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degradation in the mitochondrial
matrix and its application to chemical control of
mitochondrial morphology†

Wakana Yamada,a Shusuke Tomoshige, *a Sho Nakamura,a Shinichi Sato ab

and Minoru Ishikawa *a

Dysfunction of mitochondria is implicated in various diseases, including cancer and neurodegenerative

disorders, but drug discovery targeting mitochondria and mitochondrial proteins has so far made limited

progress. Targeted protein degradation (TPD) technologies represented by proteolysis targeting chimeras

(PROTACs) are potentially applicable for this purpose, but most existing TPD approaches leverage the

ubiquitin-proteasome system or lysosomes, which are absent in mitochondria, and TPD in mitochondria

(mitoTPD) remains little explored. Herein, we describe the design and synthesis of a bifunctional

molecule comprising TR79, an activator of the mitochondrial protease complex caseinolytic protease P

(ClpP), linked to desthiobiotin. This compound successfully induced the degradation of monomeric

streptavidin (mSA) and its fusion proteins localized to the mitochondrial matrix. Furthermore, in cells

overexpressing mSA fused to short transmembrane protein 1 (mSA-STMP1), which enhances

mitochondrial fission, our mitochondrial mSA degrader restored the mitochondrial morphology by

reducing the level of mSA-STMP1. A preliminary structure–activity relationship study indicated that

a longer linker length enhances the degradation activity towards mSA. These findings highlight the

potential of mitoTPD as a tool for drug discovery targeting mitochondria and for research in

mitochondrial biology, as well as the utility of mSA as a degradation tag for mitochondrial protein.
Introduction

In recent years, targeted protein degradation (TPD) technology
has attracted great attention as a new drug discovery modality.
TPD is a method to degrade and remove target proteins in cells
by using compounds called degraders that utilize the endoge-
nous protein degradation machinery. Given their unique mode
of action, degraders are expected to be effective even against
classically undruggable targets, such as nonenzymatic proteins
and aggregation-prone proteins.1–3 Ubiquitin-proteasome
system (UPS)-harnessing degraders termed proteolysis targeting
chimeras (PROTACs), which are chimeric molecules composed
of a ubiquitin ligase ligand and a ligand for the protein of
interest (POI), are the most actively studied degraders andmany
PROTACs have already entered Phase I to III clinical trials.4,5

PROTACs are also used as chemical protein knockdown tools as
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alternatives to RNA interference, and have contributed to bio-
logical research.6–8

The emergence of PROTACs has already established that
TPD technology is a promising approach, especially for hard-to-
drug targets,9 and has led to the development of other TPD
technologies such as hydrophobic tagging,10,11 which harnesses
protein quality control machinery, and methods exploiting
lysosomal degradation machineries,12 including AUTACs,13

ATTECs,14 AUTOTACs,15 and LYTACs.16 In 2022, Clausen et al.
developed BacPROTAC, a degrader utilizing unique degradation
machinery in Gram-positive bacteria, for TPD in bacteria.17 This
study pioneered the use of protein degradation machineries
other than UPS and lysosomes.

Mitochondria are important organelles that produce about
90% of the ATP metabolized in cells. In addition, they play
multiple roles in processes such as ion homeostasis, cell
growth, redox state maintenance, cell signaling, and stress
response. Therefore, mitochondrial function is critical for the
regulation of cell function, as well as being associated with the
onset and progression of diseases such as cancer, neurode-
generative diseases, cardiovascular diseases, and metabolic
diseases.18 For example, short transmembrane protein 1
(STMP1), a 47-mer transmembrane micropeptide localized to
the mitochondrial inner membrane, is upregulated in various
cancer cells and is associated with cancer metastasis and
Chem. Sci., 2024, 15, 14625–14634 | 14625
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Fig. 1 Conceptual basis of TPD using mitochondrial ClpP. (a) Schematic illustration of mitoTPD by a chimeric compound consisting of a ClpP
activator conjugated to an mSA ligand via a linker. (b) Structures of desthiobiotin (an mSA ligand), TR79 (a ClpP activator), and WY165 (1). The
primary amino group of TR79 serves as the conjugation site for the PEG linker.
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recurrence. It has been reported that overexpression of STMP1
promotes mitochondrial ssion and enhances tumor cell
migration. Further, knockdown of STMP1 suppresses
Fig. 2 In vitro mSA degradation by WY165 (1). (a) Degradation of mSA i
stain). The quantitative results are shown in the bar graph on the right.
0 nM), taken as 1. (b) Effect of desthiobiotin on mSA degradation mediate
The intensity is normalized to the control sample as above. Error bars in

14626 | Chem. Sci., 2024, 15, 14625–14634
mitochondrial ssion, suggesting it may be a potential target
for cancer therapy.19 For this reason, mitochondria and mito-
chondrial proteins that control mitochondrial function have
n vitro by treatment with various concentrations of 1 (SDS-PAGE/CBB
The intensity is normalized to that of the control sample (indicated as
d by 1. The quantitative results are shown in the bar graph on the right.
dicate the SEM (n = 3 measurements). *: p < 0.05, Student's t-test.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Impact of WY165 (1) on other cellular proteins. Results of proteomics analysis. The vertical axis represents −log10 of the p-value (n = 3
measurements) (dotted lines: p = 0.01), and the horizontal axis represents the log2 fold change of protein abundance (dotted lines: 0.5-fold and
2-fold changes, respectively). (a) The 1-treated sample was compared to the control (DMSO-treated) sample. (b) The 1-treated sample was
compared to the 1 + biotin-treated sample.
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attracted great attention as drug targets in recent years,20–22 but
few drugs or therapies have yet been approved.22 The main
reason for this is considered to be the complexity of mito-
chondrial biology.23 Consequently, the achievement of TPD in
mitochondria (mitoTPD) is expected to contribute greatly to the
elucidation of mitochondrial biology, as well as expanding drug
discovery options. Indeed, quite recently, TPD strategies for
degrading mitochondrial proteins have begun to be
developed.24,25

Herein, we describe the design and synthesis of a bifunc-
tional molecule comprising TR79, an activator of the mito-
chondrial protease complex caseinolytic protease P (ClpP),
linked to desthiobiotin, and we show that it can rapidly induce
the degradation of monomeric streptavidin (mSA) and an mSA-
fused protein of interest overexpressed in mitochondria. As
proof of concept, we demonstrate that in cells overexpressing
mSA-STMP1 fusion protein, which enhances mitochondrial
ssion, our degrader restored the mitochondrial morphology by
reducing the level of mSA-STMP1, thereby enabling control of
mitochondrial morphology. We believe these results advance
the prospects for employing mitoTPD as a modality to develop
drugs targeting mitochondrial proteins, as well as validating the
mSA-based degradation tag platform as a useful tool to study
mitochondrial biology.

Results
Conceptual basis of this work

As mitochondria lack UPS and lysosomes, mitoTPD requires
harnessing protein degradation machinery that is unique to
mitochondria. Candidates include the following four ATP-
dependent proteases: Lon, ClpXP (a complex of caseinolytic
protease P (ClpP) and AAA + ATPase ClpX), the matrix-oriented
AAA (m-AAA) protease, and the intermembrane space-oriented
AAA (i-AAA) protease.26–28

ClpP is a serine protease resident in the matrix and is well
conserved across species, being found in mitochondria,
© 2024 The Author(s). Published by the Royal Society of Chemistry
chloroplasts, and most bacteria.26 We hypothesized that
mitoTPD could be achieved by using a chimeric small molecule
consisting of a ClpP activator and a ligand of the target protein
to bring the target protein into close proximity with activated
ClpP (Fig. 1a). Numerous activators of ClpP have already been
reported and shown to degrade mitochondrial proteins non-
specically.29,30 Structural biological analyses of the well-studied
ClpP activators, the acyldepsipeptide (ADEP) series, and their
small molecule analogs, the ACP series, suggest that these ClpP
activators induce conformational changes in ClpP and expan-
sion of its pore, thereby activating it.31 We selected TR79,32

which has a primary amine in a pyrimidinedione scaffold and
has analogs that bind to the pocket shared with ADEPs,33 as
a ClpP activator. Since this amino group has already been used
to conjugate TR79 to agarose resin for ClpP pull-down,32 we
thought that it would be suitable as a linker site for chimeric
compound design. As a POI, we selected monomeric streptavi-
din (mSA)34 for the following two reasons: (1) biotin and des-
thiobiotin are well known and commercially available as mSA
ligands with high affinity, and (2) mSA has a sufficiently small
molecular weight (12 kDa) and has a track record as a fusion
protein.35 We selected desthiobiotin as a ligand for mSA
because it is thought to be bioorthogonal in mammals that lack
avidin, as discussed later. Accordingly, we designed and
synthesized WY165 (1), which connects TR79 and desthiobiotin
via a tetraethylene glycol linker (Fig. 1b and Scheme S1, S2†).
In vitro mSA degradation by WY165 (1)

First, we conducted in vitro ClpP activation assay and pull-down
assay using SA-conjugated beads to conrm that WY165 (1) is
capable of ClpP activation and can form a [SA-1-ClpP] ternary
complex (Fig. S1 and S2a†). The results validated our molecular
design. Next, in vitro mSA degradation assay revealed that
WY165 (1) decreased mSA in a dose-dependent manner
(DC50,24h = 197 nM under the conditions of 50 nM ClpP, 2.5 mM
mSA) (Fig. 2a). Excess desthiobiotin inhibited the mSA
Chem. Sci., 2024, 15, 14625–14634 | 14627
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Fig. 4 Degradation of mSA in mitochondria by treatment with WY165 (1). (a) Western blots and quantification of mSA in HeLa cells treated with
various concentrations of 1 for 12 h. (b) Time-course of mSA level in HeLa cells treated with 10 mM 1. Western blots and quantification results are
shown. (c) Western blots and quantification of mSA in MCF7 cells treatedwith various concentrations of 1 for 12 h. (d) Time-course of mSA level in
MCF7 cells treated with 3 mM 1. Western blots and quantification results are shown. Brown arrows on western blot images indicate the putative
mitochondrial mSA. Band intensities in the plots were normalized to the control band intensity, taken as 1. Error bars indicate SEM (n = 3
measurements). *: p < 0.05, Student's t-test.
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degradation activity of 1, suggesting that the formation of the
[mSA-1-ClpP] ternary complex is required for the activity of 1
(Fig. 2b).

Whereas ClpP activators promiscuously enhance protein
degradation, WY165 (1) is expected to mediate selective degra-
dation of the target protein. Indeed, in cell lysates supple-
mented with mSA and ClpP, i.e. in mixture of mSA, ClpP, and
14628 | Chem. Sci., 2024, 15, 14625–14634
whole cytoplasmic components including cytosolic, nuclear,
and mitochondrial proteins, WY165 (1) led to a decrease of
mSA, while other proteins appeared to be unaffected as indi-
cated by CBB staining (Fig. S2b†).

To further evaluate the selectivity, we used mass
spectrometry-based proteomics analysis. Analysis of the sample
derived from the above cell lysates supplemented with mSA and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Analyses of mSA degradation pathway. (a) Degradation of mSA induced by 48 h treatment with WY165 (1) in HeLa cells with ClpP
knockdown by transfection of siClpP. TF stands for transfection. (b) Degradation of mSA induced by 48 h treatment with 1 in HeLa cells in the
presence of an inhibitor of proteasome or lysosome. Proteasome inhibition was performed by treatment with 300 nM bortezomib. Lysosome
inhibition was performed by co-treatment with 10 mM leupeptin and 30mMNH4Cl. Western blots and quantification results are shown. The data
were normalized to the control value, taken as 1. Error bars indicate SEM (n = 3 measurements). *: p < 0.05, Student's t-test.
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ClpP detected 1410 proteins. In the presence of WY165 (1), mSA
and 33 other proteins (2.4%) were decreased (Fig. 3a and Table
S1†). Furthermore, in the presence of biotin as a competitor
with 1, the abundances of 4 proteins, including mSA, were
increased compared to the sample prepared in the absence of
biotin. These results indicate that only 3 proteins other than
mSA are recruited to ClpP byWY165 (1) as off-targets, and the 30
other proteins are degraded non-specically by 1-activated ClpP
(Fig. 3b), suggesting that the degradation-inducing activity of 1
is highly selective for mSA.
Intracellular mSA degradation-inducing activity of WY165 (1)

To evaluate the cellular activity of WY165 (1), we next prepared
HeLa cells transiently expressing mSA (cox8 (mitochondrial
targeting signal sequence: MTS)36-His6-mSA-FLAG, hereaer
cox8-mSA-FLAG or mSA) localized to the mitochondrial matrix
(Fig. S3a†). Selective expression of cox8-mSA-FLAG in mito-
chondria was conrmed by isolation of the mitochondrial
fraction followed by western blotting, which revealed three anti-
FLAG-positive bands at 15–20 kDa. It is known that MTS is
generally cleaved by mitochondrial processing peptidase at the
mitochondrial matrix when the protein translocates from the
cytosol to the mitochondria.37 We speculated that the largest
protein (about 20 kDa) was intact cox8-mSA-FLAG remaining on
the outer membrane or in the intermembrane space of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
mitochondria. The lowest-molecular-weight band remained
mainly in the cytoplasmic fraction, and may consist of defective
or misfolded molecules. We considered that the middle band
was the desired mitochondrial mSA, and focused on this band
in the following experiments (Fig. S3b†).

When HeLa cells transiently expressing mitochondrial cox8-
mSA-FLAG were treated for 12 h with 1 (0–30 mM), we found that
10 mM and 30 mM 1 successfully reduced the mSA level with
a DC50 value of 4.8 mM (Fig. 4a). A signicant reduction of mSA
was also observed upon 4 h treatment with 10 mM 1 (Fig. 4b).
These results indicate that 1 reduces mSA in mitochondria in
a dose- and time-dependent manner. We also performed similar
experiments using MCF7 cells transiently expressing mito-
chondrial cox8-mSA-FLAG. Aer12 h treatment with 1 mM 1, we
observed a signicant decrease of mSA abundance, and the
DC50 value was 0.96 mM. In the case of treatment with 3 mM 1,
the mSA level was signicantly reduced within 2 h (Fig. 4b). The
reason for the difference in potency of WY165 (1) towards HeLa
cells and MCF7 cells might be a difference in the expression
levels of mSA (Fig. S4†).

To conrm the involvement of ClpP in the mSA-degradation-
inducing activity of 1, we carried out ClpP RNAi experiments in
HeLa cells. The cells were rst transfected with siRNA and
incubated for 12 h, then transfected with mSA and treated with
1. Western blot analysis showed that ClpP RNAi suppressed the
Chem. Sci., 2024, 15, 14625–14634 | 14629
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Fig. 6 The impact of expression of mSA-STMP1 and its degradation by treatment with WY165 (1) on mitochondrial morphology. (a) Degradation
of mSA-STMP1. Western blot and quantification results are shown. The data was normalized to the control, taken as 1. Error bars indicate SEM (n
= 3 measurements). *: p < 0.05, Student's t-test. The two anti-FLAG antibody-positive bands are considered to be due to mSA-STMP1 (lower
band) and its processing variant (upper band). (b) Representative microscopic images of mitochondria in HeLa cells expressing mSA-STMP1 after
MitoTracker staining (top scale bars: 10 mm, bottom: 3 mm) with or without 1 mM 1 treatment. (c) Box-and-whisker plot of mitochondrial
morphology in microscopic images. Mean branch length: total branch length divided by number of branches. Branches/mitochondria: total
number of branches in the image, normalized tomitochondria count. Branch junctions/mitochondria: number of junctions within all skeletons in
the image, normalized to mitochondria count. Junctions are points where 2 or more branches meet. Mean form factor: a measure of shape,
where the value 1 indicates a round object and increases with elongation. Control: 98 cells, mSA-STMP1: 92 cells, mSA-STMP1 + compound 1:
128 cells. Steel–Dwass test (B, p < 0.05).
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1-induced degradation of mSA (Fig. 5a and S5†). We also
examined whether proteasomes and lysosomes are involved in
1-induced mSA degradation. Pharmacological inhibition of
proteasome or lysosome did not affect the mSA degradation
induced by 1 (Fig. 5b). These results suggest that the 1-induced
degradation of mSA depends on ClpP. Under conditions of
proteasome inhibition, the intensity of the lowest-molecular-
weight band related to mSA was increased, and this result is
consistent with the idea that this band is due to mis-localized
and/or mis-cleaved cox8-mSA-FLAG at least partially located in
the cytosol.

To investigate the impact of WY165 (1) on total cellular
protein abundance, proteomics analysis was conducted on cells
treated with WY165 (1) (Fig. S6†). LC-MS/MS analysis detected
3105 proteins, among which 26 proteins (0.8%) were signi-
cantly decreased. Of these, 77% (20 proteins) were
mitochondria-localized proteins, supporting the idea that
WY165 (1) functions within mitochondria (Table S2†). Mito-
chondrial ClpP activator TR57, which shares the same phar-
macophore as TR79, has been reported to decrease
14630 | Chem. Sci., 2024, 15, 14625–14634
approximately 8% of detected proteins (686/∼8000) in SUM159
cells.38 Though these ndings are not directly comparable, they
suggest that WY165 (1) may reduce target proteins more selec-
tively than ClpP activators.
Chemical control of mitochondrial morphology by mitoTPD

We next focused on STMP1, a mitochondrial short peptide
enhancing mitochondrial ssion, as a target protein to inves-
tigate whether mitochondrial morphology could be controlled.
Since a ligand and ligand binding site of STMP1 were not
available, we utilized mSA as a degradation tag and examined
the degradation of mSA-STMP1 fusion protein. Although
STMP1 is a trans-inner membrane peptide, we anticipated that
mSA fused to the matrix-oriented N-terminus of STMP1 would
be exposed to the matrix and would be targetable to our
mitoTPD. First, we conrmed that cox8-His6-mSA-STMP1-FLAG
(hereaer mSA-STMP1) is expressed in mitochondria (Fig. S7†)
and that treatment with WY165 (1) decreased mSA-STMP1 in
a dose-dependent manner (Fig. 6a). Next, we evaluated changes
in mitochondrial morphology caused by the expression of mSA-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Structure–activity relationships for linker length of degraders.
Quantitative western blot results are shown as a bar graph. Values are
normalized to that of the control DMSO sample, taken as 1, and are the
mean± SEM (n= 4 measurements). *, p < 0.005; **, p < 0.0005; ***, p
< 0.00005; Student's t-test.
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STMP1 and treatment with 1, using uorescence-microscopic
images and an ImageJ/Fiji macro tool, Mitochondria
Analyzer.39 Analysis of the number of mitochondrial branches,
branch length, number of branch junctions, and form factor,
which indicates mitochondrial shape, showed that expression
of mSA-STMP1 leads to mitochondrial ssion, resulting in
a smaller, less branched structure, in accordance with previous
work.19 Treatment of HeLa cells expressing mSA-STMP1 with
WY165 successfully restored the changes in mitochondrial
morphology, as judged according to all the evaluated factors
(Fig. 6c). In contrast, WY165 did not change mitochondrial
morphology in HeLa cells not expressing mSA-STMP1 (Fig. S8†).
These results suggest that mitoTPD is able to control mito-
chondrial morphology.
Effect of linker structure of WY165 (1)

It is well established that the linker length and structure of
PROTACs signicantly affect their POI-degradation activity. To
evaluate the structure–activity relationship of the linker in
WY165 (1), we synthesized two other compounds, SN026 (2) and
SN046 (3), with different PEG linker lengths. Their mSA
degradation-inducing activity was assessed using HeLa cells
expressing mitochondrial mSA. Western blotting results
showed that the longer the linker length, the more effectively
these compounds induce mSA degradation (Fig. 7). In
© 2024 The Author(s). Published by the Royal Society of Chemistry
particular, 10 mM 3 reduced the mSA level to approx. 20%,
suggesting that the longer linker improves not only the half-
maximal degradation concentration (DC50), but also the
maximum degradation efficacy (Dmax).40 We observed no
degradation of cox8-lacking mSA by these degraders (Fig. S9†).

Discussion and conclusion

In this study, we designed degraders for mitoTPD technology,
comprised of a mitochondrial protease activator linked to
a ligand for the POI. By applying this conceptual framework, we
successfully induced the degradation of mSA localized within
mitochondria. Furthermore, by targeting STMP1, which is
involved in mitochondrial ssion, we demonstrated the feasi-
bility of chemical control of mitochondrial morphology. Given
the involvement of mitochondria andmitochondrial proteins in
diseases such as cancer and neurodegenerative disorders, the
TPD technology developed in this study has the potential to
open up new options for drug discovery targeting mitochondria.
Notably, our mitochondrial mSA degrader WY165 (1) exhibited
degradation activity within 2–4 hours. Additionally, the
degrader's potency could be adjusted by changing the linker
length.

A limitation of our study is that we targeted articially
expressed mSA and its fusion protein within the mitochondria,
but not endogenous mitochondrial proteins. Nevertheless, it is
noteworthy that we achieved the degradation of the fusion
protein of STMP1, a transmembrane protein localized to the
mitochondrial inner membrane, suggesting the applicability of
mitoTPD technology not only to the mitochondrial matrix, but
also to inner membrane-localized proteins whose ligand
binding site is exposed to the matrix. Various PROTACs tar-
geting protein tags such as HaloTag and FKBP12F36V have been
reported and have been employed as rapid knockdown tools for
biological research.7,41–47 Our mitochondrial mSA-tag degraders
may therefore prove useful as research tools for mitochondrial
biology. The use of biotin and its analogs in cells raises
concerns about bioorthogonality, given that biotin functions as
a coenzyme in cells. Indeed, to our knowledge, there has been
no report of utilizing biotin-binding proteins, includingmSA, as
PROTAC degradation tags. However, in the case of bacteria, it
has been reported that the affinity of desthiobiotin for protein
biotin ligases is very low or undetectable.48 This implies that
desthiobiotin would be a bioorthogonal molecule in mammals
that lack avidin, and based on this, we employed the combi-
nation of mSA and desthiobiotin in this study, demonstrating
for the rst time its value as a cellular degradation tag.

Independently of our research, Wang et al. recently reported
a TPD technology for mitochondrial proteins.24 They employed
the known compound ONC201 (ref. 49) as a ClpP activator and
developed a degrader targeting human mitochondrial RNA
polymerase (POLRMT), an intramitochondrial protein. This
degrader, 3B-1, consisted of ONC201 linked to a POLRMT
inhibitor. However, 3B-1 required 16 hours at a concentration of
40 mM to induce degradation of POLRMT, whereas our
degraders worked within only 2–4 hours, and the DC50 values
were 4.8 mM (HeLa) and 0.96 mM (MCF7), respectively. This may
Chem. Sci., 2024, 15, 14625–14634 | 14631
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be attributed to the weaker ClpP-activation potency of ONC201
as compared with TR79,32 though a difference in stability
between POLRMT and mSA could also have contributed to the
outcome.

Interestingly, Wang et al. found that increasing the length of
the ethylene glycol linker in 3B-1 resulted in loss of activity,
whereas we found that a longer linker increased the degrada-
tion activity. Two possible explanations can be considered: (1)
the potency of ClpP activators affects the potency of ClpP-based
degraders, and (2) the optimal linker length varies depending
on the target protein. The technology reported by Wang et al.
and us differs from PROTACs in using degraders that directly
recruit the protease complex. Therefore, various features, such
as characteristics arising from ternary complex formation and
degradation time course, are expected to differ from those of
PROTACs. Further work will be needed to fully elucidate the
characteristics of this technology.
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