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Abstract: The methylation of amino acid residues has played an important role in the biological
function of bioactive peptides. In this paper, various methyl-modified and stereostructural-modified
marine cyclopeptide galaxamide analogs with isoindolinone were synthesized by a photoinduced
single electron transfer cyclization reaction. It was found that the single-methyl substitution was
beneficial for the bioactivity of cyclic analogs with isoindolinone fragments, and the influence of
methylation on bioactivity is uncertain and is sometimes case-specific. The compound with a single
methyl group at Gly5 (compound 8) showed the strongest antiproliferative activity against HepG-2
cells. The tumor cell apoptosis, cell cycle, mitochondrial membrane potential, intracellular Ca2+

concentration and lactate dehydrogenase activity have been studied extensively to evaluate the
antitumor potential of compound 8. Western blotting tests showed that compound 8 could decrease
the MDM2 level and increase p53 levels efficiently. Careful molecular docking suggested that cyclic
peptide 8 could bind firmly with MDM2 oncoprotein, indicating that MDM2 may be a potential drug
target of the prepared peptides.

Keywords: cyclic peptide; photoinduced cyclization; galaxamide; antitumor; stereochemistry

1. Introduction

The treatment and prevention of cancer have been a major problem plaguing the
medical community, and exploring new anticancer drugs has been the goal of mankind’s
relentless pursuit. Cyclic peptides, which exist widely in nature (especially marine organ-
isms), have been found with antitumor, anti-bacterial, anti-inflammatory and anti-viral
activities [1]. Thus far, more than 100 cyclic peptide drugs have been developed and
utilized in the clinic [2]. Cyclic peptides display stronger metabolic stability than linear
peptides, allowing them to have longer effects in vivo because of their constrained ring
structure, which prevents cleaving by peptidase [3]. The restricted rotation of the C-N
amide bond and constrained cyclic conformation also give the cyclopeptides strong rigidity,
thus facilitating their binding to the target protein. Moreover, because of their medium
molecular weights, small cyclic peptides have been recognized to be able to combine the
advantages of small molecules (easy absorption) and polypeptides (high specificity), and
with the great efforts of plant chemists and marine biologists, more and more biologically
active natural cyclic peptides have been found, providing important resources for drug
development [3,4].
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Galaxamide is a cyclic pentapeptide isolated from the seaweed Galaxaura filamentosa
in Xisha Islands, South China Sea, in 2008, consisting of five leucine residues with two N-
methyl groups. Despite its simple chemistry structure, galaxamide showed strong in vitro
antitumor activities against renal carcinoma GRC-1 cell lines and human hepatocellular
carcinoma HepG-2 cell lines [5], and many analogs of galaxamide have been observed with
promising antitumor activity [6–9]. For example, Xiao et al. have modified galaxamide
by replacing L-leucine with D-phenylalanine and L-phenylalanine and found that the
introduction of D-phenylalanine enhances its antitumor activity [5], probably due to the
fact that phenylalanine changes the conformation and enhances conformational constraint,
making it more strongly bound to the target protein.

Meanwhile, N-methylation has been reported to be able to influence the bioactivity of
peptides significantly due to the steric hinder and the blocking of the formation of hydrogen
bonds between the polypeptides and proteolytic enzyme cleavage sites [10,11]. Our group
has modified galaxamide recently by inserting an unnatural isoindolinone fragment groups
and removing the methyl groups [12]. We found that after removing the two N-methyl
groups of galaxamide and introducing a rigid isoindolinone fragment into the skeleton
by intramolecular photoinduced single electron transfer cyclization reaction (IPETC), the
obtained cyclic peptide analogs still maintained significant antitumor activity against
HepG-2 cells, and the peptide containing the D-leucine fraction showed stronger bioactivity
than that with L-leucine residues, suggesting that the isoindolinone fragment together
with the D-residues may play an important role in treatment. A similar phenomenon has
been observed in our research on analogs of the natural cyclic peptide phakellistatin 2 [13].
Inspired by the previous findings, we tried to further modify galaxamide to explore novel
antitumor cyclopeptides here. Specifically, the isoindolone fragment was embedded into
the cyclic skeleton by the IPETC method, and the L-amino acid residues were changed
into interlaced D/L residues based on the finding that the interlaced D/L amino acid
residues were beneficial for the bioactivity of some cyclic peptides [14], thus designing
compounds 1–4. Considering the importance of the methyl group, as mentioned earlier,
we further designed analogs 5–8 by changing the number and position of the N-methyl
groups (N-methyl-Leu3 or N-methyl-Leu5), as shown in Figure 1. The cyclopeptides
(1–8) have been synthesized by our IPETC reaction. Their in vitro bioactivity against
human hepatocellular carcinoma HepG-2 cells was studied by MTT assay. The influence
of representative compound 8 on cell apoptosis, cell cycle and the expression level of
oncoprotein MDM2, together with the molecular docking, were studied in detail. Due to
the important influence of stereo-configuration on biological activity, we also elucidated
the configurations by experimental and theoretical circular dichroism analysis.
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study, the photoinduced substrate linear peptide is prepared by a liquid-phase method, 
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Figure 1. Galaxamide and the designed analogs (compounds 1–4: each cyclic peptide contains two
N-methyl groups with interlaced D/L amino acid residues; compounds 5–8: each one contains a
N-methyl group with all-D or all-L-amino acid residues). The number of amino acids is shown in
compound 8 as a representative.

2. Results and Discussion
2.1. Synthesis

Galaxamide is defined as cyclo-(L-Leu-L-N-Me-Leu-L-Leu-L-Leu-L-N-Me-Leu-L-Leu).
The structural modification of galaxamide is initiated by splitting the amide bond in
the peptide sequence, followed by the introduction of phthalimide and photoinduced
cyclization of linear peptides, as reported in our previous research [12,13]. In the present
study, the photoinduced substrate linear peptide is prepared by a liquid-phase method, as
shown in Scheme 1.

By using t-BOC-leucine and (N-trimethylsilylmethyl) benzylamine as the starting
material, the carboxy-amidated N-Boc amino acids were prepared in the presence of the
condensing agent N-ethoxycarbonyl-2-ethoxy-1,2-dihydroquinoline (EEDQ), and the linear
peptides were expanded by liquid-phase synthesis using trifluoroacetic acid (TFA) as a
deprotecting agent, during which the N-Me-leucine was introduced according to the design
requirements. N-Me-leucine used here was prepared by adopting the t-BOC- leucine and
iodomethane as raw materials in the presence of TEA. Then, the nitrogen-terminal amino
groups were masked with phthaloylglycyl chloride to obtain N-phthalimido-terminally
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trimethylsilyl peptides 9–16 under dilute conditions. The intermediates were synthesized
in high yields, and the crude reaction products were used directly in the reactions without
further purification (using thin-layer chromatography to check the reactions). The dose ratio
of linear peptides, N-Boc-amino acids and EEDQ in the amidation reaction was maintained
at 1:1.1:1.1 to ensure complete reactions. Then, the photoreaction was performed in dilute
methanol solution (10−3 M), where the photoreaction precursor linear peptide 9–16 was
irradiated with a Pyrex glass filter (λ > 290 nm) for 30 min under nitrogen protection with
a medium-pressure mercury lamp (Scheme 1). The solution was cooled by circulating
water in a cylindrical glass jacket around the photoreactor. Methanol was used as a
hydrogen donor, and the polar solvation effect was helpful for the stability of the leaving
group SiMe3

+.
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Scheme 1. Liquid-phase synthesis of linear peptides 9–16 and cyclopeptides 1–8. (a) BnTMSA, EEDQ,
DCM; (b) TFA, DCM, rt; (c) (N-Boc-aa)n, EEDQ, DCM; (d) N-phthalimido-glycine acid chloride,
DCM, rt; (e) >290 nm UV-light radiation, MeOH. The concentrations of 9–16 were 5 × 10−3 mol/L.

During the photoinduced process, the chain-like molecule (linear peptide) was excited
and formed intramolecular zwitterionic biradicals after the departure of MeOSiMe3, and
then the donator- and acceptor-free radicals at each end connected with each other to
produce the cyclic compound [12,13]. After coupling, the C3 carbonyl peak of phthalimido
at δ 180 ppm disappeared in the 13C NMR spectrum, followed by a new sp3 hybridized
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C3 peak at δ 85 ± 5 ppm, which is the characteristic NMR peak position of C3 after the
IPETC reaction. The chemical shifts of C-3 in 13C NMR of all peptides 1–8 were around δ
85 ± 5 ppm in our paper, which suggested the successful preparation of the cyclopeptides.
The resulting mixture was purified by column chromatography to give the galaxamide
analogs 3-hydroxy-isoindolinone-cyclopeptides (1–8). The specific preparation process and
characterization data can be found in the Supporting Materials.

2.2. Determination of Absolute Configurations (ACs)

The carbonyl carbon atom in phthalimide fragment is latently chiral, and once a
photoinduced cyclization is completed, carbonyl carbon atom would convert into a chiral
carbon. We initially tried to determine the C-3 configuration by X-ray crystal diffraction
analysis, but failed to obtain the single crystals. Herein we investigated the stereostructures
by experimental electronic circular dichroism (ECD) combined with the quantum chemical
calculations. The combination of experimental and theoretical ECD has been widely used
to elucidate the absolute configuration of chiral structures [15,16].

In this paper, conformational search was firstly carried out to define stable conforma-
tions prior to ECD calculations. Due to the conformational restriction of the N-methyl group
and isoindolone fragment, only a few stable low energy conformers for each configuration
were found (as shown in Table S1). The obtained molecules were directly optimized with
B3LYP/6–31G (d, p) and the CD spectra were simulated at the ωB97XD/cc-pVDZ level
based on the time-dependent density functional theory method (TDDFT) [17,18]. The AC of
C-3 position can be distinguished when the simulated spectrum of a selected configuration
is consistent with the experimental one. The simulated and experimental ECD spectra of
the 8 cyclic compounds in methanol (2.0 × 10−5 M) in the 200–350 nm range are presented
in Figure 2. The stable structures were presented in Figure S1.
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The calculated ECD spectrum of the S conformer for cyclopeptide 1 matches well with
the experimental cotton effects (CEs), while the simulated ECD of the R-configuration shows
an obvious positive CE at 232 nm, suggesting an S-configuration for 1 (Figure 2a). The
theoretical ECD of compound 2 shows some deviations from the experimental spectrum,
yet the experimental negative CE at 225 nm, the strong positive CE at 255 nm and the
weak negative CE at 302 nm were reproduced by the theoretical simulation of S-isomer
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at a negative CE at 248 nm, a positive CE at 267 nm and a weak negative CE at 290 nm,
while the simulated R-isomer showed a remarkable strong negative CE at 263 nm, opposite
to the experimental one and indicating an S-configuration (Figure 2b). The sign of the
experimental CEs of 3 at 230 nm is well reproduced by the calculated ECD spectra of the S
conformer at 232 nm, also indicating an S-configuration (Figure 2c). The experimental ECD
of cyclopeptide 4 (black line) in Figure 2d shows an obvious negative CE at 231 nm, and
the calculated ECD spectra of the R-conformer (red line) are consistent with the sign of the
experimental CE at 234 nm, which clearly supports the assignment of a C-3-R configuration
to cyclic peptide 4. The experimental ECD of compound 5 in Figure 2e shows a broad
positive CE at 229 nm with a shoulder at 212 nm, and the calculated ECD spectrum of the
R-conformer also presents a broad CE at 230 nm without a negative CE, while the theoretical
ECD of the S-conformer presents an obvious negative CE at 217 nm, opposite to the positive
experimental shoulder at 212 nm and indicating an R-configuration for cyclopeptide 5.
Similarly, the experimental ECD of cyclopeptide 6 presents a broad positive CE at 230 nm
with a shoulder at 213 nm, and the calculated spectrum of the R-conformer shows a broad
positive CE at 229 nm (Figure 2f), while the simulated ECD for the S-conformer displays a
negative CE at 218 nm, which also indicates an R-configuration.

The sign of the experimental CEs of 7 at 245 nm is well reproduced by calculated
ECD spectra of the R conformer at 241 nm, also suggesting an R-configuration (Figure 2g).
The experimental ECD of 8 shows a remarkable negative CE at 231 nm with a shoulder
at 210 nm, both of which are well-reproduced by the simulation of an R-configuration
at 233 nm and 220 nm, yet the calculated S-configuration shows opposite positive CEs,
presenting an R-configuration (Figure 2h).

2.3. MTT Method to Detect the Effect of Drugs on Cell Proliferation

The antitumor activity of the prepared cyclic peptides against human hepatocellular
carcinoma cells (HepG-2), human cervical cancer cell lines (HeLa) and human breast cancer
cells (MDA-MB-231) was examined by MMT assay, and the mouse fibroblast L929 cells
were used as the model cells to evaluate the toxicity of cyclopeptides to normal cell lines.
Due to the absence of an authentic standard, taxol was chosen as a control because it
is a widely used chemotherapeutic drug for the treatment of various cancers, including
liver cancer.

The IC50 values of the synthesized compounds against the three cell lines are shown in
Table 1. Most of them showed moderate antiproliferative activity, except for cyclopeptide 8,
which presented the strongest bioactivity among the prepared cyclopeptides with an IC50
of 11.1 µM. The IC50 value of paclitaxel against HepG-2 cells was 40.9 µM in our parallel
experiment. It can be found that most of our compounds showed superior or parallel
activity at the cellular level compared to the positive control, indicating the potential for
clinical application. Compound 8 has the most significant IC50 of 11 µM against HepG-2
cells, implying that this compound could be considered a valuable lead for future structural
modification. It could also be found that compounds 5, 6, 7 and 8 with double methyl
groups showed enhanced antiproliferative activity against HepG-2 cells compared to com-
pounds 1, 2, 3 and 4 with single methyl groups, indicating that the incorporation of methyl
amino acids may be unfavorable for biological activity in our case. In addition, the chiral
change of amino acids in compounds 1–4 did not significantly change the antiproliferative
activity, suggesting that the spatial adjustment of such hydrophobic compounds may not
greatly influence the binding to the target. We speculated that the chiral change may
not greatly affect the hydrophobic interface for the bi-methyl substituted cyclopeptides.
Indeed, as we display below, the prepared peptides containing isoindolinone may target an
MDM oncoprotein to block the p53-MDM2 interactions and realize its antitumor activities.
Because p53-MDM2 interactions involve broad hydrophobic protein-protein interactions,
the slight change in the hydrophobic interface of small cyclic peptides may not influence
the binding between cyclopeptides and MDM2 protein.
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Table 1. IC50 values (µM) of different compounds on HepG-2, MDA-MB-231 and L929 cells.

Compounds
IC50 (µM)

HepG-2 MDA-MB-231 L929 [a]p

1 38.4 ± 2.2 59.3 ± 2.3 >400
2 72.1 ± 5.8 67.6 ± 3.3 363.6 ± 15.6
3 90.9 ± 7.69 73.2 ± 2.8 >400
4 80.99 ± 4.29 95.3 ± 8.6 310.4 ± 20.1
5 28.2 ± 6.2 60.8 ± 8.2 153.1 ± 10.7
6 36.1 ± 2.2 67.6 ± 2.3 120.5 ± 5.3
7 30.4 ± 1.6 111.5 ± 9.0 >400
8 11.1± 0.7 41.7 ± 3.2 >400

Taxol 40.9 ± 5.2 - 140.6 ± 9.3
[a]p L929 cells were used to evaluate the toxicity of cyclopeptides to normal cell lines.

Moreover, a moderate antiproliferative ability was observed for all compounds against
MDA-MB-231 cells. However, the weaker cytotoxicity to L929 cells revealed that they
have a degree of selectivity towards cancer cells but not normal cells, which is to say, the
prepared cyclic compounds were regarded as potent and broad-spectrum antitumor agents.
While the compounds discussed in this paper have relatively modest activity, we believe
that this research has disclosed some clues for peptide-based drug design; that is, that
methylation is not always effective in enhancing the bioactivity of small cyclic peptides
and also that broader molecular surface area leads to a stronger binding force, which might
give useful clues for the study of protein-protein interactions.

2.4. Apoptosis Detection by Flow Cytometry Analysis

According to the preliminary MTT assay, compound 8 was observed to have promising
antiproliferative activity; hence, we tried to further study the mechanism underlying cell
death. It is recognized that inducing apoptosis is one of the most important ways to lead
to cell death by chemotherapy [19]. Here, we performed a phosphatidylserine cytosine
analysis to check the induction of apoptosis by compound 8 on HepG-2 cells.

HepG-2 cells were treated with 0, 5.5, 11 and 22 µM of compound 8 and incubated for
48 h, then double-stained carefully by membrane-linked protein Annexin-V-fluorescein
isothiocyanate (FITC) and propidium iodide (PI) for flow cytometry analysis. Generally,
in the early stages of apoptosis, phosphatidylserine flips from the inner cell membrane to
the surface of the cell membrane. The exposed phosphatidylserine is recognized by an
extracellular calcium-dependent phospholipid-binding protein Annexin-V; hence, FITC-
labeled Annexin-V can bind specifically to phosphatidylserine and be used to detect
apoptosis cells by flow cytometry [20]. Propidium iodide (PI) is a nucleic acid dye that can
only cross the membrane of advanced apoptosis and necrotic cells, reddening the nucleus.
Therefore, when the drug-treated cells are double-stained by the two fluorescent dyes, early
and late apoptosis and necrotic cells can be clearly distinguished.

As shown in Figure 3, normal cultured HepG-2 cells (0 h) had good viability (in
the lower left region) (Figure 3A). With increasing drug concentration, the percentage of
late apoptosis and necrotic cells (upper right quadrant) remained stable in the range of
0.44–2.28%, yet the percentage of apoptosis cells increased from 0.92% to 32.4%. We could
conclude that compound 8 mainly leads to the early apoptosis of HepG-2 cells, displaying
a certain concentration-dependent activity.
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2.5. Effect of Compound 8 on Cell Cycle

Compound 8 exhibits a significant ability to inhibit proliferation, and one of the
important ways in which antitumor drugs affect cell proliferation is through regulation
of the cell cycle. The four phases in the cell cycle, mitosis (M), gap 1 (G1), synthesis of
DNA (S), and gap 2 (G2), can be analysized by a commonly used dye, propidium iodide
(PI), which could intercalate into the major groove of double-stranded DNA and produce a
highly fluorescent adduct that can be detected due to its broad emission around 600 nm.
In this research, the drug-treated tumor cells were fixed overnight at 4 ◦C with 70% ice-
cold ethanol and then treated with Rnase A/PI for 60 min at 37 ◦C and analyzed by flow
cytometry [21].

As shown in Figure 3B, a significant dose-dependent cell cycle arrest was observed in
the G2/M phase of treated cells after 48 h of treatment with the desired concentration (0,
5.5, 11, 22 µM) of compound 8. The G2/M phase cells increased from 12.0% to 33.0% along
with the increase in concentration (Figure 3C) in a manner obviously different from the
control group (5.77%). In addition, upon fixing the drug concentration to 11 µM, the G2/M
phase cells increased from 5.77% to 10.1%, 17.4% and 25.8%, respectively, with increasing
culture time (12, 24 and 48 h). The above analysis suggests that compound 8 could induce
cycle arrest in the G2/M phase in both a time-dependent and concentration-dependent
manner, subsequently leading to cell apoptosis and producing the antiproliferative effect.
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2.6. Effect of Compound 8 on Mitochondrial Membrane Potential

An important event in the early apoptosis stage is the decrease in mitochondrial
membrane potential (MMP), which is always ahead of the presence of other apoptosis
features, such as cell shrinkage, DNA breakage and chromatin condensation [22]; hence,
analysis of MMP can be used to monitor drug-induced early apoptosis. It has been found
that cationic fluorescent probes can selectively accumulate in the mitochondria of living
cells. A classical fluorescent dye, rhodamine 123, is selectively sequestered by active
mitochondrial respiration, but is washed out in cells with decreased MMP, so that the dye
fluorescence intensity reflects the level of mitochondrial activity and can be applied in the
monitoring of MMP [23].

In this study, we have studied the change of MMP of HepG-2 cells after treatment
with different concentrations (0, 5.5, 11 and 22 µM within 48 h) and different time periods
(12, 24 and 48 h with 11 µM) of compound 8. Cells were stained with rhodamine 123 and
analyzed by flow cytometry. Figure 4A shows the mean fluorescence intensity of HepG-2
cells after treatment with compound 8. It can be observed that the fluorescence intensity
in the drug groups decreases obviously compared to the control group (only treatment
with the solvent), suggesting that the mitochondrial membrane potential of drug-treated
cells was reduced. Figure 4B shows a histogram of the mean fluorescence intensity of
Figure 4A(a), which directly gives the decreased fluorescence intensity from 44.9% to 27.1%,
20.2% and 14.3%. Figure 4C shows the histogram of the mean fluorescence intensity of
Figure 4A(b), which also reveals the decreased fluorescence intensity from 44.9% to 29.4%,
24.3% and 20.2%. The aforementioned analysis clearly discloses that the cyclic peptides
can affect the mitochondrial membrane potential and induce apoptosis, consistent with the
findings in cell cycle analysis.

2.7. Effect of Compound 8 on Intracellular Ca2+ Levels and Lactate Dehydrogenase Activity

Intracellular calcium signaling has been found to be able to regulate various processes.
It has been clear that subtle changes in Ca2+ concentration, such as intracellular calcium
overload, can regulate and trigger apoptosis by inducing the production of mitochondrial
trifunctional protein [24]. In this paper, we tried to study the influence of our prepared
cyclic peptide on the intracellular calcium ion concentration. The cell-permeable fluorescent
dye, Fluo-3 AM, is the most commonly used indicator to detect intracellular calcium ion
concentration. Fluo-3 AM does not emit fluorescence without calcium ions, yet after
entering the cells, it is hydrolyzed by esterase into Fluo-3, which binds with calcium ions
in cells and emits strong fluorescence (526 nm) after 488 nm excitation [25]. Based on this
principle, intracellular calcium ion concentrations can be detected by flow cytometry. In
this paper, HepG-2 cells treated with solvent and the desired concentration of compound 8
for 24 h were collected and co-incubated with Fluo-3 AM. After loading, intracellular Ca2+

levels were measured by flow cytometry. As shown in Figure 4D, the fluorescence intensity
of tumor cells increased obviously after drug treatment, which was 4.83 times higher than
that of the control group, suggesting that compound 8 could increase intracellular calcium
ion concentrations and mediate cell apoptosis.

In addition, lactate dehydrogenase (LDH) has been observed to be highly expressed in
many tumors. The accumulation of lactate dehydrogenase can produce lactate metabolites
and cause the deterioration of tumor cells [26]. By inhibiting lactate dehydrogenase activity,
the energy supply of tumor cells would be blocked, thus reducing their metastasis and pro-
gression. Therefore, in this paper, we also investigated the inhibitory activity of compound
8 on lactate dehydrogenase in HepG-2 cells. It has been known that LDH could catalyze lac-
tic acid to generate pyruvate, which could react with 2,4-dinitrophenylhydrazine (DNPH)
to form dinitrophenyl-pyruvate and form a reddish-brown product after reacting with
an alkaline solution. The obtained product can be assessed by visible spectrophotometry.
Nowadays, an LDH activity assay kit (Beijing Solarbio Science & Technology, Beijing, China)
based on the aforementioned principle can be conveniently used to determine the cellular
lactate dehydrogenase activity. As shown in Figure 4E, treatment of HepG-2 cells with
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compound 8 resulted in a significant decrease in lactate dehydrogenase activity, disclosing
a significant inhibition of lactate dehydrogenase in HepG-2 cells.
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Figure 4. (A) Effect of compound 8 on the mitochondrial membrane potential of HepG-2 cells.
(B) The histogram for mean mitochondrial fluorescent intensity of cells treated with solvent and
desired concentrations (5.5, 11, 22 µM) of compound 8. p < 0.01. (C) The histogram for the mean
mitochondrial fluorescent intensity of cells after treatment of compound 8 (11 µM) for different times.
p < 0.01. (D) The effect of compound 8 on the level of cytosolic Ca2+. (E) Effect of compound 8 on the
activity of lactate dehydrogenase in HepG-2 cells. (F) Effect of peptide 8 on the levels of MDM2, p53
and cytochrome c in HepG-2 cells (the statistical results were based on the gray value).

Moreover, as mentioned previously and in others’ reports [6], the apoptosis of HepG-2
induced by galaxamide might be related to a mitochondria-mediated pathway. It has been
known that with the decrease in the mitochondrial membrane potential, the cytochrome C
in mitochondrion is released to the cytosol and can be detected [27]. Therefore, we have
also checked the content of cytochrome C in the cytosol by Western blotting to further verify
the mitochondrial apoptotic pathway. As shown in Figure 4F, with the increase in peptide
concentrations, the level of cytochrome C in the cytosol increased significantly compared
with that of the control group, verifying that the cyclopeptides exerted an influence on this
mitochondrial-dependent pathway.
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2.8. The Influence on MDM2 and p53 Expression of Compound 8

The p53 tumor suppressor plays a key role in preventing tumor development [28].
In cancers retaining wild-type p53, the function of p53 can be suppressed by a variety of
factors, and the murine double minute 2 (MDM2) protein is an important endogenous
cellular inhibitor of p53 [29]. Therefore, inhibiting or blocking MDM2 protein should be
an efficient strategy for the development of an antitumor agent. Actually, various MDM2
inhibitors have been studied and screened in recent years, including small molecules and
polypeptides [30]. Many cyclic stapled peptides have been found with the promising
binding ability to MDM2 protein that could efficiently inhibit p53-MDM interactions to re-
activate the tumor, suppressing potential of p53 [31–33]. Considering that the isoindolinone
fragment is always present in the structure of MDM2 inhibitors [34,35] and plays an
important role in binding to the target protein, we tried to detect the MDM2 and p53 protein
levels by Western blotting to assess the inhibiting ability of cyclic peptides containing
isoindolinone fragments to MDM2 oncoprotein.

The expression of p53 and MDM2 proteins in HepG-2 cells were checked after treat-
ment with compound 8 for 48 h, and beta-actin was used as the control. It was obvious that
the level of beta-actin remained stable with increasing drug concentration, yet the level of
MDM2 decreased gradually, leading to the increase in p53 protein expression in HepG-2
cells (Figure 4F). Our research clearly showed that the galaxamide analogs containing isoin-
dolinone fragments could inhibit MDM2 function and re-activate the tumor suppressor
function of p53, and the MDM2 oncoprotein may be regarded as a potential drug target for
galaxamide analogs.

2.9. Molecular Docking to MDM2 Protein

The p53-MDM2 protein-protein interactions mainly involved broad van der Waals
interactions between the Phe19, Trp23, and Leu26 in p53 and the hydrophobic gap in
MDM2 composed of Met50, Lys51, Gly58, Ile61, Met62, His73, Val75, Val93 and His96 [31].
The earlier Western blotting experiment has found that the cyclopeptides could decrease the
MDM2 level and increase the p53 level. To further investigate the binding mode between
the cyclopeptide and MDM2 protein, we have here tried to perform a molecular docking of
compound 8 with the hydrophobic gap in MDM2 to evaluate the binding energy, hydrogen
bond number and spatial location by AutoDock Tools. Generally, a small binding energy
indicates a strong interaction between drugs and targets, and a binding energy less than
−5.0 kcal/mol means that the ligand molecule has a good binding ability [36].

Table 2 shows the molecular docking binding energy between the eight cyclopeptides
and MDM2 protein (PDB ID: 3EQS). The structure of cyclic peptide 8 used in docking is
based on the optimized structure at DTF/B3LYP/6–31G (d, p) level, as mentioned earlier. It
can be found that cyclopeptide 8 presents the strongest interactions with MDM2 protein
with a binding energy of −10.33 kcal mol−1 compared with that of other compounds,
consistent with the experimental finding for the strongest inhibitability of cyclopeptide 8.
It was also found that the single methyl-substituted analogs (6, 7 and 8) showed stronger
binding affinity than the di-methyl substituted analogs 1–4, also consistent with the experi-
mental observations, implying the bi-methyl substitution may not be beneficial for binding.
Moreover, compounds 4 and 8 feature the same chiral amino acids (all S-configurations)
yet different numbers of methyl groups (two methyl groups for compound 4 and one for
compound 8). However, compound 8 presented an eight times stronger antitumor activity
than 4, similar to the binding energy.

Table 2. Molecular docking binding energy towards MDM2 protein (PDB: 3EQS) (kcal·mol−1).

Compounds 1 2 3 4 5 6 7 8

EBinding −5.59 −5.87 −5.91 −5.5 −5.2 −6.43 −6.7 −10.33
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Why do the two compounds present different bioactivities just because of a little
difference in their methyl groups? Notwithstanding the moderate bioactivities of the
prepared compounds, we believe it is meaningful to find the explanation from the docking
mode between the two compounds and MDM2. Figure 5 shows the forces and the binding
sites between cyclopeptides (4 and 8) and MDM2 (3EQS). The strong binding for compound
8 could be explained from many aspects (Figure 5A). Firstly, a conventional hydrogen bond
between the carbonyl groups in compound 8 and the His96 of MDM2, and broad van der
Waals interactions between the cyclic peptide and Lys51, Phe55, Gly58, Phe91, Tyr100, and
Ile103 in MDM2 mainly account for the tight bindings. Moreover, the interactions between
the isoindolinone group and Leu54 through amide-π and σ-π interactions further enhance
the binding force. Some other hydrophobic interactions between the abundant isopropyl
side chain of cyclopeptide and Val75, Ile61, Met62, Tyr67, Val93 and Lys94, and between
the phenyl groups of cyclopeptide and Ile99, Leu57, and Val 93, also contribute to the
binding. Combined with the observation of 3D docking in the hydrophobic cavity, we can
conclude that the isoindolinone and phenyl play an important role in molecular binding.
Moreover, there is no observable binding for a single methyl group in compound 8 with
MDM2 protein, suggesting that the methylation may exert its function by influencing the
steric structure of the peptide.
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contact with the target widely.
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As a comparison, the docking of compound 4 with MDM2 protein was also discussed
in Figure 5B. The weak binding energy for compound 4 may be attributed to the absence of
the conventional hydrogen bond and the interactions between isoindolinone and the target.
Only some weak hydrophobic interactions between the cyclic peptide 4 and MDM2 can
be observed. Therefore, based on the above analysis, we concluded that the introduction
of isoindolinone into galaxamide could facilitate the binding of cyclic peptide analogs to
MDM2 protein, and the methylation is not always effective in enhancing the bioactivity
of small cyclic peptides. Moreover, it can be observed visually that compound 8 presents
a more strengthening steric structure and could interact with the target protein broadly,
yet compound 4 is more crouching with a smaller molecular surface area that is not able
to contact with the target widely. As mentioned earlier, the binding of p53 with MDM2
involves broad protein-protein interaction (PPI) through the hydrophobic forces between
various amino acid residues around the contact area [31], and those peptides mimicking
p53 to bind MDM2 through broad PPI have been found to have excellent antitumor activity
and promising applicable prospects. Therefore, while the compounds discussed in this
paper have relatively modest activity, our findings have provided powerful evidence that a
larger molecular surface area would lead to a stronger binding force and might give useful
clues for the study of protein-protein interactions.

3. Materials and Methods
3.1. General

Boc-L-leucine, Boc-D-leucine, di-tert-butyl ecarbonate, N-ethoxycarbonyl-2-ethoxy-1,2-
dihydroquinoline (EEDQ), trifluoroacetic acid (TFA), N-[(trimethylsilyl)methyl]benzylamine,
and phthalylglycyl chloride were purchased from Sinopharm Chemical Reagent Co. Dul-
becco’s modified Eagle medium (DMEM), penicillin, streptomycin and fetal bovine serum
(FBS) were purchased from Beijing Dingguo Biotechnology Co. (Beijing, China). Fluo-3
AM, rhodamine 123, RNase and propidium iodide (PI) were purchased from Beyotime
Biotechnology (Jiangsu, China). A Lactate Dehydrogenase Kit was bought from Beijing
Solarbio Science & Technology (Beijing, China). Mass spectra were recorded on a JEOL
JMS-700 spectrometer. AMX400 NMR (Bruker, Bremen, Germany) was used to record 1H
and 13C NMR spectra. A 450 W medium-pressure mercury lamp (HANOVIA Specialty
Lighting LLC, Fairfield, NJ, USA) filtered by Pyrex glass (λ > 290 nm) was used for pho-
toinduced excitation in a JRS-7825-34 photoreactor (Julabo, Seelbach, Germany). Hep G2
(human liver cancer cell line ATCC HB-8065), MD-MAB-231 (human breast cancer cell line
ATCC HTB-26) and L929 (mouse fibroblast cell line ATCC CCL-1) cells were provided by
the Harbin Institute of Technology, Harbin, China.

3.2. Synthesis of the Photoreaction Precursor Linear Peptides (9–16)

The synthesis of linear peptides is similar to our previous report [37].
Generally, N-Boc-amino acid (10 mmol) was used as the starting material, N-benzyl-1-

(trimethylsilyl)-methanamine (1 equivalent, 10 mmol) was used as a masking agent for the
carboxyl end group, 2-ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline (EEDQ) (1.5 molar
equivalents, 15 mmol in 10 mL of THF) was used as a condensing agent, and trifluoroacetic
acid (TFA) (3 molar equivalents) was used as a deprotecting agent to prepare the N-benzyl-
1-(trimethylsilyl)-methanamine-substituted linear peptides (Scheme 1). Finally, the electron
acceptor phthalimide glycine (1.1 molar equivalent, using dichloromethane as solvent) was
introduced to obtain the photoreaction precursor N-phthalimide-peptides (9–16).

3.2.1. N-Phthalimido-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu-Si(CH3)3 (9)

White solid (yield 78%). 1HNMR(CDCl3) δ: 0.01~0.20 (m, 9H, SiMe3), 0.90~0.95 (m,
30H, CH3), 1.19~1.35 (m, 5H, CH(CH3)2),1.41~1.62 (m, 10H, CH2CH(CH3)2), 2.93~3.04 (m, 2H,
CH2SiMe3), 3.12~3.26 (m, 6H, NCH3), 4.43~5.51 (m, 9H, CHCH2CH(CH3)2 and NCH2CO and
CH2Ph), 7.25~7.38 (m, 5H, ArH), 7.71~7.89 (m, 4H, Phthaloyl); 13CNMR(CDCl3) δ: −1.3, 22.4,
22.8, 22.9, 23.3, 23.4, 23.5, 24.6, 24.7, 24.8, 24.9, 30.7, 37.9, 38.8, 41.6, 41.7, 42.5, 46.7, 47.6, 53.2,
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53.8, 61.4, 123.4, 126.8, 127.7, 128.8, 132.2, 133.9, 136.5, 165.8, 166.2, 167.8, 167.9, 170.6, 173.1.
HRMS (ESI) m/z calcd for C53H83N7O8SiNa+ (M + Na)+ 996.59646, found 996.59668.

3.2.2. N-Phthalimido-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu-Si(CH3)3 (10)

White solid (yield 72%). 1HNMR(CDCl3) δ: 0.03~0.18 (m, 9H, SiMe3), 0.66~0.99 (m,
30H, CH3), 1.25~1.42 (m, 5H, CH(CH3)2),1.59~1.82 (m, 10H, CH2CH(CH3)2), 2.80~2.88 (m, 2H,
CH2SiMe3), 2.96~3.07 (m, 6H, NCH3), 4.38~5.30 (m, 9H, CHCH2CH(CH3)2 and NCH2CO and
CH2Ph), 7.12~7.38 (m, 5H, ArH), 7.74~7.88 (m, 4H, Phthaloyl); 13CNMR(CDCl3) δ:−1.1, 21.6,
21.8, 22.2, 23.0, 23.2, 23.5, 24.8, 24.9, 24.9, 30.6, 35.3, 36.2, 38.6, 40.5, 40.6, 41.0, 41.5, 47.7,
48.6, 48.7, 53..1, 54.4, 54.6, 123.5, 126.9, 1275, 128.8, 132.1, 134.0, 137.0, 166.3, 167.6, 170.3,
170.7, 171.8, 171.9, 173.5, 173.5. HRMS (ESI) m/z calcd for C53H83N7O8SiNa+ (M + Na)+

996.59646, found 996.59717.

3.2.3. N-Phthalimido-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu-Si(CH3)3 (11)

White solid (yield 75%). 1HNMR(CDCl3) δ: 0.03~0.18 (m, 9H, SiMe3), 0.90~0.99 (m,
30H, CH3), 1.27~1.41 (m, 5H, CH(CH3)2),1.60~1.82 (m, 10H, CH2CH(CH3)2), 2.76~2.79 (m, 2H,
CH2SiMe3), 2.94~3.07 (m, 6H, NCH3), 4.39~5.31 (m, 9H, CHCH2CH(CH3)2 and NCH2CO and
CH2Ph), 7.27~7.38 (m, 5H, ArH), 7.74~7.87 (m, 4H, Phthaloyl); 13CNMR(CDCl3) δ:−1.1, 21.6,
21.8, 22.1, 23.0, 23.2, 23.3, 23.5, 24.8, 24.8, 24.9, 30.6, 35.4, 36.2, 40.5, 41.0, 41.5, 47.7, 47.8, 48.7,
53.1, 54.4, 54.5, 67.1, 123.5, 126.9, 127.5, 128.8, 132.1, 134.0, 137.0, 167.6, 170.3, 170.7, 171.8,
171.9, 173.5. HRMS (ESI) m/z calcd for C53H83N7O8SiNa+ (M + Na)+ 996.59646, found
996.59717.

3.2.4. N-Phthalimido-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu-Si(CH3)3 (12)

White solid (yield 73%). 1HNMR(CDCl3) δ: 0.04~0.17 (m, 9H, SiMe3), 0.88~0.95 (m,
30H, CH3), 1.28~1.31 (m, 5H, CH(CH3)2),1.44~1.66 (m, 10H, CH2CH(CH3)2), 2.89~2.93 (m, 2H,
CH2SiMe3), 3.05~3.46 (m, 6H, NCH3), 4.20~5.52 (m, 9H, CHCH2CH(CH3)2 and NCH2CO and
CH2Ph), 7.24~7.38 (m, 5H, ArH), 7.71~7.87 (m, 4H, Phthaloyl); 13CNMR(CDCl3) δ:−1.3, 21.7,
22.1, 22.8, 23.3, 23.5, 24.5, 24.6, 24.7, 24.8, 330.7, 38.7, 41.5, 41.7, 42.5, 46.7, 47.6, 51.0, 53.2,
53.8, 61.5, 123.4, 126.8, 127.7, 128.8, 132.2, 133.9, 134.2, 136.5, 165.9, 166.2, 167.8, 170.7, 171.2,
173.0, 173.1. HRMS (ESI) m/z calcd for C53H83N7O8SiNa+ (M + Na)+ 996.59646, found
996.59717.

3.2.5. N-Phthalimido-Gly-Leu-Leu-Leu-N-Me-Leu-Leu-Si(CH3)3 (13)

White solid (yield 73%). 1HNMR(CDCl3) δ: 0.05~0.19 (m, 9H, SiMe3), 0.88~0.97 (m,
30H, CH3), 1.26~1.30 (m, 5H, CH(CH3)2),1.58~1.67 (m, 10H, CH2CH(CH3)2), 2.79~3.02 (m, 2H,
CH2SiMe3), 3.22~3.27 (m, 3H, NCH3), 4.21~5.23 (m, 9H, CHCH2CH(CH3)2 and NCH2CO and
CH2Ph), 7.26~7.40 (m, 5H, ArH), 7.72~7.89 (m, 4H, Phthaloyl); 13CNMR(CDCl3 δ:−1.3, 21.8,
22.6, 22.6, 22.7, 232, 23.2, 23.5, 24.6, 24.7, 24.8, 30.9, 39.0, 441.6, 42.0, 42.2, 42.7, 46.9, 51.3, 51.7,
53.2, 53.5, 61.6, 123.4, 126.7, 127.7, 128.9, 132.0, 132.3, 136.7, 166.1, 167.7, 167.8, 170.5, 171.4,
173.1. HRMS (ESI) m/z calcd for C52H81N7O8SiNa+ (M + Na)+ 982.58081, found 982.58154.

3.2.6. N-Phthalimido-Gly-Leu-N-Me-Leu-Leu-Leu-Leu-Si(CH3)3 (14)

White solid (yield 68%). 1HNMR(CDCl3) δ: 0.05~0.15 (m, 7H, SiMe3), 0.16~0.22
(m, 2H, SiMe3),0.91~1.01 (m, 30H, CH3), 1.36~1.43 (m, 5H, CH(CH3)2),1.63~1.94 (m, 10H,
CH2CH(CH3)2), 3.09~3.14 (m, 3H, NCH3), 3.14~3.33 (m, 2H, CH2SiMe3), 4.14~5.25 (m, 9H,
CHCH2CH(CH3)2 and NCH2CO and CH2Ph), 7.27~7.38 (m, 4H, ArH), 7.90~7.91 (m, 5H,
Phthaloyl); 13CNMR(CDCl3) δ: −2.0, 22.4, 22.6, 22.8, 22.9, 22.9, 23.1, 23.2, 24.2, 24.4, 24.7,
25.6, 30.8, 28.4, 40.6, 41.5, 41.8, 42.2, 46.6, 47.3, 50.5, 51.0, 53.0, 60.5, 123.0, 126.9, 128.4, 128.7,
132.3, 134.2, 137.1, 167.4, 170.0, 170.9, 171.5, 171.8, 171.9, 172.2. HRMS (ESI) m/z calcd for
C52H81N7O8SiNa+ (M + Na)+ 982.58081, found 982.58148.
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3.2.7. N-Phthalimido-Gly-Leu-Leu-Leu-N-Me-Leu-Leu-Si(CH3)3 (15)

White solid (yield 77%). 1HNMR(CDCl3) δ: 0.05~0.15 (m, 7H, SiMe3), 0.16~0.20 (m,
2H, SiMe3), 0.87~0.96 (m, 30H, CH3), 1.27~1.29 (m, 5H, CH(CH3)2),1.47~1.86 (m, 10H,
CH2CH(CH3)2), 2.79~2.83 (m, 3H, NCH3), 3.22~3.26 (m, 2H, CH2SiMe3), 4.39~5.30 (m, 9H,
CHCH2CH(CH3)2 and NCH2CO and CH2Ph), 7.30~7.40 (m, 5H, ArH), 7.74~7.76 (m, 2H,
Phthaloyl), 7.80~7.90 (m, 2H, Phthaloyl); 13CNMR(CDCl3) δ: -1.3, 22.6, 22.6, 22.7, 22.7, 23.1,
23.3, 23.5, 24.6, 24.7, 24.8, 30.9, 39.0, 40.6, 41.5, 41.6, 46.9, 50.9, 51.3, 51.7, 53.2, 53.5, 61.4,
123.4, 126.7, 127.7, 128.9, 132.3, 133.9, 134.2, 136.7, 166.1, 167.8, 170.5, 171.2, 171.4, 171.8.
HRMS (ESI) m/z calcd for C52H81N7O8SiNa+ (M + Na)+ 982.58081, found 982.58118.

3.2.8. N-Phthalimido-Gly-Leu-N-Me-Leu-Leu-Leu-Leu-Si(CH3)3 (16)

White solid (yield 74%). 1HNMR(CDCl3) δ: 0.05~0.13 (m, 6H, SiMe3), 0.14~0.18
(m, 3H, SiMe3),0.89~0.98 (m, 30H, CH3), 1.27~1.45 (m, 5H, CH(CH3)2),1.54~1.76 (m, 10H,
CH2CH(CH3)2), 2.98~3.01 (m, 2H, CH2SiMe3), 3.16~3.21 (m, 3H, NCH3), 4.17~5.20 (m, 9H,
CHCH2CH(CH3)2 and NCH2CO and CH2Ph), 7.22~7.35 (m, 5H, ArH), 7.71~7.72 (m, 2H,
Phthaloyl), 7.85~7.86 (m, 2H, Phthaloyl); 13CNMR(CDCl3) δ: −1.3, 22.6, 22.6, 22.7, 22.7,
23.1, 23.3, 23.5, 24.6, 24.7, 24.8, 30.9, 39.0, 40.6, 41.5, 41.6, 46.9, 50.9, 51.3, 51.7, 53.2, 53.5, 61.4,
123.4, 126.7, 127.7, 128.9, 132.3, 133.9, 134.2, 136.7, 166.1, 167.8, 170.5, 171.2, 171.4, 171.8.
HRMS (ESI) m/z calcd for C52H81N7O8SiNa+ (M + Na)+ 982.58081, found 982.58148.

3.3. Preparation of Cyclic Peptides 1–8

A total of 0.5 g of linear peptide 9 was dissolved in methanol (250 mL) and purged
with nitrogen for 15 min. The solution was cooled by circulating water in a cylindrical glass
jacket around the photoreactor and was irradiated with UV light (Pyrex tube filtered light
λ > 290 nm) for 30 min to generate bicyclopeptides 4a-4i in methanol as a hydrogen donor
and because the polar solvation effect would be helpful for the stability of the leaving group
SiMe3

+. The resulting reaction mixture was purified by column chromatography to give
3-hydroxy-isoindolinone-cyclopeptides (1–8).

3.3.1. 3-Hydroxy-isoindolinone-cyclo-(Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu) (1)

White solid (yield 51%). 1HNMR(CDCl3) δ: 0.90~0.99 (m, 30H, CH3), 1.28~1.31 (m,
5H, CH(CH3)2),1.44~1.66 (m, 10H, CH2CH(CH3)2), 2.92~3.26 (m, 6H, NCH3), 3.48~3.57
(m, 2H, NCH2C(OH)), 4.13~4.99 (m, 9H, CHCH2CH(CH3)2 and NCH2CO and CH2Ph),
7.24~7.39 (m, 5H, ArH), 7.54~7.61 (m, 4H, Phthaloyl); 13CNMR(CDCl3) δ:21.5, 22.0, 22.2,
22.7, 22.8, 23.0, 23.4, 24.5, 24.6, 24.7, 24.8, 29.7, 38.4, 40.6, 46.8, 47.2, 49.2, 49.8, 51.7, 60.2,
63.1, 89.2, 122.0, 125.9, 126.4, 127.8, 128.9, 129.0, 130.0, 137.0, 142.7, 169.0, 170.7, 172.7, 174.9.
HRMS (ESI) m/z calcd for C50H75N7O8Na+ (M + Na)+ 924.55693, found 924.55750.

3.3.2. 3-Hydroxy-isoindolinone-cyclo-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu (2)

White solid (yield 48%). 1HNMR(CDCl3) δ: 0.73~1.12 (m, 30H, CH3), 1.30~1.36 (m,
5H, CH(CH3)2), 1.45~1.73 (m, 10H, CH2CH(CH3)2), 2.77~3.18 (m, 6H, NCH3), 3.48~3.80
(m, 2H, NCH2C(OH)), 4.17~4.22 (m, 2H, NCH2CO), 4.83~5.39 (m, 7H, CHCH2CH(CH3)2
and CH2Ph), 7.25~7.37 (m, 5H, ArH), 7.54~7.63 (m, 4H, Phthaloyl); 13CNMR(CDCl3)δ: 20.7,
21.4, 21.5, 21.7, 22.4, 22.8, 23.2, 23.5, 23.5, 24.6, 24.7, 24.8, 25.6, 29.6, 31.7, 43.2, 43.6, 44.0,
47.7, 48.2, 48.6, 48.8, 50.4, 52.5, 53.7, 55.3, 89.0, 121.6, 126.0, 126.1, 128.4, 128.9, 129.8, 130.0,
132.7, 136.9, 147.0, 168.1, 169.8, 170.3, 170.7, 171.6, 173.9, 175.7. HRMS (ESI) m/z calcd for
C50H75N7O8Na+ (M + Na)+ 924.55693, found 924.55756.

3.3.3. 3-Hydroxy-isoindolinone-cyclo-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu (3)

White solid (yield 45%). 1HNMR(CDCl3) δ: 0.69~1.19 (m, 30H, CH3), 1.44~1.53 (m,
5H, CH(CH3)2), 1.57~1.82 (m, 10H, CH2CH(CH3)2), 3.11~3.31 (m, 6H, NCH3), 3.73~3.84
(m, 2H, NCH2C(OH)), 4.14~4.16 (m, 2H, NCH2CO), 4.92~5.31 (m, 7H, CHCH2CH(CH3)2
and CH2Ph), 7.30~7.40 (m, 5H, ArH), 7.48~7.56 (m, 4H, Phthaloyl); 13CNMR(CDCl3)δ:
20.9, 21.0, 21.4, 21.5, 21.7, 22.3, 22.7, 23.1, 23.4, 23.5, 24.8, 25.6, 29.6, 31.7, 40.6, 43.2, 47.7,
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48.2, 48.2, 48.3, 50.4, 50.7, 52.5, 55.3, 67.3, 70.8, 89.0, 121.6, 127.8, 128.4, 128.8, 128.9, 129.5,
130.0, 132.1, 132.6, 136.9, 167.6, 168.0, 168.7, 170.3, 170.7, 175.7. HRMS (ESI) m/z calcd for
C50H75N7O8Na+ (M + Na)+ 924.55693, found 924.55750.

3.3.4. 3-Hydroxy-isoindolinone-cyclo-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu (4)

White solid (yield 43%). 1HNMR(CDCl3) δ: 0.88~1.03 (m, 30H, CH3), 1.26~1.29 (m,
5H, CH(CH3)2), 1.44~1.69 (m, 10H, CH2CH(CH3)2), 2.91~3.19 (m, 6H, NCH3), 4.13~4.15
(m, 4H, NCH2C(OH)), 4.43~5.32 (m, 7H, CHCH2CH(CH3)2 and CH2Ph), 7.29~7.37 (m, 5H,
ArH), 7.50~7.60 (m, 2H, Phthaloyl), 7.76~7.88 (m, 2H, Phthaloyl); 13CNMR(CDCl3) δ: 21.5,
21.8, 22.0, 22.2, 22.7, 22.9, 23.4, 23.7, 24.8, 24.8, 25.0, 25.1, 29.6, 30.4, 39.1, 38.4, 39.7, 40.6, 40.9,
42.5, 46.7, 49.2, 49.8, 60.4, 67.1, 89.1, 123.6, 125.9, 126.4, 128.9, 130.0, 130.6, 132.1, 134.1, 147.2,
167.0, 167.7, 169.0, 170.2, 171.0, 172.7, 173.8. HRMS (ESI) m/z calcd for C50H75N7O8Na+

(M + Na)+ 924.55693, found 924.55688.

3.3.5. 3-Hydroxy-isoindolinone-cyclo-Gly-Leu-Leu-Leu-N-Me-Leu-Leu (5)

White solid (yield 24%). 1HNMR(CDCl3) δ: 0.79~1.08 (m, 30H, CH3), 1.28~1.32 (m,
5H, CH(CH3)2), 1.42~1.81 (m, 10H, CH2CH(CH3)2), 3.03~3.06 (m, 3H, NCH3), 4.10~4.31
(m, 4H, NCH2C(OH)), 4.74~5.01 (m, 7H, CHCH2CH(CH3)2 and CH2Ph), 7.29~7.37 (m,
6H, ArH), 7.60~7.65 (m, H, Phthaloyl), 7.74~7.88 (m, 2H, Phthaloyl); 13CNMR(CDCl3)δ:
21.5,21.7, 22.7, 22.8, 22.9, 22.9, 23.3, 24.6, 24.7, 25.0, 29.5, 37.1, 38.1, 39.8, 41.1, 41.3, 43.5, 48.0,
50.7, 53.4, 54.5, 54.6, 58.7, 58.8, 90.6, 124.1, 125.9, 129.0, 129.1, 129.2, 129.4, 130.5, 133.4, 134.9,
146.4, 169.8, 171.7, 172.7, 172.8, 174.3, 177.5. HRMS (ESI) m/z calcd for C49H73N7O8Na+ (M
+ Na)+ 910.54128, found 910.54150.

3.3.6. 3-Hydroxy-isoindolinone-cyclo-Gly-Leu-N-Me-Leu-Leu-Leu-Leu (6)

White solid (yield 25%). 1HNMR(CDCl3) δ: 0.93~1.05 (m, 30H, CH3), 1.28~1.46 (m,
5H, CH(CH3)2), 1.53~1.75 (m, 10H, CH2CH(CH3)2), 3.16~3.29 (m, 3H, NCH3), 4.13~4.19
(m, 4H, NCH2C(OH)), 4.49~4.74 (m, 7H, CHCH2CH(CH3)2 and CH2Ph), 7.29~7.66 (m, 9H,
ArH); 13CNMR(CDCl3) δ: 21.3, 22.3, 22.4, 23.1, 23.4, 24.5, 25.1, 25.3, 25.3, 29.7, 37.1, 39.6,
39.9, 40.4, 40.6, 44.3, 48.8, 49.1, 51.7, 54.2, 62.7, 65.8, 90.3, 123.9, 125.7, 127.9, 128.9, 129.0,
130.1, 130.5, 132.6, 135.7, 146.3, 168.3, 170.1, 170..6, 172.8, 172.9, 173.6, 174.0. HRMS (ESI)
m/z calcd for C49H73N7O8Na+ (M + Na)+ 910.54128, found 910.54163.

3.3.7. 3-Hydroxy-isoindolinone-cyclo-Gly-Leu-Leu-Leu-N-Me-Leu-Leu (7)

White solid (yield 28%). 1HNMR(CDCl3) δ: 0.91~1.01 (m, 30H, CH3), 1.29~1.43 (m,
5H, CH(CH3)2), 1.53~1.89 (m, 10H, CH2CH(CH3)2), 3.08~3.22 (m, 3H, NCH3), 4.11~4.17
(m, 4H, NCH2C(OH)), 4.53~5.97 (m, 7H, CHCH2CH(CH3)2 and CH2Ph), 7.29~7.39 (m, 5H,
ArH), 7.55~7.63 (m, 2H, Phthaloyl), 7.74~7.82 (m, 2H, Phthaloyl); 13CNMR(CDCl3) δ: 22.7,
22.9, 23.1, 23.3, 23.4, 23.5, 24.6, 24.7, 24.9, 31.9, 37.1, 40.2, 40.4, 40.7, 40.9, 43.7, 47.7, 50.7,
51.7, 53.4, 53.4, 54.4, 54.6, 58.8, 89.0, 125.9, 126.4, 127.4, 129.0, 130.0, 130.3, 131.9, 135.8, 147.2,
168.6, 169.7, 171.8, 172.2, 172.9, 173.1, 173.2. HRMS (ESI) m/z calcd for C49H73N7O8Na+

(M + Na)+ 910.54128, found 910.54193.

3.3.8. 3-Hydroxy-isoindolinone-cyclo-Gly-Leu-N-Me-Leu-Leu-Leu-Leu (8)

White solid (yield 23%). 1HNMR(CDCl3) δ: 0.70~1.05 (m, 30H, CH3), 1.28~1.34 (m,
5H, CH(CH3)2), 1.46~1.91 (m, 10H, CH2CH(CH3)2), 2.77~3.14 (m, 3H, NCH3), 3.90~4.20
(m, 4H, NCH2C(OH)), 4.55~5.97 (m, 7H, CHCH2CH(CH3)2 and CH2Ph), 7.22~7.57 (m, 9H,
ArH); 13CNMR(CDCl3) δ: 21.4, 21.5, 21.7, 22.3, 22.4, 23.0, 23.1, 23.4, 24.4, 24.5, 25.0, 25.2,
25.3, 31.9, 37.1, 37.8, 39.7, 40.0, 40.6, 44.3, 48.6, 48.9, 51.8, 53.3, 54.2, 65.7, 90.3, 121.7, 123.8,
125.7, 127.8, 129.0, 130.1, 130.6, 132.5, 135.8, 146.3, 168.4, 169.9, 170.4, 171.1, 172.7, 173.6,
173.8. HRMS (ESI) m/z calcd for C50H75N7O8Na+ (M + Na)+ 924.55693, found 924.55688.
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3.4. MTT Experiment

Samples were dissolved in DMSO and diluted into different concentrations (0, 9.375,
12.25, 18.75, 25, 37.5, 50, 75, 100 and 250 µM) and stored at 4 ◦C. Cells in the logarithmic
growth phase were digested with trypsin and then seeded in 96-well plates at a density
of 2 × 104 cells/well in 100 µL of culture medium. The cells were treated with different
concentrations of the tested compound, and a blank control group without the drug was
also set up. Six wells were repeated for each dose. After 48 h of co-incubation, MTT solution
(100 µL, 0.5 mg/mL) was added, followed by incubation for another 4 h. After discarding
the supernatant, 100 µL of DMSO was added per well, and the absorbance (OD) values
were measured at 490 nm using an enzyme marker. Cell viability was calculated by the
formula: Cell viability (%) = As/Ab × 100% (where As is the absorbance value of the
experimental group and Ab is the absorbance value of the blank group). The obtained data
were processed using SPSS19 software to obtain IC50 values.

3.5. Detecting Apoptosis by Flow Cytometry

HepG-2 cells were seeded in a 6-well plate (2 × 105 cells per well). The different
concentrations of compound 8 (0, 5.5, 11, 22 µg/mL) were added and incubated for 48 h
to induce apoptosis. The collected cells were centrifuged (2000 r/min) for 5 min and
resuspended in PBS (200 µL). Then, 5 µL of Annexin V-FITC was added and incubated for
10 min at room temperature away from light. Finally, 5 µL propidium iodide solution was
added and incubated for 5 min away from light. The fluorescence intensity was detected
by flow cytometry and analyzed by utilizing FlowJo_V10 software (FlowJo X 10.0.7r2, BD
Biosciences, Franklin Lakes, NJ, USA).

3.6. Detecting the Effect on the Cell Cycle by Flow Cytometry

HepG-2 cells were inoculated in 6-well plates and incubated for 24 h. Then, different
concentrations of compound 8 were added to the wells and incubated for the required
time. The collected cells in the experimental and control groups were digested with trypsin,
centrifuged (1000 r/min, 5 min), resuspended in PBS and fixed by 70% ice ethanol (3 mL) at
−20 ◦C for 24 h. Then, cells were washed twice with PBS and resuspended in PBS (0.9 mL),
then treated with 100 µL RNase (100 µg/mL) for 30 min at 37 ◦C. After centrifuging the
mixture for 5 min, the cells were resuspended in 50 µg/mL PBS and stained with 600 µL of
PI solution (Beyotime Biotechnology, Shanghai, China) for 60 min at 4 ◦C to stain. Finally,
the physical properties of individual cells at different mitotic stages were analyzed by flow
cytometry (BD Accuri C6, BD Biosciences, Franklin Lakes, NJ, USA).

3.7. Detecting the Effect on Mitochondrial Membrane Potential by Flow Cytometry

Cells in the logarithmic phase were seeded in 6-well plates and incubated for 24 h.
After refreshing the culture medium, different concentrations of compound 8 (0, 5.5, 11,
22 µM) were added and co-incubated for 48 h. Meanwhile, the cells were also treated
with 11 µM of compound 8 within different time periods (12 h, 24 h, 48 h). Then, the
cells were collected by trypsin digestion and washed with phosphate-buffered solution.
After centrifuging (1000 r/min) for 5 min, the obtained cell precipitate was suspended in
PBS (100 µL); then, 100 µL of rhodamine 123 (1 µM) was added and incubated for 20 min.
The cells were centrifuged, resuspended in 600 µL PBS, and analyzed by flow cytometry
(maximum excitation wavelength 507 and maximum emission wavelength 529 nm). At
least 10,000 events were counted in the experiment.

3.8. Detecting the Effect on Intracellular Ca2+ Concentration

Cells incubated in 6-well plates were treated in a similar way as mentioned above, and
then 100 µL of Fluo-3 AM (5 µM) was added and incubated for 1 h at 37 ◦C away from
light. After rewashing the cells, the suspended precipitate in PBS was checked by flow
cytometry (excitation at 488 nm and emission at 525 nm).
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3.9. Lactate Dehydrogenase (LDH) Activity Assay

Lactate dehydrogenase activity of HepG-2 cells treated with compound 8 was exam-
ined by using the Lactate Dehydrogenase Kit (Beijing Solarbio Science & Technology, Beijing,
China) according to the instructions for use. Cells in the logarithmic phase were seeded in
a 96-well plate (2 × 105 cells per well) and incubated for 24 h. The cells were divided into
experimental and control groups. The experimental group cells were treated with different
concentrations (37.5, 50, 75, 100, 150, and 200 µM of PBS solution) of compound 8 for 48 h.
Then, cells were digested, centrifuged, resuspended in PBS and re-centrifuged (1000 r/min)
in the same way as mentioned earlier. After that, 100 µL of LDH extract was added to
each well. Then, the cells were sonicated for 10 s (repeated 30 times) and centrifuged
(8000 r/min) for 10 min. The supernatant was taken and placed on ice for testing. A test
tube and a control tube were set up at the same time. Then the other reagents in the Lactate
Dehydrogenase Kit (Beyotime Biotechnology, Shanghai, China) were added according to
the instructions, and the absorption of the mixture was measured by the spectrophotometer.
Meanwhile, sodium pyruvate was dissolved in acetone to prepare the standard solutions at
the concentrations of 0, 0.125, 0.25, 0.5, 1, and 2 µM. The absorption of the standard solution
at 450 nm was measured to plot the standard curve. The previously measured value of
each sample was substituted into the regression equation of the standard curve to calculate
the y-value (µM), and the lactate dehydrogenase activity was calculated according to the
equation: LDHactive (U/104 cells) = 0.133 y.

3.10. Effect on Protein Levels of MDM2 and p53 by Western Blot

HepG-2 cells (5 × 106 cells) in the medium were treated with different concentrations
of compounds for the required time and were washed twice with ice-cold PBS. The cells
were scraped into cell lysate buffer containing phenylmethanesulfonyl fluoride (PMSF) and
transferred to a 1.5 mL centrifuge tube, then lysed for 20 min at 4 ◦C. After centrifuging
(12,000 r/min) for 20 min, the supernatant was collected and measured using the BCA Pro-
tein Assay Kit (Beyotime Biotechnology Co. Ltd., Shanghai, China)). Protein samples were
then electrophoresed on 12% SDS-polyacrylamide gels and transferred to polyvinylidene
difluoride (PVDF) membranes. The membranes were then closed with 5% skim milk in
Tris-buffered saline Tween 20 (TBST) (containing 50 mM Tris-HCl, 150 mM NaCl and 0.02%
Tween-20) for 2 h. The membranes were co-incubated overnight at 4 ◦C with a primary Akt
antibody (1:1000), followed by another incubation with the secondary antibody (1:5000).
After that, the membranes were washed 5 times with TBST buffer (5 min each time). Finally,
the chemiluminescent enhancer was added drop-wise, and the image was captured by the
chemiluminescent imaging system. B-actin was used as the control.

3.11. Theoretical Computational Details

The compounds were firstly drawn by ChemBio3D Ultra 14.0 (CambridgeSoft Cor-
poration, Waltham, MA, USA) and optimized by the MM2 method. Then, the stable
conformations were searched with the MMFF94 molecular mechanic force field. The ob-
tained conformers were optimized at the DFT/B3LYP/6-31G (d, p) level, and the ECD was
calculated by time-dependent DFT calculations on the lowest energy conformations (>5%
population) at the level of TDDFT/ωb97xd/cc-pVDZ using a polarizable continuum model
(PCM) to consider the solvent. ECD curves were simulated based on rotatory strengths by
Specdis 1.71 [38]. The calculated spectra were UV-corrected for comparison to the exper-
imental data. In the docking studies, the cyclopeptide molecules were firstly optimized
by molecular mechanics (MM2) methods to establish the low energy conformation, which
were then placed in the binding site of receptors to find the configuration with the lowest
binding energy. A semi-flexible docking was used to study the binding mode. The amino
acid residues from the protein (MDM2) were set as “rigid”, while the small molecules were
set as “random” (flexible). The docking experiments were carried out by AutoDock 4.26
(The scripps research institute, La Jolla, CA, USA). The crystal structure of the target protein
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was obtained from the RCSB database. The hydrogen was added and charge calculated by
AutoDock Tools 1.5.6 software (The scripps research institute, La Jolla, CA, USA) [39].

4. Conclusions

Various analogs of the natural cyclic peptide galaxamide containing different chiral
and methyl-substituted structural fragments were synthesized by intramolecular photoin-
duced single electron transfer cyclization reactions, and their stereochemistry was studied
by circular dichroism with the aid of theoretical calculations. Systematical in vitro experi-
ments displayed that the galaxamide analogs with isoindolinone fragments in the skeleton
could efficiently induce apoptosis, decrease mitochondrial membrane potential, increase
intracellular Ca2+ concentration and inhibit lactate dehydrogenase activity, implying a
promising inhibitory effect on the growth of HepG-2 cells. Molecular docking has disclosed
that the introduction of isoindolinone into galaxamide could effectively improve the inter-
molecular interactions and facilitate the binding of cyclic peptide analogs to MDM2 protein.
While the compounds discussed in this paper have relatively modest activity, the research
has disclosed some useful guides for peptide-based drug design, that is, that methylation is
not always effective in enhancing the bioactivity of small cyclic peptides, and also provided
evidence that the broader molecular surface area would lead to stronger binding force,
which might give useful clues for the study of protein-protein interactions.

Supplementary Materials: The supplementary experiment details, including the NMR, MS, and
docking information, can be found online at: https://www.mdpi.com/article/10.3390/md20060
379/s1. Table S1 shows the absolute configurations, relative free energies and populations of the
conformers as determined in methanol; Figure S1 shows the most stable low energy conformers of
cyclic compounds in methanol (DFT/B3LYP/6-31G**); Table S2. Docking process parameter settings
for those with relative high binding energy; Table S3. The forces between compound 4, compound 8
and MDM2 protein obtained by molecular docking.

Author Contributions: Investigation, Methodology, Data curation, Writing—original draft, S.X.
Investigation, Conceptualization, Supervision, Writing—review and editing, Z.W. Methodology, Data
curation, H.Z. Methodology, Writing—original draft, L.Z. Investigation, Q.C. Investigation, X.Z.
Project administration, R.Y. Project administration, X.W. Project administration, Y.J. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Joint Foundation of Natural Science Foundation Hei-
longjiang Province of China, grant number LH2020B010, the Graduate Innovation Projects of Harbin
Normal University, grant number HSDSSCX2021-114 and the College Students Innovation and
Entrepreneurship Training Program of Heilongjiang Province, grant number 202110231028.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: Theoretical calculations were conducted on the ScGrid and Deepcomp7000 at the
Supercomputing Center, Computer Network Information Center of the Chinese Academy of Sciences.
Additionally, the authors would like to extend their thanks to the High Performance Computing
Center of Harbin Normal University.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could influence the work reported in this paper.

References
1. Daly, N.L.; Wilson, D.T. Plant derived cyclic peptides. Biochem. Soc. Trans. 2021, 49, 1279–1285. [CrossRef] [PubMed]
2. Zhang, H.; Chen, S. Cyclic peptide drugs approved in the last two decades (2001–2021). RSC Chem. Biol. 2021, 3, 18–31. [CrossRef]

[PubMed]
3. Vinogradov, A.A.; Yin, Y.; Suga, H. Macrocyclic Peptides as Drug Candidates: Recent Progress and Remaining Challenges. J. Am.

Chem. Soc. 2019, 141, 4167–4181. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/md20060379/s1
https://www.mdpi.com/article/10.3390/md20060379/s1
http://doi.org/10.1042/BST20200881
http://www.ncbi.nlm.nih.gov/pubmed/34156400
http://doi.org/10.1039/D1CB00154J
http://www.ncbi.nlm.nih.gov/pubmed/35128405
http://doi.org/10.1021/jacs.8b13178
http://www.ncbi.nlm.nih.gov/pubmed/30768253


Mar. Drugs 2022, 20, 379 20 of 21

4. Zhang, J.-N.; Xia, Y.-X.; Zhang, H.-J. Natural Cyclopeptides as Anticancer Agents in the Last 20 Years. Int. J. Mol. Sci. 2021, 22,
3973. [CrossRef] [PubMed]

5. Xu, W.-J.; Liao, X.-J.; Xu, S.-H.; Diao, J.-Z.; Du, B.; Zhou, X.-L.; Pan, S.-S. ChemInform Abstract: Isolation, Structure Determination,
and Synthesis of Galaxamide, a Rare Cytotoxic Cyclic Pentapeptide from a Marine Algae Galaxaura filamentosa. Org. Lett. 2008,
10, 4569–4572. [CrossRef]

6. Xiao, X.; Liao, X.; Qiu, S.; Liu, Z.; Du, B.; Xu, S. Synthesis, cytotoxicity and apoptosis induction in human tumor cells by
galaxamide and its analogues. Mar Drugs. 2014, 12, 4521–4538. [CrossRef] [PubMed]

7. Lunagariya, J.; Zhong, S.; Chen, J.; Bai, D.; Bhadja, P.; Long, W.; Liao, X.; Tang, X.; Xu, S. Design and synthesis of analogues of
marine natural product gtalaxamide, an N-methylated cyclic pentapeptide, as potential anti-yumor agent in vitro. Mar. Drugs
2016, 14, 161. [CrossRef]

8. Lunagariya, J.; Liao, X.; Long, W.; Zhong, S.; Bhadja, P.; Li, H.; Zhao, B.; Xu, S. Cytotoxicity Study of Cyclopentapeptide Analogues
of Marine Natural Product Galaxamide towards Human Breast Cancer Cells. Oxidative Med. Cell. Longev. 2017, 2017, 8392035.
[CrossRef]

9. Bai, D.; Yu, S.; Zhong, S.; Zhao, B.; Qiu, S.; Chen, J.; Lunagariya, J.; Liao, X.; Xu, S. d-Amino Acid Position Influences the
Anticancer Activity of Galaxamide Analogs: An Apoptotic Mechanism Study. Int. J. Mol. Sci. 2017, 18, 544. [CrossRef]

10. Liu, S.; Gu, W.; Lo, D.; Ding, X.-Z.; Ujiki, M.; Adrian, T.E.; Soff, G.A.; Silverman, R.B. N-Methylsansalvamide A Peptide Analogues.
Potent New Antitumor Agents. J. Med. Chem. 2005, 48, 3630–3638. [CrossRef]

11. Li, Y.; Li, W.; Xu, Z. Improvement on Permeability of Cyclic Peptide/Peptidomimetic: Backbone N-Methylation as A Useful Tool.
Mar. Drugs 2021, 19, 311. [CrossRef] [PubMed]

12. Wu, J.; Zhao, L.; Wang, Z.; Jin, Y. Photo-induced synthesis of chiral galaxamide analogs and the biological activities against
human tumor cells. New J. Chem. 2018, 42, 19779–19784. [CrossRef]

13. Zhao, L.; Wu, J.; Bao, Y.; Jiang, S.; Wang, Z.; Guo, C.; Jin, Y.; Qu, F. Synthesis of novel isoindole-containing phakellistatin 2 analogs
and the conformation features affecting their antitumor activities. New J. Chem. 2019, 43, 12609–12613. [CrossRef]

14. Schilling, N.A.; Berscheid, A.; Schumacher, J.; Saur, J.S.; Konnerth, M.C.; Wirtz, S.N.; Beleña, J.M.B.; Zipperer, A.; Krismer,
B.; Peschel, A.; et al. Synthetic Lugdunin Analogues Reveal Essential Structural Motifs for Antimicrobial Action and Proton
Translocation Capability. Angew. Chem. Int. Ed. 2019, 58, 9234–9238. [CrossRef] [PubMed]

15. Grauso, L.; Teta, R.; Esposito, G.; Menna, M.; Mangoni, A. Computational prediction of chiroptical properties in structure
elu-cidation of natural products. Nat. Prod. Rep. 2019, 36, 1005–1030. [CrossRef]

16. Migliore, M.; Bonvicini, A.; Tognetti, V.; Guilhaudis, L.; Baaden, M.; Oulyadi, H.; Joubert, L.; Ségalas-Milazzo, I. Characterization
of β-turns by electronic circular dichroism spectroscopy: A coupled molecular dynamics and time-dependent density functional
theory computational study. Phys. Chem. Chem. Phys. 2020, 22, 1611–1623. [CrossRef]

17. Kumar, A.; Schweitzer-Stenner, R.; Wong, B.M. A new interpretation of the structure and solvent dependence of the far UV
circular dichroism spectrum of short oligopeptides. Chem. Commun. 2019, 55, 5701–5704. [CrossRef]

18. Kronik, L.; Stein, T.; Refaely-Abramson, S.; Baer, R. Water-mediated electronic structure of oligopeptides probed by their UV
circular dichroism, absorption spectra, and time-dependent DFT calculations. J. Chem. Theory Comput. 2012, 8, 1515–1531.
[CrossRef]

19. Kaufmann, S.H.; Earnshaw, W. Induction of Apoptosis by Cancer Chemotherapy. Exp. Cell Res. 2000, 256, 42–49. [CrossRef]
20. Guo, M.; Lu, B.; Gan, J.; Wang, S.; Jiang, X.; Li, H. Apoptosis detection: A purpose-dependent approach selection. Cell Cycle 2021,

20, 1033–1040. [CrossRef]
21. Ormerod, M.G. Investigating the relationship between the cell cycle and apoptosis using flow cytometry. J. Immunol. Methods

2002, 265, 73–80. [CrossRef]
22. Kuwahara, Y.; Tomita, K.; Roudkenar, M.H.; Roushandeh, A.M.; Urushihara, Y.; Igarashi, K.; Kurimasa, A.; Sato, T. Decreased

mitochondrial membrane potential is an indicator of radioresistant cancer cells. Life Sci. 2021, 286, 120051. [CrossRef] [PubMed]
23. Klier, P.E.Z.; Martin, J.G.; Miller, E.W. Imaging Reversible Mitochondrial Membrane Potential Dynamics with a Masked Rho-

damine Voltage Reporter. J. Am. Chem. Soc. 2021, 143, 4095–4099. [CrossRef] [PubMed]
24. Orrenius, S.; Zhivotovsky, B.; Nicotera, P. Regulation of cell death: The calcium–apoptosis link. Nat. Rev. Mol. Cell Biol. 2003, 4,

552–565. [CrossRef] [PubMed]
25. Oldach, L. Democratizing calcium visualization. J. Biol. Chem. 2021, 297, 101181. [CrossRef] [PubMed]
26. Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic requirements of cell

pro-liferation. Science 2009, 324, 1029–1033. [CrossRef]
27. Szabo, I.; Zoratti, M.; Biasutto, L. Targeting mitochondrial ion channels for cancer therapy. Redox Biol. 2021, 42, 101846. [CrossRef]
28. Duffy, M.J.; Synnott, N.C.; McGowan, P.M.; Crown, J.; O’Connor, D.; Gallagher, W. p53 as a target for the treatment of cancer.

Cancer Treat. Rev. 2014, 40, 1153–1160. [CrossRef]
29. Li, Y.; Yang, J.; Aguilar, A.; McEachern, D.; Przybranowski, S.; Liu, L.; Yang, C.-Y.; Wang, M.; Han, X.; Wang, S. Discovery of

MD-224 as a First-in-Class, Highly Potent, and Efficacious Proteolysis Targeting Chimera Murine Double Minute 2 Degrader
Capable of Achieving Complete and Durable Tumor Regression. J. Med. Chem. 2019, 62, 448–466. [CrossRef]

30. Mullard, A. p53 programmes plough on. Nat. Rev. Drug Discov. 2020, 19, 497–500. [CrossRef]
31. Baek, S.; Kutchukian, P.S.; Verdine, G.L.; Huber, R.; Holak, T.A.; Lee, K.W.; Popowicz, G.M. Structure of the Stapled p53 Peptide

Bound to Mdm2. J. Am. Chem. Soc. 2012, 134, 103–106. [CrossRef] [PubMed]

http://doi.org/10.3390/ijms22083973
http://www.ncbi.nlm.nih.gov/pubmed/33921480
http://doi.org/10.1021/ol801799d
http://doi.org/10.3390/md12084521
http://www.ncbi.nlm.nih.gov/pubmed/25231922
http://doi.org/10.3390/md14090161
http://doi.org/10.1155/2017/8392035
http://doi.org/10.3390/ijms18030544
http://doi.org/10.1021/jm048952t
http://doi.org/10.3390/md19060311
http://www.ncbi.nlm.nih.gov/pubmed/34072121
http://doi.org/10.1039/C8NJ04978E
http://doi.org/10.1039/C9NJ01832H
http://doi.org/10.1002/anie.201901589
http://www.ncbi.nlm.nih.gov/pubmed/31059155
http://doi.org/10.1039/C9NP00018F
http://doi.org/10.1039/C9CP05776E
http://doi.org/10.1039/C9CC01513B
http://doi.org/10.1021/ct2009363
http://doi.org/10.1006/excr.2000.4838
http://doi.org/10.1080/15384101.2021.1919830
http://doi.org/10.1016/S0022-1759(02)00071-6
http://doi.org/10.1016/j.lfs.2021.120051
http://www.ncbi.nlm.nih.gov/pubmed/34666039
http://doi.org/10.1021/jacs.0c13110
http://www.ncbi.nlm.nih.gov/pubmed/33710896
http://doi.org/10.1038/nrm1150
http://www.ncbi.nlm.nih.gov/pubmed/12838338
http://doi.org/10.1016/j.jbc.2021.101181
http://www.ncbi.nlm.nih.gov/pubmed/34508781
http://doi.org/10.1126/science.1160809
http://doi.org/10.1016/j.redox.2020.101846
http://doi.org/10.1016/j.ctrv.2014.10.004
http://doi.org/10.1021/acs.jmedchem.8b00909
http://doi.org/10.1038/d41573-020-00130-z
http://doi.org/10.1021/ja2090367
http://www.ncbi.nlm.nih.gov/pubmed/22148351


Mar. Drugs 2022, 20, 379 21 of 21

32. Chang, Y.S.; Graves, B.; Guerlavais, V.; Tovar, C.; Packman, K.; To, K.H.; Olson, K.A.; Kesavan, K.; Gangurde, P.; Mukherjee, A.;
et al. Stapled α−helical peptide drug development: A potent dual inhibitor of MDM2 and MDMX for p53-dependent cancer
therapy. Proc. Natl. Acad. Sci. USA 2013, 110, E3445–E3454. [CrossRef] [PubMed]

33. Li, X.; Tolbert, W.D.; Hu, H.-G.; Gohain, N.; Zou, Y.; Niu, F.; He, W.-X.; Yuan, W.; Su, J.-C.; Pazgier, M.; et al. Dithiocarbamate-
inspired side chain stapling chemistry for peptide drug design. Chem. Sci. 2019, 10, 1522–1530. [CrossRef] [PubMed]

34. Giofrè, S.V.; Cirmi, S.; Mancuso, R.; Nicolò, F.; Lanza, G.; Legnani, L.; Campisi, A.; Chiacchio, M.A.; Navarra, M.; Gabriele, B.
Synthesis of spiro[isoindole-1,5’-isoxazolidin]-3(2H)-ones as potential inhibitors of the MDM2-p53 interaction. Beilstein J. Org.
Chem. 2016, 12, 2793–2807. [CrossRef]

35. Hardcastle, I.R.; Liu, J.; Valeur, E.; Watson, A.; Ahmed, S.U.; Blackburn, T.J.; Bennaceur, K.; Clegg, W.; Drummond, C.; Endicott,
J.A.; et al. Isoindolinone Inhibitors of the Murine Double Minute 2 (MDM2)-p53 Protein−Protein Interaction: Structure−Activity
Studies Leading to Improved Potency. J. Med. Chem. 2011, 54, 1233–1243. [CrossRef]

36. Wu, Y.; Yang, X.; Li, G.; Liu, X. Molecular Mechanism of Huaihuasan in treatment of Ulcerative Colitis based on network
pharmacology and molecular docking. Phytomed. Plus 2021, 1, 100081. [CrossRef]

37. Bao, Y.; Zhao, L.; Wu, J.; Jiang, S.; Wang, Z.; Jin, Y. Photo-induced synthesis of Axinastatin 3 analogs, the secondary structures and
their in vitro antitumor activities. Bioorg. Med. Chem. Lett. 2019, 29, 126730. [CrossRef]

38. Bruhn, T.; Schaumlöffel, A.; Hemberger, Y.; Pescitelli, G. SpecDis, Version 1.71; University of Wuerzburg: Wuerzburg, Germany,
2017.

39. Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F.; Belew, R.K.; Goodsell, D.S.; Olson, A.J. AutoDock4 and AutoDockTools4:
Automated docking with selective receptor flexibility. J. Comput. Chem. 2009, 30, 2785–2791. [CrossRef]

http://doi.org/10.1073/pnas.1303002110
http://www.ncbi.nlm.nih.gov/pubmed/23946421
http://doi.org/10.1039/C8SC03275K
http://www.ncbi.nlm.nih.gov/pubmed/30809370
http://doi.org/10.3762/bjoc.12.278
http://doi.org/10.1021/jm1011929
http://doi.org/10.1016/j.phyplu.2021.100081
http://doi.org/10.1016/j.bmcl.2019.126730
http://doi.org/10.1002/jcc.21256

	Introduction 
	Results and Discussion 
	Synthesis 
	Determination of Absolute Configurations (ACs) 
	MTT Method to Detect the Effect of Drugs on Cell Proliferation 
	Apoptosis Detection by Flow Cytometry Analysis 
	Effect of Compound 8 on Cell Cycle 
	Effect of Compound 8 on Mitochondrial Membrane Potential 
	Effect of Compound 8 on Intracellular Ca2+ Levels and Lactate Dehydrogenase Activity 
	The Influence on MDM2 and p53 Expression of Compound 8 
	Molecular Docking to MDM2 Protein 

	Materials and Methods 
	General 
	Synthesis of the Photoreaction Precursor Linear Peptides (9–16) 
	N-Phthalimido-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu-Si(CH3)3 (9) 
	N-Phthalimido-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu-Si(CH3)3 (10) 
	N-Phthalimido-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu-Si(CH3)3 (11) 
	N-Phthalimido-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu-Si(CH3)3 (12) 
	N-Phthalimido-Gly-Leu-Leu-Leu-N-Me-Leu-Leu-Si(CH3)3 (13) 
	N-Phthalimido-Gly-Leu-N-Me-Leu-Leu-Leu-Leu-Si(CH3)3 (14) 
	N-Phthalimido-Gly-Leu-Leu-Leu-N-Me-Leu-Leu-Si(CH3)3 (15) 
	N-Phthalimido-Gly-Leu-N-Me-Leu-Leu-Leu-Leu-Si(CH3)3 (16) 

	Preparation of Cyclic Peptides 1–8 
	3-Hydroxy-isoindolinone-cyclo-(Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu) (1) 
	3-Hydroxy-isoindolinone-cyclo-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu (2) 
	3-Hydroxy-isoindolinone-cyclo-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu (3) 
	3-Hydroxy-isoindolinone-cyclo-Gly-Leu-N-Me-Leu-Leu-N-Me-Leu-Leu (4) 
	3-Hydroxy-isoindolinone-cyclo-Gly-Leu-Leu-Leu-N-Me-Leu-Leu (5) 
	3-Hydroxy-isoindolinone-cyclo-Gly-Leu-N-Me-Leu-Leu-Leu-Leu (6) 
	3-Hydroxy-isoindolinone-cyclo-Gly-Leu-Leu-Leu-N-Me-Leu-Leu (7) 
	3-Hydroxy-isoindolinone-cyclo-Gly-Leu-N-Me-Leu-Leu-Leu-Leu (8) 

	MTT Experiment 
	Detecting Apoptosis by Flow Cytometry 
	Detecting the Effect on the Cell Cycle by Flow Cytometry 
	Detecting the Effect on Mitochondrial Membrane Potential by Flow Cytometry 
	Detecting the Effect on Intracellular Ca2+ Concentration 
	Lactate Dehydrogenase (LDH) Activity Assay 
	Effect on Protein Levels of MDM2 and p53 by Western Blot 
	Theoretical Computational Details 

	Conclusions 
	References

