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Abstract
Research in the past 15 years has established roles for the pro-apoptotic proteins Bax and
Bak in release of death signaling molecules from mitochondria. The process involves relocation
of cytoplasmic Bax into the mitochondrial outer membrane to form a giant pore, MAC. Another
MAC component, Bak, is constitutively present in the outer membrane regardless of apoptotic
stimulation. In this study we investigated the role of Bak in mitochondrial function outside the
context of apoptosis. We examined the effects of Bak elimination on emission of reactive oxygen
species from mitochondria. Our results indicate a disturbance of free-radical production both in
cultured mouse embryonic fibroblasts and in isolated mitochondria. These changes were not
observed in mitochondria lacking the pro-apoptotic Bax protein. Our future studies will verify if
these effects are independent from apoptotic roles of Bak and examine a possible functional
interaction between Bak and the respiratory complexes in mitochondria.
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Nontechnical Abstract
Research in the past 15 years has determined that two proteins named Bax and Bak
mediate release of toxic factors from mitochondria, a compartment of the cell whose only known
function was energy conversion. Now we know that aside from providing usable energy to
normal cells, mitochondria deliver toxic factors to help eliminate dysfunctional cells. The
process was coined apoptosis, a greek term that translates to “falling of” leaves from a tree. In a
cell, apoptosis involves relocation of cytoplasmic Bax into the mitochondrial outer membrane to
form a giant pore, named Mitochondrial Apoptotic Channel (MAC). Another MAC component,
Bak, is constitutively present in the outer membrane even in absence of apoptosis. In this study
we investigated a possibly alternative role of Bak outside the context of cell death. We examined
the effects of Bak elimination on emission of reactive oxygen species - a byproduct of energy
conversion from mitochondria. Our results indicate a disturbance of free-radical production both
in cultured mouse embryonic fibroblasts and in isolated mitochondria. Future studies will delve
into the mechanisms underlying the disturbance in free radical production, which may explain
why certain tumors are resistant to apoptosis despite over producing free-radicals.
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Objective
Aside from providing energy to the cellular functions, mitochondria control the death of
cells by releasing signaling molecules into the cytosol. Death signals are released via a pore in
the mitochondrial outer membrane formed after the oligomerization of the pro-apoptotic proteins
Bak and Bax. The presence of endogenous Bak in the outer membrane of healthy mitochondria
prompted our investigation of possible alternative functions of this apoptotic protein. We aimed
to investigate a possible metabolic role of Bak in the absence of apoptosis.
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Introduction
Mitochondria and Apoptosis
Mitochondria are essential organelles where the energy of foodstuffs becomes usable
energy to fuel routine cellular functions. Previous studies have found that aside from aerobic
energy conversion, mitochondria execute cells by releasing proteins that trigger a death cascade
in the cytosol; the process is known as apoptosis (Ferri et al., 2001; Hajnoczky et al., 2001; Ryu
et al., 2010; Wang, 2001). The term apoptosis derives from the Greek language and can be
translated as “falling of”, as leaves from a tree. The process features include shrinkage of cells,
nuclear fragmentation and condensation, and loss of plasma membrane integrity. Apoptosis
utilizes specific intracellular signaling proteins or enzymes (Ryu et al., 2010). DNA damage,
growth factor withdrawal, and viral infection can turn on this intrinsic pathway whose
downstream effects eventually converge on mitochondria (Dejean et al., 2010), the gatekeepers
of the death signaling proteins as mentioned above.

MAC formation
One of the crucial hallmarks of apoptosis is the formation of the mitochondrial apoptosisinduced channel (MAC). Formation of MAC is mediated by protein-protein interactions between
proapoptotic members of the Bcl-2 family proteins. Pro-death proteins such as Bak and Bax
mediate apoptosis by regulating the permeabilization of the mitochondrial outer membrane to the
aforementioned signaling molecules (Ryu et al., 2010; Wang, 2001). Previous studies showed
that these two proteins have functionally redundant roles in apoptosis, as Bak may substitute in a
place of Bax as a structural component of MAC in cells deficient in Bax considering Bax was
shown to be a component of MAC (Dejean et al., 2010). At least one of the proteins must be
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present for formation of MAC, but in mitochondria of the double knockout cell lines,
mitochondrial permeability corresponding to MAC assembly was not observed (Dejean et al.,
2010). Upon apoptotic stimulation, the cytoplasmic Bax protein relocates to the mitochondrial
outer membrane and oligomerizes with Bak. The assembled oligomeric complex (MAC)
mediates release of signaling molecules like cytochrome c (12 kDa) into the cytosol to activate
downstream apoptotic cascades (Garcia-Saez, 2012; Shamas-Din et al., 2011; Westphal et al.,
2011).

Molecular structures of Bax and Bak
The structures of non-activated Bak and Bax resemble that of other prosurvival proteins:
globular structures composed of 9 α-helices. Within a bundle of 7 amphipathic (consisting of
both hydrophobic and hydrophilic parts) helices resides the hydrophobic α5 helix. At the Cterminus, the remaining α9 acts as a transmembrane (TM) domain, which can anchor Bax and
Bak in the mitochondrial outer membrane, as seen in Figure 1. Interestingly α9 in the Bax
structure is concealed in a hydrophobic groove, which explains why Bax is mainly a cytosolic
protein. On the other hand, Bak is always present in the mitochondrial outer membrane in
healthy cells; Bak is inserted presumably by α9 helix. The Bak α9 is more hydrophobic than that
of Bax, as a result it resides preferentially in the hydrophobic membrane environment rather than
the amphipathic environment of the Bak groove (Westphal et al., 2014).
Translocation of Bax to the mitochondrial outer membrane is an important characteristic
of apoptosis, but there is no consensus on the mechanisms involved. Conformational changes in
the N-terminus, BH3 domain, and hydrophobic groove all seem to be involved in the process of
Bax and Bak activation and assembly into MAC (Westphal et al., 2011). BH3-only proteins of
Bcl-2 family are the essential initiators of apoptosis. BH3-only proteins promote apoptosis by
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directly activating Bax and Bak and by suppressing the anti-apoptotic proteins at the
mitochondria (Shamas-Din et al., 2011). It is clear that cytosolic Bax translocates to form MAC
only when an apoptotic stimulus is present; however, to this date, it is not clear why healthy cells
contain Bak in the outer membrane of mitochondria.

Figure 1: Mechanism of Bax activation and insertion into the mitochondrial outer
membrane prior to the interaction with Bak. The triggering interaction between BH3-only
proteins and BAX unleashes a series of structural changes, starting with displacement of the α1/
α 2 loop, converting it from a closed (green) to an open (red) position, and resultant
conformational change at the N-terminal face induces mobilization of the C-terminal
mitochondrial membrane insertion helix ( α 9) of BAX and exposure of the hydrophobic
interaction surface of the BAX BH3 domain (cyan). Consequently, once triggered, BAX
propagates its activation through interactions between the exposed BAX BH3 domain of fully
activated monomers and the α1/α6 binding site of inactive monomers. BAX assembles into a
structurally undefined homo-oligomeric pore that promotes apoptosis by releasing mitochondrial
factors such as cytochrome c 1.

1

Modified version from Walesnky and Gavathiotis (2011). BAX unleashed: the biochemical
transformation of an inactive cytosolic monomer into a toxic mitochondrial pore. Trends
in Biochemical Sciences 36(12) 642-652. doi: 10.1016/j.tibs.2011.08.009
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Mitochondrial ROS production
In animal cells, healthy mitochondria are the major source of the electron carrier NADH
and the energy ATP via the tricarboxylic acid (TCA) cycle and oxidative phosphorylation
(OXPHOS). During OXPHOS, reactive oxygen species (ROS) are produced by the one-electron
reduction of molecular oxygen, forming superoxide anion radicals (O 2 -) (Hamanaka et al., 2010).
ROS is immediately converted into hydrogen peroxide (H 2 O 2 ) by the enzyme superoxide
dismutases (SODs) as shown in Figure. 2. Complexes I, II, and III of mitochondrial electron
transport chain (ETC) have sites in which electrons can prematurely reduce oxygen and generate
superoxide (Green et al., 2011; Hamanaka & Chandel, 2010). Complex I and II produce ROS
primarily into the matrix whereas complex III can produce ROS on both sides of the
mitochondrial inner membrane.
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Figure 2: Mitochondrial electron transport chain and ROS production. Mitochondrial
complex I uses electrons carried by NADH and complex II uses electrons from FADH 2 formed
by succinate dehydrogenase to reduce coenzyme Q. Coenzyme Q shuttles these electrons to
complex III, where they are transferred to cytochrome c. From cytochrome c, complex IV uses
electrons to reduce molecular oxygen to water. The action of complexes I, III, and IV produce a
proton electrochemical potential gradient, the free energy of which is used to phosphorylate ADP
at ATP synthase. Complexes I, II, and III produce superoxide through the premature reduction of
oxygen to superoxide. Superoxide is converted to hydrogen peroxide (H 2 O 2 ) by the enzyme
superoxide dismutase (Hamanaka & Chandel, 2010) 2 .
ROS have been historically associated with negative stigma such as toxic byproducts of
cellular respiration and agents of human diseases because of the discovery of antioxidant enzyme
superoxide dismutase before the discovery of enzymes NADPH oxidases whose function is to
produce ROS (Hamanaka & Chandel, 2010). However, ROS-mediated responses actually protect
cells from oxidative damage and rebuild the homeostasis (Droge, 2002). Low levels of ROS,
produced by the ETC, are necessary for redox signaling from the organelle to the various parts of
the cell and for cellular processes such as proliferation and differentiation (Hamanaka &

2

Modified figure. Source: Diabetes © 2005 American Diabetes Association, Inc.
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Chandel, 2010; Murphy, 2009). For example, in activated T cells, low levels of superoxide anion
or hydrogen peroxide increase the production of an immunologically important T-cell protein
and also activate the transcription factor nuclear factor κB (NF-κB) in mammalian cells (Droge,
2002). Low level of ROS are also required for quiescence and stem cell differentiation
(Hamanaka & Chandel, 2010).
In contrast, high cellular ROS levels are correlated with cancer, diabetes, inflammatory
diseases, ischemia-related diseases, neurodegeneration, and other human related pathologies
(Hamanaka & Chandel, 2010). For example, high ROS levels in tumors induce higher mutation
rates and instability in genes, which in turn promote tumor progression. Mitochondrial ROS
directly contribute to cellular transformation and increase metastatic potential.

Cellular

transformation is a multiple process that involves activation of oncogenes and loss of tumorsuppressor genes. Cellular transformation takes control of cellular signaling pathways for
proliferation, survival, and metabolism. Transformed cells can grow virtually without constraint
and can evade apoptotic signals (Hamanaka & Chandel, 2010).
Proapoptotic proteins Bak/Bax are crucial to apoptosis, but when these proteins are
deleted, severe development defects arise (Leshchiner et al., 2013). As a result, these
proapoptotic proteins are necessary for embryogenesis. Mitochondrial ROS are also crucial for
cell division and differentiation. However, it is observed that proapoptotic proteins are down
regulated in cancer cells, which emit higher levels of ROS. We speculate that endogenous Bak
may mediate ROS production during normal cellular function. Therefore, we investigated the
effect of the Bak protein on mitochondrial ROS production. We measured the production of
H 2 O 2 in wild type and Bak knockout mouse embryonic fibroblasts (MEF) cell lines.
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Materials and Methods
Culturing and maintaining of mammalian cell lines
Mouse Embryonic Fibroblasts wild type and Bak-/- (MEFs, generous gift of Kathleen

1.

Kinnally, NYU)
2.

Cell culture flasks

3.

Serological Pipettes

4.

DMEM, 1 X (Dulbecco’s Modification of Eagle’s Medium) with 4.5 g/L glucose, Lglutamine and sodium pyruvate with the addition of 10 % FetalClone Bovine Serum
(FBS), 1 % L-glutamine, 1 % Pen Strep (Penicillin Streptomycin), and 1 X Nonessential
Amino Acids

5.

DPBS, 1 X (Dulbecco’s Phosphate-buffered Saline) with calcium and magnesium,
Corning Cellgro

6.

EDTA, 0.5 M pH 8.0 ± 0.1, Corning

7.

Trypsin 0.05 % consisting of 0.53 mM EDTA, 1 X [-] sodium bicarbonate, Corning

Mouse embryonic fibroblasts wild type and Bak-/- were grown in a humidified 37 oC, 5 %
CO 2 incubator in 25 mL culture flasks containing complete DMEM medium. Upon reaching
90 % confluence, cells were routinely passed into new flasks and maintained for a maximum
of 20 passages. When cells are grown to confluence in a primary culture flask, they are
dispersed by trypsin treatment and passed into a new flask as previously described (Phelan,
2007). A brief procedure of cell passage includes removing medium from the primary
culture, washing adhering cell monolayer with 2 mL mixture of DPBS and EDTA,
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detachment of the monolayer by trypsin treatment, and rinsing/dissociating cells with DMEM
medium by pipetting. The desired amount (counting procedure below) of cell suspension is
added to a new flask.

Isolation of intact mitochondria
1.

Cultured MEF wild type and Bak-/- (approximately 40 x 106 in 3 x 150 mm culture
dishes)

2.

Cell scrapers

3.

Transfer pipettes

4.

15 mL Falcon tubes

5.

Ice bucket

6.

Waste beaker

7.

DPBS, 1 X (Dulbecco’s Phosphate-buffered Saline) with calcium and magnesium,
Corning Cellgro

8.

Hemocytometer

9.

Filtered trypan blue solution (4% w/v)

10.

Mitochondrial isolation buffer consisting of 70 mM Sucrose, 230 mM Manitol, 1 mM
EDTA, 5 mM Hepes-KOH, pH 7

11.

Bovine Serum Albumin (BSA) fatty acid-free powder, Fisher BioReagents BP9704-100

12.

Phenylmethanesulfonyl fluoride (PMSF) 99 %, Acros Organics AC215740050

13.

DL-1,4-Dithiothreitol (DTT), Acros Organics AC32719-0010

14.

Sorvall Legend XTR centrifuge

15.

Sorvall RC 5C PLUS centrifuge
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Dimethyl Sulfoxide (DMSO), Fisher BioReagents BP231-100

17.

S828 Teflon Dounce Homogenizer

18.

Pierce BCA Protein Assay Kit, Thermo Scientific Prod # 23227

19.

96-well flat bottom plates

20.

Bovine Serum Albumin Standards (0.1, 0.25, 0.5, 1, 1.5, and 2 mg/mL)

21.

Spectra Max M2e (96-well plate reader)
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Cells from the primary culture were dissociated with trypsin, and reseeded into three new
culture dishes as described above. Utilizing a hemocytometer in the presence of filtered trypan
blue, the amount of viable cells in the primary culture was determined. Into each new plate,
1.4 x 106 wild type cells and 7 x 105 Bak-/- cells were plated. Intact mitochondria were isolated
72 hours later by homogenization and differential centrifugation as previously described (Peixoto
et al., 2015). Briefly, cells from the culture dishes were scraped in ice cold DPBS. All
subsequent procedures were carried out on ice or refrigerated centrifuges at 4 °C. A thin,
transparent transfer pipette was used to dislodge cells and combine the cell suspensions. Cells
were then collected by centrifugation at 1300 rpm for 5 minutes. The pellet was resuspended in
mitochondria isolation buffer (MS) supplemented with 0.5 % BSA, 1 mM PMSF, and 1 mM
DTT. Cell membranes were transferred to a Teflon Dounce homogenizer attached to a hand drill
and homogenized at maximum speed using 30 strokes. After homogenization, cells were
centrifuged at 3000 rpm and 8400 rpm to remove debris from the supernatant and collect
mitochondria-enriched fractions, respectively. The resulting mitochondria-enriched pellet was
resuspended in plain MS buffer and centrifuged once again at 8400 rpm. The mitochondriaenriched pellet was finally resuspended in a volume of 100 µL MS buffer.
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Yield was determined by estimation of protein content using the colorimetric BCA Kit
according to the manufacturer’s instruction (Pierce). Briefly, a standard curve was generated
with 0, 0.1, 0.25, 0.5, 1, 1.5, 2 mg/mL bovine serum albumin in a 96-well plate (in duplicate
wells). A linear regression of BSA concentration as a function of BCA absorbance at 540 nm
was obtained (using the Spectra Max M2e plate reader) and used to estimate mitochondrial
protein concentration from a 20-fold diluted fraction.

Live-Cell imaging of mitochondrial ROS emission by fluorescence microscopy
1.

Cultured cells on glass coverslips

2.

Glass coverslips

3.

Rose chambers

4.

3 CC syringes and needles for reagent injection into rose chambers

5.

Fluorobite® DMEM supplemented with 10 % FetalClone Bovine Serum (FBS), 1 % Lglutamine, 1 X Nonessential Amino Acids, and 5 mM HEPES

6.

MitoSox Red mitochondrial superoxide indicator, Molecular Probes, Life technologies
M36008

7.

Mitotracker Green, Invitrogen M7514

8.

Hoechst 33342, Invitrogen H3570

9.

Nikon Eclipse TE2000 microscope

10.

CoolSNAP HQ2 monochrome camera (Roper Scientific-Photometrics, Tucson, AZ)

11.

NIS-elements AR 3.0 image analyzer
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Wild type and Bak-/- cells from primary cultures were plated onto glass coverslips at a
density of 2 x 104 cells per mL and incubated for 24 hours. Glass coverslips were placed in rose
chambers and perfused by injection with medium containing mitochondrial ROS indicator
MitoSox (2.5 µM, Molecular Probes), membrane potential indicator MitoTracker Green (250
nM, Invitrogen), and nuclear dye Hoechst 33342 (5 µg, Invitrogen). Cells were incubated with
dyes for 20 minutes before imaging. Fluorescent images were captured using a CoolSNAP HQ2
monochrome camera (Roper Scientific-Photometrics, Tucson, AZ) on a Nikon Eclipse TE2000
microscope equipped with differential interference contrast (DIC) optics, 40x plan fluor
objective lens, and automated shutters. For comparison of fluorescence intensities, the images
were captured at the same exposure times and analyzed using NIS-elements Advanced Research
3.0. The Mito-Sox fluorescence intensity for wild type and Bak-/- was averaged from >150 cells.
Statistical differences were estimated using a Fisher’s T-test.

Spectrofluorimetric measurement of ROS emission from mitochondria
1.

Cuvettes

2.

Stirrer

3.

10, 200, and 1000 μL pipette tips, Thermo Scientific

4.

Automatic pipettes, Fisherbrand

5.

Waste beaker

6.

DPBS 1 X ROS Incubation buffer

7.

Potassium Phosphate (1M)

8.

BSA Fatty Acid Free (100 mg/mL)

9.

Horseradish Peroxidase (4U/μL)
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Amplex Red, (Life technologies A22188, 10 mM)

11.

Succinate (1M)

12.

Rotenone (1 mM)

13.

Antimycin A (10 mM)

14.

F-7000 fluorescence spectrophotometer (Hitachi)
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Emission of H 2 O 2 was measured to evaluate ROS production because most of the superoxide
produced in mitochondria was almost immediately converted into H 2 O 2 by the matrix-located
protein superoxide dismutase (MnSOD) (Starkov, 2010). Measurements were carried out in a
water bath-equipped (37 oC) F-7000 spectrofluorometer (Hitachi). ROS emission was measured
as Amplex Red (Invitrogen) fluorescence (555 nm excitation and 581 nm emission wavelengths)
in the presence of exogenous horseradish peroxidase and mitochondrial H 2 O 2 as described
(Starkov, 2010). Briefly, 100 μg mitochondria were added to 1 mL incubation buffer, with
subsequent additions of 5 mM succinate at 200 seconds, 1 µM rotenone at 400 seconds, and 0.5
µM antimycin A at 500 seconds. A representative graph of Amplex Red fluorescence over time
after sequential addition of substrates and respiratory inhibitors was constructed. Bar histograms
of average rates of ROS emission were interpolated from standard curves of increasing amounts
of H 2 O 2 in the presence of Amplex Red.
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Results and Discussion
We used MitoSox to evaluate the levels of ROS production in the cells. We evaluated the
MitoSox red fluorescence intensity in the intact mitochondria of MEF wild type and Bak-/- cell
lines (Figure 3). By using fluorescence microscopy, the specificity of MitoSox red localization to
mitochondria was confirmed in cells that were simultaneously labeled with the membrane
potential indicator MitoTracker Green. Nuclei were stained blue with Hoechst 33342 for
reference.
Upon confirming MitoSox red specificity, we compared the mitochondrial ROS emission
in wild type and Bak-/- and constructed the bar histogram. We analyzed 120 wild type and 73
Bak-/- cells. The average fluorescence intensities were 238.5 ± 25.9 for wild type and 191.6 ±
17.2 for Bak-/- (arbitrary units). The average difference for MitoSox red fluorescent intensity
between the two cell lines was statistically significant, as the p value from Fisher’s T-test
resulted less than 0.001. Therefore, we could conclude that there was a 20% reduction of intact
mitochondrial ROS emission in Bak knockout cells. Moreover, the representative images of wild
type and Bak-/- demonstrated that wild type emitted more ROS, as evidenced by yellow
mitochondria. However, mostly green mitochondria were surrounding the nuclei, suggesting
lower ROS production in that region.
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*

Figure 3: Live imaging of mitochondrial ROS in cells. Top, Merged fluorescence images of
wild type (left) and Bak-/- (right) cells treated with 5 μM MitoSox Red, 1 μM Hoescht 33344,
and 0.5 μM Mitotracker Green for 20 minutes. In the overlapped images, yellow indicates colocalization of MitoSox and Mitotracker fluorescence. Scale bar is 20 μm. Bottom, Bar
histograms of average (± SD) MitoSox fluorescence. Asterisk indicates p < 0.001 (N = 120 cells
for WT and 73 for Bak-/-).
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Mitochondrial fission and fusion are crucial for growth, for mitochondrial redistribution,
and for maintaining functional mitochondria when cells experience intrinsic or extrinsic stress
(Cao et al., 2013; van der Bliek et al., 2013). In Figure 4 magnified view, we highlighted two
separate mitochondria undergoing fission. Interestingly, the parental mitochondria (orange)
seemed to accumulate more ROS than the budding mitochondria (green). ROS might be the
driving force in this condition, which would possibly protect mitochondrial DNA from oxidative
stress. This hypothesis will be tested in future studies, as well as the role of the Bak protein.

Figure 4: Polarized emission of reactive oxygen species in dividing mitochondria. Merged
fluorescence images of wild type cells as in figure 3. The round insert is a magnified view of
mother (m) and daughter (d) mitochondria before and after division. Scale bar is 5 μm.
After comparing the MitoSox red fluorescence intensities of intact mitochondria, we
proceeded to analyze the rate of ROS production in isolated mitochondria. It is technically less
challenging to measure H 2 O 2 emission than to evaluate mitochondrial ROS production, as

Honor Thesis: Study of Alternative Functions of the Mitochondrial Protein Bak

20

superoxide (O 2 -) is immediately converted into hydrogen peroxide (H 2 O 2 ) by the enzyme
superoxide dismutase. (Murphy, 2009; Starkov, 2010). As mentioned earlier, complexes I and III
are the primary producers of superoxide; therefore, we estimated H 2 O 2 emission rates before and
after sequential addition of complexes I and III inhibitors rotenone and antimycin A, respectively
(Peixoto et al., 2013; Starkov, 2010). The rates of ROS emission were measured by capturing the
Amplex red fluorescence intensities after sequential addition of various substrates. The average
rates and standard deviations of ROS emission were calculated and recorded in Table 1. The line
graph and bar histogram were constructed (Figure 5). At 100 seconds, mitochondria were added
to the cuvette. The average rate of ROS emission for mitochondria was 81.6 ± 3.0 and for Bak-/-,
it was 92.2 ± 13.2. After adding the complex II substrate succinate at 200 seconds, the average
ROS emission rate for wild type mitochondria was 93.9 ± 1.3 and 113.4 ± 27.4 for Bak-/-. The
respiratory complex I inhibitor, Rotenone, was added at 400 seconds. The average rates of ROS
emissions were 193.5 ± 85.2 and 323.1 ± 133.6 for wild type and Bak-/-, respectively. At 500
seconds the respiratory complex III inhibitor, antimycin A was added. The average ROS
emission rate for wild type was 130.7 ± 8.5 and for Bak-/-, it was 271.5 ± 10.4. The differences in
rates of ROS production between wild type and Bak-/- were not significant except in antimycin
A, which had p value less than 0.0001.
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Table 1: Summary of the average rates of ROS emission (arbitrary units of fluorescence
intensity, N = 6) for MEF wild type and Bak-/- cell lines after sequential addition of
substrates.
Time(sec)

Substrates

100
200
400
500

Mitochondria
Succinate
Rotenone
Ant A

Average
WT
81.6
93.9
193.5
130.7

SD

Average
Bak-/3.0
1.3
85.2
8.5

92.2
113.4
323.1
271.5

SD

p-value
13.2
27.4
133.6
10.4

p = 0.07
p = 0.1
p = 0.07
p < 0.0001
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Amplex Red Flurescence
(A.U.)
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Antimycin A

Bak-/-

400
Rotenone

300
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Mito

100
0
0

200

400
Time (s)

600

WT

500

Bak-/-

ROS emission
(pmol/mg/min)

400

*

300
200
100
0
Mito

Succinate

Rotenone

Ant A

Figure 5: Measurement of ROS emission in isolated mitochondria. Top, representative graph
of Amplex Red fluorescence over time after sequential addition of 0.1 mg mitochondria, 5 mM
succinate, 1 μM rotenone, and 0.5 μM antimycin A (indicated with arrows). Bottom, bar
histograms of average rates of ROS emission (± SD, N = 6). Asterisk indicates p < 0.0001. A
standard curve reflecting Amplex Red fluorescence at increasing concentrations of H 2 O 2 (not
shown) was used to interpolate the ROS emission rates.
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It was intriguing to observe the contradictory results of mitochondrial ROS production
between intact and isolated mitochondria. In the intact mitochondria, Bak-/- cell line had
significantly less ROS production than wild type. However, in the isolated mitochondria, the
results were opposite; Bak-/- cell lines had more ROS emission than wild type, but only after the
addition of antimycin A had resulted the significant difference in ROS emission. It was
suspected that isolated mitochondria had lost some of the components necessary from cytoplasm
when separated and had produced the opposite results. However, we experimented by adding
cytoplasmic supernatant to the cuvette that contained isolated mitochondria (data not shown) and
obtained similar results. Another possibility to be tested in the future is that Bak-/- mitochondria
are more sensitive to the isolation procedure. From our experiments with intact mitochondria, we
can conclude that proapoptotic Bak protein have an effect on the reduction of ROS emission. By
using the respiratory-complex inhibitors, it is suggested a possible interaction between the
protein Bak and the respiratory complex III.
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Closing Remarks
•

Bak elimination induced an imbalance in endogenous production of ROS in
mitochondria.

•

The contradictory results between intact and isolated mitochondrial ROS emission may
indicate possible differential behaviors of intact and isolated mitochondria, which
warrants further investigation.

•

Importantly, the results suggested that there might be a functional and/or physical
interaction between Bak and the respiratory complex III.

•

In future studies, we will further examine whether or not the decreased ROS production
is associated with Bak’s proapoptotic function.
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Glossary
Aerobic respiration – oxygen-dependent energy transfer from glucose metabolites to ATP
involving oxygen.

Apoptosis – (derives from Greek, “falling off”) programmed cell death, which destroys
dysfunctional cells in response to internal or external signals.

ATP – Adenosine Triphosphate; a high-energy molecule, which stores and supplies energy to
cells.

Bak protein – is a member of the Bcl-2 pro-cell death family of proteins; mediates the formation
of mitochondrial apoptotic channel (MAC) on the outer mitochondrial membrane and the release
of cytochrome c.

Bax protein – is another family of Bcl-2 pro-cell death family involved in the formation of
MAC.

Bcl-2 family – apoptotic regulator proteins, consisting of both pro-apoptotic and anti-apoptotic
proteins; regulates mitochondrial outer membrane permeabilization.

BH3-only domain – subset of Bcl-2 family; promotes Bak/Bax-dependent apoptosis.

Centrifugation – the process of separating a mixture of particles with different masses by
spinning with high speed.

Cytochrome C – highly water-soluble electron carrier protein; locates in the inner membrane of
mitochondria; triggers apoptotic processes in the cytosol.

Electron carrier Nicotinamide Adenine Dinucleotide (NADH)– donates electrons to the
electron transport chain; provides a hydrogen molecule to oxygen to create water.
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Electron transport chain – the final stage of aerobic respiration, which leads to the production
of ATP; locates in the inner membrane of mitochondrial membrane and includes series of
enzymes (Complex I – IV) that transfer electrons from electron donors to electron acceptors
incorporating with proton (H+) across a membrane.

Endogenous – attributable to only internal factors.

Hemocytometer – an instrument to visually count the number of cells in growth medium under
a microscope.

Hydrophilic – soluble in water

Hydrophobic – insoluble in water

Matrix – gel-like material occupying the space enclosed by the inner membrane of a
mitochondrion.

Mitochondrial budding – segregation of a daughter mitochondrion from a mother
mitochondrion.

Mitochondrial fission and fusion – mitochondrial division and elongation.

N – terminus – the end of amino acid chain terminated by a free amino group.

Oligomerization – a chemical process that forms a connection between single compounds like
amino acids to form longer chain molecules.

Oncogenes – a gene that can transform a cell into a cancerous cell in certain conditions.

Oxidation – the loss of electrons from a molecule or an atom or an ion.

Honor Thesis: Study of Alternative Functions of the Mitochondrial Protein Bak

28

Oxidative phosphorylation – the metabolic process, in which energy is released from nutrients
to reform ATP for cellular processes. This takes place inside mitochondria of almost all aerobic
organisms. See aerobic respiration.

Oxidative stress – the effect caused by the disproportion between the production of free radicals
and the detoxification of those free radicals and the repair of their damage.

Pellet – a small particle or compressed mass resulted at the bottom of a tube after centrifugation
Pro-apoptotic proteins.

Reactive Oxygen Species (ROS) – also known as free radicals; they are the natural byproducts
of cellular metabolism involving oxygen and are chemically reactive. They cause oxidative
stress, signal cells, and play a role in homeostasis.

Redox reaction – Reduction-oxidation reaction; a chemical reaction in which one molecule
gains electrons from the expense of electrons of the other molecule.

Reduction – the gain of electrons to a molecule or an atom or an ion.

Supernatant – the liquid part resulted from centrifugation.

T-cell – is a subtype of white blood cell and involves in immunity.

Transcription factor – is a protein that binds specific DNA sequence and controls the rate of
gene expression.

Tricarboxylic acid (TCA) cycle – also known as the citric acid cycle or the Krebs cycle; is a
series of biochemical pathways that all aerobic organisms carry out to produce energy. It occurs
in the matrix of eukaryotic mitochondria.
α-helix – a spiral conformation of a protein.

