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ABSTRACT: Peptide drugs offer distinct advantages in therapeutics; however, their limited stability and membrane penetration
abilities hinder their widespread application. One strategy to overcome these challenges is the hydrocarbon peptide stapling
technique, which addresses issues such as poor conformational stability, weak proteolytic resistance, and limited membrane
permeability. Nonetheless, while peptide stapling has successfully stabilized α-helical peptides, it has shown limited applicability for
most β-sheet peptide motifs. In this study, we present the design of a novel double-stapled peptide capable of simultaneously
stabilizing both α-helix and β-sheet structures. Our designed double-stapled peptide, named DSARTC, specifically targets the
androgen receptor (AR) DNA binding domain and MDM2 as E3 ligase. Serving as a peptide-based PROTAC (proteolysis-targeting
chimera), DSARTC exhibits the ability to degrade both the full-length AR and AR-V7. Molecular dynamics simulations and circular
dichroism analysis validate the successful constraint of both secondary structures, demonstrating that DSARTC is a “first-in-class”
heterogeneous-conformational double-stapled peptide drug candidate. Compared to its linear counterpart, DSARTC displays
enhanced stability and an improved cell penetration ability. In an enzalutamide-resistant prostate cancer animal model, DSARTC
effectively inhibits tumor growth and reduces the levels of both AR and AR-V7 proteins. These results highlight the potential of
DSARTC as a more potent and specific peptide PROTAC for AR-V7. Furthermore, our findings provide a promising strategy for
expanding the design of staple peptide-based PROTAC drugs, targeting a wide range of “undruggable” transcription factors.
KEYWORDS: double-stapled peptide, α-helix and β-sheet structures, PROTAC, AR-V7, prostate cancer

■ INTRODUCTION
Peptide drugs have historically faced challenges, including
issues such as poor blood stability and limited cell membrane
penetration.1,2 However, recent advancements in peptide drug
delivery systems and peptide modification chemistry have
revitalized interest in the clinical application of peptide
drugs.3−6 Notably, progress in peptide modification chemistry
has opened up new avenues, with peptide stapling emerging as
a highly promising strategy to enhance peptide stability and
improve their ability to penetrate cell membranes.7−11 Among
various peptide stapling chemistries, the all-hydrocarbon
peptide stapling triggered by solid-phase ring-closing meta-
thesis (RCM) reaction has garnered significant attention.12,13

Hydrocarbon-stapled peptides hold great promise as a
therapeutic modality for a range of diseases, including cancer,
viral infections, and autoimmune disorders.14−17 They offer
several advantages over traditional peptide molecules and large
protein molecules, including enhanced target specificity,
improved cell permeability, and increased oral bioavailabil-

ity.18−20 Remarkably, ALRN-6924, a representative stapled
peptide drug, has progressed into clinical trials for the
treatment of advanced solid tumors and lymphomas.21−23

Notably, hydrocarbon-stapled peptides have primarily been
utilized to stabilize α-helical secondary conformations of linear
peptides.6,24−27 Such peptide motifs commonly occur at the
interacting interfaces of protein−protein interactions
(PPIs).26,28,29 However, when it comes to other “undruggable”
transcription factors, peptides tend to adopt alternative
secondary structures, such as β-sheet conformations.30−32

Unfortunately, hydrocarbon peptide stapling has shown limited
applicability for stabilizing β-sheet structures. Although there

Received: December 14, 2023
Revised: January 8, 2024
Accepted: January 8, 2024
Published: January 29, 2024

Articlepubs.acs.org/jacsau

© 2024 The Authors. Published by
American Chemical Society

816
https://doi.org/10.1021/jacsau.3c00795

JACS Au 2024, 4, 816−827

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bohan+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Donghua+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mengjun+Zheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhe+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dize+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yanlin+Jian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jian+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yizeng+Fan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yule+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yule+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jing+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiang+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lei+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.3c00795&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00795?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00795?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00795?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00795?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00795?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00795?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00795?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00795?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jaaucr/4/2?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/2?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/2?ref=pdf
https://pubs.acs.org/toc/jaaucr/4/2?ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacsau.3c00795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


have been reports of stapled peptides based on nonhelical or β-
hairpin motifs,33,34 the successful use of hydrocarbon peptide
stapling to stabilize β-sheet structures remains rare. Therefore,
there is an urgent need to develop β-sheet-stabilized stapled
peptides in order to expand the scope of the peptide stapling
strategy and target a broader range of “undruggable”
molecules.

AR-V7 is a truncated form of the androgen receptor (AR)
protein lacking the ligand-binding domain (LBD), which is
responsible for binding to androgens like testosterone and
dihydrotestosterone.35,36 Its role in the development and
progression of castration-resistant prostate cancer (CRPC), a
form of prostate cancer resistant to androgen deprivation
therapy (ADT), has been extensively studied.37,38 Despite
significant advancements in the use of small molecules
targeting AR-V7 in recent years, no drugs specifically targeting
AR-V7 have been approved for clinical use thus far. This
unmet clinical need underscores the necessity for alternative
approaches to effectively target AR-V7. In our previous proof-
of-concept study, we developed a peptide PROTAC
(proteolysis-targeting chimera) drug which could target AR-
V7,39 which includes both α-helical and β-sheet peptide motifs
in sequence. In this context, we renamed the AR DBD
targeting peptide PROTAC to ARTC. The α-helical motif
targeted the E3 ligase MDM2, while the β-sheet motif targeted
the AR binding domain. Employing a nanoparticle-based
delivery technique, ARTC demonstrated favorable character-
istics for binding to and degrading AR-V7.39 These findings
position ARTC as a peptide-based PROTAC drug candidate
for AR and AR-V7.

Peptide-based PROTAC drugs have emerged as a promising
alternative solution for various targets.40−44 In order to
enhance the clinical potential of ARTC, we propose utilizing
a peptide double-stapling strategy to stabilize both the α-helical
and β-sheet peptide motifs. Previous studies have demon-
strated that double-stapled peptides can exhibit significantly
improved proteolytic stability and enhanced biological
activities compared to their linear counterparts.15 However,
the application of hydrocarbon stapling to simultaneously
constrain both helix and sheet structures within a single
peptide has not been explored.

In our study, we designed a double-stapled peptide named
DSARTC (double-stapled AR targeting peptide PROTAC),
which specifically targets the androgen receptor (AR) DNA
binding domain (DBD) and MDM2 E3 ligase. This research
represents the first instance of hydrocarbon stapling being
utilized to stabilize the β-sheet secondary conformation of a
peptide, resulting in a double-stapled peptide that incorporates
both helix and sheet structures. DSARTC, as the “first-in-class”
heterogeneous-conformational double-stapled peptide, has
shown remarkable improvements in secondary structures,
stability, and membrane permeability compared to the linear
ARTC peptide. Additionally, as a stapled-peptide-based
PROTAC, DSARTC demonstrates potent degradation capa-
bilities for both AR and AR-V7. Moreover, the peptide has
exhibited significant inhibitory effects on prostate cancer cell
proliferation both in vitro and in vivo.

Our study not only contributes to the field of peptide-based
PROTACs targeting AR-V7 but also presents a novel design
concept for long-sequence peptide drugs. Our approach
demonstrates that peptide stapling techniques should not be

Scheme 1. Utilization of Double-Stapled Peptide Chemistry in the Development of the Peptide PROTAC Drug Has Resulted
in the Acquisition of Sophisticated Structural Features, Including the Simultaneous Incorporation of α-Helix and β-Sheet
Motifsa

aThese structural modifications contribute to the notable enhancement of stability and improved membrane penetration capabilities of the stapled
peptide PROTAC drug. Significantly, the stapled peptide PROTAC drugs have demonstrated the capacity to induce the degradation of both AR
and AR-V7 in prostate cancer cells. Also, the stapled peptide PROTAC drugs effectively impede the progression of prostate cancer in vitro and in
vivo. These findings highlight the potential of stapled peptide PROTAC drugs as a promising therapeutic strategy for the treatment of prostate
cancer, offering a new avenue for combating this disease.
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confined solely to stabilizing α-helical structures. Instead, they
can be extended to encompass other secondary structures,
thereby significantly broadening the druggability and applica-
tion potential of peptide drugs. By exploring the stabilization of

α-helix and β-sheet structures through hydrocarbon stapling,
our research highlights the versatility of peptide stapling
strategies. This finding opens up new possibilities for the
design and development of long-sequence peptide drugs that

Figure 1. In silico design and structural characterization of DSARTC. (A) amino acid sequences of ARTC and DSARTC and the cartoon structure
shown of DSARTC. Double-stapled peptide DSARTC incorporated both α-helix and β-sheet motifs within one peptide sequence. (B) Simulated
complex structure of androgen receptor DNA binding domain (AR DBD) and MDM2 induced by the PROTAC peptide. The yellow sticks
represent the staple structure, and the green dashes represent the hydron bonds. (C) Secondary structure analysis comparing ARTC and DSARTC
by MD simulations. (D) Secondary structure analysis of DSARTC and free peptide using circular dichroism (CD). (E) Thermal stability analysis of
DSARTC using CD. (F) Cellular uptake analysis comparing ARTC and polyR-DSARTC by flow cytometry at a used concentration of 5 μM in C4-
2 cell lines.

JACS Au pubs.acs.org/jacsau Article

https://doi.org/10.1021/jacsau.3c00795
JACS Au 2024, 4, 816−827

818

https://pubs.acs.org/doi/10.1021/jacsau.3c00795?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00795?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00795?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00795?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00795?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


target a wide range of disease-associated proteins and
“undruggable” targets. The ability to stabilize diverse secondary
structures with stapling techniques expands the toolkit
available for peptide drug design, ultimately increasing the
chances of success in developing therapeutically valuable
peptide-based interventions.

■ RESULTS AND DISCUSSION
The development of peptide-based drugs is often hindered by
inherent limitations such as limited stability and poor
membrane penetration, which can greatly impact their
therapeutic efficacy. In order to address these challenges, we
implemented stapled peptide modification on our previously
designed peptide PROTAC sequence that targets AR-V7. This
modification approach enhances the stability of the peptide
and improves its membrane penetration ability, ultimately
augmenting its therapeutic potential. The resulting AR-
targeting peptide degradation drug, DSARTC, incorporating
staple peptide modifications, demonstrates the ability to
effectively degrade intracellular AR and AR-V7, consequently

leading to the inhibition of prostate cancer cell proliferation.
By overcoming the limitations of stability and membrane
penetration, our modified peptide PROTAC drug exhibits
promising prospects for therapeutic intervention (Scheme 1).

To accurately design the staple sites, we initiated simulations
of the free linear peptide, termed ARTC, and its trimer
structure with the AR DBD and MDM2. As shown in Figure
S1, ARTC exhibited binding to the MDM2 region in an α-
helical structure, while maintaining a β-sheet structure with AR
DBD. Consequently, the staple modification of this peptide
PROTAC presented a challenge, as it required stabilizing both
the α-helix and β-sheet structures. To optimize the double-
stapling sites in the peptide structure, we first calculated the
binding of free peptide ARTC with the AR DBD and MDM2
at various residue locations. As shown in Figure S2, Arg9,
Arg11, and Arg15 played a critical role in its binding with AR
DBD, whereas Glu10 and Asp12 increased the binding energy.
Thus, we choose Asn8−Asp12 as the first stapling sites for
sheet structural stabilization. In another motif that is bound
with MDM2, we also selected the negative residue pair

Figure 2. Affinity detection for DSARTC to MDM2 and AR DBD: (A) binding assays between DSARTC and AR DBD by ITC; (B) binding assays
between DSARTC and MDM2 by ITC; (C) binding assay between DSARTC and AR DBD by fluorescence polarization; (D) binding assay
between DSARTC and MDM2 by fluorescence polarization.
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Glu25−Ala29 for helical enhancement. Taken together, we
designed DSARTC by replacing Asn8−Asp12 at the N-
terminus and Glu25−Ala29 at the C-terminus with S5−S5
non-natural paired residues using double-peptide all-hydro-
carbon stapling strategy (Figure 1A). Next, we successfully
synthesized this double-stapled peptide, as presented in Figure
S3. With rink amide resin as the support, the first half of the
linear peptide until Lys13 was assembled using solid-phase
peptide synthesis (SPPS). The first staple ring was formed
through the first RCM reaction in the presence of Grubbs’
first-generation catalyst. Then, the remaining DSARTC was
assembled, and the second staple was introduced using a
similar RCM procedure. The crude double-stapled peptide was
cleaved from the resin and purified by reversed-phase high-
performance liquid chromatography (RP-HPLC) and verified

by HPLC (>95%) and high-resolution mass spectrometry
(HR-MS) (Figure S4).

We performed structural modeling analysis of the trimer
structure of DSARTC complexed with AR DBD and MDM2.
As shown in Figure 1B, DSARTC bound with the target
proteins similar to the linear counterpart ARTC, consisting of
the helical and sheet motifs. Tyr1 and Arg15, Phe24, and
Trp28 can form hydrogen bonds with the AR DBD and
MDM2, respectively. We next conducted a comprehensive
analysis of the kinetic trajectory for free peptide ARTC and
DSARTC, using molecular dynamic simulations. Specifically,
we focused on the kinetic trajectory ranging from 500 to 1000
ns, evaluating the probability of advanced folded structure
formation for each peptide type. This analysis allowed us to
determine the most effective stapled peptide modification

Figure 3. DSARTC has demonstrated promising potential in inducing AR and AR-V7 degradation as well as inhibiting prostate cancer cells.
Detection of cell viability in CWR22Rv1 (A), C4-2 (B), and LNCaP (C) cell lines following treatment with varying concentrations of DSARTAC
drugs. Immunoblotting analysis of AR and AR-V7 protein levels in CWR22Rv1 (D), C4-2 (E), and LNCaP (F) cell lines following treatment with
varying concentrations of DSARTAC drugs. Immunoblotting analysis of AR and AR-V7 protein levels in the presence of carfilzomib, in
CWR22Rv1 (G), C4-2 (H), and LNCaP (I) cell lines following treatment with varying concentrations of DSARTAC drugs. IB analysis of WCLs
from C4-2 cells (J) and CWR22Rv1 cells (K) treated with CHX for the indicated times, with or without 6.3 μM DSARTC drug treatment.
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strategy that promoted advanced folding of the peptide
structure, thus enhancing its stability and druggability. As
illustrated in Figure 1C, we observed a higher frequency of
advanced folding for peptides with staple modifications at
Tyr1, Phe14, Thr22, and Trp28 sites. Simultaneously,
simulation results have demonstrated that the selected binding
site of the peptide does not affect the interaction between the
peptide drug and the target protein. This finding ensures the
high affinity between DSARTC and the AR DBD. To validate

the predicted structure, we performed circular dichroism (CD)
measurements. The CD results confirmed that DSARTC
exhibited a significantly higher α-helix content and β-sheet
structure content compared to the free peptide (Figure 1D).
Additionally, thermal stability experiments supported the
robust stability of DSARTC (Figure 1E). Furthermore, tests
assessing serum stability and enzyme degradation stability
demonstrated that the dual-stapled product, DSARTC,
exhibited enhanced resistance to serum and enzyme degrada-

Figure 4. In vivo potency evaluation of DSARTC. (A) Tumor growth curves of CWR22Rv1 xenografts in nude mice (n = 5 per group) are
presented as the mean ± SD values. The drugs were administered via intraperitoneal injection every 2 days for a period of 2 weeks; ARTC,
DSARTC, and enzalutamide were administered at a dose of 10 mg/kg. Statistical analysis was performed using the t test, with ∗ indicating statistical
significance at p < 0.05. (B) The average weight of tumors excised from each group of mice at the end of the drug treatment (n = 5) was analyzed
using the t test, with ∗∗ indicating statistical significance at p < 0.01. (C) Photos of CWR22Rv1 tumors excised at the end of the experiment after
different drug treatments. (D) The excised tumors from the control, free peptide, DSARTC, and enzalutamide groups were subjected to the IHC
assay for Ki-67 staining, a marker of tumor cell growth, as well as for AR and AR-V7 staining, measuring the levels of AR and AR-V7 protein in the
tumor cells. The scale bar was set to 73 μm. Statistical analysis of the IHC scores for AR and AR-V7 (E) and Ki-67 (F) on CWR22Rv1 tumors was
conducted after treatment with different drugs. IHC intensity was scored as follows: 4 for highly positive, 3 for positive, 2 for minimally positive,
and 1 for negative.
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tion compared to the free peptide (Figures S5A and S5B).
These findings highlight the improved in vivo circulation ability
of DSARTC. To verify the superior cell membrane penetration
ability of DSARTC compared to ARTC, we employed confocal
microscopy to examine the drug’s membrane penetration.
Polyarginine was introduced into the linear peptide ARTC,
resulting in polyR-ARTC as the control. As illustrated in
Figures 1F and S6, DSARTC exhibited a gradual entry into the
cancer cells over time, whereas polyR-ARTC failed to
penetrate the cell membrane and exert its function.

To ensure that the double-stapled peptide modification did
not affect the binding of the peptide to the AR DBD and
MDM2, we performed binding assays. The goal was to assess
whether the stapling modifications altered the binding affinities
of the peptide compared to the nonstapled peptide. Affinity
constants of DSARTC with AR DBD and MDM2 were
determined using techniques such as isothermal titration
calorimetry (ITC) and fluorescence polarization (FP). The
results, as depicted in Figures 2A to 2D, demonstrated that
DSARTC maintained a high binding affinity to both AR DBD
and MDM2, similar to the nonstapled peptide. These findings
indicate that double-stapled peptide modification did not
significantly affect the binding interactions between DSARTC
and its target proteins. Thus, the stapling modifications did not
compromise the peptide’s ability to bind to AR DBD and
MDM2, ensuring its continued efficacy in targeting these
proteins. To assess the potential of DSARTC in enhancing the
combination of AR and MDM2 within cells, we conducted co-
immunoprecipitation (Co-IP) experiments. These experiments
aimed to investigate whether DSARTC could facilitate the
interaction between endogenous AR and MDM2. The results
obtained from the Co-IP experiments demonstrated that
DSARTC effectively increased the interaction between
endogenous AR and MDM2 (Figure S7). This outcome
suggests that DSARTC has the capability to recruit MDM2 to
the AR, which may lead to increased degradation of both AR
and AR-V7. The enhanced interaction between AR and
MDM2 further supports the potential therapeutic utility of
DSARTC in promoting the degradation of AR and its variants.

In order to evaluate the antiproliferative activity of
DSARTC, we treated prostate cancer cell lines including C4-
2, LNCaP, and CWR22Rv1 with various concentrations of
DSARTC. As depicted in Figures 3A−C and S8, we observed a
dose-dependent inhibitory effect on cell growth upon treat-
ment with DSARTC, while the nonstapled free peptide ARTC
did not exhibit any significant efficacy. The half-maximal
degradation concentration (DC50) of DSARTC on AR and
AR-V7 in CWR22Rv1 cells is 2.45 and 1.23 μM, respectively.
The DC50 of DSARTC on AR in C4-2 and LNCaP cells is
2.67 and 1.87 μM, respectively. This indicates that the double-
stapled peptide modification enhances the potency of the
peptide PROTAC drug, leading to improved inhibition of
prostate cancer cell proliferation. To further investigate the
capability of DSARTC to induce AR and AR-V7 degradation,
we conducted immunoblot analyses of AR and AR-V7. The
results demonstrated that DSARTC effectively induced the
degradation of both full-length AR and AR-V7 in a dose-
dependent manner (Figures 3D−F). To confirm that
DSARTC operates through the proteasome pathway, we
performed experiments utilizing proteasome inhibitors. As
illustrated in Figures 3G−I, the use of proteasome inhibitors,
such as carfilzomib, significantly reversed the degradation of
both full-length AR and AR-V7 induced by DSARTC. This

observation suggests that the DSARTC-induced degradation of
AR and AR-V7 is dependent on the proteasome pathway.
Protein half-life experiments have additionally demonstrated
that DSARTC exerts its effects by accelerating protein
degradation while mitigating the influence of protein synthesis
(Figures 3J,K). These findings further support the notion that
DSARTC functions as a typical PROTAC drug, triggering
targeted protein degradation through the proteasome pathway.
As we mentioned below, one of the major advantages of
peptide PROTAC is the bigger interface with target protein so
peptide PROTAC drug could target proteins that are difficult
to target by small molecules. As shown in Figure S9, ARV-110
is the most advanced clinical AR targeting PROTAC drug only
for AR length but could not degrade AR-V7. To further
investigate the impact of DSARTC on signaling pathways in
prostate cancer cells, we conducted a reverse phase protein
array analysis following DSARTC treatment in CWR22Rv1
cells. As depicted in Figure S10, numerous proteins were
affected, including a significant decrease in the levels of eIF4G
and AMPK. These proteins are known to be involved in the
downstream signaling pathway of AR, confirming the
specificity of DSARTC for its target. Furthermore, through
GO and KEGG enrichment analysis (Figures S11−S13), we
observed that DSARTC exerts effects on multiple cancer
signaling pathways and influences immune-related pathways,
such as inflammatory mediation. These findings highlight the
therapeutic potential of DSARTC in prostate cancer cells,
further supporting its promising role in prostate cancer
treatment.

To evaluate the therapeutic potential of DSARTC in vivo, a
subcutaneous xenograft mouse model of prostate cancer was
established using enzalutamide-resistant CWR22Rv1 cells
expressing both AR and AR-V7. The mice were divided into
four treatment groups: PBS, free peptide, DSARTC, and
enzalutamide. The drugs were administered via intraperitoneal
injection every 2 days for a period of 2 weeks, and ARTC,
DSARTC, and enzalutamide were administered at a dose of 10
mg/kg. The results of the in vivo efficacy study demonstrated
that the free peptide had no significant effect on tumor growth.
However, treatment with DSARTC significantly inhibited
tumor growth in the CWR22Rv1 xenograft models, as
observed in Figures 4A−C. On the other hand, enzalutamide
did not show any effect on tumor growth in this model.
Histopathological analysis using hematoxylin and eosin (H&E)
staining and Ki-67 staining revealed a significant presence of
apoptotic tumor cells in the DSARTC-treated tissues (Figure
4D). Additionally, immunohistochemical (IHC) analysis of Ki-
67 as well as AR and AR-V7 in each treatment group further
confirmed that DSARTC effectively induced the degradation
of AR and AR-V7 in vivo (Figures 4E,F). Safety tests, including
assessments of body weight and biochemical tests evaluating
kidney and liver functions, have provided evidence that
DSARTC exhibits no significant toxicity to the liver and
kidneys at the administered dosages (Figure S14). Overall, the
animal experiments demonstrated the ability of DSARTC to
inhibit the proliferation of prostate cancer cells in vivo. These
findings highlight the therapeutic potential of the double-
stapled peptide and its application prospects in the treatment
of prostate cancer.

To assess the in vivo circulation stability of DSARTC, we
conducted in vivo distribution and metabolism experiments.
The results demonstrated that DSARTC exhibits prolonged
retention at the tumor site, which is crucial for its long-lasting
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therapeutic effect. In Figure 5A, the data indicate that
DSARTC remains present at the tumor site for more than
48 h, indicating its ability to persist in the target area for an
extended period of time. This prolonged tumor retention
provides a solid foundation for the drug to exert its therapeutic
effects over a longer duration. Furthermore, compared with the
free peptide, DSARTC exhibited significantly longer circu-
lation time and enhanced tumor retention (Figure 5B). This
indicates that the stapled peptide modification improves the
stability and circulation characteristics of DSARTC in vivo,
which is advantageous for its therapeutic efficacy. To further
evaluate the pharmacokinetics character of DSARTC, LC-MS
was used to evaluate the blood drug concentration of
DSARTC in mice at different time points after intraperitoneal
injection. As shown in Figure 5C, the Cmax of DSARTC is 104
μg/mL, the AUC of DSARTC is 1275.7 μg·h/mL, and the t1/2
of DSARTC is 13.9 h, whereas ARTC is rapidly degraded and
undetectable in the blood. These findings highlight the
favorable in vivo circulation stability of DSARTC, further
supporting its potential as a promising therapeutic agent for
prostate cancer treatment. To further assess the potential
application of DSARTC, an acute toxicity analysis was
conducted. A dosage of 30 mg/kg of DSARTC, three times
the standard concentration, was administered for this analysis.
Serum samples were collected to detect levels of serum alanine
aminotransferase (ALT), aspartate aminotransferase (AST),
creatine kinase (CREA), and lactate dehydrogenase (LDH),
commonly utilized indicators of kidney and liver toxicity. As
depicted in Figure 5D, the results indicate that DSARTC

exhibited no significant signs of kidney or liver toxicity at this
triple dose. This additional analysis further reinforces the
favorable biosafety profile of DSARTC.

■ CONCLUSION
Through the incorporation of a stabilized β-sheet using
hydrocarbon peptide stapling, we have successfully developed
the “first-in-class” heterogeneous-conformational double-
stapled peptide, DSARTC. This innovative approach repre-
sents the first report on the utilization of β-sheet modification
within a peptide, showcasing the potential of hydrocarbon
peptide stapling for alternative structural stabilization. By
incorporating a stabilized β-sheet through hydrocarbon peptide
stapling instead of the conventional α-helix, we have
introduced novel possibilities in the realm of peptide
stapling-assisted conformational constraining. This study
marks the first report on the utilization of β-structure-modified
peptide PROTAC drugs, showcasing their potential in the
field. Furthermore, DSARTC stands out as the inaugural
double-stapled peptide capable of simultaneously stabilizing
both α-helix and beta-sheet structures.

These findings demonstrate that the incorporation of a β-
structure modification not only enhances the binding affinity of
the peptide PROTAC drug to the target protein but also
improves the proteasomal degradation of the target protein.
This bears particular significance for challenging targets such as
AR-V7, which plays a critical role in the resistance observed in
current prostate cancer therapies. The presented staple peptide
PROTAC strategy not only addresses castration-resistant

Figure 5. Pharmacokinetics and safety analysis of DSARTC. (A) Biodistribution of DSARTC at different time points in CWR22RV1 xenograft
models. (B) Comparison of biodistribution between free peptide and DSARTC in CWR22RV1 xenograft models. (C) Plasma concentration−time
curve analysis of DSARTC and ARTC. (D) Acute toxicity analysis of DSARTC.
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prostate cancer (CRPC) but also holds promise for targeting
other traditionally deemed “undruggable” targets. The in vitro
and in vivo experiments conducted in this study provide robust
evidence supporting the efficacy of DSARTC as a potential
therapeutic option for CRPC patients with enzalutamide
resistance. Overall, this research significantly contributes to the
field of PROTAC drug development, offering valuable insights
and potential solutions for future investigations of cancer
therapy.

■ METHODS

Materials
Rink amide MBHA resin was obtained from Nankai Hecheng Science
& Technology Co. Ltd. All amino acids, reagents, and solvents were
sourced from Qir biochem or Titan Scientific Co. Ltd. The following
antibodies were used: anti-AR (sc7305) and anti-GAPDH (sc-47724)
from Santa Cruz; antivinculin antibody (V-4505), anti-Flag agarose
beads (A-2220), anti-HA agarose beads (A-2095), secondary anti-
mouse antibody, and secondary anti-rabbit antibody from Sigma-
Aldrich. CCK8 reagents were purchased from Dojindo Laboratories.

Stapled Peptide Structure Simulation and Dynamic
Analysis
The structures of MDM2 (PDB: 6Y4Q) and AR DBD (PDB: 1r4i)
were picked as the initial models. The topology and coordinate files
were constructed for the protein−peptide system using Amber’s leap.
The peptide was first built using the ESMFold based on the natural
peptide sequence. The stapled portion was then modified and bonded
correctly. Force field files were generated using Ambertools. The
ff14SB force field was used for the protein, the Generalized Amber
Force Field 2 (gaff2) for the nonstandard amino acid, and the TIP3P
model for water. The energy of the system was minimized using
OpenMM to remove any clashes. The particle mesh Ewald (PME)
method was used for long-range electrostatics with a 10 Å cutoff. The
L-BFGS minimizer was used for 2000 steps. The system was heated
and equilibrated with the NVT ensemble. The Langevin integrator
was used with a 2 fs time step, The temperature was raised from 0 to
310 K over 200 ps. The system was equilibrated in the NPT
ensemble. The Monte Carlo barostat was used to maintain 1 bar
pressure with an anisotropic box scale. The Langevin integrator was
used for temperature control as before. The system was equilibrated
for 2 ns. A production MD simulation was run in the NPT ensemble.
The simulation was run for 500 ns, saving frames every 10 ps. The
trajectory was analyzed. The MMPBSA method was used to calculate
the binding free energies of important amino acids. The DSSP
program was used to calculate the β-sheet content of the stapled
peptide. A short molecular docking simulation was performed to
minimize this complex by 500 ps at constant pressure and
temperature with a time step of 1 fs. Nonstandard amino acid
parameters were determined using tleap, which is a program in
AmberTools22. A cutoff of 10 Å was used for nonbonded
interactions, and long-range electrostatic interactions were treated
with the particle mesh Ewald method. All figures were drawn by using
PyMOL.

Synthesis of Double-Stapled Peptides
Conventional solid-phase peptide synthesis (SPPS) was employed for
the assembly of linear peptides. Rink amide MBHA resin (333 mg)
was swollen in dichloromethane for 20 min at room temperature. The
Fmoc group of the amino acid was deprotected using 20% piperidine
in DMF (5 min × 2). Fmoc-AA-OH (0.5 mmol, 5 equiv), DIC (1
mmol, 10 equiv), and oxyme (0.5 mmol, 5 equiv) were dissolved in
NMP (6 mL) and added to the resin, followed by shaking at 60 °C for
20 min to couple the first amino acid. The resin was then washed with
DMF and DCM. Deprotection, washing, and coupling steps were
repeated until the coupling of the third S5 amino acid to the resin.
Notably, Fmoc-S5-OH and subsequent amino acids required 2 h for
coupling. The resin was subjected to RCM reaction at room

temperature using Grubbs’ first-generation catalyst (10 mM) in 1,2-
dichloroethane (6 mL) for 2 h (2 cycles). Deprotection, washing, and
coupling steps were repeated, until the last amino acid was attached to
the resin. After deprotection, a solution of acetic anhydride and
pyridine (1:1, 6 mL) was added to the resin. The second round of
RCM reaction was performed using Grubbs’ first-generation catalyst
(10 mM) in 1,2-dichloroethane (6 mL). Finally, the crude peptides
were cleaved from the resin using cocktail B reagent (88% TFA, 2%
TIPS, 5% water, and 5% phenols) for 4 h. The crude peptides were
precipitated by adding cold diethyl ether to the solution followed by
centrifugation.

HPLC and MS
The purified peptides were obtained using a preparative HPLC
system equipped with a YMC-Pack ODS-AQ column (250 × 20 mm2,
S-5 μm, 12 nm) with a flow rate of 20 mL/min. For analysis, an
analytic HPLC system with a Waters “XBridge C18” column (4.6 ×
150 mm2, 5 μm particle size) was used, operating at a flow rate of 1.0
mL/min. The gradient elution method involved a linear increase from
5% to 65% of solution B over a period of 5−30 min. The column
temperature was maintained at a maximum of 30 °C, and the
absorption was monitored at 214 nm. The mobile phase consisted of
solution A (0.1% TFA in water) and solution B (0.1% TFA in
MeCN). Finally, each peptide was identified using HR-Q-TOF-MS
analysis conducted on an Agilent 6538 UHD Accurate Mass Q-TOF
mass spectrometer.

ITC (Isothermal Titration Calorimetry)
ITC is a well-established technique utilized for determining the
binding affinity between proteins and ligands. The signal measured
during this process corresponds to the heat released upon interaction
of the two reactants. MDM2 and AR-V7 proteins were obtained via
E. coli expression and subsequently purified by using affinity
chromatography. Prior to commencing ITC experiments, both the
sample cells and injection syringe were meticulously cleaned following
the manufacturer’s protocol. The sample cell was rinsed several times
with 2 mL of buffer solution. Subsequently, the sample cell was loaded
with 0.2 mL of protein solution (all proteins maintained a
concentration of approximately 20 μM). Care was taken to prevent
bubble formation during this loading process. Simultaneously, the
syringe was filled with 0.04 mL of peptide solution (all peptides
maintained concentrations around 200 μM). The ITC experiments
were conducted at a temperature of 25 °C. An initial injection volume
of 0.4 μL was administered, followed by subsequent injections
maintained at a desired volume of 2 μL for 19 injections. Upon
completion of the experiment, the acquired ITC data underwent
analysis by using dedicated software provided by the instrument.

Cell Culture
LNCap, C4-2, and CWR22Rv1 cells were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS).

Cell Viability Assay
Cells were seeded at a density of 4 × 103 cells per well in 96-well
plates with three independent samples plated in duplicate for each
concentration. After 24 h of treatment with free peptide or DSARTC,
cell viability assays were conducted. Following a 2 h incubation with
CCK-8 reagent, the absorbance values at 450 nm were measured
using a microplate reader.

Immunoblotting
For immunoblotting analysis, cells were lysed in EBC buffer (50 mM
Tris (pH, 7.5), 120 mM NaCl, and 0.5% NP-40) supplemented with
protease inhibitors. The protein concentration in cell lysates was
determined using a Pierce bicinchoninic acid (BCA) Protein Assay
Kit (Thermo Fisher). Equal amounts of the total protein were loaded
onto SDS-PAGE gels for separation. The separated proteins were then
transferred to poly(vinylidene fluoride) (PVDF) membranes and
incubated with specific primary antibodies overnight at 4 °C. After
incubation with an HRP-conjugated secondary antibody for 1 h at
room temperature, the protein immunoreactive signals were detected.
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Drug Uptake Analysis by Confocal and Flow Cytometer
Before DSARTC uptake was analyzed using confocal microscopy and
a flow cytometer, DSARTC underwent initial labeling with
fluorescein-Cy3. This labeling process involved the reaction of Cy3
esterified by NHS with the peptide drug’s amino group. For the
confocal assay, C4-2 cells were seeded onto confocal plates. Following
a 24 h incubation period, the cells were exposed to 5 μM of the drug
at various time points, and subsequent confocal observations were
conducted. DAPI was utilized for nuclear staining. In the flow assay,
C4-2 cells were seeded in 6-well plates and allowed to attach for 24 h.
Following this, the cells were exposed to 5 μM of the drug at different
time intervals. Subsequently, the cells were digested and fixed to
facilitate the flow analysis.

Immunoprecipitation Assays
For immunoprecipitation (IP) assays, a total of 3 mg of cell lysate was
incubated with anti-Protein A/G-anti-AR beads for 4 h at 4 °C in the
absence or presence of DSARTC. After incubation, the cell lysates
were washed with EBC buffer to remove nonspecific binding. The
proteins bound to the beads were then extracted by boiling at 95 °C
for 5 min. The extracted proteins were separated by SDS-PAGE gels,
transferred to PVDF membranes, and incubated with specific primary
antibodies overnight at 4 °C. Following this, the membranes were
incubated with HRP-conjugated secondary antibodies for 1 h at room
temperature, and the protein immunoreactive signals were detected.

Evaluation of Antitumor Activity in CWR22Rv1 Xenograft
Model
The treatment of four groups, each comprising 5 mice, commenced
on day 1 once the tumors had reached a palpable size of
approximately 30 mm3. In each medication treatment group, mice
received injections every other day, spanning a total treatment period
of 3 weeks. The mice were distributed across four treatment groups:
PBS, free peptide, DSARTC, and enzalutamide. The drugs were
administered via intraperitoneal injection every 2 days for a duration
of 2 weeks, with ARTC, DSARTC, and enzalutamide administered at
a dose of 10 mg/kg. Tumor dimensions were measured using calipers
to determine length and width, and tumor volume was calculated
using the formula tumor volume (V) = length × width2/2.
Immunohistochemistry (IHC) staining images underwent analysis
and scoring using the ImageJ profiler.

Pharmacokinetics Analysis
The objective of this study is to ascertain the pharmacokinetic (PK)
profiles of DSARTC subsequent to intraperitoneal administration in
male C57BL/6J mice. Animal feeding control measures will be
implemented, wherein mice intended for subcutaneous (SC)
administration will undergo an overnight fasting period, followed by
feeding after a 4 h collection period. Upon drug injection,
approximately 0.03 mL of blood will be collected at each specified
time point and centrifuged at 4000g for 5 min in a 4 °C centrifuge.
The resultant plasma samples were stored in a freezer at −75 ± 15 °C
until analysis. The desired serial concentrations of working solutions
were achieved by diluting stock solution of analyte with 0.1% formic
acid and 50% methyl alcohol in DMSO solution. 20 μL of working
solutions (5, 10, 20, 50, 100, 200, 500, 1000, 5000, and 10000 ng/
mL) were added to 20 μL of the blank C57BL/6J mouse plasma to
achieve calibration standards of 5−10000 ng/mL (5, 10, 20, 50, 100,
200, 500, 1000, 5000, and 10000 ng/mL) in a total volume of 40 μL.
Four quality control samples at 10, 20, 50, 500, and 8000 ng/mL for
plasma were prepared independently of those used for the calibration
curves. These QC samples were prepared on the day of analysis in the
same way as calibration standards. 40 μL of standards, 40 μL of QC
samples, and 40 μL of unknown samples (20 μL of SD rat plasma
with 20 μL of blank solution) were added to 150 μL of methyl alcohol
containing an IS mixture for precipitating protein. Then the samples
were vortexed for 30 s. After centrifugation at 4 °C and 4000 rpm for
15 min, the supernatant was diluted 2 times with 0.1% formic acid and
5% acetonitrile in water solution. 15 μL of diluted supernatant was
injected into the LC/MS/MS system for quantitative analysis.

Pharmacokinetic calculations were performed using WinNonlin
software. Notably, the pharmacokinetic analysis was conducted by
PHARMARON Inc.

Acute Toxicity Analysis of DSARTC
Acute toxicity analysis of DSARTC was conducted using male
C57BL/6J mice. For this analysis, a dosage of 30 mg/kg of DSARTC,
three times the standard concentration, was administered every other
day. Blood samples were obtained from the mice, and subsequent
serum samples were isolated to assess levels of alanine amino-
transferase (ALT), aspartate aminotransferase (AST), creatine kinase
(CREA), and lactate dehydrogenase (LDH).

Ethical Approval
All experimental procedures involving animals were conducted in
accordance with institutional guidelines and approved by the
Laboratory Animal Center and Biomedical Ethics Committee of
Xi’an Jiaotong University. The study was assigned approval number
2020(G-135).

Statistics
The data are presented as the mean ± SD and represent triplicate
samples. Statistical analyses were performed by using GraphPad Prism
software. Differences among multiple groups and the effects of
treatment in both in vivo and in vitro studies were assessed by using
the nonparametric Kruskal−Wallis test for multiple comparisons and
the t test for two-group comparisons. A p value of 0.05 or less was
considered statistically significant for single comparisons.
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