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Abstract 
 

The mechanistic connection between mitochondrial outer membrane permeabilization 

(MOMP) and mitochondrial fission has not been fully understood. MOMP is responsible 

for the protein release process in the programmed cell death called apoptosis, and thus 

the connection between apoptosis and mitochondrial fission becomes the immediate 

interest to the researchers involved in the study of apoptosis. A number of proteins are 

involved in the fission machineries, and two of them were selected as the suitable 

candidates for fluorescence-based localization target molecules which were Bak and 

Dynamin-related protein 1 (Drp1). The localizations of these two proteins around 

mitochondrial membranes in healthy and apoptotic conditions would provide with 

valuable information of their protein-protein interactions, which is an important step to 

better understand the connection between apoptosis and mitochondria fission 

mechanisms. Initially, fluorescent protein-labelled Bak and Drp1 were visualized 

respectively with laser scanning confocal microscope in order to examine their rough 

sub-cellular localizations and the images obtained were diffraction-limited. 

Subsequently, the localizations of Bak and Drp1 were further investigated with Total 

Internal Reflection Fluorescence (TIRF) microscope using Photoactivated Localization 

Microscopy (PALM) technique which overcomes the diffraction limit and provides much 

better resolution than conventional microscopy. It was found that PALM images 

provided with much more detailed localization information and it proved that Bak 

molecules inserted on mitochondria membrane whereas Drp1 scattering in the cytosol 

while in healthy cells. Future work on investigation of the Bak-Drp1 interactions in 

apoptotic cells should be conducted with more thorough data analysis. 
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Introduction 

1. MITOCHONDRIAL FISSION MECHANISM AND MOMP PROCESS 

Mitochondria are essential organelles for the cells because they supply metabolic 
energy in the form of ATP and they perform crucial metabolic reactions. Mitochondrial 
fission has recently been associated with the programmed cell deathcalled apoptosis 
where they release proteins including cytochrome c from the inter-membrane space to 
initiate caspase activation in the cytosol. A process called mitochondrial outer 
membrane permeabilization (MOMP) is involved in the protein release process[1]. 

The mechanistic connection between MOMP and mitochondrial fission is still 
controversial. Some studies found that mitochondrial fission significantly delayed 
apoptosis, whereas in other reports inhibition of mitochondrial fission in HeLa cells had 
little impact on the kinetics of MOMP and cell death[1].A number of proteins are 
involved in fission machineries, and any of which might be suitable candidates for 
fluorescence-based localization target molecules. In this project two protein molecules: 
Bak and Drp1 are selected based on their functional salience, and the availability of 
facilities. 

1.1 Bak 

The Bak protein is a pro-apoptotic Bcl-2 family protein which is responsible in eliciting 
MOMP and mediates cell death by apoptosis. Dysregulation of the Bak gene has been 
associated with human gastrointestinal cancers, indicating that the gene plays a part in 
the pathogenesis of some cancers[2]. In healthy cells the Bak protein is inserted in the 
mitochondrial outer membrane where they adopt a globular α-helical structure as 
monomers. During apoptosis, the protein converts to the activated conformation and 
assembles themselves into oligomeric complexes to form pores. Proteins in 
mitochondrial inter-membrane space such as cytochrome care released into the cytosol 
to activate caspase, which is the main protease involved in apoptosis, and subsequently 
cell death[3]. Figure 1 shows the structure of the Bak molecule which consists of α-
helices 1-8 and BH3 domain. 

 

Figure 1: Bak molecule. [3] 

 
1.2  Dynamin-related protein 1  

Dynamin-related protein 1(Drp1) is a large GTPase of the dynamin family that is 
required for the final stage of mitochondrial fission in mammalian cells. It shows 
common mechanisms with its homolog, dynamin. Upon apoptosis, Drp1 assembles from 
the cytosol into spirals at division sites around the mitochondria and constricts the 
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membrane (Figure 2). This fission process which recruits Drp1 to the mitochondria for 
spiral formation remains unclear[3]. 

 

Figure 2: Drp1 molecule(adopted from Swiss-PdbViewer) . 

Figure 3 illustrates one of the models of Bak activation and MOMP process during 
apoptosis; the exact mechanism of the interaction between Bak and Drp1 proteins at the 
fission site requiresfurther analysis. It is valuable to understand the changes in their 
localizations in apoptotic and healthy cells. One of the powerful approaches for this 
purpose is to visualize the localization of Bak and Drp1 during mitochondrial fission and 
apoptosis at higher spatial resolution. 

 

Figure 3: Model for Bak activation and Mitochondrial Outer Membrane Permeabilization during apoptosis [3]. 

Based on the theory, three phenomena are expected to be observed upon apoptosis 
induction of the cells: 

1. Bakproteinforms oligomeric complexes in mitochondria outer membrane 

2. Drp1 protein translocates to mitochondria fission site from cytosol  

3. Mitochondria change morphology from tubular to round shape due to fission 

2. SUPER-RESOLUTION IMAGING 

The application of fluorescence microscopy to many areas of biology is still limited by 
its resolution barrier which is approximately several hundred nanometers, equivalent 
to the size of an intracellular organelle[4]. Figure 4 shows the size scale of various 
biological structures in comparison with the diffraction-limited resolution. 
Mitochondria lie on the boundary of the diffraction limit of light microscopy and 
therefore more advanced observation techniques are required for the purpose of 
examining the co-localization of Bak and Drp1 proteins on mitochondrial membranes. 
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Figure4: Diffraction limit of conventional light microscopy. The size scale of various biological structures 
(Left to right) A mammalian cell, a bacterial cell, a mitochondrion, an influenza virus, a ribosome, the 
green fluorescent protein, and a small molecule thymine[4]. 
 

It has long been known for the difficulty of breaking the diffraction limit due to the wave 
nature of the light which does not converge to an infinitely sharp “focal point”. The size 
of the spot depends on both the wavelength of the light and the numerical aperture of 
the objective. The following equation describes the point spread function (PSF) with 
respect to the two properties mentioned above. 

PSF =  
0.61 λ

NA
 

Where λ is the wavelength of incident light and NA is is the numerical aperture of the 
objective lens. Because a point emitter has similar point spread functionwidth as that of 
the “focal spot”, it is difficult to differentiate two identical emitters separated by a 
distance less than the width of the PSF[4]. 

Confocal microscopy is one of the imaging techniques which have pushed the diffraction 
barrier and enhanced the image resolution as well as providing optical sectioning for 
three-dimensional imaging. However, it is still fundamentally limited by diffraction. 
Resolutions of approximately 100 nm are achievable by this microscopy[4]. Laser-
scanning confocal microscopy was used in this project to confirm the rough 
localizations of Bak and Drp1 proteins on mitochondria membranes. 

In addition to confocal microscopy, super-resolution fluorescence microscopy is a novel 
approach which breaks through this diffraction limit of resolution completely and 
provides us with insights into biological processes at molecular scale. There are two 
major categories of super-resolution approaches, with one uses patterned illumination 
to spatially modulate the fluorescence behaviour of molecules within a diffraction-
limited region, and the other stochastically activates individual molecules within the 
diffraction-limited region at different times[4]. In this project, photoactivated 
localization microscopy (PALM) which belongs to the latter category was used to 
visualize the protein-protein interactions. In this method, photoactivatable fluorescent 
proteins (PA-FP) were used to achieve temporal control of emission and EYFP and 
PAmCherrywere selected based on their distinguishable emission properties. 
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2.1 Photoactivated Localization Microscopy 

Photoactivated localization microscopy (PALM) requires clean background in order to 
detect the relatively faint emission from individual probes. One of the most useful 
microscopy techniques for this application is total internal reflection fluorescence 
(TIRF)microscopy because the evanescent excitation wave penetrates only 
approximately 200 nanometers into the specimen, leading to extreme rejection of the 
background fluorescence common in most applications. By using TIRF microscopy, 
many single molecules can be imaged simultaneously in each frame, thus 
greatlyenhance the acquisition speed. In addition, TIRF is suitable for imaging 
fluorescently labelled structures that lie close to the plasma membrane. 

 
Figure 5: Fluorophore activation configuration (left) and fluorophore readout configuration (right)[5].  

 
Figure 5is a schematic illustration of a typical PALM microscope configuration. Two 
configurations were used to acquire PALM images. At first, when a sufficiently low 
intensity of excitation light is applied to the sample, only a random subset of the 
fluorophore is activated to either the fluorescent stateor states that are at different 
wavelength(fluorophore activation configuration).This is achieved by the activation 
laser which is directed into the microscope using a dichromatic mirror and is positioned 
to be co-linear with the readout laser. Later, the emitted fluorescence is gathered by a 
single objective and is transmitted through the dichromatic mirror and an emission 
filter (fluorophore readout configuration). A tube lens is used to focus the emissionto 
form an image of single molecules on the camera area-array detector[5], and thus the 
centres of these fluorophores are localized and mapped. 

Fluorescence proteins usually bleach to dark state after a few seconds of the activation 
and a second round of activation-imaging process is repeated. The entire process is 
iterated for many times until there is no more fluorescence being detected and the 
super-resolution image is then constructed from these millions of localizations. Figure 6 
illustrates the PALM mechanism of obtaining super-resolution images. 
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Figure 6: Schematic illustration of Photoactivated Localization Microscopy image acquisition. 

 
2.2  Photoactivatable fluorescence proteins  
In conventional microscopy, the specimens simply reflect incident light; in fluorescent 
microscopy, the fluorescent samples, usually labelled with fluorescent proteins or 
fluorescent dye, emit light themselves which allows the imaging of particular proteins in 
cells.Photoactivatable fluorescence proteins (PA-FP) can be controlled by irradiating 
them with light of a specific wavelength, intensity and duration [6]. This feature has 
unique applications in labelling and tracking of living cells and organelles especially 
with PALM super-resolution imaging acquisition.  

Two fluorescent proteins due to their distinct properties have been used in this project 
and they are EYFP and PAmCherry. 

EYFP fluorescence protein 

EYFP is a proprietary green-yellow variant of green fluorescent protein (GFP), 
optimized for brighter fluorescenceand higher expression in mammalian cells. Once 
activated by 488 nmlaser, it has a unique blinking effect which switches from dark to 
fluorescent state reversibly. Its excitationwavelengthλmax = 513 nm and emits light at 
λmax = 527 nm[7]. 

PAmCherry fluorescence protein 

PAmCherryis a photoactivatable fluorescent protein derived from the red fluorescent 
protein mCherry. It has no fluorescence until it is exposed to UV-violet light (405 nm) . 
Unlike EYFP, PAmCherry has irreversible activation. The activated PAmCherryabsorbs 
light at excitation maximum λmax = 564 nm and emits red light at emission λmax =595 
nm[7]. 

Methodology  
Four lasers at different wavelengths are available in Ozawa laboratory and they are: 405 
nm, 488 nm, 561 nm and 640 nm. 488 nm and 405 nm lasers are used to activate EYFP 
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and PAmCherryrespectivelyupon imaging acquisition. Because EYFP excitation 
wavelength (λmax = 513 nm) is close to 488 nm, this laser is used to excite EYFP as well. 
For PAmCherry, once activation is finished, it is exposed to a different laser at 561 nm 
for excitation. Figure 7 shows a simple mechanism of the EYFP and 
PAmCherryphotoactivatable properties. 

 

 

Figure 7: EYFP and PAmCherry fluorescence properties (adopted from Swiss-PdbViewer). 
 

2.3  Mitochondrion-selective probes 
The commercially available fluorescent dye Mito-Tracker Deep Red FM (invitrogen) was 
used to label the mitochondrial membranes. It has excitation λmax = 644nmand emission 
λmax = 665 nm. The 640 nm laser was used to excite this probe to indicate the 
localization of mitochondria in the cells. The spectral details of all the fluorophores used 
in the experiments are shown in Figure 8. 
 

 

Figure 8: PA-FP spectra (adopted from LifeTechnologies Spectra Viewer). 
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3. LABELING STRATEGIES 

Genetic recombination is one of the principles methods to apply fluorescent labels to 
target molecules. The nucleotide sequence encoding fluorescent proteins were cloned to 
the plasmid pcDNA 4/V5-His (B) containing target proteins (Figure 9). EYFP was 
inserted to the plasmid containing Bak protein and PAmCherry was used to label Drp-1. 
Refer section “Materials and Methods” for detailed procedure of preparing the plasmids. 

The recombinant plasmid is then introduced into the host cells (HeLa cells) by transient 
transfection and a chimeric protein which contains both fluorescent and target protein 
is expressed by the cells. In the case of transient transfection of both plasmids into the 
cells, so called co-transfection, the efficiency is usually low with small fraction of cells 
expressing both re-constructed proteins. Two types of transfection reagent have been 
used in the experiment: TransIT-LT1 and Lipofectamine LT (Mirus), to test the 
efficiency of transfection. The results show that both reagents have similar efficiency. 
Chimeric proteins expressing both characteristics were rare as observed on confocal 
microscopes.  

 

 
Figure 9: Genetic recombination of EYFP-Bak and PAmCherry-Drp1. 

Materials and Methods 

1. Plasmid DNA Construction 

Two DNA plasmids with desired fluorescent proteins for labellingBak and Drp1 proteins 
respectively were constructed and prepared.  

Note: PS-CFP2-Bak was prepared instead of EYFP-Bak during the time of the author’s 
stay for UTRIP program. PAm-Cherry-Drp1 was prepared by Mr Kazuki Fukuda. 

Preparing for PS-CFP2-Bak in pcDNA 4/V5-His (B) 

1. Amplification of PS-CFP2 DNA sequence by using PCR with BamHI-PSCFP2 and 
PSCFP2-linker7-EcoRI comp primers 

2. Purification of PS-CFP2 template by electrophoresis 

3. Restriction endonuclease digestion of the insert and vector DNA with BamHI and 
EcoRI restriction enzymes 

4. Purification of restricted DNA fragments by electrophoresis 

5. Ligation of the DNA fragments 
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6. Transformation of PS-CFP2-Bak in pcDNA4/V5-His(B) into E. coli bacteria strain 
BH5α 

7. Pick 16 colonies from the LB plate and perform colony PCR for all the samples by 
using T7 and PSCFP2-linker7-EcoRI comp primers and GoTaq Green Master Mix 

8. Confirm the rough size of each plasmid DNA by performing an electrophoresis 

9. Select 3 colonies and culture them in LB medium  

10. Purification of plasmid DNA  

11. Order for sequencing analysis 

2. Cell Culture 

Cell culture was performed approximately every day in order to refresh the medium, 
eliminate metabolic wastes and ensure a proper population density. For HeLa cells, the 
optimum cell density is around 70%. 

1. Remove old medium by aspiration 

2. Wash the dish with phosphate-buffered saline (PBS) 

3. Add Trypsin-EDTA to avoid adherence of the cells to the dish base 

4. Incubate the cell dish at 37oC with 5% CO2 for 3 minutes 

5. Add 4ml of pre-warmed DMEM glucose medium to the dish and transfer to a 
small tube 

6. Centrifuge sample at 1000 rpm for 3 minutes and remove supernatant by 
aspiration 

7. Resuspend pellet in 1ml pre-warmed DMEM glucose medium 

8. Add ~200 μl of cell solution and 4 ml fresh DMEM medium to a clean dish and 
mix them gently 

9. Incubate overnight  

3. Transfection 

Pre-constructed plasmid DNA was introduced to HeLa cells by transfection using 
TransIT-LT1 transfection reagent.  

1. Dilute plasmid DNA in Opti-MEMI reduced serum medium to 1μg/μl in an 
autoclaved Eppendorf tube. (2.5 μg of DNA in 250 μl of Opti-MEMI medium)  

2. Invert the tube to ensure a good mixing 

3. Add 7.5 μl of TransIT-LT1 reagent, and incubate at room temperature for 30 
minutes 

4. Add the solution mixture to sample cells (2ml) and incubate for 5 hours 

5. Transfer the cells to a new dish containing cover glass to avoid overgrow 

4. Staining and apoptosis induction 

The mitochondria were stained by Mito Tracker Deep Red FM. Apoptosis was induced 
by illuminating UV light. 

1. Add 2 μl Mito Tracker Deep Red FM into each dish containing 2 ml medium and 
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cells and incubate at 40 oCfor 30 minutes 

2. Remove the medium by aspiration 

3. Wash the sample twice with PBS 

4. Add 2ml DMEM medium 

5. Put in the UV chamber at 50000 μJ/cm2 

6. Incubate the sample at 40 degrees for 6 hours 

5. Fixation and preparation for observation 

1. Remove old medium by aspiration 

2. Wash the sample with 2 ml PBS twice 

3. Add 2 ml of 4% paraformaldehyde (PFA) solution and incubate at room 
temperature for 10 minuts 

4. Wash sample with 2 ml PBS three times 

5. Rinse the cover glass with MiliQ water 

6. Drop 12 μl Fluor Save solution on the mount glass to prohibit leaching 

7. Apply the cover glass on the mounting glass 

Results 

Using the protocols outlined in “Materials and Methods”, two chimeric proteins: EYFP-
Bak and PAmCherry-Drp1 were generated. They were co-transfected to HeLa cells and 
half of which were illuminated with UV light to induce apoptosis. Super-resolution 
images were obtained by Olympus Total Internal Reflection Fluorescence (TIRF) 
Microscope and they were compared with conventional images using laser scanning 
confocal microscopes. Due to limited time frame of the project, super-resolution images 
of Bak and Drp1 proteins in apoptotic cells were not obtained. However, the localization 
and morphology of both proteins in healthy cells were clearly visualized and compared 
in conventional and super-resolution microscopy. 

1. EYFP-BAK IN HEALTHY CELLS 

 

Figure 10: EYFP-Bak on mitochondrial membrane using confocal microscopy. 
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Zoom 
 

Figure 10 shows that one of the three cells in the images expressed Bakproteinas shown 
in the third one. Bakprotein was located on mitochondrial membrane homogeneously 
and this indicatesthat Bak clusters have not yet been formed and the host cell was 
healthy. 

The homogeneity can be further proved by PALM super-resolution images (Figure 11). 
Bak protein signals overlap Mito Tracker Deep Red and one can hardly see the 
distinction between the two signals. PALM images are much clearer than conventional 
images which allowthe observation of single Bak molecule.  

 

Figure 11: EYFP-Bak on mitochondrial membrane (left: diffraction-limited image, right: PALM super-
resolution image). 
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2. PAMCHEMRRY-DRP1 IN HEALTHY CELLS 

 

Figure 12: PAmCherry-Drp1 (top: before activation with 405 nm laser, bottom: after activation). 
 

Top 3 images were obtained before the exposure of 405 nm laser and the three images 
on the bottom were acquired after activation of the fluorescent proteins. It was clearly 
shown that the cell on the far right corner emitted red fluorescence after activation and 
excitation which indicates that this cell successfully expressed PAmCherry-Drp1 protein. 
Unlike the EYFP-Bak image shown in Figure 10, the Drp1-expressed cells exhibited a 
scattering fluorescence pattern and this indicates that the localizations of both proteins 
in healthy cells examined by our study are consistent with previous studies in which 
Bak is inserted on mitochondrial membrane and Drp1 is homogeneously distributed in 
cytosol. In addition, tubular shape of mitochondria can be observed in this image. These 
are all characteristics of healthy cells when apoptotic process has not been initiated.The 
localization of Drp1 was again confirmed with super-resolution microscopy and in the 
healthy cells they were spread around in cytosol.  
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Discussion and future direction 

Images of EYFP-Bak and PAmCherry-Drp1 expressed in healthy HeLa cells have been 
obtained by both confocal microscopy and TIRF microscopy. The localization of both 
proteins in healthy cells have been proved to meet the hypothesis that Bak inserted on 
mitochondrial membrane whereas Drp1 existing in cytosol. Although the cells were 
exposed to UV light at 50000 mJ/cm2 intensity, apoptotic cells were rare to observe. 
This indicated that HeLacells were robust towards the external stimuli at this condition 
and higher intensity or stronger stimuli sources should be applied in order to obtain 
apoptotic cells.  
 
Due to low efficiency of transfection, co-localization images were not obtained.This was 
the major obstacle of analysing protein-protein interactions at mitochondrial fission 
site.In the future, it is crucial to develop a better transfection protocol which allows 
higher efficiency. A possible solution is to use viral-infection transfection method 
instead of transient transfection. 
 
A different photoactivatable fluorescence protein PS-CFP2 was prepared to label Bak 
and the construct was successfully generated. However, images of the PS-CFP2 labelled 
molecules were not obtained due to low transfection efficiency of the plasmid. Although 
this material was not used in the current research project, it is valuable to apply to 
future image acquisition of Bak by providing superior properties to EYFP.  
 
 
 
 
 
 
 
 

Figure 13: PAmCherry-Drp1 (left: diffraction-limited image, right: PALM super-resolution image). 
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