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ABSTRACT

VDACI, an outer mitochondrial membrane protein overexpressed in cancers, regulates apoptosis by
interacting with anti-apoptotic proteins and releasing apoptotic factors. We investigate novel multi-block
cationic peptide amphiphiles targeting the VDAC1-Hexokinase-II complex in the mitochondria of cervical
carcinoma cells. Amphiphilic peptide variants were designed by modifying the C-terminal of VDACI1
fragment LP1 with a cationic hydrophilic segment and the N-terminal with a hydrophobic domain, enabling
self-assembly into nanofiber-like structures at elevated concentrations. In HeLa cells, these peptides
triggered mitochondrial-mediated apoptosis through a decrease of mitochondrial membrane potential,
cytochrome C release, and caspase activation, suggesting disrupted VDACI1-HK-II interaction. The
mitochondria-targeting peptides showed notable selective cytotoxicity to cancer cells with minimal effects
on normal 3T3 cells. Our findings demonstrate that amphiphilic peptides for VDAC1-HK-II-targeting
represent a promising mitochondria-focused therapeutic strategy for cervical cancer inhibition, combining

structural self-assembly properties with enhanced apoptotic efficacy in malignant cells.

INTRODUCTION

Chemotherapy is one of the primary methods employed in cancer treatment. However,
conventional chemotherapeutic agents exhibit numerous limitations, including poor solubility, low
bioavailability, rapid blood clearance, susceptibility to drug resistance, inadequate cellular
absorption, and significant side effects on healthy subjects, etc'. To address these challenges,
several targeted drugs and drug delivery systems have been developed to enhance drug
accumulation at tumor cells while minimizing adverse effects on healthy tissues>’. Among these
innovations, peptide-based drugs have emerged as bio-nanomaterials characterized by good
biocompatibility, tailorable molecular design, and specific biorecognition ability of target
molecules®. Notably, non-covalent interactions such as hydrogen bonding, hydrophobic
interactions, and m-m stacking™® facilitate the self-assembly of amphiphilic peptides into
nanostructures, including nanoparticles’, nanofibers®’, and nano-gels'®. The self-assembly of
peptides into nanostructures can significantly enhance their stability and targeting capabilities''.
The primary target sites for these nanostructures include the vasculature, cellular

microenvironment, cell membrane, cytoplasm and organelles'?. These advantageous properties



have attracted significant attention and are being explored to develop novel functional bio-

nanomaterials for cancer therapy. '>!4.

Mitochondria are essential organelles that play a crucial role in a variety of biological

1516 including the regulation of cell survival and apoptosis'”!®. Mitochondrial-mediated

processes
apoptosis typically occurs due to mitochondrial damage, which results in alterations in membrane
permeability and the release of cytochrome C into the cytoplasm. This release activates caspases
and other apoptotic signals'®2!. In this regard, specific targeting of the mitochondria of cancer
cells to activate mitochondria-mediated apoptosis presents a promising strategy for cancer

treatment.

The interactions between anti-apoptotic proteins and the release of apoptotic proteins render
VDAC1 a crucial component in mitochondria-mediated apoptosis. Located at the outer
mitochondrial membrane (OMM), VDACI is overexpressed in various cancer cell types.
Accumulating evidence indicates that it is a significant target for mitochondria-targeted anticancer
strategies. VDACI, as a class of pore proteins in the OMM, serves as a crucial regulator of
mitochondrial function. Additionally, it modulates metabolism and energy transfer between
mitochondria and other cellular components. VDACI plays diverse roles in the apoptosis process
by interacting with various proteins. For instance, VDACI interacts with anti-apoptotic proteins

such as Hexokinase-II (HK-II) and Bcl-2, which protect cells from apoptosis.

Studies have demonstrated that the expression of HK-II in cancer cells is significantly
elevated compared to normal cells***. The overexpressed HK-II interacts with VDAC]1 on the
mitochondrial outer membrane, promoting cancer cell proliferation and inhibiting the apoptosis.
Consequently, targeting mitochondria to facilitate the separation of HK-II from VDACIT to induce
apoptosis represents a promising cancer treatment strategy>*. Traditional small-molecule drugs
face challenges in disrupting protein-protein interactions due to the extensive interfaces and
narrow grooves involved?’. In contrast, peptides offer advantages such as high selectivity,
efficiency, and relative safety?S. Current research is rapidly advancing in the development of
protein mimetic peptide amphiphiles and therapeutic peptides for hampering the VDACI-
Hexokinase-II protein complex*”-?%. The purpose is to propose anticancer agents with favorable

bioavailability and biodegradability.



Recently, an amphiphilic self-assembling peptide based on HK-II, Pal-pHK-pKV, has
demonstrated significant potential in promoting the separation of VDAC1 and HK-II, thereby
inducing apoptosis®>’*%. Shoshan Barmatz and co-workers have identified a series of VDACI-
based peptides?®, and investigated the antitumor properties of LP4-series peptides
(KKLETAVNLAWTAGNSN) and N-terminal series variants (RDVFTKGYGFGL)**32, Zhang
et al*>® have utilized the N-terminal peptide as the template, and modified the cationic and
hydrophobic blocks to create three amphiphilic self-assembled cationic peptides (pFL-N-Ter-
TAT, Pal-N-Ter-TAT and Pal-pFL-N-Ter-TAT). The performed studies have indicated that this
series of peptides can effectively target mitochondria and induce the separation of HK-II and

VDACI, thereby facilitating apoptosis.

We designed specific alterations to the VDACI protein fragment LP1 by anchoring a
hydrophilic cationic fragment (TAT or RVR) to the C-terminus and a hydrophobic fragment
(palmitic acid or pFL) to the N-terminus (see Table 1 below). We hypothesized that these multi-
block peptides could effectively target the HK-II-VDAC1 complex on mitochondria, thereby
promoting the dissociation of HK-II and facilitating mitochondria-mediated apoptosis. The self-
assembled morphology and secondary structure of the peptides were characterized using
Transmission Electron Microscopy (TEM) and circular dichroism (CD) spectroscopy.
Consequently, we conducted several biological experiments to demonstrate that the VDAC1-based
amphiphilic peptides can effectively target the VDACI1-HK-II complex on the mitochondria of
HelLa cells, inducing the dissociation of HK-II from the mitochondria and subsequently triggering
mitochondria-mediated apoptosis. Our purpose is to develop amphiphilic peptides that target the
VDACI-HK-II complex in cervical cancer cells, disrupting these protein interactions to induce

mitochondria-mediated apoptosis, and enhance therapeutic efficacy.

RESULTS AND DISCUSSION

Peptide design rationale

We targeted the VDAC1-Hexokinase-II complex at the outer mitochondrial membrane of

cervical carcinoma cells using newly designed cationic peptides aiming at inhibiting cancer cell



proliferation. To obtain amphiphilic peptide derivatives of self-assembly propensity, we modified
the C-terminal of the VDACI protein fragment LP1 (WTEYGLTFTEKWNTDN) by anchoring a
hydrophilic cationic fragment and the N-terminal with a hydrophobic fragment. Hydrophobic
palmitic acid (Pal) or a hydrophobic peptide sequence pFL were anchored at the N-terminus of
LP1 to enhance the peptide's amphiphilicity. To enhance cellular uptake, we incorporated the cell-
penetrating peptides (CPPs) TAT (GRKKRRQRRRPQ) and RVR (RRRRNRTRRNRRRVR) at
the C-terminus of the LP1-derived sequences. These cationic CPPs are known to facilitate the
internalization of peptides into cells, a crucial prerequisite for reaching the intracellular target, the
mitochondria. The hydrophilic cationic fragments TAT and RVR were conjugated to the C-
terminus of LP1, which increased the cationic charge of the designed peptide and favored the

interaction with the negatively charged lipid membranes.

Our investigation explores multiple peptide variants (pFL-LP1-TAT, Pal-LP1-TAT, and Pal-
LP1-RVR) presented in Table 1, highlighting the diverse potential avenues for cervical cancer

treatment.

Table 1. Conceived sequences of amphiphilic mitochondrial VDAC1-based peptides comprised
by two or three building blocks.

Peptide Sequence MW  Charge at pH7
LP1 WTEYGLTFTEKWNTDN 2004 -2
LP1-TAT WTEYGLTFTEKWNTDNGRKKRRQRRRPQ 3607 +6
pFL-LP1-TAT  FPWWWPFLWTEYGLTFTEKWNTDNGRKKRRQRRRPQ 4766 +6
Pal-LP1-TAT Pal-WTEYGLTFTEKWNTDNGRKKRRQRRRPQ 3845 +6
Pal-LP1-RVR Pal-WTEYGLTFTEKWNTDNRRRRNRTRRNRRRVR 4389 +9

Whereas the VDAC1-based peptide LP1 has a negative net charge (-2), the modified peptides
LP1-TAT, pFL-LP1-TAT, Pal-LP1-TAT, and Pal-LP1-RVR involved cationic cell-penetrating
aminoacid sequences (TAT or RVR), which imparted a positive net charge to the conjugates (Table

1). We hypothesized that the novel positively charged amphiphilic peptides can self-assemble,



above critical concentration, into nanostructures driven by hydrophobic interactions, hydrogen

bonding, electrostatic, and van der Waals forces (Scheme 1).
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Scheme 1. Chemical structure of the designed modified LP1 peptide, derived from VDACI, and
self-assembly of the multi-block amphiphilic peptide to form nanofibers. In this design, a
hydrophobic palmitic acid (Pal) tail (or a hydrophobic peptide sequence (pFL)) is conjugated at
the N-terminus of LP1. Hydrophilic cationic fragments (TAT or RVR) are incorporated into the
C-terminus of the LP1 peptide to impart amphiphilicity and cell-penetrating properties.

Determination of critical micelle concentration (CMC)

The critical micelle concentration (CMC) was determined using a pyrene fluorescent probe,
based on the curve of the fluorescent intensity ratio (I1/13) versus concentration. The results are
presented in Figure S1. The CMC values for the peptides pFL-LP1-TAT, Pal-LP1-TAT, and Pal-
LPI-RVR were estimated to be 91.2, 81.2, and 56.3 uM, respectively.

Nanoassembly formation

The self-assembly behavior of the multi-block amphiphilic peptides (Table 1) was
investigated in an aqueous medium. The peptides LP1 and LP1-TAT were highly soluble and did
not exhibit self-assembly behavior due to the lack of amphiphilic properties. The absence of
hydrophobic moieties and segments is expected to affect their interaction with the cellular

membranes**.Our in vitro biological assays were conducted at concentrations below the CMC to



specifically investigate the activity of the monomeric peptide, which we hypothesize is the primary

bioactive species responsible for cellular uptake and target engagement.

The nanoassembly morphology was examined using TEM at a concentration of 500 uM
(Figure 1). The concentration of 500 uM is well above the determined CMC values. This higher
concentration was used to ensure clear visualization of the self-assembled nanostructures. While
the CMC represents the concentration at which self-assembly begins, it does not preclude the
presence of assembled structures at higher concentrations. Above the CMC, the equilibrium shifts
towards the assembled state, and different morphologies can be observed depending on the peptide

concentration.

Figure 1. TEM images of the designed mitochondrial VDACI1-based amphiphilic peptides: a)
pFL-LP1-TAT (500 uM), b) Pal-LP1-TAT (500 uM), and c) Pal-LP1-RVR (500 uM).

The TEM images in Figure 1 show that the peptides pFL-LP1-TAT and Pal-LP1-TAT selt-
assemble to form nanofibers with average widths of 8 nm and 11 nm, respectively (Figures 1a and
1b). In contrast, the peptide Pal-LP1-RVR formed nanofiber assemblies with an average width of
approximately 40 nm (Figure 1c¢). The significant difference in the nanofibers’ width between Pal-
LP1-RVR and the other two peptides may be due to the different charge properties (Table 1).
Increased cationic character may lead to stronger repulsion between molecules, resulting in a larger
fiber diameter. Therefore, the observed differences in the fiber diameters may be attributed to
variations in charge repulsion, packing within the fibers, and the potential formation of higher-
order aggregates. The factors governing fiber sizes would require separate studies. It would be of

interest to investigate whether the self-assembled nanofibers may enhance the therapeutic effect at



elevated peptide concentrations through more effective displacement of HK-II from VDACI. In
fact, the self-assembled nanofibers may provide a protective environment for the peptides,
safeguarding them against enzymatic degradation and prolonging their bioactivity at biological

barriers, acting as a reservoir for the sustained release of active monomers.

Our hypothesis in this study is as follows: The monomeric peptide is the primary bioactive
species that penetrates the cell membrane and disrupts the VDAC1-HK-II complex. The ability to
self-assemble into nanofibers at higher concentrations (above the CMC) is a crucial formulation
feature that provides a "depot" or "reservoir" effect. This reservoir can protect the peptides from
enzymatic degradation in a complex biological environment and ensure a sustained release of

active monomers, which is particularly relevant for in vivo applications.

Peptide conformation

The secondary structures of the VDACI1-based amphiphilic peptides at varying
concentrations were investigated using CD spectroscopy (Figure 2 and Fig S4). The CD spectra of
the peptides in Figures 2b and 2c¢ displayed double negative peaks at wavelengths near 208 nm
and 222 nm, which are characteristic of a-helical structures. As expected, the CD spectra were
concentration dependent. Considering that the CMC values for the peptides pFL-LP1-TAT, Pal-
LPI-TAT, and Pal-LP1-RVR are 91.2, 81.2, and 56.3 uM, respectively, the formation of self-
assembled peptide aggregates (nanofibers) at concentrations above the CMC, may reduce the CD
signal and hamper the quantitative analysis of secondary structure content. For the studied
concentration range, the data in Figure 2 did not show molar ellipticity decrease with increasing

peptide concentration.
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Figure 2. CD spectra of multi-block peptides at concentrations 50, 100, and 200 uM in the aqueous
phase: a) pFL-LP1-TAT, b) Pal-LP1-TAT and c) Pal-LP1-RVR.

The quantitative percentages of the present peptide conformations were assessed using two
different algorithms (Tables S1 and S2). The results revealed that the helicity of pFL-LP1-TAT
was lower than that of Pal-LP1-TAT, and the helicity of Pal-LP1-TAT was also lower than that of
Pal-LP1-RVR. Furthermore, we calculated the ratio of the molar ellipticity 0222/0208, which serves
as an additional measure of the a-helical content of the peptides. A ratio of 0222/0208 > 1
characterizes coil-coil organization in solution, whereas 0222/6208 < 0.86 1s expected for isolated
helices>. The ratio of 0222/020s for pFL-LP1-TAT was found to be lower than 0.86, while those for
Pal-LP1-TAT and Pal-LP1-RVR exceeded 1. These results suggest that pFL-LP1-TAT exists as
isolated helices, whereas Pal-LP1-TAT and Pal-LP1-RVR adopt coiled coil conformations (Table
S3). The observed differences imply that the incorporation of a fatty acid tail into the peptide may
enhance the stability of the a-helical conformation®. Additionally, it is known that the a-helical
conformation facilitates the peptide insertion into lipid membranes, thereby aiding in the traversal

of biological membrane barriers?’*37,



Cytotoxicity to cancer (HeLa) and normal (3T3) cells

Cellular viability experiments were performed at peptide concentrations of up 50 uM, i.e., in
a non-aggregated molecular state. The CMC values for the peptides pFL-LP1-TAT, Pal-LP1-TAT,
and Pal-LP1-RVR were 91.2, 81.2, and 56.3 puM, respectively (Fig. S1). It is important to note that
these concentrations are below the measured CMC values in PBS, indicating that the peptides were
primarily in their monomeric form during these experiments, allowing for the assessment of the
intrinsic activity of the peptide molecules. However, the apparent CMC could be lower in the

complex environment of the cell culture medium.

This study was performed under the assumption that the peptides were primarily in
monomeric forms during the cytotoxicity experiments. Three types of cancer cells of HeLa, A375.
and A549 were treated with the amphiphilic peptides pFL-LP1-TAT, Pal-LP1-TAT, and Pal-LP1-
RVR at various concentrations for 24 h. The cell viability of HeLa cells was assessed using MTT
assays (Figure 3). At the highest concentration (50 uM), over 90% of the HeLa cells exhibited
considerable viability after 24 h of incubation with the peptides LP1 and LP1-TAT, indicating low
toxicity for these peptides. This suggested that the limited amphiphilicity of LP1 and LP1-TAT
hinders their ability to penetrate the cancer cell barriers and reach subcellular sites of action on the

OMM?**,

In contrast, HeLa cells treated with amphiphilic cationic peptides displayed a dose-dependent
decrease in cellular viability (Figure 3a). Particularly, only 3.97%, 3.65%, and 3.17% of HeLa
cells remained viable after 24 h of incubation with peptides pFL-LP1-TAT, Pal-LP1-TAT, and
Pal-LP1-RVR at a concentration of 50 uM, respectively.

10
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Figure 3. Determination of cellular viability with MTT assays. a) HeLa cells, and b) 3T3 cells
were treated with different concentrations of peptides LP, LP1-TAT, pFL-LP1-TAT, Pal-LP1-
TAT and Pal-LP1-RVR for 24 h. Untreated cells were measured as a control. The designed
peptides exhibited minimal toxicity to normal 3T3 cells. The data were presented as mean = SD
(n=3).

The half maximal inhibitory concentration (/Csp) values for pFL-LP1-TAT, Pal-LP1-TAT,
and Pal-LP1-RVR in HeLa cells after 24 h of treatment were determined to be 24.8 = 0.4 uM, 6.8
+ 0.7 uM, and 4.9 + 0.5 uM, respectively (Table 2). These results suggested that the amphiphilic
peptides, involving both hydrophobic and hydrophilic building blocks, interact more strongly with
biological membrane barriers?>”?*333*  Subsequently, A375 and A549 cells were treated with
amphiphilic peptides at various concentrations for 24 hours, and the /Csy values were calculated,
as shown in Table 2. The results indicated that all amphiphilic peptide variants exhibit significant
anticancer activity across the three cancer cell lines, with the highest toxicity observed in HeLa

cells. Consequently, HeL a cells were selected as the focus of further research.

Table 2. Half maximal inhibitory concentration (/Cso) values, determined from 24h-cytotoxicity

against HeLa cells, and correlating with the molecular structures of the designed peptides.

Peptide 1Cso (UM)

11



pFL-LP1-TAT 24.8+0.4
Pal-LP1-TAT 6.8+0.7
Pal-LP1-RVR 4.9+0.5

Importantly, the peptide Pal-LP1-RVR exhibited a minimal effect on the viability of normal
3T3 mouse fibroblast cells even at the highest investigated concentration of 50 uM (Figure 3b).
The other mitochondrial VDACI1-based peptides demonstrated low cytotoxicity to normal 3T3
cells. The data in Figures 3a and 3b illustrated that the designed mitochondrial VDAC1-derived
peptides significantly inhibit the proliferative activity of HeLa cells, with a markedly stronger
effect as compared to their influence on normal 3T3 cells. These findings suggest that
mitochondrial VDAC1-based peptides can effectively target the overexpressed proteins located at
the OMM of cancer cells. Furthermore, it can be inferred that these peptides hold considerable

potential for safe cervical cancer inhibition.

Mitochondria-mediated apoptosis

We further investigated whether the amino acid modifications introduced in the newly
designed peptides enhance their ability to target the VDAC1-Hexokinase-II complex on the outer
mitochondrial membrane. To assess whether this targeting mechanism induces mitochondria-
mediated apoptosis in the examined cancer cells, we conducted an Annexin V-FITC/PI apoptosis
assay. For in vitro studies, peptide concentrations of 12.5 uM were used. This concentration is
below the CMC of the peptides, suggesting that they interact in a monomeric state. The Annexin
V-FITC/PI apoptosis detection kits was employed to investigate the apoptotic effects of
amphiphilic self-assembled peptides pFL-LP1-TAT, Pal-LP1-TAT, and Pal-LP1-RVR on HeLa
cells, utilizing flow cytometry (Figure 4). HeLa cells were treated with 12.5 uM of each peptide
for 4 hours. The 4-hour time point was chosen to capture early apoptotic events, such as changes
in mitochondrial membrane potential and cytochrome C release.

The results indicated that the total apoptosis rate for cells incubated with pFL-LP1-TAT was
20.6%, while the apoptosis rates for cells treated with Pal-LP1-TAT and Pal-LP1-RVR were
77.0% and 82.6%, respectively. These findings suggest that the designed amphiphilic peptides
induce cell death in HeLa cells through the apoptotic pathway.

12



a) b)
control pFL-LP1-TAT

Ja1 Q2 Ja01 Q2
3034 0.78 3059 199

|

j04 Q3 EfeL Q3
98.4 0.45 58.8 207

100 =1 Late apoptosis
B FEarly apoptosis

PI
Apoptosis %

Pal-LP1-TAT Pal-LP1-RVR

Jat a2 Jat a2
3042 56.0 EREE 703

Jos Q3 Jo4 a3
227 210 163 123

Annexin V-FITC

Figure 4. a) Cell apoptosis analysis after Annexin V-FITC/PI staining by flow cytometry. b) A
summary of the incidence of early apoptosis, late apoptosis, and total apoptosis in HeLa cells. Data
was presented as mean = SD (n = 3).

The amphiphilic cationic peptides Pal-LP1-TAT and Pal-LP1-RVR, which possess a higher
positive charge and helicity, demonstrated an enhanced capacity to trigger apoptosis in HeLa cells
by targeting mitochondria and inducing the dissociation of HK-II from VDAC1 on the OMM. This
process initiates mitochondria-mediated apoptosis, thereby presenting new opportunities for the

development of mitochondria-targeting amphiphilic peptides in anticancer strategies.

Intracellular localization and mechanism of action

The intracellular localization of novel amphiphilic cationic peptides upon uptake by HelLa
cells was investigated using confocal fluorescence microscopy. The designed peptides were
labeled with FITC, which emits a green fluorescence signal when excited by a laser (Figure 5a).
HelLa cells were exposed to 12.5 uM of the peptides pFL-LP1-TAT, Pal-LP1-TAT, and Pal-LP1-
RVR for 4 hours. The green fluorescence signal in HeLa cells treated with pFL-LP1-TAT was
significantly weaker as compared to those treated with Pal-LP1-TAT and Pal-LP1-RVR,

13



indicating insufficient uptake of pFL-LP1-TAT. Conversely, a strong green fluorescence signal
was observed in HeLa cells incubated with Pal-LP1-TAT and Pal-LP1-RVR, suggesting a
considerable increase in the cellular uptake of these amphiphilic cationic peptides. The varying
intensities of the green fluorescence signals in cancer cells incubated with these VDAC1-based
peptides were correlated with the amphiphilic structure of the peptides, which aligns with the
results of cell apoptosis assays. Figure 5a illustrates the distribution of red fluorescence from the
mitochondria-targeting dye in treated HeLa cells, alongside the green fluorescence of the FITC-
labelled amphiphilic cationic peptides pFL-LP1-TAT, Pal-LP1-TAT, and Pal-LP1-RVR that were
internalized by the cells. The presence of yellow fluorescence in the images indicates the
colocalization of the internalized peptides (green) with the mitochondria (red) of the treated HeLa
cells (merged images). The confocal microscopy images obtained demonstrate that the designed
VDACI-based amphiphilic cationic peptides induce apoptosis in HeLa cells by targeting their
mitochondria. The primary localization effect arises from the LP1 sequence itself, which is derived
from VDACI. Our confocal microscopy results confirmed this localization through evidencing

colocalization of the fluorescently labeled peptides with the mitochondrial markers.

a) b)

Mito Tracker HK-II (FITC) Merged

Mito Tracker FITC

Pal-LP1-TAT  pFL-LP1-TAT
pFL-LP1-TAT control

Pal-LP1-TAT

Pal-LP1-RVR

Pal-LP1-RVR

Figure 5. a) Confocal microscopy images of intracellular localization of the designed peptides.
The green fluorescence is due to the uptake of the FITC-labeled peptides, which concentrate inside
the cells. The red fluorescence is associated with the mitochondrial staining. The arrows indicate
the colocalization on the merged images. b) Confocal microscopy images of the detachment of
mitochondria-bound HK-II. The blue fluorescence is associated with the dye location in the
nucleus. The green fluorescence indicates the HK-II distribution by immunostaining. The red

14



fluorescence shows the location of the mitochondria. The arrows indicate the detachment of HK-
II from the mitochondria.

To further investigate the detachment of mitochondria-bound HK-II, HeLa cells were treated
with 12.5 uM of the peptides pFL-LP1-TAT, Pal-LP1-TAT, and Pal-LP1-RVR for a period of 4
hours (Figure 5b). Images were acquired using a laser scanning confocal microscope. The
colocalization of the predominant green fluorescence (HK-II labeled with FITC) and red
fluorescence (Mito Tracker) in the control cells indicated the distribution of HK-II on the
mitochondria. However, a portion of the green fluorescence signal in the treated cells did not
colocalize with the red fluorescence signals, suggesting the detachment of HK-II from the
mitochondria. Therefore, it can be concluded that the designed VDAC1-based amphiphilic cationic
peptides target the mitochondria, detach HK-II from these organelles, and subsequently trigger
apoptosis in HeLa cells. We hypothesize that LP1, or the modified LP1 peptide released from the
nanofiber assemblies, competes with HK-II for binding to VDACI, potentially displacing HK-II
from this binding site. Furthermore, it is plausible that the binding of the peptides to VDACI
induces conformational changes that allosterically reduce the binding affinity of HK-II. Overall,
this mechanism appears to involve the disruption of the protein-protein interaction interface. The
peptides may directly interact with the binding interface between VDACI1 and HK-II, physically

hindering their association.

The results obtained demonstrate the detachment of HK-II from the mitochondria, as
observed using confocal microscopy following treatment with the peptides. This finding supports
the notion of the disrupted VDAC1-HK-II complex formation, given that HK-II is typically bound

to VDACI1 on the outer mitochondrial membrane.

To elucidate the mechanism of apoptosis following the targeting of cell mitochondria by
peptides and the subsequent detachment of HK-II from the mitochondria, changes in mitochondrial
membrane potential (MMP) were assessed using JC-1 dye via confocal fluorescence microscopy
(Figure 6a). A decrease in mitochondrial membrane potential is recognized as one of the most
critical markers of early apoptosis. JC-1, a cationic cyanine dye, enters healthy mitochondria in a
potential-dependent manner, forming aggregates that emit red fluorescence. Conversely, when the

mitochondrial membrane potential decreases, JC-1 exists in a monomeric form in the cytoplasm,

15



producing green fluorescence. Compared to the control group, HeLa cells treated with 12.5 uM
peptides pFL-LP1-TAT, Pal-LP1-TAT, and Pal-LP1-RVR for 4 hours exhibited increased green
fluorescence and decreased red fluorescence, indicating a reduction in mitochondrial membrane
potential. This finding suggests that mitochondria-mediated apoptosis is initiated by the studied
VDACT-based peptides. Notably, the intensity of red fluorescence in Pal-LP1-TAT-treated cells
was weaker than that in pFL-LP1-TAT-treated cells. Furthermore, the intensity of red fluorescence
in Pal-LP1-RVR-treated cells was the weakest, which aligns with the observed apoptosis results.
The release of cytochrome ¢ was assessed using an immunofluorescence method (Figure 6b). HeLa
cells were treated with 12.5 uM peptides pFL-LP1-TAT, Pal-LP1-TAT, and Pal-LP1-RVR for 4
hours. In the control group, there was a notable colocalization of green [Cyto-c¢ (FITC)] and red
fluorescence (Mito Tracker), indicating the distribution of cytochrome ¢ within the mitochondria.
In contrast, in peptide-treated cells, some green fluorescence signals did not colocalize with the

red fluorescence signals, suggesting the release of cytochrome C from the mitochondria.
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Figure 6. a) Changes in the mitochondrial membrane potential (MMP) of HeLa cells that were
treated with peptides (12.5 uM) for 4 h. b) Detection of cytochrome c release of HeLa cells treated
with peptides for 4 h. The blue channel shows the location of the cell nucleus. The green channel
is associated with cytochrome C by immunostaining. The red channel shows the location of the
stained mitochondria. The arrows indicate cytochrome C release. ¢) and d) Changes in the

expression levels of apoptosis-associated proteins in HeLa cells treated with peptides for 24 h.

The expression of apoptosis-associated proteins, particularly in the context of mitochondria-

mediated apoptosis, was assessed using Western Blot analysis (Figure 6¢). HeLa cells were treated
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with 12.5 uM of peptides pFL-LP1-TAT, Pal-LP1-TAT, and Pal-LP1-RVR for 24 hours, after
which the proteins were extracted. Bcl-2 family proteins, comprising both pro-apoptotic and anti-
apoptotic proteins, are recognized as critical markers in the progression of apoptosis. Figures 6¢
and 6d demonstrate an increase in Bax expression and a significant decrease in Bcl-2 expression
in the peptide-treated HelLa cells, resulting in a notable increase in the Bax/Bcl-2 ratio.
Additionally, the expression levels of cleaved caspase 9 and cleaved caspase 3 proteins were
significantly elevated compared to the control group. These findings indicate that the process of
mitochondria-mediated apoptosis is indeed activated, and the expression of apoptosis-associated

proteins aligns with the observed apoptotic outcomes.

The decrease in mitochondrial membrane potential, the release of cytochrome c, the increased
expression levels of Bax, cleaved caspase 9, and cleaved caspase 3, along with the decreased
expression of Bcl-2 in HeLa cells treated with the designed amphiphilic cationic peptides, provide

evidence that cell death is induced by mitochondria-mediated apoptosis.

Inhibitory effect of the peptides on tumors in mice

Tumor volume results post-treatment of a mouse model by peptides are shown in Figure S2.
The animal experiment was conducted among the control group, the Pal-LP1-TAT peptide group,
and the Pal-LP1-RVR peptide group, focusing on tumor growth and changes in body weight. The
tumor images in Fig. S2a revealed that the tumor volume in the control group was significantly
larger than that in the experimental groups treated with Pal-LP1-TAT and Pal-LP1-RVR peptides
10 days after administration. The tumor volumes in the Pal-LP1-TAT and Pal-LP1-RVR groups
were relatively smaller, with the Pal-LP1-RVR group demonstrating a more pronounced tumor
suppression effect. The tumor volume curves in Fig. S2b further confirmed this result, indicating
stronger activity of the Pal-LP1-RVR peptide in inhibiting tumor growth. The data in Fig. S2¢
indicated that there was no significant downward trend in body weight across all three groups
throughout the experiment. These results underscored the promising antitumor efficacy and safety
of Pal-LP1-TAT and Pal-LP1-RVR peptides in vivo, providing the fundamental evidence for their

potential development as anticancer therapeutic agents.

Figure 7 summarizes the suggested pathway of the biological activity of VDACI-based
amphiphilic cationic peptides inducing apoptosis in HeLa cells. These peptides target the
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mitochondrial membranes of cancer cells and facilitate the detachment of HK-II from the OMM.
This action triggers mitochondria-mediated apoptosis, leading to depolarization of the
mitochondrial membrane potential and the release of cytochrome c. Subsequently, the expression
of apoptosis-associated proteins is altered, with an increase in Bax, cleaved caspase 9, and cleaved
caspase 3, alongside a decrease in Bcl-2 protein levels. All of these results indicate the occurrence

of cell apoptosis. Therefore, the development of VDAC]1-based amphiphilic cationic peptides with

potent anticancer properties may offer new prospects for cancer therapy.

Mitochondria

--------------------------------------------------------------

Figure 7. Proposed mechanism of action of mitochondrial VDAC1-derived amphiphilic peptides
in cancer cells. The amphiphilic peptides penetrate the plasma cellular membrane thanks to their
cell-penetrating properties and facilitate the dissociation of the VDACI-HK-II complex
overexpressed in the cancer cells. This triggers the activation of mitochondrial-mediated apoptosis.
Self-assembly of monomeric peptides into nanofibers can occur in the aqueous environment above
a critical concentration. Peptide nanofibers (formed at high concentrations) act as reservoirs and
can release bioactive peptide monomers to translocate the lipid membranes in mitochondria-

targeting experiments.
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CONCLUSION

VDACI protein is overexpressed in various cancer cells, and its interaction with HK-II
promotes cell proliferation while inhibiting apoptosis. In this study, we designed a series of
VDACI-based amphiphilic cationic peptides aimed as anticancer agents through the inhibition of
protein-protein interactions in the apoptosis pathway. The peptides pFL-LP1-TAT, Pal-LP1-TAT,
and Pal-LP1-RVR were derived from the VDAC]1-based peptide LP1, incorporating positively
charged peptides and hydrophobic building blocks. When introduced into PBS aqueous medium,
the hydrophobic portions of these peptide molecules preferentially assemble into aggregates to
minimize their exposure to water, while the hydrophilic regions remain exposed. This behavior
results in significant amphiphilicity of the peptides and their self-assembly into nanofibers at
concentrations above the CMC. The nanofibers can act as reservoirs of bioactive peptide
monomers. The secondary structure of the designed peptides includes partial o-helical
conformations, with Pal-LP1-RVR exhibiting a higher degree of helicity, suggesting a stronger
interaction with lipid membranes. The studied peptides demonstrate lower /Csp values against
HelLa cells compared to the control peptides LP1, indicating a correlation between the molecular
characteristics of the designed peptides and their anticancer efficacy. Additionally, the peptides
exhibited minimal cytotoxicity towards normal 3T3 cells, implying selective cytotoxicity.
Furthermore, the designed peptides induced apoptosis in HeLa cells by binding to mitochondria
and dissociating HK-II from these organelles, thereby triggering mitochondria-mediated apoptosis
and altering the expression of apoptosis-related proteins. Notably, the decrease of the
mitochondrial membrane potential resulted in the release of cytochrome C and the activation of
caspase family proteins. In conclusion, the VDAC]1-based amphiphilic cationic peptides exhibit
remarkable anticancer activity and safety, signifying that the peptide sequences pFL-LP1-TAT,
Pal-LP1-TAT, and Pal-LP1-RVR hold promise for the development of anticancer therapeutics
targeting the mitochondrial VDACI1-HK-II complex. The reported findings suggest that the novel
amphiphilic peptides targeting the VDAC1-HK-II complex may offer a new strategy for treating

cervical cancer.
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EXPERIMENTAL SECTION

Reagents and Materials. The designed peptides were custom synthesized by Nanjing Peptide
Biotech Ltd (China) with purity > 95%. Phosphate Buffered Saline (PBS) was purchased from
Shanghai Double-Helix Biotech Co., Ltd (China). Dimethyl sulfoxide (DMSO), 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) kit, JC-1 kit, and Mito Tracker
Deep Red FM were purchased from MKBio (China). Annexin V-FITC/PI apoptosis detection kit
was purchased from Sangon Biotech (Shanghai) Co., Ltd. Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum, and 0.25% trypsin—EDTA were purchased from Gibco (USA).
Caspase 3 rabbit pAb, caspase 9 rabbit pAb, B-actin rabbit mAb, HRP goat-anti-rabbit IgG (H+L),
and FITC goat-anti-rabbit IgG (H+L) were purchased from ABclonal (China). HK-II rabbit pAb,
Bcl-2 rabbit pAB, Bax rabbit pAb and cytochrome c rabbit pAb were purchased from Proteintech
Group, Inc Rosement, IL 60018 (USA). Antifade solution [4’,6-diamidino-2-phenylindole (DAPI)]
was purchased from Beyotime (China). Omni-PAGETM Hepes-Tris Gels and the Omni-ECLTM
Femto Light Chemiluminescence Kit were purchased from EpiZyme (China). All compounds are >
95% pure by HPLC analysis (Fig S3).

Custom Peptide Synthesis. The designed peptides were synthesized using Standard Fmoc Solid
Phase Techniques. Reverse-phase high-performance liquid chromatography (Hanbon, NP7005C,
China) with a Kromasil C18 column was employed to isolate and purify the crude peptides. Mobile
phases of HPLC consist of solvent A (0.1% TFA in acetonitrile) and solvent B (0.1% TFA in
water), and a liner gradient was obtained from 20 to 100% solvent A. Purity and mass were
determined by high performance liquid chromatography mass spectrometry (SHIMADZU,
LCMS-2020, Japan), respectively. The purity of all peptides was more than 98%, and the peptide
was stored at -20 °C until using.

Transmission Electron Microscopy (TEM). TEM experiments were performed at the National
Center for Protein Science Shanghai (China) on a Tecnai G2 Spirit Twin TEM. The samples were
prepared by the negative staining method. First, sample solution (5 uL) was placed onto a copper
grid with carbon Formvar-coating. After adsorption for 1-2 min, the excess fluid was removed by
the filter paper. The grid was then placed onto a drop of uranyl acetate solution (2% w/v) and
stained for 1-2 min. The samples were imaged at an acceleration voltage of 120 kV.

CD Analysis. The circular dichroism (CD) spectra of all peptides (0.2 mM) were measured at 25°C
on a Jasco J-810 spectrometer (JascoCo., Japan) employing a quartz cell with a pathlength of 1
mm. The spectra were recorded in the UV range of 190-260 nm at a scan rate of 1 nm-s '. The
measurements were performed three times. The content of various secondary structures of the
peptides in aqueous solutions was calculated using Bestsel (https://bestsel.elte.hu/results.php) and
Dichroweb (http://dichroweb.cryst.bb k.ac.uk /html/process.shtml).

Cytotoxicity Assay. Cell viability was measured via the MTT assay. First, 100 puL of cells in the
logarithmic growth phase were seeded in 96 wells plate at the cell concentration of 5x10°cells per
well. Cells were allowed to be adherent at 37 °C for 24 h. Then the medium was removed and the
cells were washed by PBS. The serum-free DMEM medium with peptides at concentration of 0,
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3.125, 6.25, 12.5, 25, 50 uM was added to the wells (100 pL per well). After incubation at 37 °C
for 24 h, 10 uL of MTT reagent (5 mg/mL) was added to each well and cells were further incubated
at 37 °C for 4 h. The solution was removed and DMSO (100 puL) was added to each well. OD
values were measured at 492 and 630 nm. The viability was calculated using the following formula:
viability (%) = (mean OD value of treatment group-blank) / (mean OD value of control group-
blank) %< 100%. The ICsy values were analyzed by GraphPad Prism 8.

Cell Apoptosis Assays. The Annexin V-FITC/PI apoptosis detection kit was used to detect the
cell apoptosis rate on a BD LSRFortessa Flow Cytometer (BD Biosciences, USA). Cells were
seeded in six-well plates at the concentration of 1x10° cells per mL and were incubated for 24 h at
37 °C. Afterward, the medium was removed and the cells were washed by PBS. The serum-free
DMEM medium with the peptides (12.5 uM) was added to the wells for 4 h. After that, cells were
detached and collected by centrifugation. The cell suspensions were incubated with binding buffer
(300 pL) and Annexin V-FITC (10 pL) for 20 min as well as PI (5 puL) for 5 min in the dark. The
fluorescence of Annexin V-FITC was excited at a wavelength of 488 nm and its emission was
recorded at 530 nm, while Propidium Iodide (PI) was excited at 561 nm and its emission was
recorded at 575 nm.

Intracellular Colocalization Study. Intracellular colocalization experiment was performed under
a Zeiss SD confocal laser scanning microscope (Zeiss, Germany). Cells were seeded in glass
bottom dishes (In Vitro Scientific, U.S.) at the concentration of 1x10? cells per mL for 12h and
were treated with the studied peptides (12.5 uM) which were labeled by FITC for 4 h. Then, cells
were incubated with 100 nM Mito Tracker Deep Red FM for 45 min at 37°C to stain the
mitochondria. The fluorescence measurements were conducted at excitation wavelengths of 488
and 633 nm and emission was recorded at 530 nm and 697 nm for the FITC-conjugated peptides
and Mito Tracker Deep Red FM, respectively. Using ZEN software to process the image.

Immunofluorescence Staining. Cells were seeded in a 20 mm glass bottom dish at the
concentration of 5 x 10* cell per mL and incubated for 24 h. Then, the cells were subjected to
peptides (12.5 uM) for 4 h at 37°C. After incubation, cells were washed with PBS, fixed with 4%
paraformaldehyde for 25 min, permeabilized with 3% BSA with 0.1% Triton X-100 for 30 min,
incubated with HK-II rabbit polyclonal antibody or Cyto-c rabbit polyclonal antibody at 1:50 for
2 h, washed with PBS-0.5% Triton X-100, then incubated with FITC goat-anti-rabbit IgG at 1:200
for 30 min, washed with PBS-0.5% Triton X-100. Finally, the cells were stained with Mito Tracker
Deep Red FM (1 mM, 45 min) and antifade solution with DAPI. The cells were imaged by Zeiss
SD laser scanning confocal microscope.

Mitochondrial Membrane Potential Assay. Depolarization of the mitochondrial membrane
potential was measured using the fluorescent probe JC-1 kit. Cells were seeded into a 20 mm glass
bottom dish at the density of 5 x 10* cell per mL for 24 h, and treated with peptides (12.5 uM) for
4 h. Thereafter, cells were washed with cold PBS and incubated with JC-1 staining solution at
37°C for 20 min in dark. Then, washing cells with cold JC-1 staining buffer. Fresh DMEM was
added and imaging was performed on Zeiss SD laser scanning confocal microscope. JC-1
monomers was excited at 488 nm and the emission was recorded at 530 nm, JC-1 aggregates was
excited at 561 nm and the emission was recorded at 590 nm.
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Western Blot. Cellular proteins were extracted by the Column Tissue and Cell Protein Extraction
Kit (Epizyme, China). The expression level of apoptosis proteins was analyzed by western blot.
Briefly, cells were seed in the 10 cm dish for 24 h, treated with peptides (12.5 uM) for 24 h.
Washing Cells using cold PBS, and adding the lysis buffer with protease inhibitor for 3 min. Then,
lysates were collected in the cold purification tubes and centrifuged at 15000 rpm for 30 s. The
concentration of protein was measured using Instant BCA Protein Assay Kit (Epizyme, China).
After that, electrophoresis of the samples was carried out and samples were transferred to the
polyvinylidene difluoride membrane. The membrane was closed, incubated with the samples
rabbit antihuman antibodies overnight at 4 °C, HRP goat-anti-rabbit IgG (H+L) for 30 min.
Samples were visualized by Omni-ECL Femto light chemiluminescence kit (Epizyme Biotech,
China) on the ChemiDoc MP imaging system (Bio-Rad, USA).

Peptides inhibit tumor growth in vivo. Hela cells were injected under the skin of 5-week-old
nude mice (1x10¢ cells in 100 uL PBS). Mice with tumors were split into three groups: control
(PBS injections), experimental (100uL 10 mg/kg peptide Pal-LP1-TAT and Pal-LP1-RVR).
Treatments ran for 10 days. Tumor size was tracked every 2 days using calipers, with volume
calculated as (length x width?)/2. Final tumor volumes and weights were compared to calculate
growth inhibition. All animal work followed IACUC ethics standards.
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mice, a) representative images of tumors obtained from mouse after 10 days of administration, b)
tumor volume curve, c) mouse weight curve. Fig. S3 HPLC Chromatogram of a) pFL-LP1-TAT
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