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[Abstract] The crucial role of hexokinase 2 (HK2) in the metabolic rewiring of tumors is now well 

established, which makes it a suitable target for the design of novel therapies. However, hexokinase 

activity is central to glucose utilization in all tissues; thus, enzymatic inhibition of HK2 can induce severe 
adverse effects. In an effort to find a selective anti-neoplastic strategy, we exploited an alternative 

approach based on HK2 detachment from its location on the outer mitochondrial membrane. We 
designed a HK2-targeting peptide named HK2pep, corresponding to the N-terminal hydrophobic domain 

of HK2 and armed with a metalloprotease cleavage sequence and a polycation stretch shielded by a 
polyanion sequence. In the tumor microenvironment, metalloproteases unleash polycations to allow 

selective plasma membrane permeation in neoplastic cells. HK2pep delivery induces the detachment 
of HK2 from mitochondria-associated membranes (MAMs) and mitochondrial Ca2+ overload caused by 

the opening of inositol-3-phosphate receptors on the endoplasmic reticulum (ER) and Ca2+ entry through 
the plasma membrane leading to Ca2+-mediated calpain activation and mitochondrial depolarization. As 
a result, HK2pep rapidly elicits death of diverse tumor cell types and dramatically reduces in vivo tumor 

mass. HK2pep does not affect hexokinase enzymatic activity, avoiding any noxious effect on non-

transformed cells. Here, we make available a detailed protocol for the use of HK2pep and to investigate 
its biological effects, providing a comprehensive panel of assays to quantitate both HK2 enzymatic 

activity and changes in mitochondrial functions, Ca2+ flux, and cell viability elicited by HK2pep treatment 
of tumor cells. 
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Flowchart for the analysis of the effects of HK2 detachment from MAMs. 
 
Keywords: Hexokinase 2, Cell-penetrating peptide, Mitochondria-associated membranes, Ca2+, Anti-

neoplastic strategy, Cancer, Mitochondria 

 
[Background] Metabolic rewiring in tumor cells (Boroughs and DeBerardinis, 2015; Vander Heiden and 

DeBerardinis, 2017) encompasses increased uptake and usage of glucose and decreased oxidative 
phosphorylation (OXPHOS) (Cannino et al., 2018; Faubert et al., 2020), conferring a selective 

advantage to neoplastic cells to survive and thrive under shortage of both nutrients and oxygen 
(Nakazawa et al., 2016). Hence, targeting metabolic components offers promising therapeutic 

perspectives, and the selective inhibition of glucose utilization has been considered for clinical cancer 
therapy (Hay, 2016). Hexokinases convert glucose to glucose-6-phosphate and make it available for 

utilization in glycolysis, the pentose phosphate pathway, glycogenesis, and hexosamine biosynthesis 
(Wilson, 2003). The most active isozyme, hexokinase 2 (HK2), is overexpressed in numerous types of 

cancer and constitutes a promising target for the development of anti-neoplastic strategies (Roberts and 
Miyamoto, 2015). Indeed, HK2 plays a major role in the metabolic rewiring of tumors and is induced by 
oncogenic K-Ras activation (Patra et al., 2013) or in response to hypoxia (Semenza, 2013). HK2 

overexpression is related to stage progression, acquisition of invasive and metastatic capabilities, and 
poor prognosis (Mathupala et al., 2010). In tumor cells, HK2 binds to the outer mitochondrial membrane 
following Akt-dependent phosphorylation (Miyamoto et al., 2008), and mitochondrial binding of HK2 has 

been associated with the protection of cancer cells from noxious stimuli (Roberts and Miyamoto, 2015). 
The natural consequence of these observations was the development of therapeutic strategies aimed 

at inhibiting the activity of HKs; however, the clinical use of hexokinase inhibitors was hampered by the 
lack of specificity or the side effects (Akins et al., 2018) elicited by the conserved nature of the active 

sites among the ubiquitously expressed hexokinase isozymes (Roberts and Miyamoto, 2015). 
We have previously exploited an alternative approach to target HK2, based on detaching it from 

mitochondria with a peptide corresponding to the N-terminal hydrophobic domain of the enzyme. This 
treatment causes the opening of a mitochondrial channel, the permeability transition pore (PTP) (Rasola 
and Bernardi, 2011), and consequent cell death (Chiara et al., 2008; Masgras et al., 2012; Pantic et al., 

2013). Recently, we established that HK2 localizes to domains of interaction between the ER and 

mitochondria called mitochondria-associated membranes (MAMs), and its displacement elicits a 
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massive Ca2+ flux from the ER and across the plasma membrane into mitochondria, inducing 
mitochondrial depolarization and death in a variety of cancer models, both in vitro and in vivo, in a 
calpain-dependent manner (Ciscato et al., 2020). We have improved HK2 peptide efficacy and 

specificity by adding a polycation stretch required for plasma membrane permeation linked to a shielding 
polyanion sequence through a matrix metalloprotease 2 and 9 (MMP2/9) target sequence. This novel 

tool, called HK2pep, is specifically taken up by neoplastic cells when its polycation sequence is 
unmasked by removal of the polyanion stretch through MMP2/9 cleavage in the tumor microenvironment, 

where these proteases are highly induced (Figure 1). HK2pep has proven to be an excellent tool to 
dissect the precise localization of HK2 in MAMs and the cascade of events leading to tumor cell death, 

in addition to being effective in tumors allografted in mice, while leaving hexokinase enzymatic activity 
unaffected, thus protecting healthy tissues from any off-target effects of the treatment (Ciscato et al., 

2020). 
Taken together, our data disclose novel signaling pathways primed by HK2 displacement from MAMs 

and open possibilities for the development of effective anti-neoplastic strategies, alone or in combination 
with other chemotherapies.  

 

 
Figure 1. Modified from Ciscato et al., 2020. Functional unit composition of HK2pep. the HK2-

targeting sequence is in red; the polycation and polyanion stretches are in light blue and light green, 

respectively; the MMP2/9 target sequence is in yellow. Cl-HK2pep is the active peptide after 
MMP2/9 cleavage. 

 
Materials and Reagents 
 

1. Flasks, 25 cm2 (Falcon, catalog number: 353108) 

2. 6-well plates (Falcon, catalog number: 353046) 

http://www.bio-protocol.org/e4087
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3. 12-well plates (Falcon, catalog number: 353103) 

4. 24-well plates (Falcon, catalog number: 353047) 
5. 96-well plates (Falcon, catalog number: 353916) 

6. 13-mm diameter coverslips (VWR, catalog number: 631-0149P)  
7. 18-mm diameter coverslips (VWR, catalog number: 631-0153P) 

8. 24-mm diameter coverslips (VWR, catalog number: 631-0161) 
9. PBS (Sigma-Aldrich, catalog number: D8537, storage RT) 

10. Trypsin-EDTA (GIBCO, catalog number: 25200-056, storage 4°C) 
11. NaCl (Sigma-Aldrich, catalog number: S9888, storage RT) 

12. Trizma® base (Sigma-Aldrich, catalog number: T6066, storage RT) 
13. EDTA (Sigma-Aldrich, catalog number: E5134, storage RT) 

14. Triton X-100 (Sigma, catalog number: 9002-93-1, storage RT) 
15. Glycerol (Sigma-Aldrich, catalog number: G5516, storage RT)  

16. PierceTM BCA protein assay (Thermo ScientificTM, catalog number: 23225, storage RT) 
17. MgCl2 (Sigma-Aldrich, catalog number: 63068, storage RT)   

18. ATP (Sigma-Aldrich, catalog number: A2383, storage -20°C) 
19. Glucose (Sigma-Aldrich, catalog number: G8270, storage RT) 

20. Glucose 6-phosphate-dehydrogenase (Sigma-Aldrich, catalog number: SRP6505, storage -
20°C)  

21. NADP (Sigma-Aldrich, catalog number: 93205, storage -20°C) 
22. SPLICSs (split-GFP-based contact site sensor short) and SPLICSL (split-GFP-based contact 

site sensor long) plasmids (Cieri et al., 2018, available from the authors) (storage -20°C) 

23. OptiMEM (GIBCO, catalog number: 51985026, storage 4°C) 

24. TransIT-LT1 (Mirus, catalog number: MIR 2304, storage 4°C) 
25. KCl (Sigma-Aldrich, catalog number: P3911, storage RT) 

26. KH2PO4 (Merck, catalog number: 1551139, storage RT) 
27. CaCl2 (Sigma-Aldrich, catalog number: 21097, storage RT) 

28. HEPES (Sigma-Aldrich, catalog number: H3375, storage RT) 
29. HK2pep: (Chemical synthesis, seq. MIASHLLAYFFTELN-bA-RRRRRRRRR-PLGLAG-Ahx-

EEEEEEEE, storage -20°C)  
30. SCRpep: (Chemical synthesis, seq. VGAHAGEYGAEALER-bA-RRRRRRRRR-PLGLAG-Ahx-

EEEEEEEE, storage -20°C) 
31. cl-HK2pep (Chemical synthesis, seq. MIASHLLAYFFTELN-βA-RRRRRRRRR-PLG, storage -

20°C) 
32. cl-SCRpep (Chemical synthesis, seq. VGAHAGEYGAEALER-βA-RRRRRRRRR-PLG storage 

-20°C). All peptides were synthesized by automatic solid-phase procedures (for details, see 
Ciscato et al., 2020). Suggested purity ≥ 95% measured by analytical reversed-phase HPLC. 

Peptides are not commercially available but can be synthesized on demand by specialized 
companies. 

http://www.bio-protocol.org/e4087
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33. PFA (Sigma-Aldrich, catalog number: P6148, storage 4°C)  

34. NH4Cl (Sigma-Aldrich, catalog number: A9434, storage RT) 
35. BSA (Sigma-Aldrich, catalog number: AG4503, storage 4°C) 

36. Goat serum (Sigma-Aldrich, catalog number: G6767, storage -20°C) 
37. Gelatin (Sigma-Aldrich, catalog number: G2500, storage -20°C) 

38. Rabbit monoclonal anti-HK2 antibody (Thermo Scientific, catalog number: H.738.7, storage -
20°C) 

39. AlexaFluor555 donkey anti-rabbit IgG (Thermo Fisher Scientific, catalog number: A-31572, 
storage -20°C) 

40. Mowiol 4-88 (Sigma-Aldrich, catalog number: 81381, storage RT) 
41. Plasmids encoding mitochondria-targeted GCAMP6f (Filadi et al., 2018, available from the 

authors, storage -20°C) 
42. Cyclosporin H (Vinci-Biochem, catalog number: AG-CN2-0447-M005, storage -20°C) 

43. TetraMethyl-Rhodamine Methyl ester (TMRM) (Invitrogen, MitoProbeTM, catalog number: 
M20036, storage -20°C) 

44. Annexin V-FITC - Annexin-V-FLUOS labeling reagent (Roche - now sold by MERCK, catalog 
number: 11828681001, storage -20°C) 

45. 7-aminoactinomycin D (7-AAD; Sigma-Aldrich, catalog number: A9400, storage -20°C) 
 
Equipment 
 

1. Cell culture incubators (Thermo Scientific FormaTM Steri-CycleTM CO2 Incubator) 
2. Equipped cell culture hoods (Angelantoni Industries, catalog number: VBH 48 C2)  

3. Micropipettes (Gilson Pipetman Classic, P1,000, P200, P20, P10, P2) 
4. Burker chamber (VWR, catalog number: HECH40443703) 
5. Centrifuges from 200 to 2,000 × g, fixed bucket, no specific rotors needed (e.g., MPW Med. 

Instruments, catalog number: MPW 251) 

6. Thermo-shaker (Biosan, catalog number: TS-100)  
7. Centrifuges from 200 to 16,000 × g, fixed bucket, no specific rotors needed (e.g., Eppendorf, 

catalog number: 5417 R) 
8. Plate-Reader Spectrophotometer (TECAN, model: Infinite M200 spectrophotometer)  

9. Confocal microscope (Leica SP5-II equipped with a 100×/1.4 N.A. plan apochromat objective, 
a WLL laser to excite each specific dye, and a HyD detector for signal collection) 

10. Inverted fluorescence microscope (Zeiss Axiovert 100, Fluar 40× oil objective, NA 1.30) 
11. Inverted fluorescence microscope (Leica, model: DMI6000 B) 

12. Cytofluorimeter (BD FACSCantoTM II) 
 
Software 
 

http://www.bio-protocol.org/e4087
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1. i-controlTM (for TECAN, Infinite M200 spectrophotometer, 

https://lifesciences.tecan.com/plate_readers/infinite_200_pro?p=tab--3)  

2. Excel data analysis software (Microsoft Office) 

3. Leica Application Suite LAS-AF (for Leica SP5-II https://www.leica-
microsystems.com/products/confocal-microscopes/p/leica-tcs-sp5-ii)  

4. ImageJ (NIH, https://imagej.nih.gov/ij/download.html) 
5. For the Zeiss microscope, synchronization of the cool camera with the excitation source is 

performed by a custom-made software package (Roboscope - developed by Catalin Dacian 
Ciubotaru at VIMM, Padova, Italy); alternatively, the specific manufacturer’s microscope 

software is suitable for kinetic image acquisition 

6. Leica Application Suite LAS-AF for the Leica fluorescence microscope (https://www.leica-

microsystems.com/products/microscope-software/p/leica-las-x-ls/) 
7. BD FACSDivaTM for the BD FACSCantoTM II cytoflurimeter (https://www.bdbiosciences.com/en-

us/instruments/research-instruments/research-software/flow-cytometry-acquisition/facsdiva-
software) 

 
Procedure 
 
A. HK2 activity in cells  

Note: To carry out these measurements, we used mouse 4T1 breast carcinoma cells, mouse CT26 

colorectal carcinoma cells, and human HeLa cervix carcinoma cells (Ciscato et al., 2020). It is 

possible to perform this protocol on both adherent and suspended cell lines and on primary cells.  

1. Cell culture and sample collection  
a. Plate 1-4 × 106 cells (depending on the cell type; e.g., 2 × 106 HeLa cells, 2 × 106 4T1 and 

CT26 cells) in 25 cm2 flasks at least 24 h before harvesting/treatment. 

b. Harvest the cells by washing the flask with PBS, detaching them with trypsin-EDTA, and 
blocking the reaction with fresh media (DMEM for HeLa and CT26 cells, RPMI for 4T1 cells) 

containing 10% FBS. 
c. Pellet the cells (adjust the centrifugal force and time according to your cell lines to safely 

pellet them; e.g., 5 min, 400 × g for HeLa, 4T1, and CT26 cells).  

d. Remove the supernatant.  

e. Lyse cells in 100-200 µl Lysis Buffer. 
f. Quantitate the protein content (PierceTM BCA protein assay kit). 

g. Calculate the volume corresponding to 20 μg protein (this amount of protein can be modified 
according to the cell line under analysis), which is sufficient to detect hexokinase activity. 

2. Sample preparation 
a. Prepare 2 vials containing 20 μg protein for each experimental condition.  

http://www.bio-protocol.org/e4087
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b. Incubate one vial at 4°C and the other at 46°C for 30 min. Heating 30 min at 46°C is sufficient 

to remove the catalytic activity of HK2, the only heat-sensitive hexokinase, preserving the 
activity of the other isozymes; HK2 is not degraded by this treatment. 

c. After incubation, store the samples on ice. 
3. Sample treatment with cl-HK2pep (and/or your compound of interest) and measurement of 

HKs/HK2 activity  
a. Prepare fresh Reaction Buffer at room temperature.  

b. The final reaction volume is 100 μl. Prepare the proper amount of buffer spotted in a 96-
well plate and add 10 μM cl-HK2pep (and/or your compound of interest - use cl-SCRpep as 

a control peptide). 
c. Mix for 5 s using a plate mixer (generally, we shake using the plate reader, but any plate 

mixer is suitable). 
d. Add 20-100 μg cell extract (heated or not) and mix for 10 s. 

e. Read the 96-well plate in kinetic mode (with a minimum 30 s interval) at 340 nm using a 
spectrophotometric plate reader (Infinite M200 spectrophotometer, TECAN) for 15 min at 

37°C.  
4. Data analysis 

a. HK activities were calculated in nmol/min/mg: nmol per minute was obtained by calculating 
the slope (m) of the plotted absorbance at 340 nm during the first minute of recording and 

dividing it by the extinction coefficient of NADH (ε = 6.22) and the cuvette path length (l = 
0.4 cm for the 96-well plate). Then, values were normalized to total mg of protein added to 

the reaction (0.08 mg 4T1 total lysate). 
b. To calculate HK2 activity, subtract the activity obtained in the samples pre-incubated at 46°C 

from that in the samples incubated at 4°C (Figure 2).   
c. Apply the proper statistical analysis (e.g., Student’s t-test to compare two groups or one-

way ANOVA to compare more than two groups). 
 

 
Figure 2. Modified from Ciscato et al., 2020. Measurement of hexokinase enzymatic 
activities. HK1+HK2, HK1, and HK2 enzymatic activity calculated after treatment with cl-

HK2pep in 4T1 cell extract as described above. cl-SCRpep is used as a negative control. 

http://www.bio-protocol.org/e4087
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B. HK2 co-localization with MAMS and its displacement by cl-HK2pep 
1. Cell seeding and culture 

a. Plate 0.5-1 × 105 cells in 24-well plates containing a 13-mm (diameter) coverslip and culture 
(37°C, 5% CO2, humidified atmosphere) for at least 24 h. Cells can be grown for 48 h but 

must be at 60-70% confluence at the time of transfection (next step). 
2. Cell transfection with SPLICS-encoding plasmids 

a. Transfect cells with plasmids encoding the two subunits of SPLICSS (to evaluate ER-
mitochondria contacts < 10 nm) or the SPLICSL probe (for contacts < 40-50 nm) (Cieri et 

al., 2018). Mix 0.5 µg each plasmid/well in 100 µl OptiMEM together with 2 µl TransIT-LT1 

(MIR 2304 - Mirus) and incubate for 15 min.  

b. Add the transfection mix dropwise to the cells (leaving 0.5 ml culture medium) and incubate 
for 5 h. 

c. Eliminate the medium containing the transfection mix and replace with 0.5 ml fresh medium. 
d. Leave cells in the incubator overnight. 

3. Cell treatment(s) with cl-HK2pep (and/or your compound of interest) 
a. Prepare a solution containing mKRB Buffer and 2 μM cl-HK2pep (and/or your compound of 

interest; use cl-SCRpep as a control peptide). This amount of cl-HK2pep is able to detach 
part of HK2 from MAMs in less than 2 min, so please consider pre-incubating other 

compounds before using cl-HK2pep if they take longer to be effective in intact cells. 
b. Substitute cell media with 500 μl solution containing 1-2 μM cl-HK2pep (and/or your 

compound of interest; use cl-SCRpep as a control peptide). Consider using different media 
according to experimental conditions; cl-HK2pep is effective in a broad range of 

physiological solutions.  
c. Incubate at room temperature for 2 min. The 2 μM cl-HK2pep treatment can lead to 

mitochondrial depolarization in a few minutes and apoptotic cell death in 15 min (Ciscato et 

al., 2020). Consider not exceeding a 5-min treatment; otherwise, decrease the cl-HK2pep 

concentration. Depending on the cell type, different media can accelerate or delay the 
activity of cl-HK2pep. 

d. Remove media and add 500 μl PBS using a pipette to wash the cells. 
e. Remove PBS and add 500 μl 4% PFA (prepared in PBS) for 10 min to fix the cells for the 

immunofluorescence protocol. 
f. Remove the PFA solution and wash the cells 3 × 5 min with 0.5 ml PBS during gentle 

agitation (100-120 rpm on an orbital shaker). 
g. Add 0.5 ml quenching solution for 20 min. 

h. Remove the quenching solution and wash the cells 3 × 5 min with 0.5 ml PBS during gentle 
agitation (100-120 rpm on an orbital shaker). Then proceed with immunofluorescence (step 

B4 below). Cells can be stored at 4°C in PBS for 1 week if it is not possible to proceed 
immediately with step B4.   

http://www.bio-protocol.org/e4087
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4. HK2 immunofluorescence protocol and image acquisition 

a. Remove the PBS and permeabilize the cells with 0.5 ml Triton X-100 for 3 min. 
b. Remove the Triton X-100 and wash the cells with 0.5 ml PBS. The solutions must be added 

and removed using a pipette. 
c. Incubate cells with 0.5 ml blocking solution for at least 30 min. Add the solution using a 

pipette. Protect from light. 
d. Dilute the primary antibody (rabbit monoclonal anti-HK2 antibody, H.738.7, Thermo 

Scientific) 1:150 in blocking solution and incubate cells for 90 min at room temperature, 
protected from light. 

e. Remove the antibody solution and wash the cells 3 × 5 min with blocking solution during 
gentle agitation (100-120 rpm on an orbital shaker). 

f. Dilute the secondary antibody (AlexaFluor555 donkey anti-rabbit IgG, A-31572 Thermo 
Fisher Scientific) 1:300 in blocking solution and centrifuge at 13,000 × g for 10 min.  

g. Incubate cells with this solution for 45 min at room temperature. Protect from light. 
h. Remove the antibody solution and wash the cells 3 × 5 min with blocking solution during 

gentle agitation (100-120 rpm on an orbital shaker). Perform an additional wash with PBS 
during gentle agitation (100-120 rpm on an orbital shaker). 

i. Wash coverslips with H2O and immediately mount with Mowiol (or a different mounting 
solution) on an object glass. Allow to dry overnight protected from light at room temperature, 

then store at 4°C until image acquisition.  
j. Collect images using a confocal microscope (Leica SP5-II equipped with a 100×/1.4 N.A. 

plan apochromat objective, a WLL laser to excite each specific dye, and a HyD detector for 
signal collection). The power of the lasers should be set on the sample with the highest 

signal intensity to avoid signal saturation and kept the same for all samples/experimental 
conditions. Export images in TIFF format. 

5. Data analysis 
a. Open TIFF images of the green (SPLICS probes) and red (HK2 staining) channels in ImageJ 

(version 1.47b or later, NIH).  
b. Subtract the background. Trace a region of interest (ROI) in a background region; in Plugins, 

select ROI, BG subtraction from ROI, and press OK. Repeat for both channels. 
c. Calculate the Pearson’s co-localization coefficient in Plugins, Co-localization analysis, 

Manders coefficients, choose the appropriate combination of the red and green channels, 
select exclude zero-zero pixels, and press OK. The Mander’s and Pearson’s co-localization 

coefficients will be calculated by the software (Figure 3).  
d. Repeat for all images and apply the appropriate statistical tests. We recommend analyzing 

at least 10 different cells for each coverslip and repeating the experiment at least three times 
on three different days.    
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Figure 3. Pearson’s co-localization coefficient calculation, modified from Ciscato et al. 
(2020). (A) Step-by-step representative confocal image analysis in HeLa cells performed using 

ImageJ (version 1.47b or later, NIH). (B) Representative results from confocal image analysis: 
HK2 displacement from HeLa MAMs after treatment with cl-HK2pep is shown by the loss of the 

merged signal between HK2 (red) and the split-GFP-based probe for ER-mitochondria contacts 
(SPLICSL, green); the merged signal is white. cl-SCRpep is used as a negative control, and 

Pearson’s co-localization coefficient is indicated (cl-SCRpep n = 26 cells; cl-HK2pep n = 24 cells; 
P < 0.001 with a Student’s t-test). Scale bar: 10 μm. 

 
C. Functional evaluation of HK2 displacement from MAMS by cl-HK2pep 

1. Cell seeding and culture 
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Note: Consider adjusting the number of cells to be plated depending on the specific cell type 

under analysis. The following analyses must be performed on adherent cells.  

a. For live mitochondrial matrix Ca2+ imaging, plate 1 × 105 cells in 12-well plates containing 

18-mm-diameter coverslips at least 24 h before transfection. 
b. For live TMRM (tetramethylrhodamine methyl ester) imaging, plate 2.5 × 105 cells in 6-well 

plates containing 24-mm-diameter coverslips at least 24 h before the experiment. 
c. For cell death assessment, plate 1.5 × 106 cells in 25 mm2 flasks for each condition the day 

before the experiment.  
2. Live mitochondrial matrix Ca2+ imaging and data analysis 

a. Transfect cells with the plasmids encoding mitochondria-targeted GCAMP6f (see point B.2 
for the transfection protocol; use 0.75 µg DNA for each coverslip and 1.5 µl TransIT-LT1 

reagent).  
b. 24 h after transfection, replace the medium with mKRB buffer supplemented with 1 µM 

cyclosporin H, and place the coverslip in a proper holder for live microscope imaging. 
Incubate for 10-20 min with 500 μl mKRB at room temperature. Specific drugs can be added 

and incubated for 30-60 min before the experiment.  
c. Sequentially excite GCAMP6f at 475 nm (the Ca2+-sensitive wavelength) and 410 nm (the 

isosbestic point) on an inverted fluorescence microscope (Zeiss Axiovert 100, Fluar 40× oil 
objective, NA 1.30), producing the excitation light from a monochromator (polychrome V; 

TILL Photonics) and filtering it with a 505 nm DRLP filter (Chroma Technologies). Collect 
the emitted fluorescence in the 500-530 nm range (using a band-pass filter, Chroma 

Technologies) and repeat this cycle every 5 s (Figure 4A). Imaging can be performed for up 
to 90 min. 

d. Add 2 μM cl-HK2pep (and/or your compound of interest) 2-4 min after starting the recording. 
For a homogeneous distribution of added compounds, collect 100 μl solution on the holder, 

dissolve cl-HK2pep (and/or your compound of interest), and carefully add the already-made 
solution on top of the coverslip by mixing using a pipette. On a single experimental day, we 

recommend analyzing at least 3 different coverslips for each condition, with 4-10 cells in the 
acquired field. Repeat the experiment at least three times on three different days.    

e. Export images in TIFF format and open in the ImageJ software. 
f. Subtract the background (see above point B5.b), trace the appropriate ROIs including the 

mitochondrial network of each single cell, and measure the emitted fluorescence intensity 
for each frame upon excitation at 475 nm and 410 nm. 

g. Calculate the ratio (R) between the generated emissions by exciting the cells at 475 and 
410 nm. R is proportional to [Ca2+]. The variation in R between conditions in which [Ca2+] in 

the mitochondrial matrix is relatively low (< 100 nM, resting conditions) and those in which 
the probe is saturated (high [Ca2+], > 10 µM) should be around 15-20 fold (Figure 4B).  
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Figure 4. Modified from Ciscato et al., 2020. Measurement of changes in mitochondrial 
Ca2+ levels. (A) Representative images of kinetic analysis of mitochondrial matrix Ca2+ 

variations (assessed with a mitochondria-targeted GCAMP6f probe) after cl-HK2pep treatment 
in HeLa cells. (B) Quantitation of mitochondria-targeted GCAMP6f signals as the mean ± SEM 

of the 475/410 nm ratio (left panel) or the percentage of cells with increased Ca2+ in the 
mitochondria (right panel – threshold 475/410 ratio for positivity > 3; baseline mean ratio = 1.84 

± 0.54). cl-SCRpep is used as a negative control.  
 

3. Live mitochondrial membrane potential assessment and data analysis 
a. Prepare a solution containing mKRB (or the solution adapted to the cells/experimental 

conditions) plus 20 nM TMRM and 1 μM cyclosporin H (to inhibit probe extrusion through 
multidrug resistance pumps). 

b. Wash the coverslip with PBS in another 6-well plate. 
c. Place the coverslip in a proper holder for live microscope imaging (according to your 

microscope set up) and incubate for 20-40 min with 500 μl TMRM-containing solution at 
room temperature. The incubation time is dependent on cell type. TMRM accumulates in 

the mitochondrial matrix and takes time to equilibrate; at the beginning of the experiment, 
TMRM accumulation must be in the steady state (Figures 5 and 6). 

d. After incubation, use an inverted fluorescence microscope (Leica DMI6000 B) to record 
TMRM fluorescence in kinetic mode every 30 s - 3 min (depending on cell type). In some 
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cell types, TMRM fluorescence can be phototoxic with consequent mitochondrial membrane 

depolarization. Therefore, before starting the experiments, monitor TMRM fluorescence in 
kinetic mode for 1 h: if the TMRM emission signal decreases, increase the lag time between 

acquisitions and/or decrease excitation intensity; experiments must be performed only 
under conditions in which cells display a stable signal during the entire hour of recording.  

e. Add 2 μM cl-HK2pep (and/or your compound of interest; use cl-SCRpep as a control peptide) 
2-4 min after starting the recording. For homogeneous distribution of added compounds, 

collect 100 μl solution on the holder, dissolve cl-HK2pep (and/or your compound of interest), 
and carefully add the mix on top of the coverslip. On a single experimental day, we 

recommend analyzing at least 3 different coverslips for each condition, with 5 -30 cells in 
the acquired field. Repeat the experiment at least three times on three different days.    

f. For image analysis: Open TIFF images in ImageJ (1.47b, NIH).  
g. Subtract the background (see above point B5.b), trace the appropriate ROIs including the 

mitochondrial network of each single cell, and measure the emitted fluorescence intensity 
in kinetic mode (Figure 5).  

h. Repeat for all kinetics and apply the appropriate statistical tests. 
 

 
Figure 5. Modified from Ciscato et al., 2020. Assessment of changes in mitochondrial 
membrane potential. Effect of cl-HK2pep treatment on mitochondrial membrane potential 

assessed with the TMRM probe in HeLa cells.  
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Figure 6. Representative set up with a coverslip chamber for live cell imaging 

 
4. Cell death assessment and data analysis 

a. Harvest cells by washing flasks one at a time with PBS, detaching cells with trypsin-EDTA, 
and blocking the reaction with 5 ml fresh medium containing 10% FBS. Collect the detached 

cells. 
b. Count cells using a Burker chamber. 

c. Collect 1.5 × 106 cells for each experimental condition and pellet them. 
d. Prepare mKRB buffer containing 1:100 Annexin-V-FLUOS labeling reagent pre-made by 

Roche (alternatively, it is possible to use other Annexin V-FITC probes following the 
manufacturer’s instructions) and 1 μg/ml 7-aminoactinomycin D (7-AAD).  
Note: It is possible to substitute mRKB buffer with other culture media if needed for the 

survival of some specific cell types (e.g., we used DMEM without phenol red and added 10 

mM HEPES and 0.1% FBS (pH 7.4) for freshly isolated B cells or freshly isolated B-CLL 

cancer cells). 

e. Resuspend 1.5 × 106 cells in 900 μl mKRB buffer + Annexin V-FITC and 7-AAD and aliquot 
samples into three different cytofluorimeter-suitable tubes (300 μl sample containing 5 × 105 

cells in each tube). These three tubes are technical replicates. 
f. To record staining under basal conditions in all tubes, analyze the green and far-red 

fluorescence using the cytofluorimeter set-up. 
g. Depending on the cell type, add 1-5 μM cl-HK2pep (and/or your compound of interest; use 

cl-SCRpep as a control peptide) and gently mix the sample after each addition. Cl-HK2pep 
is not efficient at killing the non-cancerous cell lines C2C12 or RAW.241, as described in 
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(Ciscato et al., 2020). However, since 5 μM cl-HK2pep can kill 75-96% of cancer cells in 

less than 15 min (Ciscato et al., 2020), please consider pre-incubating other compounds 

before cl-HK2pep if they take longer to be effective in intact cells.  

h. Incubate for 15 min at room temperature and reanalyze all tubes in the same order.  
i. Repeat the cytofluorimeter recordings every 15-30 min to perform a kinetic analysis. 

j. Data analysis: Evaluate the percentage of live cells (double-negative for Annexin V-FITC 
and 7-AAD staining) at each time point and average the technical replicates. Apply the 

appropriate statistical tests.   
 

Data analysis 
 

Methods of data analysis are specifically described for each technical approach. 
 
Recipes 
 

1. Lysis Buffer 
150 mM NaCl 

20 mM Tris 
5 mM EDTA 

1% Triton X-100 
10% glycerol 

2. Reaction Buffer 
50 mM Tris 

10 mM MgCl2 
4 mM ATP 

2 mM glucose 
0.1 U/ml glucose 6-phosphate-dehydrogenase (G6PDH) 

1mM NADP, pH 7.4 
3. mKRB Buffer 

135 mM NaCl 
5 mM KCl 

0.4 mM KH2PO4 
1 mM MgCl2 

1 mM CaCl2 
20 mM HEPES 

10 mM glucose, pH 7.4 at room temperature 
4. Quenching Solution 

0.24% NH4Cl in PBS 
5. Permeabilization Solution 
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0.1% Triton X-100 in PBS 

6. Blocking Solution 
2% BSA 

10% goat serum 
0.2% gelatin in PBS 
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