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3 
4 ABSTRACT: Here a lipidated peptide Pal-pHK-pKV with self-assembly properties and 
5 
6 

7 ability to provoke the disruption of the mitochondrial voltage-dependent anion channel-1 
8 

9 
protein (VDAC1)-Hexokinase-II (HK-II) complex is reported. The effects of the peptide 

11 
12 pHK (N-terminal 15-amino acid fragment of HK-II that specifically binds VDAC1) are 
13 
14 

15 compared with those of a designed biomimetic amphiphilic pHK-pKV conjugate (pHK 
16 
17 coupled with a new cell penetrating peptide pKV) and Pal-pHK-pKV (a lipidated conjugate 
18 
19 

20 modified with a hydrophobic palmitic (Pal) alkyl chain). The Pal-pHK-pKV exhibits 
21 

22 
stronger interaction with the membrane as compared to pHK-pKV, which is demonstrated 

24 
25 by Langmuir-Blodgett technique and two-photon excitation microscopy. The amphiphilic 
26 
27 

28 peptide derivatives are cytotoxic to the A549 cells, but Pal-pHK-pKV is more cytotoxic. 
29 
30 The inhibitory effects of the pHK derivatives on the A549 cells growth are investigated 
31 
32 

33 through induced apoptosis pathway, depolarized mitochondrial membrane potential, and 
34 

35 
activated caspase. The results of the immunofluorescence evidence the specific 

37 
38 mitochondrial targeting by those derivatives. 
39 
40 

41 Keywords: lipidated mitochondria-targeting peptide; vibration-induced emission; cell 
42 
43 penetrating peptide; mitochondrial membrane potential; A549 cells 
44 
45 

46 1. Introduction 
47 

48 
Lung cancer is a severe malignancy for the respiratory system, for which non-small 

50 
51 cell lung cancer (NSCLC) is the leading cause of death.1-3 The growth and division of the 
52 
53 

54 malignant cells of squamous cell carcinoma, adenocarcinoma and large-cell carcinoma type 
55 
56 occur at relatively late stages of metastasis in NSCLC.4 Diverse treatments of NSCLC 
57 
58 

59 include lesion resection5, radiotherapy6, chemotherapy7 and targeted therapies8-10, which are 
60 
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1 

2 

3 
4 least  invasive.  Small  molecular  drugs,  such  as  gefitinib11,  erlotinib12,  doxorubicin13, 
5 
6 

7 paclitaxel14, and cisplatin15, have been largely tested against NSCLC. However, they have 
8 

9 
found limited application in clinics owing to drug resistance, side effects, and high price. 

11 
12 In recent years, mitochondria-mediated apoptosis receives considerable attention in the 
13 
14 

15 development of targeted and combination therapies against cancer.16-25 Sorafenib, 4- 
16 
17 Methylsulfinyl-3-butenyl isothiocyanate, and calpeptin are selected examples of therapeutic 
18 
19 

20 agents, which act on protein targets located in the outer or the inner mitochondrial 
21 

22 
membranes. These small molecule drugs directly acting on the mitochondria-mediated 

24 
25 apoptosis, or drugs which can be used in combination therapies based on complimentary 
26 
27 

28 biological mechanisms aiming at cancer inhibition. 
29 
30 Protein mimetic peptide amphiphiles and hybrid lipidated peptide conjugates, obtained 
31 
32 

33 by anchoring of hydrophobic moieties and cell-penetrating amino-acid sequences to 
34 

35 
anticancer peptides, represent a promising emergent strategy for cancer inhibition.16-22, 25 

37 
38 Peptides may exert excellent anti-tumor activity and appropriate physico-chemical 
39 
40 

41 properties, which ensure their potential as anticancer drug candidates. At variance to 
42 
43 traditional low molecular weight compounds, peptide drugs exhibit good biocompatibility, 
44 
45 

46 specificity in tumor targeting, and high drug efficacy.26, 27 Moreover, peptides with cell- 
47 

48 
penetrating properties (CPP) can be used as nanocarriers for delivery of proteins, vaccines, 

50 
51 antibodies, and small molecular drugs causing cancer cell apoptosis. Thus, they have strong 
52 
53 

54 effects on tumor cell proliferation.28, 29 

55 
56 Peptide drugs may cause cancer cell apoptosis via at least two ways (i) endogenous 
57 
58 

59 mitochondrial pathway, and (ii) exogenous death receptor pathway.30 The Bcl-2 protein 
60 
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1 

2 

3 
4 family controls the endogenous mitochondrial pathway,31 which plays a key role in the cell 
5 
6 

7 apoptosis process. The protein Bax binds to the voltage-dependent anion channel-1 protein 
8 

9 
(VDAC1), leading to high conductivity channels formation in the cell membrane, which 

11 
12 results in cytochrome c (Cyt-c) release. However, the binding between Bax and VDAC1 
13 
14 

15 can be blocked in the presence of Hexokinase II (HK-II),32, 33 which favours the growth of 
16 
17 tumor cells. HK-II, which is normally expressed in the mitochondrion of healthy cells, is 
18 
19 

20 overexpressed in the mitochondrion of tumor cells.34 In aggressive tumors with high 
21 

22 
glycolytic action, the activity of mitochondrial HK-II increases synergistically, which has 

24 
25 been defined as Warburg effect.35 The over-expressed HK-II enzyme converts glucose into 
26 
27 

28 glucose-6-phosphate. 
29 
30 The VDAC1, located on the outer mitochondrial membrane, can interact with more 
31 
32 

33 than 100 proteins in the cells, participate in cell metabolism and apoptosis, and has become 
34 

35 
the target of many pathological treatments including cancer.36 Among them, the N-terminal 

37 
38 15 amino acid fragment (pHK) of the HK-II (MIASHLLAYFFTELN) binds VDAC1 at the 
39 
40 

41 outer mitochondrial membrane forming a complex VDAC1-HK-II. This prevents the 
42 
43 release of Cyt-c from mitochondria to cytoplasm, and hence, has an anti-apoptotic effect. 
44 
45 

46 Therefore, peptides with ability to localize at the mitochondrial membrane and disrupt the 
47 

48 
VDAC1-HK-II binding can be studied as specific anticancer agents. In the search of 

50 
51 antitumor peptides, Woldetsadik et al.34 have covalently coupled pHK to a short penetration 
52 
53 

54 accelerating segment (PAS) to obtain a cell-penetrating peptide pHK-PAS. In HeLa cells, 
55 
56 the pHK-PAS has exerted a depolarization effect on the mitochondrial membrane and has 
57 
58 

59 inhibited the mitochondrial respiration and glycolysis. Subsequently, Palanikumar et al.37 
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1 

2 

3 
4 synthesized another peptide PAS-pHK, which used to deliver miR-216 considering that the 
5 
6 

7 tumor suppressor miRNA is down-regulated in several malignancies. It should be noted that 
8 

9 
the miR-126 cargo has synergistically enhanced the anti-cancer effect of PAS-pHK. Chiara 

11 
12 et al.35 have conjugated a TAT sequence (i.e. HIV-1 protein-derived CPP) at the N-terminal 
13 
14 

15 of pHK to obtain the TAT-HK peptide with the purpose to facilitate the pHK entry into 
16 
17 HeLa cancer cells. TAT-HK has enabled the detachment of HK-II from mitochondria and 
18 
19 

20 thus has activated apoptosis. The dissociation of HK-II from mitochondria has been 
21 

22 
suggested as a pro-apoptotic stimulus because such a process requires VDAC to open the 

24 
25 mitochondrial permeability transition pore (PTP). As a consequence, the integrity of the 
26 
27 

28 mitochondrial membrane is lost and proteins (like Cyt-c) are released from mitochondria. 
29 
30 In a previous study, we have reported a new type of mitochondrial targeted peptide, 
31 
32 

33 which comprises a covalently conjugated positively-charged sequence pKV 
34 

35 
(KVLKQRAKKK) to the N-terminal pHK (MIASHLLAYFFTELN) of HK-II, yielding a 

37 
38 new amphiphilic CPP (pHK-pKV).25 To increase the cellular uptake of the pHK-pKV 
39 
40 

41 peptide, we further conjugated a hydrophobic palmitic acid (Pal) alkyl chain to the N- 
42 
43 terminal of pHK-pKV. The created amphiphilic peptide Pal-pHK-pKV displayed α-helical 
44 
45 

46 structure. Depending on the concentration, both pHK-pKV and Pal-pHK-pKV peptides 
47 

48 
(Figure 1) can form nano-assemblies owing to their amphiphilic nature. Despite that the 

50 
51 physico-chemical results have suggested that the amphiphilic modifications may be 
52 
53 

54 beneficial for the cell-penetrating properties of the new peptides, the effects of these peptide 
55 
56 amphiphiles on the proliferation and apoptosis of human A549 lung cells have not been 
57 
58 

59 investigated yet. 
60 
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Figure 1. Chemical structures of pHK-pKV and Pal-pHK-pKV. 

20 
21 The purpose of the present study is to examine the effects of the amphiphilic pHK- 
22 
23 

24 pKV and Pal-pHK-pKV peptides on the proliferation and apoptosis of human A549 lung 
25 

26 
cells in vitro. In this study, dipalmitoyl phosphatidylglycerole (DPPG) monolayer used as 

28 

29 the lipid model membrane to study the interaction of pHK-pKV or Pal-pHK-pKV with cell 
30 
31 

membrane by using Langmuir-Blodgett technique. The local interaction of peptides with the 

33 
34 cellular membrane is then further evidenced by two-photon excitation microscopy 
35 
36 

37 employing the dual-fluorescent membrane probe N,N’-diphenyl-dihydrodibenzo[a,c] 
38 

39 
phenazine (DPAC) with vibration-induced emission (VIE) property. The biological activity 

41 

42 mechanism, resulting from the enhanced cellular uptake of the lipidated peptide, is 
43 
44 

evaluated using several bioassays probing mitochondrial potential, cell cycle arrest, 

46 
47 apoptosis, protein expression, enzymatic activity as well as immunofluorescence. 
48 
49 

50 2. Materials and Methods 
51 

52 
2.1. Materials and biochemical reagents 

54 

55 The peptides pHK-pKV (MW 2979.9) and Pal-pHK-pKV (MW 3217.2) were custom 
56 
57 

synthesized by Nanjing Peptide Biotechnology Co., Ltd. (Nanjing, China) according to a 

59 

60 previously established method.25 Dulbecco’s Modified Eagle Medium (DMEM), Fetal 
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1 

2 

3 
4 Bovine Serum (FBS) and Penicillin/Streptomycin reagents were purchased from GIBCO 
5 
6 

7 (Grand   land,   NY,   USA).   3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
8 

9 
(MTT), 0.25% trypsin-EDTA and dimethyl sulfoxide (DMSO) were purchased from  Sigma 

11 
12 (St. Louis, MO, USA). Cell cycle detection kit and mitochondrial membrane potential 
13 
14 

15 detection kit and Mito Tracker® Deep Red FM were purchased from Shanghai Maokang 
16 
17 Biotechnology Co., Ltd (Shanghai, China). The Annexin V-FITC apoptosis detection kit 
18 
19 

20 was purchased from Boster Biological Technology Co., Ltd (Shanghai, China). Caspase 3, 
21 

22 
caspase 8 and caspase 9 colorimetric assay kits were purchased from Nanjing KeyGen 

24 
25 Biotech. Co., Ltd (Nanjing, China). Antibodies against Cyclin A1, proliferating cell nuclear 
26 
27 

28 antigen (PCNA), the cyclin dependent kinase (CDK 2), p21, caspase 3, caspase 8, caspase 9, 
29 
30 β-actin, cytochrome c (Cyt-c), hexokinase HK-II, FITC goat anti-rabbit immunoglobulin G 
31 
32 

33 (IgG), HRP goat anti-rabbit immunoglobulin G (IgG) were purchased from ABclonal 
34 

35 
(Wuhan, China). Other antibodies were purchased from the Proteintech Group Int. 

37 
38 (Rosemont, IL, USA). Antifade mounting medium with DAPI was purchased from Dalian 
39 
40 

41 Meilun Biology and Technology Co. Ltd. (Dalian, China). The DPAC was a gift from Prof. 
42 
43 JianHua Su, School of Chemistry and Molecular Engineering, East China University of 
44 
45 

46 Science and Technology. 
47 

48 
2.2. Langmuir-Blodgett technique 

50 
51 DPPG was dissolved in a mixed solution of chloroform and methanol with a final 
52 
53 

54 phospholipid concentration of 0.8 mg/mL. Adding PBS buffer (0.01 M, pH 7.4, 200 mL) to 
55 
56 a clean plastic tank as the subphase to make it evenly distributed, and then hanging the 
57 
58 

59 cleaned suspension needle on the detection arm to correct the surface tension of the 
60 
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1 

2 
4 subphase solution at 25 °C. 10 µL micro-injector was used to carefully add phospholipid 
5 
6 

7 solution  (10  µL)  to  the  PBS  subphase,  and  let  it  stand  for  30  min  to  form  a  stable 
8 

9 
monomolecular membrane. Then the pre-prepared peptide solution was added in the PBS 

11 
12 subphase liquid surface. Through the real-time monitoring of the KN2002 LB film analyze 
13 
14 

15 system (BiolinScientific, Sweden), a surface pressure-time (π-t) isotherms was obtained. 
16 
17 2.3. Cell culture 
18 
19 

20 Human A549 lung carcinoma cells and human bronchial epithelial 16HBE cells were 
21 

22 
cultured in DMEM medium that was supplemented with 10% (v/v) FBS and 1% (v/v) 

24 
25 Penicillin/Streptomycin mixture. Cells were cultivated at 37 °C in a humidified atmosphere 
26 
27 

28 of 5% CO2. 
29 
30 2.4. Cytotoxicity assay 
31 
32 

33 The cytotoxic effects of the peptides pHK-pKV and Pal-pHK-pKV on the cellular 
34 

35 
viability were assessed using the MTT assay. For cytotoxicity assay, the cells were seeded 

37 
38 in 96-well plates (SPL Life Sciences Co. Ltd, Korea) at a density of 5×103 cells/well and 
39 
40 

41 kept at 37 °C in an atmosphere of 5% CO2 for 24 h. The peptides were diluted to the desired 
42 
43 concentration with DMEM medium. The cells were incubated at increasing concentrations 
44 
45 

46 of peptides in the series 0, 3.125, 6.25, 12.5, 25, and 50 µM. The incubation was performed 
47 

48 
at 37 °C for 24 h. MTT solution (5 mg mL-1) was added (10 µL) to each well and incubated 

50 
51 at 37 °C for 4 h. Subsequently, DMSO (100 µL) was added to end the reaction and the 
52 
53 

54 absorbance of the product was measured at 570 nm by a Synergy NEO HTS multi-mode 
55 
56 microplate reader (Bio Tek, USA). Data were interpreted as the percentage of viable cells 
57 
58 

59 compared with that of the controls (non-treated cells). 
60 
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1 

2 

3 
4 2.5. Cell membrane local heterogeneity characterization by a membrane bioimaging 
5 
6 

7 probe with vibration-induced emission (VIE) properties 
8 

9 
The interaction of the amphiphilic peptides with the living A549 lung cells is expected 

11 
12 to modify the membrane properties. Cell membrane local properties characterization was 
13 
14 

15 done using the DPAC as a cellular membrane bioimaging probe with vibration-induced 
16 
17 emission (VIE) properties.38-41 The excitation of the DPAC transforms the molecular 
18 
19 

20 configuration from a bent state to a planar state. The photoinduced bent-to-planar 
21 

22 
transformation involves out-of-plane bending of the V-shaped polycyclic conjugated 

24 
25 structure. The excited-state (ES) planarization of the DPAC moiety produces highly colour- 
26 
27 

28 tunable fluorescent images as the emission of DPAC is dependent on the environmental 
29 
30 viscosity, polarity, and temperature. The photo-induced bent-to-planar transformation may 
31 
32 

33 be hampered in viscous or heterogeneous membrane environment. Thus, bright blue 
34 

35 
fluorescence may be emitted from the retained saddle-shaped conformation. Depending on 

37 
38 the local membrane properties, fluorescence colour-tuning process from orange-red to blue 
39 
40 

41 may be observed with the VIE-active DPAC bioimaging probe. 
42 
43 The A549 cells (5×104 cells per mL) were seeded into 35 mm glass bottom dish and 
44 
45 

46 then were incubated with pHK-pKV (6.25 µM) or Pal-pHK-pKV (6.25 µM) peptides for 
47 

48 
24h. After washing once with PBS, fresh DMEM medium containing the DPAC dye (20 

50 
51 µM) was then incubated with the cells for 10 min. A two-photon excitation TCS SP8 DIVE 
52 
53 

54 (Deep In Vivo Explorer) microscopy system with spectrally tunable detection (Leica, 
55 
56 Germany) was used to continuously scan the full emission spectrum (380-770 nm) for 10 
57 
58 

59 min, the excitation wavelength was set at 340 nm. 
60 
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1 

2 

3 
4 2.6. Cell cycle analysis 
5 
6 

7 The cell cycle analysis was performed by DNA staining with propidium iodide (PI). In 
8 

9 
brief, the A549 cells were seeded into 6-well plates (SPL Life Sciences Co. Ltd, Korea) at a 

11 
12 density of 1×105 cells per mL and kept at 37 °C in an atmosphere of 5% CO2 for 24 h. The 
13 
14 

15 two peptides were then added at concentrations 6.25 µM and 25 µM into the wells and 
16 
17 incubated for 24 h. After incubation, adherent and floating cells were all collected by 
18 
19 

20 centrifugation and washed by PBS, then fixed in ethanol (75% in PBS). The fixed cells 
21 

22 
were kept at 4 °C overnight. Then, they were washed with PBS and stained with PI staining 

24 
25 solution, which contained staining buffer (0.4 mL per sample), 25×PI (15 µL per sample), 
26 
27 

28 and 100×RNase A (4 µL per sample) at 37 °C for 30 min in the dark. The excitation 
29 
30 wavelength was 488 nm, and the fluorescence emission maximum was at 585 nm. The 
31 
32 

33 fluorescence of PI-stained cells was determined by the CytoFLEX LX Flow cytometer 
34 

35 
(Beckman Coulter, Inc., Brea, CA, USA). The percentages of the cells in the G1, S, and 

37 
38 G2/M phases were determined using the software Flowjo 7.6 (Tree Star, Ashland, OR, 
39 
40 

41 USA). 
42 
43 2.7. Cell apoptosis assay 
44 
45 

46 Cell apoptosis was measured using the Annexin V-FITC apoptosis detection kit. In 
47 

48 
practice, A549 cells were seeded into 6-well plates at density 1×105 cells per mL and were 

50 
51 incubated for 4 h at 37 °C. Afterwards, the cells were treated with varying peptides doses 
52 
53 

54 for 4 h. After peptide incubation, the cells were washed twice with cold PBS and were 
55 
56 collected by centrifugation. The cell suspensions were incubated with binding buffer (300 
57 
58 

59 µL) and Annexin V-FITC (10 µL) for 20 min as well as PI (1 µL) for 10 min at room 
60 
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1 

2 

3 
4 temperature in the dark. The fluorescence of the peptide-treated cells was measured by the 
5 
6 

7 CytoFLEX LX Flow cytometer. The data were analyzed with the CytExpert software. The 
8 

9 
FITC-conjugated Annexin V and the PI dye were excited at wavelength 488 nm. The 

11 
12 emissions were recorded at wavelengths 525 nm and 585 nm for the FITC-conjugated 
13 
14 

15 Annexin V and PI, respectively. 
16 
17 2.8. Mitochondrial membrane potential assay 
18 
19 

20 Depolarization of mitochondrial membrane potential (∆Ψm) was detected using the 
21 

22 
fluorescent probe JC-1 (cyanine dye). In practice, cells were seeded into glass bottom dishes 

24 
25 with diameter 20 mm (In Vitro Scientific, USA) at density 1×104 cells per mL overnight 
26 
27 

28 and were treated with the studied peptides at increasing concentrations (3.125 µM, 6.25 µM 
29 
30 and 25 µM) for 4 h. Each dish was incubated with JC-1 staining solution and staining buffer 
31 
32 

33 according to the protocol of the supplier. Then, the cells were washed once with cold PBS. 
34 

35 
A new culture medium containing JC-1 (0.5 mL) staining reagent was added at 37 °C for 20 

37 
38 min in the dark. After incubation, the supernatant was aspirated and the cells were washed 
39 
40 

41 twice with JC-1 staining buffer. Fresh DMEM was added into the dishes after washing. The 
42 
43 JC-1 monomeric or aggregated forms were detected using Zeiss LSM 710 laser scanning 
44 
45 

46 confocal microscope (Zeiss, Oberkochen, Germany). Dye excitation was performed at 488 
47 

48 
nm (green) in order to detect fluorescence emission at 522 nm (green) of the monomeric JC- 

50 
51 1. An excitation wavelength of 561 nm (red) was used to detect the fluorescence of JC-1 
52 
53 

54 aggregates with a maximum at 632 nm (red). 
55 
56 2.9. Caspase catalytic activities assay 
57 
58 

59 

60 
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1 

2 

3 
4 The catalytic activities of caspase 3, caspase 8 and caspase 9 were determined by 
5 
6 

7 caspase colorimetric assay kits. Briefly, A549 cells were treated with pHK-pKV (6.25 and 
8 

9 
25 µM) or Pal-pHK-pKV (6.25 and 25 µM) for 24 h in 10 cm dishes. After that, the cells 

11 
12 were washed with PBS twice, re-suspended in lysis buffer (100 µL), and incubated on ice 
13 
14 

15 for 30 min. The cells were pelleted by centrifugation at 10000 rpm for 1 min at 4 oC and 
16 
17 separated from the supernatant. Then, the concentration of protein in the total cell lysates 
18 
19 

20 was measured using the BCA protein quantification kit (Epizyme Biotech, Shanghai, China). 
21 

22 
Subsequently, cell lysates were incubated with 2× reaction buffer (50 µL) and caspase 

24 
25 substrate (5 µL) at 37 oC for 4 h in dark. The absorbance of the samples was measured at 
26 
27 

28 405 nm using a microplate reader. 
29 
30 2.10. Western Blot 
31 
32 

33 The cell protein was extracted by a commercial column tissue and cell protein 
34 

35 
extraction kit (Epizyme Biotech, Shanghai, China). After incubation with pHK-pKV (6.25 

37 
38 and 25 µM) or Pal-pHK-pKV (6.25 and 25 µM) for 24 h, the cells were washed with cold 
39 
40 

41 PBS twice, and the supernatant was aspirated. Then, a lysis buffer was added to the samples 
42 
43 (the volume ratio of protease inhibitor to cell lysis buffer was 1:100). The cell lysates were 
44 
45 

46 collected into pre-cooled purification tubes and centrifuged at 4 °C for 30 s at 14000 rpm. 
47 

48 
The protein concentration was measured by the BCA protein quantification kit with 

50 
51 bovine serum albumin (BSA) as a standard. After adding the running buffer, the proteins 
52 
53 

54 were separated on 15-well Hepes-Tris Gel (Epizyme Biotech, Shanghai, China). The 
55 
56 proteins were transferred to 0.45 µm polyvinylidene difluoride membrane (PVDF) (Merck 
57 
58 

59 Millipore, Billerica, MA, USA) in tris-glycine buffer, and then blocked with 1× protein free 
60 
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1 

2 

3 
4 rapid blocking buffer (10 mL) (Epizyme Biotech, Shanghai, China) for 30 min. After that, 
5 
6 

7 the membrane was incubated overnight with rabbit anti-human anti-bodies at 4 °C, washed 
8 

9 
4 times, and then exposed to HRP goat anti-rabbit IgG (H+L) for 30 min, and washed again 

11 
12 for four times. Afterwards, each sample was visualized by Omni-ECL™ Femto light 
13 
14 

15 chemiluminescence kit (Epizyme Biotech, Shanghai, China) and ChemiDoc™ MP imaging 
16 
17 system (BioRad Laboratories, Hercules, CA, USA). 
18 
19 

20 2.11. Immunofluorescence staining 
21 

22 
The A549 cells were seeded into 35 mm glass bottom dish at a density of 5×104  cell 

24 
25 per mL and incubated for 24 h. Then, the cells were treated with pHK-pKV (25 µM) and 
26 
27 

28 Pal-pHK-pKV (6.25 µM), respectively, for 12 h at 37 oC. After incubation, the cells were 
29 
30 washed with PBS, fixed with 4% paraformaldehyde for 10 min, and permeabilized with 3% 
31 
32 

33 bovine serum albumin-containing 0.1% Triton X-100 for 30 min. Then, HK-II polyclonal 
34 

35 
antibody and Cyt-c polyclonal antibody were added at a 1:200 dilution, and the cells were 

37 
38 incubated for 2 h. FITC-goat anti-rabbit IgG was then added at a 1:200 dilution and the cells 
39 
40 

41 were incubated for 30 min. Finally, the cells were stained with a mitochondrial dye (1 mM) 
42 
43 and an appropriate amount of antifade mounting medium with DAPI was put on. The cells 
44 
45 

46 were imaged using Zeiss LSM 710 laser scanning confocal microscope. 
47 

48 
2.12. Statistical analysis 

50 
51 All experiments were repeated at least three times. Statistical analysis was performed 
52 
53 

54 using GraphPad Prism 8.0 software (GraphPad Software, La Jolla, CA, USA). Statistical 
55 
56 significance between every two experimental groups was assessed by unpaired Student’s t 
57 
58 

59 test. A value of p＞0.05 was considered as non-significant. 
60 
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1 

2 

3 
4 3. Results and Discussion 
5 
6 

7 3.1. The interaction of pHK-pKV and Pal-pHK-pKV with lipid membrane interfaces 
8 

9 
VDAC1 is overexpressed in many cancer types including human non-small cell lung 

11 
12 cancer. In our previous study, we found that the mitochondria-specific synthetic peptide 
13 
14 

15 amphiphiles pHK-pKV and Pal-pHK-pKV (Figure 1), derived by engineering of the 15 
16 
17 amino acid terminal fragments of the hexokinase-II protein, are able to locate to 
18 
19 

20 mitochondria and trigger mitochondria-mediated A549 cancer cell apoptosis, while Pal- 
21 

22 
pHK-pKV has an enhanced bioactivity in terms of cell cancer cytotoxicity, the degree of 

24 
25 cellular uptake, and mitochondrial localization.25 From the physicochemical properties of 
26 
27 

28 pHK-pKV and Pal-pHK-pKV, both of them can self-assemble into ellipsoid-like aggregates 
29 
30 with nanometric dimensions.25 The secondary structures of pHK-pKV and Pal-pHK-pKV 
31 
32 

33 involved partial α-helical conformations. Pal-pHK-pKV is characterized by a higher helicity, 
34 

35 
which suggests a superior affinity for interaction with lipid membranes. 

37 
38 In order to examine the effects of the amphiphilic pHK-pKV and Pal-pHK-pKV 
39 
40 

41 peptides on the proliferation and apoptosis of human A549 lung cells in vitro, the 
42 
43 interaction with the cellular model membrane is evidenced by using Langmuir-Blodgett 
44 
45 

46 technique.42, 43 Phospholipid molecules (DPPG) with negatively charge formed monolayers 
47 

48 
was used to simulate cell membranes to explore the interaction between pHK-pKV or Pal- 

50 
51 pHK-pKV and cell membranes. The π-t isotherms can reflect the dynamic interaction of 
52 
53 

54 pHK-pKV and Pal-pHK-pKV with DPPG monolayers. As shown in Figure 2, pHK-pKV 
55 
56 solution was added at the initial surface pressure (πini) of 15 mN m-1. After the addition of 
57 
58 

59 pHK-pKV, the surface pressure of the model lipid membrane first rose rapidly, and then 
60 
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1 

2 

3 
4 reached a plateau. The positively charged cationic peptide pKV can interact electrostatically 
5 
6 

7 with the negatively charged DPPG. And also, there is the hydrophobic interaction between 
8 

9 
DPPG  and pHK-pKV. Thus,  pHK-pKV and  DPPG can form a  mixed membrane, and  the 

11 
12 surface pressure gradually reaches a saturated and stable state. At around 1250 s, the surface 
13 
14 

15 pressure has a slight upward trend within the measuring time, indicating that there are new 
16 
17 pHK-pKV molecules adsorbed to the interface, combined, expanded and rearranged.44 

18 
19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 
36 

37 Figure 2. Time dependence of the surface pressure changes during the interaction of pHK- 
38 

39 
pKV and Pal-pHK-pKV with DPPG monolayer. 

41 

42 From Figure 2, it can be found that the surface pressure increased gently within the 
43 
44 

measuring time, which was due to the strong interaction between Pal-pHK-pKV and DPPG. 

46 
47 Compared with pHK-pKV, Pal-pHK-pKV becomes more hydrophobic due to the 
48 
49 

50 hydrophobic palmitic (Pal) alkyl chain. So, the hydrophobic interaction between Pal-pHK- 
51 

52 
pKV molecules resulting in a smaller effect on the surface pressure of the phospholipid 

54 

55 membrane at the initial stage of the addition of Pal-pHK-pKV. And then, the surface 
56 
57 

pressure has a moderate upward trend within the measuring time, indicating that there are 

59 

60 more Pal-pHK-pKV molecules adsorbed to the interface, combined, expanded and 
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1 

2 

3 
4 rearranged. Moreover, the ∆π (the difference between the final surface pressure and the 
5 
6 

7 initial surface pressure) of Pal-pHK-pKV was smaller than that of pHK-pKV (Figure 2), 
8 

9 
which suggested that the DPPG and Pal-pHK-pKV formed the more orderly arrangement 

11 
12 due to the hydrophobic and electrostatic interaction between Pal-pHK-pKV and DPPG 
13 
14 

15 molecules.45 This result is consistent with the higher helicity of Pal-pHK-pKV, which 
16 
17 suggests a superior affinity for interaction with lipid membranes. 
18 
19 

20 3.2. pHK-pKV and Pal-pHK-pKV peptides selectively inhibit the proliferation of 
21 

22 
human A549 cells versus 16HBE cells 

24 
25 We compared the cytotoxicity of pHK-pKV and Pal-pHK-pKV to two human cell lines, 
26 
27 

28 A549 and 16HBE, which were treated with 3.125, 6.25, 12.5, 25 and 50 µM pHK-pKV or 
29 
30 Pal-pHK-pKV, respectively for 24 h. In the employed MTT test, MTT is reduced by the 
31 
32 

33 mitochondrial enzyme succinate dehydrogenase in the living cells to blue-purple crystal 
34 

35 
formazan, while no effect is detected with dead cells.46 The measured changes of the 

37 
38 absorbance in DMSO solvent reflect the impact on the cellular viability.47 Figure 3 showed 
39 
40 

41 the determined concentration-dependent decrease in cellular viability. It evidenced that Pal- 
42 
43 pHK-pKV has a stronger anti-tumor effect than pHK-pKV. This is attributed to the 
44 
45 

46 hydrophobic palmitic acid chain of the lipidated Pal-pHK-pKV molecule. The hydrophobic 
47 

48 
modification appears to promote the anti-tumor properties of the peptide. 

50 
51 The half maximal inhibitory concentrations (IC50),48 determined for the human A549 
52 
53 

54 lung cancer cells, were IC50 of 21.5±0.32 µM and 6.5±0.14 µM for the pHK-pKV and Pal- 
55 
56 pHK-pKV peptides, respectively. Interestingly, the two peptides displayed a cytotoxic 
57 
58 

59 selectivity and were less toxic to human 16HBE epithelial cells, shown in Figure S1. 
60 
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1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 
21 Figure 3. Effects of pHK-pKV and Pal-pHK-pKV peptides on cellular viability. Human 
22 
23 

24 A549 cells were incubated with pHK-pKV or Pal-pHK-pKV peptides, respectively for 24 h 
25 

26 
in concentration series. Cell viability was determined using the MTT assay. Untreated cells 

28 

29 were taken as control. ****p<0.0001 compared to control. Data were presented as mean ± 
30 
31 

S.D. (n=5). 

33 
34 3.3. Lipidation by palmitic chains enhances the peptide interaction with membranes 
35 
36 

37 and cellular uptake 
38 

39 
We also evaluated the interaction between the designed peptides and the A549 cell 

41 

42 membranes using a dual-fluorescent bioimaging probe DPAC. The DPAC is a typical dye 
43 
44 

with vibration-induced emission (VIE) properties.38-40 In the excited state (ES), the large 

46 
47 “red shift” in the emission (emission spectrum shift to higher wavelengths) originates from 
48 
49 

50 ES planarization. At variance, a “blue shift” (emission spectrum shift to lower wavelengths) 
51 

52 
is observed when the ES planarization is hindered by the membrane environment.40 

54 

55 The bioimaging results with DPAC are presented in Figure 4(a) and the fluorescence 
56 
57 

intensities are analyzed in Figures 4(b, c). The microdomains refer to the areas with 

59 

60 relatively strong fluorescence intensity, in which the peptides interact with the A549 cell 
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1 

2 

3 
4 membrane.  The  flat  region  in  Figure  4(b,  c)  refers  to  the  area  with  relatively  weak 
5 
6 

7 fluorescence intensity, where the peptide-cell membrane interactions were weak. The results 
8 

9 
show  a  blue  shift  of  the  DPAC  fluorescence  maximum  emission  wavelength  when 

11 
12 comparing DPAC-labeled A549 cell membranes treated with pHK-pKV and Pal-pHK-pKV, 
13 
14 

15 respectively (from 475 nm in Figure 4(b) to 462 nm in Figure 4(c)). This indicates that the 
16 
17 cell penetrating capacity of the lipidated Pal-pHK-pKV peptide with a hydrophobic Pal 
18 
19 

20 chain is higher than that of the unmodified peptide (pHK-pKV). The membrane 
21 

22 
environment for the DPAC probe becomes more hydrophobic upon insertion of the Pal 

24 
25 chains into the cellular membrane. The obtained images reveal that the distribution of the 
26 
27 

28 Pal-pHK-pKV peptide in the membrane surrounding is heterogeneous. Therefore, it may be 
29 
30 suggested that the increased apoptotic effect of Pal-pHK-pKV (as compared to that of the 
31 
32 

33 pHK-pKV peptide) may be due to formation of microdomains or pores resulting from 
34 

35 
clustering of the Pal hydrophobic moieties. This correlates with the observed blue shift of 

37 
38 the DPAC emission spectrum (i.e. hindered excited-state planarization under the conditions 
39 
40 

41 of local cell membrane heterogeneity). The above results are consistent with the results of 
42 
43 Langmuir-Blodgett Film experiment and the cytotoxicity experiment of pHK-pKV and Pal- 
44 
45 

46 pHK-pKV to A549 cell line. 
47 

48 

49 

50 

51 

52 

53 

54 

55 

56 

57 

58 

59 
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3 

4 

5 

6 
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8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 Figure 4. (a) Bioimaging of A549 lung cell membranes in the absence or presence of 
43 
44 

peptide treatment for 24h based on labeling interaction with the DPAC: Control (left image), 

46 
47 6.25 µM pHK-PKV and 6.25 µM Pal-pHK-pKV (right image); Fluorescence emission 
48 
49 

50 spectra of the DPAC probe deduced in different regions of the A549 cells membrane 
51 

52 
incubated with (b) pHK-pKV at 6.25 µM and (c) Pal-pHK-pKV at 6.25 µM for 24 h. 

54 

55 3.4. pHK-pKV and Pal-pHK-pKV peptide-induced cell cycle arrest in the S phase and 
56 
57 

apoptosis detection in human A549 cells 

59 

60 
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1 

2 

3 
4 The effects of the amphiphilic peptides on the cell cycle arrest and apoptosis of A549 
5 
6 

7 cells were further examined by flow cytometry using PI staining (Figure 5) or Annexin/PI 
8 

9 
staining (Figure S2), respectively. After 24 h incubation with the peptides pHK-pKV or Pal- 

11 
12 pHK-pKV, the intracellular DNA content changed accordingly. The number of cells in the 
13 
14 

15 G1 phase gradually decreased with the increase of the peptide concentration, whereas the 
16 
17 number of cells in S phase increased (Figure 5(a)). Both peptides arrested the cell cycle in 
18 
19 

20 the S phase and prevented the progression to the G2/M phase. Thus, the proliferation of the 
21 

22 
A549 cells was blocked at mitosis. It should be emphasized that the lipidated peptide Pal- 

24 
25 pHK-pKV exerted more significant arrest effect on the cell cycle than that of pHK-pKV 
26 
27 

28 when incubated with the A549 cells at same concentration. 
29 
30 Cell cycle arrest is regarded relevant to apoptosis. The proliferating cell nuclear 
31 
32 

33 antigen (PCNA) is a key factor in the S phase, which depends on the expression of cyclin 
34 

35 
A1 and cyclin dependent kinase (CDK 2) (see Figure 8 below).49 In addition, it is related to 

37 
38 the activity of p21.50 Both down-regulation of the cell cycle regulatory complex (cyclin 
39 
40 

41 A1/CDK 2/PCNA) and up-regulation of p21 expression contribute to S-phase arrest. 
42 
43 Results of cell apoptosis measurements with the Annexin/PI kit were presented in 
44 
45 

46 Figure S2. For cells treatment with 6.25 µM pHK-pKV and Pal-pHK-pKV, the apoptotic 
47 

48 
rates (Annexin V+/PI- and Annexin V+/PI+) were determined to be 5.03% and 78.19%, 

50 
51 respectively. This suggests that both peptides can induce A549 cellular apoptosis. 
52 
53 

54 

55 

56 

57 

58 

59 
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3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 
34 Figure 5. Cell cycle flow cytometry assay with A549 cells. (a) Cell cycle distribution upon 
35 
36 

37 A549 cells incubation with pHK-pKV and Pal-pHK-pKV at increasing peptide 
38 

39 
concentrations. Green represents the G1 phase, brown represents the S phase, and blue 

41 

42 represents the G2/M phase. Histograms show quantitative results about cell cycle 
43 
44 

distribution upon treatment with (b) pHK-pKV or (c) Pal-pHK-pKV peptides. Untreated 

46 
47 cells were taken as control. *p<0.05, ***p<0.001, ****p<0.0001 compared to control. Data 
48 
49 

50 were presented as mean ± S.D. (n=3). 
51 

52 
3.5. pHK-pKV and Pal-pHK-pKV peptide-induced mitochondrial-dependent 

54 

55 apoptosis in A549 cells revealed by changes in the mitochondrial membrane 
56 
57 

potential 

59 

60 
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1 

2 

3 
4 Mitochondrial dysfunction in pHK-pKV and Pal-pHK-pKV peptide-treated A549 cells 
5 
6 

7 was determined by the changes in the mitochondrial membrane potential ∆Ψm (Figure 6). A 
8 

9 
cationic  cyanine  dye,  JC-151,  was  used  to  detect  the  changes,  ∆Ψm,  associated  with 

11 
12 potential-dependent dye accumulation in mitochondria. In healthy mitochondria, the JC-1 
13 
14 

15 dye aggregates in the mitochondrial matrix in the form of aggregate assemblies, which 
16 
17 display a strong fluorescence emission at 632 nm (shown in red in Figure 6). Due to the 
18 
19 

20 membrane interaction with the cell-penetrating peptides, the mitochondrial membrane 
21 

22 
potential can decrease or even become negligibly small. The JC-1 dye predominantly exists 

24 
25 in a monomeric form in the cytoplasm, where it displays fluorescence emission at 522 nm 
26 
27 

28 (shown in green in Figure 6).52-54 

29 
30 Figure 6 revealed that the JC-1 fluorescence in A549 cells gradually changes from red 
31 
32 

33 to green after pHK-pKV and Pal-pHK-pKV peptide incubation for 4 h. These results 
34 

35 
indicated the decrease of the mitochondrial membrane potential in the peptide-treated A549 

37 
38 cells. Moreover, the data obtained at varying peptide concentrations showed that the 
39 
40 

41 mitochondrial membrane potential changes, ∆Ψm, were concentration dependent (Figure 6). 
42 

43 

44 

45 

46 

47 

48 

49 

50 

51 
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Figure 6. Evaluation of the changes in the mitochondrial membrane potential in A549 cells 

28 

29 upon peptide treatment at varying concentrations (3.125 µM, 6.25 µM and 25 µM). 
30 
31 

Confocal micrographs of JC-1-labeled A549 cells after treatment with (a) pHK-pKV and (b) 

33 
34 Pal-pHK-pKV peptide, respectively for 4 h. The domination of the red fluorescence reflects 
35 
36 

37 the presence of the aggregated form of the JC-1 dye (healthy mitochondria in non-apoptotic 
38 

39 
cells), whereas the green fluorescence of the monomeric JC-1 dye reflects the collapse of 

41 

42 ∆Ψm leading to cell apoptosis. Scale bars: 50 µm. 
43 
44 

3.6. pHK-pKV and Pal-pHK-pKV peptide-activated caspase 3, caspase 8 and caspase 9 

46 
47 in A549 cells 
48 
49 

50 The caspase protein family belongs to cysteine proteases, which plays a key role in cell 
51 

52 
apoptosis.55 Once caspase are activated, serial cascade reactions are triggered that may lead 

54 

55 to irreversible apoptosis.56 Among them, caspase 8 is associated with exogenous apoptosis. 
56 
57 

Caspase 8 can be activated when the death ligand binds to the death receptor. Consecutively, 

59 

60 it activates downstream caspase such as caspase 3, caspase 6 and caspase 7, which 
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1 

2 

3 
4 ultimately initiate apoptosis.22, 30  In contrast, caspase 9 is associated with the endogenous 
5 
6 

7 mitochondrial pathway. Similar to the role of caspase 8 in the exogenous pathway, caspase 
8 

9 
9 can initiate downstream cascades. 

11 
12 Figure 7 showed the concentration-dependent effects of the peptides pHK-pKV and 
13 
14 

15 Pal-pHK-pKV on the caspase 8, caspase 9, and caspase 3 activities in human A549 cells. 
16 
17 The obtained results indicate that the activities of both caspases in the peptide-treated cells 
18 
19 

20 increase significantly in comparison with that in the non-treated control sample. The 
21 

22 
observed effects are dependent on the peptide concentration. The higher the peptide 

24 
25 concentration, the higher are the activities of caspase. 
26 
27 

28 Moreover, the caspase activity for A549 cells incubated with Pal-pHK-pKV peptide 
29 
30 appears to be higher than that for incubation with pHK-pKV as same concentration (Figure 
31 
32 

33 7). Overall, it can be concluded that pHK-pKV and Pal-pHK-pKV are not only involved in 
34 

35 
the mitochondrial pathway of apoptosis, but also have impact on the exogenous apoptosis. 

37 
38 This may be due to their cell-penetrating properties. 
39 
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Figure 7. Effects of the pHK-pKV and Pal-pHK-pKV peptides on (a) caspase 8, (b) caspase 

28 

29 9 and (c) caspase 3 activities in human A549 cells. Untreated cells were measured as control. 
30 
31 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 compared to control. ##p<0.01, ###p<0.001 

33 
34 compared to pHK-pKV. Data were presented as mean ± S.D. (n=3). 
35 
36 

37 3.7. pHK-pKV and Pal-pHK-pKV peptide-induced changes in the expression levels of 
38 

39 
apoptosis-related proteins 

41 

42 Western blot analysis was performed to characterize the S-phase arrest related protein 
43 
44 

(cyclin A1/CDK 2/PCNA and p12) expression in A549 cells.57  Figure 8 showed that 24 h 

46 
47 peptide treatment of A549 cells results in decreased expression of cyclin A1, CDK 2 and 
48 
49 

50 PCNA and increased expression of p12 as compared to control. This confirmed that both 
51 

52 
pHK-pKV and Pal-pHK-pKV peptides can arrest the A549 cells in the S phase with more 

54 

55 significant blocking effect in the Pal-pHK-pKV treatment group. 
56 
57 

On the other hand, Bcl-2 family proteins, Cyt-c and caspases were considered as cell 

59 

60 apoptosis-related biomarkers.58 The obtained results revealed an increased expression of 
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1 

2 

3 
4 Bax in the peptide-treated A549 cells. In parallel, a significant decrease of Bcl-2  expression 
5 
6 

7 was observed. The expression levels of cleaved caspase 3, 8 and 9 were significantly up- 
8 

9 
regulated in comparison to the control (Figure 8). 

11 
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29 
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33 

34 

35 

36 

37 

38 

39 

40 

41 

42 Figure 8. (a) Western blot analysis of proteins involved in the apoptosis process after 
43 
44 

treatment of A549 cells with pHK-pKV and Pal-pHK-pKV peptides for 24 h in a 

46 
47 concentration series. The extracted total cell proteins were immunoblotted with antibodies 
48 
49 

50 to characterize the expression of cyclin dependent kinase 2 (CDK 2), proliferating cell 
51 

52 
nuclear antigen (PCNA), cyclin A1, p12, Bax, Bcl-2, cleaved caspase 3, 8 and 9. (b) 

54 

55 Relative Bax/Bcl-2 protein concentrations in peptide-treated A549 cells. Data were 
56 
57 

presented as mean ± S.D. (n=3). 
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1 

2 

3 
4 3.8. pHK-pKV and Pal-pHK-pKV peptides displace the full-length HK-II protein from 
5 
6 

7 the mitochondrial membrane and generate the release of cytochrome c 
8 

9 
Our study verified the hypothesis whether modified pHK fragments can replace the 

11 
12 over-expressed endogenous HK-II34, thereby blocking the interaction between HK-II and 
13 
14 

15 VDAC1 and triggering the release of Cyt-c that ultimately leads to cell apoptosis. We 
16 
17 assume that this is valid for the peptides pHK-pKV and Pal-pHK-pKV. 
18 
19 

20 Immunofluorescence colocalization was used to determine the changes in the location 
21 

22 
of HK-II and Cyt-c in the human A549 lung cells. The orange fluorescence spots in Figure 

24 
25 9 reveal that the red fluorescence from mitochondria is co-localized with the green 
26 
27 

28 fluorescence from the HK-II or Cyt-c proteins in the control group without peptide 
29 
30 treatment. Such orange fluorescence was rarely observed with A549 cells treated with pHK- 
31 
32 

33 pKV and Pal-pHK-pKV peptides. This indicates that the HK-II protein was replaced by the 
34 

35 
amphiphilic peptide fragments, and thus dissociated from mitochondria. It can be concluded 

37 
38 that Cyt-c was released from mitochondria into the cytoplasm after cell treatment with 
39 
40 

41 pHK-pKV and Pal-pHK-pKV peptides. 
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Figure 9. Intracellular distribution of (a) HK-II and (b) Cyt-c proteins probed by confocal 

50 
51 laser scanning microscopy (CLSM) imaging. The blue fluorescence marks the cell nucleus, 
52 
53 

54 red fluorescence indicates mitochondria, and green fluorescence indicates the target proteins 
55 
56 HK-II or Cyt-c stained for immunofluorescence detection. Scale bars: 10 µm. 
57 
58 

59 
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1 

2 

3 
4 Figure 10 summarizes the pathway of the biological activity of the pHK-pKV and  Pal- 
5 
6 

7 pHK-pKV peptides in induction of apoptosis in human A549 lung cells. Our attention 
8 

9 
focused  on  the  endogenous  mitochondrial  pathway,  in  which  the  peptides  provoke 

11 
12 depolarization of the mitochondrial membrane potential, related DNA damages (cell cycle 
13 
14 

15 arrest), activated expression of pro-apoptotic proteins such as Bax, and decreased 
16 
17 expression of Bcl-2 and other anti-apoptotic proteins. Once Cyt-c is released, which 
18 
19 

20 activates caspase 9, and then activates caspase 3, cell apoptosis is triggered. This leads to 
21 

22 
A549 cell death. 
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45 

46 Figure 10. Mechanism of Pal-pHK-pKV and pHK-pKV biological activity in human lung 
47 

48 
carcinoma A549 cells. The lipidated cell-penetration peptide Pal-pHK-pKV enters the 

50 
51 cytosol and targets the membrane protein VDAC1. The displacement of the endogenous 
52 
53 

54 full-length HK-II weakens the VDAC1-HK-II interaction. The lipidated Pal-pHK-pKV 
55 
56 causes S phase arrest of the cell cycle, which leads to depolarization of the mitochondrial 
57 
58 

59 membrane ∆Ψm, release of Cyt-c, and finally apoptosis. 
60 
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1 

2 

3 
4 4. Conclusion 
5 
6 

7 In conclusion, the present work elucidated the biological mechanism of pHK-pKV  and 
8 

9 
Pal-pHK-pKV induced apoptosis in human A549 lung cells (Figure 10). After binding to 

11 
12 mitochondria, both pHK-pKV and Pal-pHK-pKV replaced the endogenous full-length HK- 
13 
14 

15 II protein and diminished the VDAC1-HK-II interaction at the mitochondrial membrane. In 
16 
17 cancer cells, the peptides caused depolarization of the mitochondrial membrane potential, 
18 
19 

20 up-regulation of the Bax expression, down-regulation the Bcl-2 expression, and increase of 
21 

22 
the enzymatic activities of caspase 9 and caspase 3, thus inducing mitochondria-mediated 

24 
25 apoptosis in A549 cells. The two peptides also activated the enzymatic activity of caspase 8, 
26 
27 

28 indicating that the pathway of exogenous apoptosis is also involved in the overall biological 
29 
30 mechanism. It is worth noting that pHK-pKV and Pal-pHK-pKV are much less toxic to 
31 
32 

33 non-cancerous 16HBE cells, which implies that the designed peptides have selective 
34 

35 
cytotoxicity. 

37 
38 For cancer cells, the lipidated peptide Pal-pHK-pKV exhibited stronger interaction with the 
39 
40 

41 membrane as compared to pHK-pKV, which was demonstrated by Langmuir-Blodgett 
42 
43 technique and two-photon excitation microscopy. Thus, the enhanced uptake of Pal-pHK- 
44 
45 

46 pKV as a cell-penetrating peptide is characterized. It also provides data support for the dual- 
47 

48 
fluorescent DPAC to better become a fluorescent probe for biological membranes. Pal- 

50 
51 pHK-pKV show potential for the development of a useful anti-cancer therapeutic strategy. 
52 
53 

54 The anti-tumor activity fragment pHK is not easily taken up by A549 cells, so the 
55 
56 successful delivery of pHK into cells is the main purpose. In addition to structural 
57 
58 

59 modification of pHK, it can also be loaded by liposomes, polymer micelles and other drug 
60 
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1 

2 

3 
4 carriers  to  achieve  the  purpose  of  delivering  anti-tumor  active  fragments  to  cells. The 
5 
6 

7 synthesis of nanostructured lipid carrier with high biocompatibility to encapsulate pHK may 
8 

9 
be the next work that can be studied. 
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28 Figure S1. Effect of peptides on cell viability. 16HBE cells were incubated with pHK-pKV 
29 
30 or Pal-pHK-pKV respectively for 24 h at concentration series. Cell viability was determined 
31 
32 

33 using MTT assay. Untreated cells were taken as control. Data were presented as mean ± S.D. 
34 

35 
(n=4). 
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60 Figure S2. Annexin V/propidium iodide staining of A549 cells treated with (a) pHK-pKV 
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4 and (b) Pal-pHK-pKV for 4 h and assessed by flow cytometry. 
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