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Cyclic peptides show promise in cancer therapy but are hindered by low natural yields and poor metabolic
stability. This study synthesized Sansalvamide A analogs (Compound 1-5) via Leucine configuration

modification and green

intramolecular

photoinduced single-electron-transfer cyclization, which

introduces antitumor isoindolinone into the skeleton to enhance the structural rigidity. In vitro MTT assay

showed that cyclic peptides exhibit a certain degree of tumor cell inhibitory activity, among which

Compound 5 (with multiple b-leucine modifications) exhibits relatively stronger activity. Target prediction

and protein—protein interaction analysis identified BCL2 as a key hub target, a finding further confirmed
by molecular docking, which demonstrated that Compound 5 exhibits high binding affinity to BCL2
through stable hydrogen bonds and hydrophobic interactions (alkyl, -cation and m-sigma interactions).
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Meanwhile, JC-1 assay verified that Compound 5 can effectively reduce mitochondrial membrane

potential, which in turn endows it with the potential to induce tumor cell apoptosis. In silico ADMET
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1 Introduction

In recent years, polypeptide drugs have developed rapidly in the
fields of disease treatment and healthcare.'* Among them,
cyclic peptide compounds, owing to their stable conformations,
hold significant potential in cancer therapy.*® Currently,
research on the artificial synthesis of cyclic peptides (to address
the yield issues of natural cyclic peptides) and their structural
modification (to further improve physicochemical properties) is
attracting increasing attention.”” For instance, introducing
rigid structural fragments to enhance the structural stability of
cyclic peptides; appropriately altering amino acid configura-
tions to strengthen the hydrophobic interactions between cyclic
peptides and proteins.*>"*

As a crucial step in cyclic peptide synthesis, cyclization
methods severely limit the efficient synthesis and structural
modification of cyclic peptides. Compared with traditional
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predictions further supported the practical application potential of Compound 5. This research has
provided a useful guide for peptide-based drug-target design.

cyclization methods, the intramolecular photoinduced single-
electron-transfer (SET) cyclization reaction, developed by Yoon
and colleagues, offers rapid reaction rates while aligning with
green chemistry concepts.'” This reaction constructs an intra-
molecular electron “donor-acceptor” system by introducing
phthalimide as the electron acceptor and peptide chains with
terminal trimethylsilyl (TMS) groups as the electron donor.
Under photoexcitation, the TMS group departs rapidly, with
intramolecular double terminal free radicals forming and
coupling simultaneously, which in turn completes cyclization,
introduces isoindolinone (with antitumor activity) into the
cyclic peptide skeleton, and significantly enhances its structural
rigidity (Scheme 1).

Sansalvamide A (San A) is a natural cyclic penta-depsipeptide
with multiple bioactivities containing two r-Leu-residues, one -
Phe residue, one 1-Val-residue and one S-O-Leu-residue, which
was isolated from the fermentation product of a marine fungus
of the genus Fusarium.**™* It has been reported that San A
analogs modified with p- and N-methyl amino acids can exhibit
enhanced bioactivity, and some of these derivatives have
demonstrated inhibitory efficacy against colon cancer cell line
(HT-29) comparable to that of 5-fluorouracil.'® This finding has
attracted our attention in the research on the structural modi-
fication of San A to enhance the antitumor activity.

The tumor microenvironment is abundant in peptidases and
proteases that target natural r-amino acid residues. These
enzymes can accurately recognize and rapidly cleave peptide

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 The synthesis of target linear peptides 1la—5a and cyclic peptides 1-5.

bonds, thereby accelerating the hydrolytic inactivation of cyclic
peptides in vivo. In contrast, p-amino acids can evade hydrolysis
and may also indirectly optimize the binding of cyclic peptides
to the hydrophobic active pockets of tumor targets."”** There-
fore, altering the configuration of amino acid residues to
enhance the metabolic stability and target-binding specificity of
cyclic peptide compounds is an important modification
strategy. In our previous work, we have successfully synthesized
the San A derivative (Compound 1) via the photoinduced SET
reaction, which exhibits potential tumor inhibitory activity
(Fig. 1).*° In this study, the configuration of Leucine (Leu)
residues was further altered, and a series of San A analogs were
designed and prepared via the SET cyclization reaction. The
antitumor activity of the San A analogs was preliminarily eval-
uated and screened by MTT colorimetric tetrazole dye assay. In
addition, the structure of the prepared cyclic peptides was
further optimized, and the tumor-related active biomolecules
potential targets were predicted. Meanwhile, the binding ener-
gies and interaction sites with target proteins were further
calculated via molecular docking, and the association between
,-amino acids and targets, as well as the impact on in silico
ADMET (Absorption, Distribution, Metabolism, Excretion and
Toxicity), was analyzed in detail.

2 Results and discussion
2.1 Synthesis

A key step in the photoinduced SET synthesis of cyclic peptides
is constructing linear peptides with an intramolecular electron
“donor-acceptor” system. Briefly, 2-ethoxy-1-ethoxycarbonyl-
1,2-dihydroquinoline (EEDQ) was used to activate the carboxyl
group of N-Boc-Leu, after which an equivalent of N-benzyl-1-
(trimethylsilyl)-methylamine (BnTMSA) was added directly.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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After detecting the reaction via thin-layer chromatography
(TLC), the target product (N-Boc-Leu-TMS) was obtained
through purification by column chromatography. Subse-
quently, the N-Boc group of N-Boc-Leu-TMS, which served as
a protecting group, was removed using trifluoroacetic acid
(TFA). The resulting Leu-TMS then functioned as a new reactive
building block and was coupled with the next amino acid in the
designed sequence until the linkage of all amino acid residues
was completed. Finally, phthaloylglycine was introduced as an
electron acceptor group at the N-terminal amino group of the
peptide chain to construct the precursor linear peptides
(Compound 1a-5a) for the photoinduced SET reaction.

The photochemical reaction was carried out in a home-built
photoreactor, and the reaction system was operated in meth-
anol solution under N, protection. A 450 W medium-pressure
mercury lamp (Hanovia) equipped with a Pyrex glass filter tube
was used as the light source to provide 300-400 nm UV radiation.
The reaction temperature was maintained by circulating water,
and the progress of the photochemical reaction was monitored
by TLC. The target photochemical reaction products (Compound
1-5) were purified by column chromatography. The synthesis of
the peptides is presented in Scheme 1. All synthetic target
products in this study (Compound 1a-5a and 1-5) were charac-
terized by 'H NMR, >C NMR, and mass spectrometry, with
detailed data provided in the SI. Among these products,
Compound 1a and 1 were reported in previous work.>’

2.2 In vitro antitumor activities

To systematically evaluate the tumor cell inhibitory activity of
the target compounds, the MTT assay was used to detect the
proliferation inhibitory effects on the hepatocellular carcinoma
cell line (HepG-2), breast cancer cell line (4T1), colon cancer cell
line (CT26), and normal fibroblast cell line (L929), all of which
were obtained from Harbin Medical University (Harbin, China).

A HepG-2 CT26 4T1 L929 C
1a |452.79+26.56 * 474.59+35.65 *
2a |381.56+24.65 434.52+51.34 * *
3a [536.53+34.85 541.63+24.46 243.32+19.58 *
4a (412.79+56.39 587.49+49.54 383.76+39.89 *
5a |369.36+48.62 387.56+28.65 235.23+51.58 *
B HepG-2 CT26 4T1 L929 COKSR1
1| 57.7126.21 101.4745.19 77.28+4.82 *
2 |156.29+15.43 247.57+21.36 194.57+20.78 * o
3| 98.3248.11 129.29+9.45 151.49+13.28 *
4 1229.67+16.72 189.42+5.52 205.97+13.95 *
5| 37.28+2.75 61.49+6.87 49.62+3.56 *
i 600

*1Cs0>600 uM, it is insignificant and not listed here.

Fig. 2
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As shown in Fig. 2A and B, linear peptides exhibited only weak
inhibitory activity against the above three tumor cell lines, while
cyclic peptide compounds demonstrated significant advantages
in tumor growth inhibition. This activity difference is closely
related to the structural characteristics of the two types of
compounds. Specifically, the enhanced activity of cyclic
peptides is attributed to their unique rigid structure, which can
also be demonstrated by the fused isoindolinone ring system
that effectively provides additional hydrogen bonds during the
binding process and further forms more stable non-covalent
binding with target amino acid residues through stronger
hydrophobic interactions and m-m stacking interactions. This
interaction mode effectively overcomes the defect of low target
binding specificity of linear peptides caused by conformational
flexibility, which has been verified in our previous studies. In
contrast, Compound 5 showed the most prominent inhibitory
activity against the three tumor cell lines, a result that clearly
indicates altering the configuration of the Leu residue can
optimize biological activity through a dual pathway which
comprises one that regulates the overall spatial conformation of
the compound, thereby allowing it to more accurately fit the
binding pocket of the target protein, and the other that adjusts
the hydrophobic orientation of the Leu residue side chain to
further enhance hydrophobic interactions with target amino
acid residues, which in turn significantly improves target
binding efficiency and specificity. When coupled with the lack
of obvious toxicity to normal L929 cells, this characteristic
indicates that Compound 5 may achieve selective recognition of
tumor cell targets through structural modification, holding
potential clinical application value.

2.3 PPI network analysis

To further investigate the potential impact of structural modi-
fication of compounds on tumor inhibitory activity, protein-
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protein networks of Compound 1-5 constructed using the STRING database.
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protein interaction (PPI) network analysis reveals the connec-
tions between compounds and target proteins from a holistic
perspective, clarifies the molecular mechanisms of diseases,
and thereby facilitates the prediction of novel drug targets.*>*
In this study, after energy minimization, Compound 1-5 were
subjected to target prediction using the SWISS database
(https://www.swisstargetprediction.ch/). ~ The  overlapping
targets with the total list of cancer-related genes (obtained
from https://www.genecards.org/) amounted to 60. The PPI
network of Compound 1-5 was constructed using the STRING
database (https://cn.string-db.org/), while topological analysis
was conducted via Cytoscape software, followed by ranking
based on Degree values (Fig. 2C and Table S1).>**” Among
these targets, the six hub targets with the highest Degree
values were identified as BCL2, MMP9, CTSB, CTSS, BCL2L1,
and MMP2.

2.4 GO and KEGG pathway enrichment analysis of predicted
targets

To investigate the biological pathways of the predicted targets of
Compound 1-5, Gene Ontology (GO) analysis was performed on
the aforementioned 60 targets using the DAVID database.”®** As
shown in Fig. 3A, GO annotations showed that the related genes
were enriched in pathways related to tumor apoptosis, such as

A » B

dendritic cell apoptotic process -

Notch receptor processing -
renin—angiotensin regulation | °
of aldosterone production
regulation of apoptotic signaling pathway - °
regulation of mitochondrial |
membrane permeability
negative regulation of cytosolic | °
calcium ion concentration

extracellular matrix disassembly -
regulation of MAPK cascade
angiogenesis 1®

apoptotic process ()

dg

count
o 2
® 4
® s
@

BAD-BCL-2 complex-
gamma-secretase complex -
endolysosome lumen

protein kinase 5 complex- ®

protein farnesyltransferase complex -

070)

cyclin E1-CDK2 complex § °
calpain complex - °
chromosome passenger complex - °
Bcl-2 family protein complex 4 °

cyclin-dependent protein |
kinase holoenzyme complex

cyclin—dependent protein kinase activity - o
growth factor receptor binding -

histone kinase activity - ©

pe endopeptidase activator activity |
involved in apoptotic process

cyclin-dependent protein |
serine/threonine kinase activity

protein tyrosine kinase activity 1 @

integrin binding1®
histone H2AXS139 kinase activity {1 ® 6
DNA-dependent protein kinase activity {1 @ 3
®
0

-logo(pvalue)

EN]

9

Nl
300

AMP-activated protein kinase activity 4

100 200
Enrichment

Fig. 3 (A) GO analysis (cellular component, biological processes, and

© 2026 The Author(s). Published by the Royal Society of Chemistry

EGFR tyrosine kinase inhibitor resistance 4

View Article Online

RSC Advances

apoptotic process, Notch receptor processing, BAD-BCL-2
complex, cysteine-type endopeptidase activator activity
involved in apoptotic process and Bcl-2 family protein complex.
Moreover, these genes were also enriched in the angiogenesis,
extracellular matrix, cell cycle, mitochondria and lysosome. The
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
analysis suggested that related genes were enriched in
Apoptosis, Notch signaling pathway, Pathways in cancer, p53
signaling pathway, PI3K-Akt signaling pathway, and EGFR
tyrosine kinase inhibitor resistance, all of which are pathways
related to cancer (Fig. 3B). This also indicates that Compound
1-5 exhibit potential for anti-tumor therapy.

2.5 Molecular docking analysis

To identify suitable targets, molecular docking was performed
for cyclic peptides 1-5 and linear peptides 1a-5a with the six
major hub targets obtained from PPI interaction analysis. The
docking scores of binding energy derived from molecular
docking, which directly reflect the interaction strength between
molecules, indicate that a lower value corresponds to greater
stability of the system under isothermal and isobaric conditions
after the receptor binds to the ligand (binding energy
<—7 keal mol ™" signifying very tight binding). Molecular dock-
ing results are shown in Fig. 4A and B. Compared with the
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Compound 5 interacting with the active site of BCL2 (PDB ID: 8VWZ).

relevant targets (CTSL, CTSB, MMP2, MMP9, ACE, and EGFR) of
linear peptides, the important relevant targets (BCL2, BCL2L1,
CTSS, CTSB, MMP2, and MMP9) of cyclic peptides are more
inclined to induce cell apoptosis. This can be primarily attrib-
uted to the distinctive three-dimensional structural features of
the BCL2 family, which are distinct from those of traditional
enzymes in that they lack the canonical “active pocket” for
small-molecule drugs to dock into, while possessing a single
“large and flat” binding interface that specifically interacts with
pro-apoptotic proteins (e.g., BIM). Notably, these flat binding
interfaces present a significant challenge for linear peptides to
achieve stable and effective occupancy, whereas cyclic peptides
exhibit substantially greater adaptability to such interfaces
owing to their inherent structural properties that confer upon
them a relatively larger binding surface area, thereby enabling
more robust intermolecular interactions. Furthermore, through
the visual analysis of docking results, it can be observed that the
isoindolinone structure of the cyclic peptide further exerts new
interactions on the BCL2 protein, which further enhances the
binding ability.

Docking results of cyclic peptide 1-5 reveal that these
compounds exhibit relatively binding affinity
predominantly for BCL2, a core anti-apoptotic protein within
the cellular apoptotic regulatory network that interacts with
BH3-only proteins (e.g., BIM, BAD) or pro-apoptotic counter-
parts (BAX, BAK) via its conserved BH3 hydrophobic pocket.
Specifically, the binding of BCL2 to these cognate proteins not
only preserves mitochondrial membrane homeostasis but also
abrogates the initiation of the intrinsic apoptotic cascade, thus
conferring a pivotal regulatory function in the suppression of
programmed cell death.?*** As shown in the molecular docking
results (Fig. 4B), Compound 5 exhibits a docking score of —10.8
with BCL2, indicating the excellent binding affinity for BCL2.
Further analysis of the interactions (Fig. 4C) revealed that

superior

27790 | RSC Adv, 2026, 16, 27786-27794

Compound 5 forms numerous interaction modes with BCL2,
particularly high-strength conventional hydrogen bonds and -
cation interactions.

2D and 3D interaction diagrams were generated by PyMOL
and Discovery Studio 2019 Visualizer (Fig. 4Dand E). The
interaction analysis demonstrated that Compound 5 exhibited
significant binding affinity toward the BCL2 protein. Specifi-
cally, Compound 5 formed van der Waals interactions with
Tyrzz, Leu175, Tpr176, Glu179, Phe207, Gluzw, Gly294, Asngs,
Glu*'®, Lys®*! residues.

Furthermore, hydrogen bonding exerted a pivotal role in
stabilizing the Compound 5-BCL2 complex. Compound 5
established hydrogen bonds with Ser* and Arg>®” residues of
BCL2, while additionally undergoing hydrophobic interactions
(including alkyl interactions, m-sigma and m-cation interac-
tions) with a suite of residues including Arg," Trp,>* Met,”
Pro,” Arg'™’, Arg'®? Tyr*®®, Pro®®® and Arg>®’. These cumulative
interactions collectively validate that Compound 5 holds
significant potential for targeting BCL2.

2.6 Detection of MMP by JC-1

BCL2, a core anti-apoptotic protein in the intrinsic apoptotic
pathway, exerts a pivotal anti-apoptotic effect by maintaining
mitochondrial membrane potential (MMP) homeostasis.**>’
Notably, a significant decrease in MMP serves as a key hallmark
for the initiation of tumor cell apoptosis. In this study, the JC-1
probe was utilized to assess MMP changes in 4T1 cells, and the
resultant fluorescence signals were visualized using fluores-
cence microscopy. As clearly depicted in Fig. 5, healthy mito-
chondria in the control group emitted intense red fluorescence.
In contrast, after treatment with Compound 5, the intensity of
red fluorescence in cells was significantly reduced, accompa-
nied by a marked enhancement of green fluorescence signals.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Detection of MMP changes in 4T1 cells after different treatment via the JC-1 probe, scale bars: 20 um.

Furthermore, this trend became increasingly pronounced with
the elevation of Compound 5 concentration. Collectively, these
results indicate that Compound 5 may possess the capacity to
specifically target and bind BCL2, thereby eliciting mitochon-
drial damage and ultimately inducing tumor cell apoptosis.

2.7 In silico ADMET study

ADMET prediction is a crucial method to preliminarily clarify the
fundamental properties of drugs from multiple dimensions,
providing a key basis for druggability evaluation in drug research
and development. In this study, ADMET prediction was per-
formed on linear peptides 1a-5a and cyclic peptides 1-5 using
the ADMETIab 3.0 platform (https://admetlab3.scbdd.com/), with
the results detailed in Table 1 and Table S15.***' From the
perspective of physicochemical properties, Compound 5
contains 15 hydrogen bond acceptors (HA) and 6 hydrogen
bond donors (HD), and the molecular weight (MW) exceeds
500, violating Lipinski's rule, which indicates limited feasibility
for oral administration. However, its octanol-water partition
coefficient (logP) and water solubility (logsS) both fall within
the optimal ranges, and it complies with Pfizer's druggability
criteria, demonstrating a solid druggability foundation.
Compound 5 exhibits low blood-brain barrier (BBB)
penetration, implying a relatively controllable risk of central
nervous system (CNS) side effects. Enzymes such as CYP2C9
and CYP3A4 belong to the cytochrome P450 enzyme system
(CYP450), the most prominent drug-metabolizing enzyme
family in the human liver, involved in the metabolism of exoge-
nous substances. ADME prediction reveals that Compound 5
possesses both CYP2C19 substrate and CYP3A4 inhibitor prop-
erties. This not only establishes a molecular basis for individu-
alized and precise anti-tumor therapy but also demonstrates
remarkable potential in synergizing combination therapies,
directly inhibiting tumor metabolic pathways, and reversing drug
resistance. In addition, its moderate half-life (7;, = 1.208 h)
ensures sustained release of efficacy to maintain the inhibitory
effect on tumor cells while allowing flexibility in adjusting the
administration regimen.

Compounds with a topological polar surface area (TPSA)
exceeding 140 A* often show high lipophilicity and strong

© 2026 The Author(s). Published by the Royal Society of Chemistry

Table 1 Predicted ADME results of studied Compound 5

Descriptors Calculated Empirical decision
MW 893.51 Optimal: 100-600
nHA 15 Optimal: 0-12
nHD 6 Optimal: 0-7
nRot 11 Optimal: 0-11
nRing 5 Optimal: 0-6
nRig 49 Optimal: 0-30
LogsS —3.837 Optimal: —4~0.5 (log mol L)
LogP 3.528 Optimal: 0-3 (log mol L")
TPSA 206.35 Optimal: 0-140
Flexibility 0.224 nRot/nRig
Lipinski Rejected

Pfizer Accepted

MDCK Permeability —4.712 ¢

CYP1A2 inhibitor — 4

CYP1A2 substrate — ¢

CYP2C19 inhibitor — 4

CYP2C19 substrate ++ ¢

CYP2C9 inhibitor — 4

CYP2C9 substrate — a

CYP2D6 inhibitor — 4

CYP2D6 substrate — ¢

CYP3A4 inhibitor +H d

CYP3A4 substrate — ¢

CYP2B6 inhibitor — a

CYP2B6 substrate — ¢

CYP2C8 inhibitor — a

BBB — 4

Ty 1.208 The unit is hours
DILI 0.283 ¢

Carcinogenicity 0.010 ¢

Hematotoxicity 0.046 ¢

Respiratory 0.251 ¢

SR-p53 0.493 !

¢ MW = 500; log P = 5; nHA = 10; nHD = 5. If two properties are out of
range, a poor absorption or permeability is possible. > Compounds with
a high logP (>3) and low TPSA (<75) are likely to be toxic. ¢ low
permeability: <2 x 107°® cm s!, medium permeability: 2-20 x
107° cm s, high passive permeability: >20 x 107° cm s~ . ¢ For the
classification endpoints, the prediction probability values are
transformed into six symbols: 0-0.1 (—), 0.1-0.3 (—), 0.3-0.5 (—), 0.5—
0.7 (+), 0.7-0.9 (++), and 0.9-1.0 (+++). ® The output value is the
probability of being toxic, within the range of 0 to 1. The output
value is the probability of being active.
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protein-binding capacity. Compound 5 has a TPSA of 206.35,
suggesting strong protein-binding potential. Meanwhile, its
cyclic peptide structure with a high number of rigid bonds (nRig
= 49) helps maintain conformational stability, enhances
binding specificity to tumor-specific targets (such as kinases
and receptors), and lays a structural foundation for improving
the targeting of anti-tumor effects. In terms of toxicological
safety, the carcinogenicity, hematotoxicity, and drug-induced
liver injury (DILI) risk of this compound are all at extremely
low levels. This builds a critical foundation for reducing adverse
reactions and improving treatment compliance in long-term
anti-tumor therapy, making it particularly suitable for solid
tumor or hematological tumor treatment scenarios requiring
prolonged administration. Therefore, overall, the outstanding
performance of this small-molecule cyclic peptide in terms of
toxicological safety, metabolic regulation, structural modifi-
ability, and druggability basis endows it with significant
potential as an anti-cancer candidate drug.

3 Conclusions

This study successfully synthesized Sansalvamide A analogs
(Compound 1-5) by integrating Leu configuration modification
with green intramolecular photoinduced SET cyclization, which
introduces antitumor-active isoindolinone into the cyclic skel-
eton and thereby improves the stability and target-binding
specificity. Compound 5 (with multiple p-leucine modifica-
tions) stood out among the analogs for its relatively stronger in
vitro tumor inhibitory activity, while also exhibiting negligible
toxicity to normal L929 cells. Target prediction, along with GO
and KEGG enrichment analyses, revealed that the cyclic peptide
analogs possess the potential to induce tumor cell apoptosis,
with BCL2 identified as the key target. Further molecular
docking results demonstrated that Compound 5 binds BCL2
with high affinity through hydrogen bonds and diverse hydro-
phobic interactions (including alkyl, m-cation, and m-sigma
interactions). Additionally, results from JC-1 assays demon-
strated that Compound 5 can induce a decrease in MMP, which
in turn may confer the potential to induce tumor cell apoptosis.
In silico ADMET predictions further corroborated that
Compound 5 possesses both a foundation for druggability and
a certain degree of toxicological safety. Overall, this study
successfully designed and synthesized a promising cyclic
peptide candidate (Compound 5) for cancer therapy, while
simultaneously offering valuable insights to advance
cyclopeptide-based drug design.
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