly higher degradation
of BRD4 than both folate-ARV-771 and ARV-771N in noncancer-
ous cell lines. In FOLR1-expressing cancer cell lines, including
HeLa cells, OVCAR-8 cells and T47D cells, folate-ARV-771 had a
comparable efficiency to ARV-771 in degrading BRDs, while the
non-cleavable negative control, folate—~ARV-771N did not. In con-
trast, folate-ARV-771 had a higher cell killing ICs, than ARV-771 in
noncancerous normal cell lines, such as HFF-1 cells (>10 pM vs.
1.1 uM), HK2 cells (2.1 pM vs. 166 nM) and 3T3 cells (1.4 uM vs.
210 nM). In summary, by utilizing the folate receptor-mediated
internalization, folate-conjugated PROTACs can improve the tis-
sue selectivity of PROTACs towards cancer cells, while minimizing
potential toxicity/side effects in normal tissues/cells.

For selective delivery, drug targeting can also be achieved
through selective activation at the desired site. For this, one can
use on-demand activation at the tumor site through click
chemistry.”®?° 1t should be noted that for on-site activation,
it is critical that the reaction rate for the ‘“activation reaction” is
fast so as to give a short ¢/, at low micromolar concentrations.
In one recent example,® a tetrazine-mediated reaction was
used for click-and-release prodrug activation. As discussed in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the previous section, the ¢rans-cyclooctene-tetrazine reaction
is very fast with a second-order rate constant on the scale of
~10* L mol ! s 1.2 Briefly, an inactive PROTAC prodrug
TCO-ARV-771 was synthesized by conjugating a ligand of von
Hippel-Lindau E3 ligase ubiquitin ligase with a trans-
cyclooctene (TCO) group. A tetrazine (Tz)-modified RGD pep-
tide, c(RGDyK)-Tz, was designed for targeting the integrin o,f3;
biomarker in cancer cells and for selectively activating TCO-
ARV-771 to release ARV-771 (Fig. 6). The biological activity of
TCO-ARV-771 and ¢(RGDyK)-Tz was assessed against HeLa cells
that overexpress the o,fB; integrin. Complete degradation of
BRD4 was observed after 3 h treatment with 400 nM TCO-ARV-
771 and 1.0 uM ¢(RGDyK)-Tz. However, TCO-ARV-771 itself did
not induce BRD4 degradation in HeLa cells at various concen-
trations (100-400 nM). Similarly, antiproliferative effects of
TCO-ARV-771 and c¢(RGDyK)-Tz against HeLa cells respectively
indicated much lower cell killing propensities (ICs, of TCO-
ARV-771 is 4.45 uM and ICs, of ¢(RGDyK)-Tz is more than 10 pM).
However, co-treatment of TCO-ARV-771 and c(RGDyK)Tz has
cytotoxicity (ICs, = 389 nM) similar to ARV-771 (IC5, = 466 nM).
These results indicate that the inactive PROTAC prodrug TCO-ARV-
771 is selectively activated in cancer cells due to the presence of the
a,B; integrin binding ligand c¢(RGDyK) in the activating agent
¢(RGDyK)-Tz. The click-and-release strategy has provided medicinal
chemists with a powerful tool to achieve the targeted delivery of
PROTACs through easy and efficient conjugation of small vector
molecules or monoclonal antibodies. It is worth mentioning that
TCO-tetrazine ligation can also be used for on-demand termina-
tion of PROTACs.*

In summary, it is important to note that off-tumour toxicity
is a significant consideration in the development of PROTACs.
Researchers continuously work towards utilizing click chemis-
try to conjugate PROTACs with a targeting molecule for selec-
tive delivery to cancer cells. A click-and-release approach
provides a targeted approach. Ongoing research®® continues
to refine the design and delivery of PROTACs using click
chemistry to enhance their efficiency and broaden their appli-
cations in cancer therapy.
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Fig. 6 Click and release reaction between TCO-ARV-771 and c(RGDyK)-
Tz for degradation of BRD4 in Hela cells.
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4. Click chemistry approaches for
rapid synthesis of PROTACs and
efficient construction of PROTAC
libraries

A PROTAC requires two binding moieties, one for an E3
ubiquitin ligase and the other for the protein of interest. Most
designs rely on the use of known ligands with the key chemistry
development being the optimization of the conjugation step.
This seemingly straightforward issue (linker design) requires
quite a bit of careful work. Specifically, the design of the linker
is a critical aspect that can influence the potency of the PROTAC
molecule. The length and flexibility of the linker play a crucial role
in the potency of PROTACs. Linkers that are too short or rigid may
not provide enough spatial freedom for the PROTAC and E3 ligase
to interact optimally with their respective targets, potentially
leading to reduced binding affinity and degradation efficiency.
Conversely, linkers that are too long or flexible can increase the
chances of off-target interactions. The chemical composition of
the linker can also affect the stability, solubility, and pharmaco-
kinetic properties of PROTACs. Linkers should be designed to
maintain stability under physiological conditions while ensuring
sufficient solubility for effective administration. Different target
proteins may have varying requirements for linker design due to
differences in their structures and binding sites. Furthermore, an
optimal linker for one PROTAC may not work for another. There-
fore, there is linker optimization work for each, which requires
quite a bit of synthetic efforts. As a result, an efficient “linking”
approach would help facilitate the optimization work. Click
chemistry seems to be ideally suited for such applications.
There are many successful examples of using click chemistry
in developing PROTACs. For example, in 2017, a rapid synthesis
platform of bispecific molecules for PROTAC based on CuAAC
was developed.®® As shown in Fig. 7, CUAAC couples the BRD4
ligand JQ1 with an azido moiety and the cereblon E3 ligase ligand
with an alkyne moiety forming stable triazole rings to generate a
PROTAC library. Briefly, a ligand (JQ-1) for the bromodomain and
extra terminal domain-4 (BRD4) was used as the target protein
ligand and converted into an amide containing azido moiety for
CuAAC as shown in Fig. 7. For the E3 ligase ligand portion,
cereblon and VHL ligase ligands were used and converted into
terminal alkyne motifs containing varying ethylene glycol units.
Ten new PROTACs were synthesized in 55-90% yield. To evaluate
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Fig. 7 A rapid CuAAC synthesis platform for PROTAC for degradation of
BRD4 in the NCI-H661 cell line.
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the activity of these PROTACs, a cell-free amplified luminescence
proximity homogeneous assay was developed to determine if a
ternary complex was formed among the BRD4 protein, PROTAC,
and the E3 ligase. In this assay, the DCs, value of the most active
IMiD (immunomodulatory imide drug)-derived PROTAC is
0.20 pM, similar to the benchmark IMiD PROTAC’s DC;s, value
of 0.14 pM. In the BRD4/PROTAC/VHL proximity assay, the VHL
PROTACs were formed by click ligation. These VHL/BRD4 PRO-
TACs showed low double-digit nanomolar activities. However, the
presence of the triazole motif in the linker caused a small decline
in solubility and cLogP. Furthermore, a series of control experi-
ments were performed with the NCI-H661 cell line. The VHL/
BRD4 PROTACs resulting from the click ligation were used for
dosing of this cell line. Dosing these compounds at 1 pM after 4 h
resulted in more than 90% degradation of BRD4 vs. a DMSO
control. Co-treatment with cereblon or VHL ligands resulted in
the blockage of PROTAC-induced degradation of BRD4. No appre-
ciable degradation resulted from individual treatment or
cotreatment of the azide/alkyne components, confirming that
nonlinked CuAAC components of the PROTACs were not sufficient
for degradation. In short, CuAAC can be used to prepare the
PROTAC library rapidly, and the degradation ability of this PROTAC
library can be measured by a proximity assay efficiently.

CuAAC is widely used in rapid conjugation applications.*
However, appropriate azide-containing compounds are not
always available for a particular application. Meanwhile, the
potential of other click reactions has also been explored.
Sharpless and colleagues introduced the sulfonyl fluoride
exchange (SUFEx) click reaction in 2014 (Fig. 8A).>° Unlike other
click reactions, SuFEx is not a cycloaddition process and
involves a diverse range of chemical transformations. While
exploring new SuFEx reaction modules, Dong’s lab found an
unexpected route that fluorosulfuryl azide diazotizes primary
amines to form azides at room temperature (Fig. 8B).>® This
diazotransfer reaction is fast, high-yielding and selective, ful-
filling the criteria to be categorized as the click reaction.’ In
2021, Liu and colleagues took advantage of this diazotransfer
reaction and CuAAC to construct a cereblon E3 ligase ligand-
based azide library for PROTAC research.?” As shown in Fig. 8C,
the existing cereblon (CRBN) recruiter amine library was con-
verted to a wide array of azides by fluorosulfuryl azide, fastly

A. SuFEx: Sulfur Fluoride Exchange
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Fig. 8 Construction of a PROTAC library using a diazotransfer and CuAAC
domino method for degradation of BCR-ABL fusion protein or BRD4 in
leukemia cells.
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and modularly. The reaction of compounds in the azide library
with the corresponding alkynyl-tagged POI ligands via CuAAC
led to the construction of a series of analogues. To test this
approach, two kinds of cereblon E3 ligase ligands were used to
perform diazotransfer under mild conditions by using fluoro-
sulfuryl azide. Fluorosulfuryl azide is much safer than sodium
azide and fluorosulfuryl azide is a commercially available
diazotizing reagent and the azide source. A range of pomalido-
mide- and lenalidomide-derived azides with different lengths
of PEG or full carbon chains were acquired in moderate to
high yields. Then, these CRBN ligand-derived azides were used
to verify the idea of construction of a PROTAC library.
Pomalidomide-based azides were linked with alkynyl-tagged
dasatinib derivatives. Dasatinib is a tyrosine kinase inhibitor bind-
ing with a chronic myelogenous leukemia-related BCR-ABL fusion
protein. These new PROTACs displayed an even stronger activity
than the reported BCR-ABL PROTAC with concentrations as low as
10 nM. Such a one-pot approach was also applied by linking two
pomalidomide-based amines with JQ1. Two new BET degraders
were made by this one-pot method and displayed 8- or 11-fold
higher antiproliferative effects than dBET1, one of the known BET
degraders with high efficacy.”® Taken together, these results indi-
cate that this diazotransfer and CuAAC domino method can over-
come the limitations of azide synthesis and can be used to rapidly
prepare a library in search of efficient degraders.

Besides CuAAC and SPAAC, Staudinger ligation has also been
widely used for bioconjugation.**™*' In 2020, Burkart and cow-
orkers reported a parallel, one-pot assembly approach for PRO-
TACs by using traceless Staudinger ligation.*> As shown in Fig. 9,
the general process began with the in situ formation of a thioester
from JQ1 acid. The thioester can be purified and stored under dry
conditions. Then starting with thalidomide acid and HATU, the
linker amine and DABCO were added as solutions in DMF. The
resulting azides were then coupled with the JQ1 thioester to yield
a second amide bond through traceless Staudinger ligation. The
Staudinger ligation was initiated yielding the PROTAC in a one-
pot fashion. LC-MS analysis indicated that the PROTAC was
obtained in 48% yield. Overall, traceless Staudinger ligation
utilizes activated esters generated in situ and enables parallel
synthesis of PROTAC linker variants.

One of the challenges in PROTAC discovery is the need to
increase throughput and improve the quality of PROTAC libraries.

Y N :
= BH.
\Swﬂ deop ”“p o
HS™ ™

=N OH
PRz Host

s
[plele} ]\S PPh d N
\ /e
l _Host =N )5 o
DMF o
BH,

+ _Staudinger ligation HN\
X
HATU /é\‘ B \‘NH
@i%} Q Ly
N ©O
N SNy

Cl

Fig. 9 Construction of PROTACs using traceless Staudinger ligation for
degradation of BRDA4.

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cb00199g

Open Access Article. Published on 29 December 2023. Downloaded on 2/16/2026 2:31:22 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Chemical Biology

Click chemistry is a versatile toolbox for this purpose and provides
substantial benefits in accelerating PROTAC discovery and optimi-
zation. Click chemistry allows the speedy construction of PROTAC
libraries and screening of potent degraders more quickly.

5. Beyond PROTACS: click chemistry
approaches to conjugate an antibody
with a ligand for a cell-surface
lysosome-shuttling receptor for
degradation of extracellular and
membrane-associated proteins

Another limitation of PROTACs is the requirement for the
protein target to be intracellular as the proteasome is the
degrading machinery. However, extracellular and transmem-
brane proteins account for 40% of all proteins, and many of
them are related to cancer or other diseases. To expand the
application of PROTAC-type molecules, lysosome-targeting chi-
meras (LYTACs) have been reported for the degradation
of extracellular proteins.** For proof-of-concept studies, a
protein-targeting moiety was linked with a glycopeptide ligand
that binds and activates a cell-surface lysosome-shuttling recep-
tor via SPAAC. Specifically, an anti-mouse IgG was used for
targeting. As shown in Fig. 10, lysine residues in a polyclonal
anti-mouse lgG are non-specifically labeled with bicyclononyne-
N-hydroxysuccinimide (BCN-NHS) and then conjugated via
SPAAC with an azido-terminated glycopolypeptide, which binds
to a cation-independent mannose-6-phosphate receptor (CI-
M6PR). Incubation of K562 cells with this LYTAC and mouse
IgG labeled with Alexa Fluor-488 (AF488) led to a 40-fold
increase in the lysosomal AF488 signal compared to non-
M6Pn-bearing antibodies, indicating efficient shuttling of IgG
molecules to the lysosome. Furthermore, this strategy was
expanded to apolipoprotein E4 (ApoE4), which is implicated
in neurodegenerative diseases. SPAAC is used for linking an
antibody that recognizes ApoE4 with a glycopolypeptide that
recognizes CI-M6PR. After incubating this LYTAC with K562
cells for 8 h, a 13-fold increase in the uptake of ApoE4 was
observed. An EGFR-targeted LYTAC was also made by SPAAC by
linking the glycopolypeptide with cetuximab (an EGFR-blocking
antibody). After 24 h incubation of this LYTAC with HeLa cells,
greater than 70% degradation of EGFR was observed. In short,
these bifunctional lysosome-targeting chimeras can degrade

Q\s\v‘r//@ BCN-NHS %T//ﬂ @\//ﬁ
L | |
e~ wg) H‘ ) @“ )
) _ SPAAC I %
Lysine residues N’
* 2/\/\
wa% LYTAC

MB6PR glycopolypeptide

Fig. 10 Construction of a LYTAC using SPAAC for degradation of EGFR in
Hela cells.
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extracellular proteins and overcome the limitation of PROTACs
in requiring the target protein to be intracellular.

Many tumour-related proteins are membrane-associated.
For example, programmed death-ligand 1 (PD-L1) is a mem-
brane-associated protein and is overexpressed in many tumour
cells. To degrade PD-L1, there is a need for developing new
approaches. In 2022, Fang and colleagues developed integrin-
facilitated molecular degraders to degrade membrane-
associated proteins.** As shown in Fig. 11, an azido derivative
of BMS-8, a small molecule inhibitor targeting PD-L1 with high
affinity, was linked with the integrin-recognition motif cRGD by
CuAAC. This bifunctional compound BMS-L1-RGD can bind
both PD-L1 and integrin on the cell surface. After recruiting PD-
L1 and integrin by BMS-L1-RGD, PD-L1 is shown to enter cells
with integrin through endocytosis. Protein degradation is then
triggered by the lysosomes. Since PD-L1 is an immunomodu-
lator on the cell membrane, degradation of PD-L1 leads to
enhanced immunotherapy for cancer. To test this approach,
MDA-MB-231 breast cancer cells with a high expression level of
PD-L1 were treated with BMS-L1-RGD. 70% of PD-L1 were
degraded within 8 h in cells treated with 25 nM BMS-L1-
RGD. To confirm that the degradation mechanism was via
lysosomes, MDA-MB-231 cells were incubated with BMS-L1-
RGD in the presence or absence of a lysosome inhibitor
bafilomycin or a proteasome inhibitor MG132. The degradation
of PD-L1 was inhibited by bafilomycin but not by MG132,
indicating that the degradation is lysosome-mediated. To verify
the degradation mechanism mediated by integrin, MDA-MB-
231 cells were preincubated with an excess amount of cRGD to
block the integrins on the cell surface and then treated with
BMS-L1-RGD. After pretreatment with excess cRGD, BMS-L1-
RGD showed no PD-L1 degradation, confirming the integrin-
dependent nature of PD-L1 degradation. Furthermore, the
antitumor effects of BMS-L1-RGD were evaluated in a C57BL/
6] mouse model with B16F10 tumour xenograft (5 mg kg '
BMS-L1-RGD, every other day, iv.). The control group was
treated with an equimolar amount of BMS-8. After being
dissected and weighed, the tumour volume (500 mm?) of the
BMS-L1-RGD-treated mice were found to be much smaller
compared to the control group (2000 mm?®). Tumour weight
in mice treated with BMS-L1-RGD was less than 1 g and
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Fig. 11 Construction of an integrin-facilitated molecular degrader using
CuAAC for degradation of PD-L1 in tumor cells.
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significantly smaller than that of the control group (2 g).
In summary, bifunctional compounds resulting from the CuAAC
of the PD-L1 ligand with an integrin-recognition ligand can
degrade PD-L1 both in vitro and in vivo, expanding the target
protein degradation toolbox for membrane-associated proteins.
In summary, given their unique MOA through the intracel-
lular ubiquitin—proteasome system, PROTACs are only able to
target intracellular proteins. However, the potential use
and feasibility of click chemistry for lysosomal degradation of
extracellular and membrane-associated proteins provide a
powerful solution to overcome the drawbacks of PROTACs.

6. Future developments and
challenges

This review critically summarizes the literature on different
types of successful applications of click chemistry in developing
PROTAGCs and their in vitro studies. However, for future devel-
opment, it is very important to recognize that there are extra
layers of challenges for success in in vivo studies. Issues
including metabolic stability,*® redistribution, and clearance*®
of the click reagents all need to be considered. For example, if
the reaction rate is too fast, the click reaction can happen
before the reagents reach the target tissue. This likely will lead
to reduced effective concentrations and cause off-target effects
in vivo. If the reaction rate is too slow, click reagents will likely
be cleared before the desired click reaction in the target tissue.
Then, the click product may never reach the threshold concen-
tration needed for efficacy. Achieving the right balance will
require extensive work in animal models. Furthermore, extra-
polating the results from animal models to humans may also
represent a significant challenge because allometric scaling is
not a trivial issue even for regular small molecule drugs. For
PROTACSs that require in situ assembly, the degree of difficulty
is much higher. In 2021, Royzen and co-workers*” described a
click-and-release drug delivery platform through local capture
and activation. In step 1, a tetrazine-modified biopolymer is
locally injected into the target tissue. The covalent linkage with
the biopolymer causes no/minimal diffusion of the tetrazine

Step 2: Systemic delivery of
TCO modified PROTAC
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Fig. 12 Proposed click-and-release PROTAC through local capture and
activation.
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agent. In step 2, a TCO-modified drug is infused systemically.
The locally deposited tetrazine agent enables localized click
activation of the prodrug in the target tissue. This platform
represents one way for further development of PROTACs based
on click activation in vivo (Fig. 12).

7. Conclusion

Since their first report in 2001, applications of PROTAC
approaches have experienced rapid growth. However, there
are still challenges ahead. Click chemistry is ideally suited to
help overcome the remaining challenges. In this review, we list
various examples of leveraging click chemistry to address these
challenges. We also discuss using click chemistry to expand
targeted protein degradation beyond PROTACs. Collectively,
this review summarized recent applications of click chemistry
in the development of PROTACs. We hope that this review
will stimulate more research on applying click chemistry in
PROTAC development.
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