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Mitochondria directly or indirectly affect cell fate. These organelles are known as the 

powerhouse of the cell and are responsible for generating ATP. As a consequence of 

energy production, highly reactive byproducts such as superoxide anion (O2
-), 

hydroxyl radical (OH-), hydrogen peroxide (H2O2), and peroxynitrite (ONOO-), all 

collectively known as reactive oxygen species (ROS) or reactive nitrogen species are 

produced. In recent years it has been established that lower ROS levels drive important 

cellular signaling pathways, particularly H2O2. In a recent study, we developed an 

H2O2 generating chemogenetic tool referred to as D-amino acid oxidase (DAAO) that 

permits the generation of subcellular H2O2 levels with high spatial and temporal 

resolution. This study exploits multiparametric imaging approaches by combining 

chemogenetic tools with genetically encoded biosensors HyPer7 for H2O2, MaLionR 
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for ATP, R-GECO for Calcium, and FLII12Pglu-700μδ6 for Glucose, and also chemical 

sensors such as tetramethylrhodamine methyl ester perchlorate (TMRM) for 

multispectral live-cell imaging of the membrane potential in cancer cells. These 

approaches allowed us to simultaneously generate ROS and visualize the downstream 

effects of H2O2 levels on various signaling pathways (subcellular calcium signaling) 

and the energy metabolism (mitochondrial membrane potential, glucose uptake, and 

ATP generation) in cancer cells. We observed that chemogenetically produced H2O2 

did not affect Ca2+ and glucose levels while ATP levels were significantly affected. 

We documented that robust increase in mito-H2O2 levels disrupted the mitochondrial 

membrane potential. We also documented that chronic H2O2 production in HeLa cells 

reversed mitochondrial ATP production upon glucose deprivation. Our results 

demonstrate that utilizing chemogenetic tools paired with genetically encoded 

biosensors may serve as an informative approach to investigate the implications of 

oxidative stress in cancer energy metabolism.  
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OZET 

 

 
TEK HÜCRE BAZINDA ENERJİ METABOLİZMASININ KEMOGENETİK 

ARAÇLAR VE GENETİK OLARAK KODLANMIŞ BİYOSENSÖRLER 

KULLANARAK MANİPÜLE EDİLMESİ VE GÖRÜNTÜLENMESİ 
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Anahtar Kelimeler: Mitokondri, ROS sinyali, hidrojen peroksit, DAAO, kanser 

metabolizması, genetik olarak kodlanmış biyosensörler, ATP, Glikoz 

 

 

Mitokondri doğrudan veya dolaylı olarak hücrelerin karar verme mekanizmasını 

etkiler. Bu organeller, hücrenin güç merkezi olarak bilinir ve ATP'nin üretilmesinden 

sorumludur. Enerji üretiminin sonucunda, reaktif oksijen türleri (ROS) olarak bilinen 

süperoksit anyonu (O2-), hidroksil radikali (OH-), hidrojen peroksit (H2O2) ve 

peroksinitrit (ONOO-) gibi oldukça reaktif yan ürünler ve reaktif nitrojen türleri doğal 

olarak üretilir. Son yıllarda, daha düşük ROS seviyelerinin önemli hücresel sinyal 

yollarını yönlendirdiği tespit edilmiştir. Bununla birlikte, uygun araçların olmaması 

nedeniyle, hücre içi ROS seviyelerini manipüle etmek zorlu bir görev olarak kaldı. 

Yakın tarihli bir çalışmada, D-amino asit oksidaz (DAAO) olarak adlandırılan ve 

yüksek çözünürlüğe sahip hücre içi H2O2 seviyelerinin üretilmesini sağlayan 

kemogenetik yöntem geliştirdik. Bu çalışma, kemogenetik araçları H2O2 için HyPer7, 

ATP için MaLionR, Kalsiyum için R-GECO ve Glikoz için FLII12Pglu-700μδ6 gibi 
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genetik olarak kodlanmış biyosensörler ve ayrıca tetrametilrodamin metil ester 

(TMRM) gibi kimyasal sensörler ile birleştirerek multiparametrik görüntüleme 

tekniklerinden yararlandık. Bu araçlar, eşzamanlı olarak ROS oluşturmak ve kanser 

hücrelerinde çeşitli sinyal yolları (hücre içi kalsiyum sinyali) ve enerji metabolizması 

(mitokondriyal membran potansiyeli, glikoz alımı ve ATP üretimi) üzerinde H2O2’nin 

hücredeki etkilerini görselleştirmek için DAAO'larla birleştirilmiştir. 

Kemogenetik olarak üretilen H2O2'nin Ca2+ ve glukoz düzeylerini etkilemediğini, ATP 

düzeylerinin ise önemli ölçüde etkilendiğini gözlemledik. H2O2 seviyelerindeki güçlü 

artışın mitokondriyal membran potansiyelini bozduğunu gözlemledik. Ayrıca, HeLa 

hücrelerinde kronik H2O2 üretiminin, glikoz yoksunluğumda mitokondriyal ATP 

seviyelerinde ters etkiye yol açtığını gözlemledik. 

H2O2 tarafından hücresel düzeyde aktive edilen sinyal yollarının seçici olarak 

görüntülenmesi için kemogenetik araç mDAAO ve biyosensörlerin kullanılmasının, 

redoks sinyalleşmesinde yerel olarak üretilen H2O2'nin hücreye ne kadar yararlı veya 

hücreye zarar verebileceğinin daha iyi anlaşılmasını sağlayacağını düşünüyoruz. 
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1. INTRODUCTION 

 

 

 

 

1.1. ROS and ATP– a chicken-egg problem 

 

Mitochondria play a significant role in cancer. Mutation in mitochondrial DNA, 

any defect in antioxidant mechanism or damage in oxidative phosphorylation can 

cause severe or fatal disorders.1These organelles are the powerhouse of and 

responsible for generating ATP, which is the main energy source of the cells. 

Oxygen dependent process called oxidative phosphorylation synthesize ATP in 

the mitochondria.2 As a consequence of energy production, highly reactive 

byproducts such as superoxide anion (O2
-), hydroxyl radical (OH-), hydrogen 

peroxide (H2O2), and peroxynitrite (ONOO-), all collectively known as reactive 

oxygen species (ROS) are naturally produced.3 Antioxidant mechanisms maintain 

ROS levels in balance and to avoid oxidative distress within the mitochondria.4 

Oxidative distress is often implicated with cellular damage and various 

pathologies such as cancer, diabetes, cardiovascular, neurological diseases and 

inflammatory disorders. On the other hand, lower ROS levels, known as oxidative 

eustress take part in important cellular signaling pathways. Particularly H2O2 is a 

mild oxidant that can modify thiol-residues of proteins to induce intracellular 

signaling by enzyme (de)activation.5 Therefore, H2O2 can drive intracellular 

process such as Ca2+ signaling, activation of transcription factors, regulation of 

intracellular and surface receptors, degradation or formation of structural proteins, 

and phosphorylation of redox-sensitive enzymes.6,7 
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Due to the important role of H2O2 as a versatile signaling molecule, understanding 

mitochondria derived H2O2 levels, particularly its generation, degradation, and 

diffusivity among cell organelles is critical. Despite decades of research, H2O2 

derived signaling and metabolic pathways in cancer cells have been less explored. 

To tackle this elusive issue, in this study we focus the first time on the energy 

metabolism of mitochondria in cancer cells using chemogenetic tools to generate 

site-specifically H2O2, and genetically encoded biosensors for real-time imaging 

of glucose and ATP.  

 

 

 

 

 
  

Figure1.1: Redox Balance of Mitochondria. H2O2 regulated cellular response of the 

mitochondria.  Dose dependent H2O2 responses that are regulated by ROS generators and 

scavengers are depicted. 
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1.2.Signaling Role Of Mitochondria 

 

Mitochondria have been accepted as key players for the generation of 

macromolecules and ATP. Mitochondria also critically take part in ROS mediated 

cellular signaling in addition to fueling metabolites for biosynthetic and 

bioenergetics purposes. 8 

H2O2 plays a role in a variety of signal transduction pathways that regulate 

physiological and pathophysiological responses, and it is majorly produced during 

normal metabolism in the mitochondria.9 

Intracellular H2O2 dependent signaling is primarily associated with oxidative thiol 

modification of many proteins and molecules.10,11 Depending on its concentration 

and location in the cell, it gives the cell the order of growth, survival or death 

signal. 

The balance of ROS and antioxidants under normal conditions is disrupted with 

the overproduction of free radicals. These excess free radicals can lead to DNA 

damage, degradation of protein, lipids and result in redox imbalance.  

The persistence of uncontrolled ROS production ultimately leads to inappropriate 

signaling and gives rise to activation of transcriptional factors which induces 

cancer and neurological diseases. Rapidly growing cells have critical metabolic 

requirements that extend beyond ATP and these cells have to strictly govern 

transcriptional factor to demand this requirement.12 

There are lots of studied transcriptional factors that are considered to be regulated 

by H2O2 as shown Figure1.2. H2O2 is required for the activation of multiple 

cellular pathways that control cell metabolism. H2O2 activates hypoxia inducible 
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factors1 (HIF-1) that regulate angiogenesis, to demand increased metabolic 

activity of cells.13 Severely disrupted oxygen balance of cancer cell cause hypoxia 

and tumor cells in this hypoxic region start adapt to low oxygen conditions, result 

in activating multiple survival pathways. Activation of the transcription factor 

HIF1 is one of the most studied pathways that used by hypoxic cells in the tumor 

microenvironment. For example, transcription factor HIF1 helps hypoxic tumor 

cells to convert glucose to ATP by activating glycolysis rather than oxidative 

phosphorylation. When we think about ATP efficiency, oxidative phosphorylation 

is produce more energy. But shifting from the more efficient oxidative 

phosphorylation to the less efficient glycolytic pathway give energy generation 

more rapidly and it is important for tumor cells to fastly expanding in the 

environment (Warburg effect). HIF1 mediate this metabolic situation of a cell, 

depend on the oxygen concentration in the environment.14 To demand this glucose 

demand, HIF activates glucose transporter (GLUT) which provide uptake of 

glucose in the cell.15,16 

 

Furthermore, H2O2 activates phoshorylasatide3kinase (PI3K) pathway that 

regulates cellular growth. The PI3K signaling cascade is an important regulatory 

pathway controlling cell survival, proliferation, and angiogenesis. There are many 

studies that examine its role in response to alterations in mitochondrial derived 

H2O2.
17 
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Abnormal PI3K activation is common problem in many type of cancer. 

Misregulation of this pathway is often associated with tumor progression and 

resistance to cancer treatments.18 

One of the most important pathway is controlled by H2O2 known as nuclear factor-

κB (NF-κB). NF-κB pathway prevents apoptosis and regulates cellular survival 

under normal conditions. Many different types of cancer have misregulated NF-

κB signaling and NF-κB become constitutively active.19 There are two major 

decisions for cell fate that are dictated from mitochondria to the rest of the cell:  

proapoptotic and antiapoptotic signaling.20 Unbalance in redox state of 

mitochondria directly affect these critical decision of the cells and causes cells to 

evade from apoptosis.21Apoptosis usually happens for a significant reason and is 

usually beneficial for the organism as clearly seen during biological development. 

As cells become older or non-functional, they are cleared away and destroyed. 

This is very important for the cell to stay healthy. Mitochondria determine which 

cell is going to die. When mitochondria do not function properly due to redox 

imbalance, they make a lot of free radicals, avoid apoptotic signals and then 

initiate tumorigenesis. This is very important because some diseases such as 

cancer involve the break down in normal apoptosis signaling and this is why 

mitochondria is thought to play a big role in cancer. In fact, many scientists refer 

to cancer as a mitochondrial and metabolic disease.21 

 

Moreover, H2O2 involves mitogen activated protein kinase (MAPK) pathway that 

regulates cellular proliferation. In the cell, there are lots of MAPK enzymes that 

works in synchronically to mediate proliferation, differentiation, tumor 

progression, and survival.  These kinases are activated in response to external and 

internal stresses such as bioenergetics stress, depletion of oxygen in the 

environment and reduction of energy availability.22–24 

 

As the mitochondria is a major source of H2O2, defects in mitochondrial function 

cause an excessive production H2O2 and these leads to dysregulation of these 

transcriptional factors and finally results in diseases. However, regulation of 

normal metabolism is only possible under strictly controlled concentrations of 

H2O2. 
25,26 
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Due to the important role of H2O2 as a versatile signaling molecule, understanding 

mitochondria derived H2O2 levels, particularly its generation, degradation, and 

diffusivity among cell organelles is very important. 

 

There is also very interesting and important communication that happens from 

mitochondria out to the rest of the cell, to the nucleus and the cytosol.27 One of 

the obvious ways that mitochondria communicate with rest of the cell is through 

providing metabolites. Several metabolites that are produced by mitochondria 

have very important signaling and regulatory roles such as Acetyl-coA, alpha-

ketoglutarate, ATP which help mitochondria communicate with rest of the cell. 

28,29 

 

Any defect in communication significantly influence the behaviors of cells. When 

they become aberrant, it is very clear that they have profound impacts on disease 

progression.21,30 

 

 

1.3.ROS Function in Redox Signaling And Oxidative Stress 

 

Redox signaling is the ability of ROS to activate signaling phosphatases and 

thereby to initiate biological processes inside the cell. As I previously mentioned 

above, ROS can function as signaling molecules that regulate physiological 

processes inside the cell in a very strictly maintained conditions and major 

molecule that is involved in signal transduction is H2O2.
31,32 

It is well understood that cancer cells tend to generate higher levels of ROS than 

their non-transformed counterparts. This higher levels of ROS disrupt redox 

balance and signaling inside the cell and cause unrelated biological signals.33,34 

For this reason, it is important to understand redox signaling in the cell. 

The mechanism of redox signaling is based on specific feature of H2O2 molecules 

which is that they can oxidize cysteine residues, thiol groups and within proteins. 

Cysteine residues at normal condition exist as cystine ions, H2O2 molecules can 

oxidize these ions to sulfanic form and this oxidation changes in protein structure 
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that result in alteration in protein function and leads to the reversal activation of 

physiological redox signaling depending on its concentration.35 

However, everything that is activated needs to be inactivated again, and in order 

to inactivate the protein, these changes must be reversed. Cysteine residues must 

be reduced to their initial form. 

This reduction is provided by enzymes called disulfide reductases: Thioredoxin 

and Glutoredoxin.36,37 However, reversal oxidation of target ions to sulfanic form 

is only possible under low concentrations of H2O2.When H2O2 level increase 

sulfenic acid is further oxidized to sulfinic and sulfonic acid. These change cause 

permanent alterations in protein structure, disturbing the physiology of the cell 

and its condition in the tissue.37,38  Therefore, the level of H2O2 must be tightly 

controlled and should kept within a very narrow range. To do this, cells have 

antioxidant mechanisms and vary in the type of enzyme regulation so the level of 

H2O2 inside the cell is important and there are two major sources of reactive 

oxygen species inside the cell. ROS can be produced by NOX2 enzyme or result 

of oxidative phosphorylation in the mitochondria.39  

NOX2 enzyme is located on the cell membrane and converts oxygen into 

superoxide. In mitochondria, these formation occurs during oxidative 

phosphorylation as a natural byproduct. 

Mitochondrial inner membrane located electron transport chain that is composed 

of four protein complexes, enzyme Q and ATP synthase. The concept is that 

protein complexes in electron transport chain transport electrons from one 

complex to another. ATP synthase use this concentration gradient by 

transportation of hydrogen protons concentration gradient into mitochondrial 

matrix. In that way ATP synthase complex generates energy that is used for ATP 

synthesis.40  However the electron transport chain is not perfectly operate and 

some electrons may leak out of the ETC. In this situation cells reduce oxygen in 

another structure. They reduce that leaked out oxygen with formation of 

superoxide molecules. Here, superoxide dysmutase convert ROS into H2O2 and 

in case of too much converted H2O2 in the environment, they are converted into 

H2O molecules. Conversion of H2O2 to H2O is provided by peroxiredoxins, 

glutathione peroxidase and catalase41–43 (Figure1.4). Peroxidoxin in reduced form 

reduce hydrogen peroxide and become oxidized with formation of two water 

molecules. Glutathione peroxidase catalyze reaction where two monomeric 
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glutathione molecules reduced H2O2 with formation of glutathione disulphide and 

two water molecules. Catalase converts two H2O2 molecules to the water 

molecules and oxygen.43 

The unconverted mitochodrial H2O2 which is produced in this way take part in 

very important biological signaling. The balance between that conversion is 

important because this balance determines the level of H2O2 inside the cell.  

 

 

 

 

 

 

 

 

The level of H2O2 molecules must be maintained within strict frames, thereby 

hydrogen peroxide production must be proportional to hydrogen peroxide 

reduction. In some point, ROS production exceeds the capacity of antioxidants to 

reduce superoxide and H2O2 molecules and these result in increase in amount of 

reactive oxygen species inside the cell and this condition is called oxidative stress 

which cause damage DNA, protein and lipid levels.5,7   

Therefore, if the H2O2 plays such an important signaling role then what would 

happen when it’s produced in a measurable and localized amount inside the cell 

as signaling molecule? Can we precisely manipulate the redox state of the cell? 

 

 

 

1.4. ATP metabolism  

 

ATP Generation in The Mitochondria 

 

The mitochondria can be considered as a major source of ROS production. ROS 

are naturally produced during process of OXPHOS in the mitochondria. To get 

energy in usable form, mitochondria convert energy as ATP. ROS are produced 
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as a normal product of cellular metabolism. During this process, electrons are 

transferred through the protein that are located in the inner membrane of the 

mitochondria. They end up as oxygen and they form water. During this electron 

flows, protons are pumped from matrix to the inner membrane of the 

mitochondria. Energy of protons gradient are used to make ATP. When glucose 

is oxidized during glycolysis and the Krebs cycle, coenzymes NADPH and FADH 

are reduced to NADH and FADH2. Inside the mitochondrial matrix the electrons 

from NADH are transferred to the electron carrier enzyme Q by NADH 

dehydrogenase and the protons are transferred across the membrane to the inner 

membrane space. Coenzyme Q carries the electrons to the cytochrome BC1 

complex. As the electrons move from the BC1 to cytochrome c more protons are 

carried from inside to the outside of the membrane. Electrons are also transferred 

from FADH2 to the coenzyme Q with the protons being transferred across the 

membrane. Cytochrome c transfers electrons to the cytochrome c oxidase 

complex and protons are also transferred to the outside of the membrane by the 

cytochrome c oxidase complex. Then the cytochrome c complex transfers 

electrons from cytochrome c to oxygen. The terminal electron acceptor and water 

are formed as the product(Figure1.5).43–48 

 

 

 

 

 

 

https://en.wikipedia.org/wiki/Cellular_metabolism
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The transfer of the protons to the intermembrane space generates a proton motive 

force across the inner membrane of the mitochondrion. Since membranes are 

impermeable to ions, the protons that re-enter the matrix pass through special 

proton channel proteins called ATP synthase. The energy derived from the 

movement of these protons is used to synthesize ATP from ADP and phosphate 

and this occurs at the ATP synthesis complex. Formation of ATP by this 

mechanism is referred to as oxidative phosphorylation.  

When the cell needs energy, this process become active and starts to produce ATP. 

However, at this point, the cell has two options to generate ATP, it can either go 

through oxidative phosphorylation or without entering ETC system, it can 

perform anaerobic phosphorylation. These alternative pathways of the cell is not 

entirely understood. The switch to anaerobic respiration may be because the lack 

of oxygen or any defect in mitochondria. In the 1920s a biologist Otto Warburg 

has claimed that cancer cells make anaerobic phosphorylation despite the presence 

of oxygen. Based on the current literature, there are lots of ideas that have been 

used to explain to these phenomena. These include defects in the mitochondria, 

mutation in mitochondrial DNA, and damage in mitochondrial oxidative 

phosphorylation enzymes that cause inhibition of oxidative phosphorylation even 

if there is oxygen. Another idea is that even if there is no mitochondrial defect or 

lack of enzymes, cancer cells prefer to do anaerobic phosphorylation. According 

to Warburg observation, cancer cell consume more glucose and make anaerobic 
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glycolysis. Although this gives them far less efficient ATP yields, this pathway 

provides the cell some advantages. In this way, cancer cells can produce lactic 

acid and also can get energy rapidly by making anaerobic respiration. This lactic 

acid production can give damage neighboring cells and increase competition for 

glucose uptake. Also it can eliminate oxygen dependent energy generation as they 

can produce ATP without oxygen. As a result, cancer cells transform the 

glycolysis end product, from pyruvate, into lactic acid.49 

 

  

1.5. Genetically encoded biosensors and chemogenetic tools 

 

Real-time traces of signaling and metabolite rate within subcellular levels can be 

imaged easily by the help of genetically encoded biosensors. Genetically encoded 

biosensors based on fluorescent proteins (FPs) are useful for localization and 

dynamics of a molecule which is important at the cellular level. It is also important 

to design an optical sensor that can monitor targeted molecules by applying the 

best sensing strategy. Genetically encoded biosensors based on FPs have various 

sensing strategies, for example, translocation, fluorescence resonance energy 

transfer (FRET), pH sensitivity. 

To visualize Ca2+ in living cells by fluorescence signals, we have used genetically 

encoded fluorescent Ca [2+] as an indicator, which is called R-GECO1. It consists 

of a calmodulin-binding peptide, a circularly permuted red fluorescent protein and 

calmodulin(CaM). 

 

In the case of calcium in the environment, CaM and its peptide M13 undergoes a 

conformational change. These changes, especially at the interfacial region, where 

CaM interacts with cpRFP, leads to increased RFP brightness (Figure 1.6). 
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For real-time glucose imaging, we employed a FRET glucose sensor named FlP-

Glu. Molecular interaction can be easily studied by using the tool called FRET. 

FRET-based biosensors are typically made up of two fluorescent probes (donor 

and acceptor) coupled to a central metabolite binding protein (BP). This method 

allow us to investigate protein-protein interactions as a ligand binding to its 

receptor. 

 

For FRET to occur, two florescent tagged protein are needed with different 

fluorophore and emission wavelengths where one should overlap with excitation 

wavelengths of the other ones. The space of interacting molecules must be fewer 

than 10 nm. When there is a metabolite of interest in the environment, FRET 

occurs between the two probes. Here, excitation of the donor transfers energy to 

the acceptor. Due to the conformational changes of the binding protein, the FRET 

efficiency is either increased or decreased depending on the level of the protein of  

interest.50,51 

 

In the Figure1.7 excitation and absorption spectra of two fluorophores CFP and 

YFP is shown. Green regions shows emission spectra of CFP (blue peak) with 

excitation spectra.of YFP (green peak). CFP acts as the donor and YFP as the 

acceptor. When the two fluorophores are move away from each other, there is no 

protein of interest in the environment, exposing the sample to light with the 

excitation of CFP results in no contribution to YFP (Figure1.7,right top). When 

the two fluorophores are near, there is protein of interest in the environment, 

exposing the sample to the same light results in a energy transfer from CFP to 

YFP acceptor, causing YFP to emit at its emission wavelength. (Figure1.7,right 

bottom). 52 
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mDAAO as Chemogenetic Tool 

 

 

 Chemogenetics refers to a tool that powerfully controls the regulation of 

recombinant proteins with giving or suppressing special biochemical substrates of 

the protein. It enables critical control of particular signal particles for investigating 

parts of cell signaling. Improvements in biosensor chemogenetic tools improves 

the ability to measure signaling in the cell. The use of the biosensor with 

chemogenetic tools allows the researching of intracellular molecules that take part 

in critical physiological processes. One of these tools, DAAO, provides a 

quantifiable and tissue-specific measure of H2O2. D-amino acid oxidase (DAAO) 

is a FAD-dependent enzyme that catalyzes the oxidative deamination of D-amino 

acids and it produces individual α-keto acids and ammonia. And as a result of this 

event, H2O2 is generated as a by-product (Figure 1.9). As they are genetically 

encodable, chemogenetic enzymes can be targeted for different subcellular 

regions as demonstrated in previous studies.53 In this study, we used mDAAO to 

selectively produce H2O2 in the cytosol, nucleus, and mitochondria of HeLa cells. 

In addition, we combined mDAAO with various genetic biosensors so we could 

study energy metabolism under oxidative stress. 
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2.AIM OF STUDY 

 

 

My aim was to generate chemogenetically ROS levels in the mitochondria of cancer cells 

and simultaneously visualize the downstream effects of H2O2 levels on Ca2+ signaling 

pathways and energy metabolism using genetically encoded biosensors employing 

multiparametric and multispectral imaging approaches. 

 

Thus, the sub aims of this study are as follow: 

 

1. Investigate the role of H2O2 and its role on Ca2+ signaling 

 

2. Link mitochondrial H2O2 with ATP generation in these organelles 

 

3. Visualize glucose uptake in cancer cells upon oxidative stress 

 

4. Probe the role of H2O2 and the mitochondrial membrane potential 
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                     3. MATERIALS 
 

 

 

 

 
3.1 Chemicals 

 

 

 

Chemicals used during this thesis study are tabulated in Appendix A. 

 

 

 
3.2 Equipment 

 

 

 

Equipment used during this thesis study is tabulated in Appendix B. 
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4.METHODS 
 

 

Cell culture 

 

HEK231 and HeLa cells were used in this study.  Cell were grown in 1% 

penicillin/streptomycin (complete medium). Cells were incubated in 5% CO2 

at 37°C and were passaged when reach.approximately.90% confluency in 

10cm cell culture plates. For the passaging process, firstly, cells washed with 

Dulbecco's phosphate-buffered saline (D-PBS) and incubated in 1 ml tyripsin 

with 5% CO2 at 37°C for 5 min. Then 9 ml DMEM was added into the plate. 

300.000 cells were seeded that glass placed 1x6 well plate and sub-cultured 

with either 1:5 or 1:10, then cells were seeded into the new sterile 10 cm cell 

culture plates. 

 

 

Transient Transfection 

 

After 24 h incubation, cells were transfected transiently. To do that, 1 ng DNA 

and 2uL polyget were used for each well. For 1x6 well, 300 uL colorless 

DMEM was added into a eppendorf tube and 6 ng DNA added in that 

eppendorf tube. 300 uL colorless DMEM was added in a another eppendorf 

tube and 12 uL polyget was added into the these eppendorf. These two 

eppendorf tube were mixed and incubated for 15 min. After incubation, 100 

ul DMEM from these mixture was added into the each well. After 3 hour 

incubation in 5% CO2 at 37°C, media was changed. Cells were incubated 

within new media for overnight. 
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MTT assay 

 

Cell viability was.assessed using the MTT assay. 10.000 cells were seeded in 96-

well plates and the cells were treated 0.1 mM, 0.3 mM, 1 mM, 3 mM, 10 mM, 30 

mM, 

100 mM D-alanine for 24 hours. After incubation, 10 µL MTT(Sigma) was added 

into the each well for 4 hours. Then 50 µL DMSO was added to each well for 10 

min and incubated 5% CO2 at 37°C. The absorbance measured at 540nm by 

spectrophotometer.  

 

 

 

TMRM Staining 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                       

Prior to experiment, the cells were stained 10 nM tetramethylrhodamine ethyl 

ester (TMRM; ThermoFisher) for 30 minutes. After 30 min, cells were washed 

once w DPBS. 5 µM Antimycine/Oligomycin was used as positive control for 

mitochondrial depolarization.  

 

 

Imaging Buffers 

 

Before the experiment, cells were incubated in EHL that included: 2 mM CaCl2, 

135 mM NaCl, 1 mM MgCl2, 5 mM KCl, 10 mM HEPES, 2.6 mM NaHCO3, 

0.44 mM KH2PO4, 0.34 mM Na2HPO4, 10 mM D-glucose, 1% 

penicillin/streptomycin, 0.1% of MEM of amino acid and vitamins. Before the 

incubation, pH of the EHL were adjusted to 7.4. 

Buffer that is used in the experiment which is called 2CaNa includes: 10 mM 

HEPES, 2 mM CaCl2, 138 mM NaCl, 1 mM MgCl2, 10 mM D-Glucose, 5 mM 

KCl and its pH was adjusted to 7.4. 

 

 



 

 19 

 

 

Statistical Analysis  

 

MS Excel 2011 or with Graphpad Prism version 5.0 were used for analyze the 

result. The two-tailed Student t-test was applied to compare two groups. One-way 

ANOVA and Benferroni post test were applied to compare multiple groups and 

(p<0.05) were considered statistically significant. 
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5.RESULTS 

 

Visualizing the relationship of intracellular Ca2+ and H2O2 signals 

 

We first investigated intracellular Ca2+ profiles in different cell locales including the cell 

cytosol, mitochondria, and nucleus. For this purpose we employed the well-established 

Ca2+ indicator GECO, which stands for genetically encoded optical calcium indicators. 

Out of a range of differently colored GECOs, we choose the red-shifted R-GECO, which 

has the advantage for multichromatic dual-imaging with other spectrally distinct and 

compatible biosensors. For this purpose we utilized HeLa cells and transfected this easy-

to-transfect cells with the mitochondria-, nucleus-, and cytosolic-targeted R-GECOs. This 

approach yielded a high number of positively transfected Hela cells imaged on a high-

resolution wide-field microscope (Figure 5.1A). For intracellular Ca2+ mobilization we 

used the G-protein coupled receptor (GPCR) agonist adenosine triphosphate (ATP).  As 

expected, cell treatment with ATP instantly caused a robust R-GECO signal in all three 

cell compartments including in the cytosol, mitochondria and nucleus (Figure 5.1B). 

Notably, the Ca2+ signal profiles in the cytosol and mitochondria were comparable yet the 

signal amplitude was significantly lower in the mitochondria indicating a lower Ca2+ entry 

into this organelle. However, as the GECOs are intensiometric biosensors the amplitude 

is not reliably reporting Ca2+ quantity. In contrast the nuclear Ca2+ profiles appeared to be 

flatter compared to the cytosol and mitochondria. Overall, these observations indicate that 

GECOs are suitable biosensors to visualize intracellular Ca2+ signals in single cancer cells 

and subcellular locales. 
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Figure 5.1. Real-time imaging of Ca2+ signals in HeLa cells using GECOs in response to ATP. (A) 
Representative widefield images HeLa cells transfected with nucleus-localized R-GECO1, cytoplasmic R-

GECO1, and mitochondria-localized R-GECO1 as indicated in the wide field images. Scale bar represents 

20 μm.(B)Representative real-time traces of Ca2+ signals in the mitochondria (left panel) ,nucleus (middle 

panel) and cytosol (right panel) , in the HeLa cells. 

 

We next tested whether exogenous H2O2 administration affects intracellular Ca2+ levels 

in different cell locales. For this purpose we applied co-imaging experiments in HeLa 

cells that were co-expressing R-GECOs with the H2O2 biosensor HyPer7 differentially 

targeted to the mitochondria, cytosol or nucleus. Alternately exciting the R-GECO and 

HyPer biosensors we recorded in two channels, measuring the change of fluorescence 

over time in HeLa cells upon treatment with ATP. Cell treatment with this agonist evoked 

a robust intracellular Ca2+ increase in all three compartments (Figure 5.2 A, B). Yet 

HyPer7 signals remained in all three compartments unresponsive, indicating that 

intracellular Ca2+ signals do not affect H2O2 generation in these cell types. Subsequent 

administration of low levels of exogenous H2O2 caused and instant and robust HyPer7 

signal indicating the functionality of the biosensor. Overall, our observations indicate that 

in Hela cells acute intracellular Ca2+ mobilization is not sufficient to trigger H2O2 

generation.  
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Figure 5.2. ATP treatment did not cause H2O2 rise in cytosol, mitochondria and nucleus. (A) HeLa 
cells transfected with mitochondria-localized R-GECO1, HyPer7.1, nucleus-localized R-GECO1, HyPer7 

and cytoplasmic R-GECO1, HyPer7.Average curve (n=20 cells) of real-time HyPer traces shows results 

cytosol(left), mitochondria(middle) and nucleus(right) that stimulated subsequently with 100 μM ATP and 

50 μM H2O2 (B) Kinetic changes [H2O2] out during 60 s in the presence of H2O2 (right panel) and [Ca2+] 

out during 120s in the presence of ATP (left panel). 

 

Implications of chemogenetic generation of H2O2 on intracellular Ca2+ 

signals 

 

As shown in Figure 5.2, exogenous administration of low concentrations of H2O2 

instantly evoked a robust signal in any cellular compartment indicating that H2O2 can 

readily diffuse into all cell compartments. These observations also demonstrate that 

exogenous H2O2 is less suitable to control local H2O2 levels. Methods that permit the 

generation of H2O2 with high spatial and temporal resolution might be more informative 

in comparison to the exogenous administration of physiologically irrelevant levels of 

H2O2. Thus, we employed a novel chemogenetic tool which we recently developed in our 

laboratory to generate H2O2 in cellular compartments such as the nucleus, cytosol or 

mitochondria. To selectively generate H2O2 in the mitochondria and we first generated 

HeLa cells stably expressing mCherry-mDAAO in mitochondria (Figure 5.3A). 

Exploiting these cells we tested the toxic doses of D-alanine employing an MTT assay 

for cell viability and proliferation in response to different ROS doses. For this purposes 

we incubated HeLa cells for 24h with increasing concentrations of D-Alanine ranging 

from 0.1mM, 0.3mM, 1mM, 3mM, 10mM, 30mM, 100mM in the mitochondria. As 
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shown in Figure 5.3B cell death significantly occurred at 10 mM D-alanine treatment 

after 24 hours incubation. Therefore we used 10 mM D-alanine treatment for further 

experiments in order to achieve a robust H2O2 challenge in the mitochondria. 

 

Figures 5.3. HeLa cells show distinct decreases in cell viability at mitochondria in response to 
increasing D-Alanine concentrations. (A)Representative widefield image show HeLa cell stably-

expressing mCherry-mDAAO-mito in RFP channel. Scale bar represents 20 μm. (B) Traces represent the 

percentage of viable cells, with respect to control cells (Ctrl, 100%), after treated with: 0.1 mM, 0.3 mM, 1 

mM, 3 mM, 10 mM, 30 mM, 100 mM D-alanine for 24 h in HeLa cells stably expressing mCherry-

mDAAO-mito. Results shown are average of three different experiments.  

 

Next we sought to co-image H2O2 and Ca2+ signals in response to chemogenetically 

induced ROS levels. However, due to the spectral overlap, we utilized a mDAAO chimera 

that was fused to a blue fluorescent protein (EBFP-mDAAO-mito). Co-expression of this 

chimera with the HyPer7 biosensor yielded a robust expression levels and correct 

targeting(Figure5.4A,B). Administration of 10 mM D-alanine to cells instantly evoked a 

robust HyPer7 signal demonstrating that we can selectively and robustly generate H2O2 

in the mitochondria of Hela cells (Figure5.4C). 

 

Figure 5.4.Functionality test of mDAAO with Hyper7. Hela cells transfected with (A) mt-HyPer7 and 

(B) EBFP-mDAAO- mito, then treated with (C) 10 mM D-ala at indicated time point. Scale bar represents 

20 μm. 
 

 

 

We next tested how chemogenetically produced H2O2 affects mitochondrial Ca2+ 

signaling. For this purpose we applied multispectral co-imaging experiments. We again 

used HeLa cells co-expressing the mitochondria targeted EBFP-mDAAO, the 
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mitochondria localized R-GECO1, and the mitochondria targeted mito-HyPer7 

(Figure5.5A). We again used ATP as an agonist to induce intracellular Ca2+ mobilization. 

In control experiments cell treatment with ATP triggered an instant and robust increase in 

mitochondrial Ca2+ levels, as expected (Figure 5.5B). To generate instant H2O2 elevations 

in the mitochondria we used D-Phenylalanine as a substrate as this substrate causes a 

significantly faster ROS increase in cells compared to D-alanine. As shown in Figure 

5.5C, cell treatment with D-phenylalanine caused an instant H2O2 accumulation in the 

mitochondria, however, co-imaging of GECO signals unveiled that this treatment did not 

affect intracellular Ca2+ signals. Overall, in contrast to several published articles, our 

observations indicate that intracellular Ca2+ does not affect ROS generation and 

intracellular H2O2 generation does not affect Ca2+ signals in response to acute ROS 

changes.54 These findings raise the question about the role of the relationship between 

acute oxidative stress and mitochondrial Ca2+ signaling in cancer cells. 

 

Figure 5.5. Real-time imaging of Ca2+ signals in HeLa cells using GECOs in response to ATP acute 

oxidative stress. (A) HeLa cells transfected with mito-localized R-GECO1, BFP- mDAAO -mito and mito-

HyPer7. Scale bar represents 20 μm. (B)Real-time traces of Ca2+ signals in the mitochondria stimulated 

with 100 μM ATP(left panel) and Scatter dot blot(left panel) shows the distribution of maximum responses 

of HeLa cells upon administration of ATP. Red dots show mitochondrial Ca2+ responses, black dots 

represent mitochondrial HyPer7 signals (C) Ca2+ signal in the mitochondria of HeLa cell stimulated with 
100 μM ATP, under pretreatment of 10mM D-Phenylalanine (left panel) and  Scatter dot blot (left panel) 

shows the distribution of maximum responses of HeLa cells upon administration of ATP. Red dots show 

mitochondrial Ca2+ responses, black dots represent mitochondrial Hyper7.1 signals.  
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Manipulating the mitochondrial membrane potential in cancer and non-

cancer cells using chemogenetic tools 

 

Mitochondrial healthşcan be evaluated by checking changes in mitochondrial membrane 

potential (MMP). Cationic fluorescent dyes are commonly used tools to assess 

MMP. TMRM is a well-established dye which accumulates in the negatively charged 

mitochondria. The schematic in Figure 5.6A shows the working mechanism of the 

TMRM sensor, which has been used in this study to monitor changing mitochondrial 

membrane depolarization upon chemogenetically induced mitochondrial H2O2 

generation. It has been reported that the mitochondrial membrane potential is sensitive to 

H2O2 and can be depolarized via oxidative stress further causing mitochondrial Ca2+ 

release and apoptosis (Figure 5.6B). First, to test the functionality of the probe TMRM, 

we loaded HeLa cells and applied a cocktail of the complex III inhibitor Antimycin A and 

the complex V inhibitor Oligomycin to HeLa cells loaded with TMRM. As shown in 

Figure 5.6C, the mitochondrial membrane potential instantly collapsed from this cell 

treatment indicating the functionality of our experimental setup.   

 

 

Figure5.6: (A) TMRM, Tetramethylrhodamine, is a cationic,cell permenant dye that accumulates in 

negatively charged mitochondria and it quantifies changes in mitochondrial membrane potential of only 

live cells (B) Representative real-time traces of TMRM dyed HeLa cells in response to mixture of 5 uM 

antimycin/oligomycin. (C) H2O2 depolarizes mitochondrial membrane potential and result in apoptosis. 

 

We next sought to compare the effects of Antimycin/Oligomycin induced mitochondrial 

membrane potential collapse with endogenously produced H2O2, using our chemogenetic 

approaches. Thus, we next tested the stability of the mitochondrial membrane potential 
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in two different cell lines: HEK293 and HeLa, as a model system for non-cancer cells and 

cancer cells, respectively. We again applied the same protocol as shown in Figure 5.3 

using 10 mM D-amino acids in Hela cells expressing the mitochondria targeted EBFP-

mDAAO loaded with TMRM. Cell treatment with the D-amino acid instantly caused a 

robust collapse in the mitochondrial membrane potential within minutes indicating the 

redox sensitivity of mitochondria in HeLa cells (Figure 5.7). Mostly to our surprise, the 

same treatment in HEK293 cells did not affect the membrane potential of mitochondria. 

Overall, these findings rise important questions about the mitochondrial integrity in 

response to oxidative stress between cancer and non-cancer cells and makes the 

mitochondria a promising anticancer target for antioxidants and oxidant-based therapies.  

 

 

Figure 5.7. Effects of chemogeneticacally produced mitochondrial H2O2 on mitochondrial membrane 

potential. Representative widefield images HeLa and HEK293 cells that were expressing EBFP-mDAAO-

mito and stained with TMRM dye. Scale bar represents 20 μm for HeLa and . Representative real-time 

traces of TMRM dyed (B) HeLa and (C) HEK cells in response to 10 mM D-aminoacid. All experiments 

have been repeated at least 4 times and similar results were obtained with individual experiments. 
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Relationship between oxidative stress and glucose uptake in (cancer) cells  

 

Cellular glucose uptake is known to be affected by many stressors including H2O2. The 

schematic in Figure 5.8A shows effect of H2O2 and the GLUTs stimulation. Uptake of 

glucose regulated by H2O2 either by change in expression level transporter of glucose 

with activating HIF1 or by enhancing the translocation of GLUTs from intracellular 

vesicles to the plasma membrane. To test this hypothesis whether or not cancer cells are 

responsive to oxidative stress in terms of glucose uptake, we utilized a cytosolic targeted 

and FRET-based glucose biosensor termed FLII12Pglu-700μδ6. To tackle this issue, we 

established a standard protocol for real-time imaging of glucose uptake. As shown in 

Figure5.8B intracellular glucose levels instantly dropped in response to glucose 

withdrawal from the imaging media using a gravity-based super-fusion system. Re-

addition of glucose instantly recovered intracellular glucose levels.  For further 

investigations this approach was used as a standard protocol.  

 

Figure 5.8. (A)Schematic shows how mitochondria sourced H2O2
 
affect glucose uptake through HIF1 

activation and GLUT expression.  (B) Standard protocol using the FRET-based ratiometric genetically 

encoded glucose sensor, FLIPglu for real-time imaging of glucose levels in HeLa cells.  
 

In order to investigate how chemogenetically produced H2O2 affects the glucose 

homeostasis we again used HeLa cells that were stably expressing mCherry-mDAAO-

mito (Figure5.9A) or mCherry-mDAAO-NES (Figure 5.9B) and were transiently 

transfected with FLII12Pglu-700μδ6. Figure5.9 C, D shows the changes in glucose levels 

upon glucose removal and the qualitative comparison of basal glucose levels of H2O2 

challenged cells that were treated with either no D-Alanine, 10 mM D-alanine or 30 mM 

D-alanine for 24 hours. This experiment document that chemogenetic H2O2 generation in 

the mitochondrial matrix and cytosol did not cause any significant alterations in glucose 

levels, neither under basal or starvation conditions.  

(Figure 5.9C-D, right panels) 
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Figure 5.9. Real time changes of glucose levels upon glucose removal in HeLa cells that were 
differentially H2O2 challenged at cytosol or mitochondria. Representative widefield images HeLa cells 

that were stably expressing mCherry-mDAAO-mito (A) or mCherry-mDAAO-NES (B) and were 

transiently transfected with FLIPGlu as indicated in the wide field images. The changes in glucose levels 

of these cells upon glucose removal has been shown in mito (C) and NES (D). Glucose levels basal and 

under starvation condition were analyzed (C-D left). Scale bar represents 20 μm. One way Annova test was 

performed and post analyzed using bonferroni test to compare each column with another.  

 

 

Visualizing and manipulating mitochondrial ATP levels under normal and 

oxidative stress conditions 

 

Following the results from the previous experiments, which demonstrated that H2O2 

challenged cells remained unaffected upon glucose starvation. Thus, we next sought to 

visualize mitochondrial ATP levels in HeLa cells under the same experimental conditions 

as shown in Figure5.9. For imaging of mitochondrial ATP we utilized the novel ATP 



 

 29 

biosensor termed Malion (Figure5.10A). Malions are single FP-based intensiometric 

biosensors that are either GFP- or RFP-based. In this study we utilized the green-shifted 

MalionG. HeLa cells that stably expressing mCherry mDAAO transfected with mito 

MalionG and were treated with 30 mM D-ala for 24 h. Cells were again subjected to 

glucose starvation as shown in Figure 5.10B. Control cells displayed ATP profiles as 

expected and dropped upon glucose starvation instantly and recovered in response to 

glucose re-administration. However, cells that have been exposed to 30mM D-Alanine 

for 24 hours, showed clearly different ATP profiles to the same cell treatment. Single cell 

traces show that some cells even increased there ATP levels in response to glucose 

starvation. The drop in ATP levels in the majority of cells were clearly delayed in cells 

under oxidative stress compared to regular cells. Overall, this experiment might indicate 

a metabolic transition in cancer cells and their energy metabolism upon oxidative stress. 

 

Figure 5.10. Mitochondrial ATP changes upon glucose deprivation after chronic oxidative stress.  

 Representative widefield images show HeLa cells (A) mito-mCherry-mDAAO (stable expression) in RFP 

channel, (B) MalionG (transient expression) in GFP channel and (C) the overlayed image of two channels. 

(D)At the indicated time points, glucose was removed from the imaging media.  Mean curves shows 

mitochondrial ATP levels of these cells either non-treated. Scale bar represents 20 μm. 
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DISCUSSION 

 

 

In this work, we have investigated the effects of chemogenetically produced H2O2 

on the mitochondria in terms of Ca2+, mitochondrial membrane potential and 

energy metabolism. 

H2O2 and Ca2+ are important signaling messengers in the cell. H2O2-depended 

Ca2+ signaling are essential signals for many biological responses, including 

bioenergetic stress, apoptosis and activation many type of protein kinases. 

However, it is still not clear how these two compounds can crosstalk within each 

other in signaling pathways.  

Calcium can act directly on the activation of signal transduction. To prevent 

inappropriate signaling, it should always kept under the control in the cytosol. To 

maintain this low concentration, Ca2+ is actively pumped from the cytosol to the 

ER and the mitochondria. 

 In Figure5.1, we have observed that cells show different Ca2+ signals at different 

locales in response to ATP, which is the agonist of Ca2+ in the cell. Cytoplasm 

shows the most abundant amplitude of Ca2+ compared to mitochondria and NLS. 

Ca2+ amplitude in the cytoplasm can be high due to Ca2+ release from the 

mitochondrial matrix and / or ER. 

We next wanted to understand relationship of Ca2+ and exogenously and 

chemogenetically introduced H2O2 in Figure5.2 and Figure 5.5. 

In the co-imaging experiment at Figure 5.2, we documented that ATP treatment 

did not cause any changes in H2O2 levels in cytosol, mitochondria or nucleus, 

while Ca2+ levels increased at each locale with the highest amplitude being in the 

cytosol. We have also observed that extracellular H2O2 provision did not alter the 

intracellular Ca2+ profiles at mitochondria, nucleus and cytosol. Therefore, our 

observations can be concluded as there is no acute interplay between Ca2+ release 

and H2O2.  

Then, we wanted to see the effect of mitochondria sourced chemogenetic H2O2 

generation on the Ca2+ levels. At higher doses, H2O2 is known to act as a cytotoxic 

https://en.wikipedia.org/wiki/Mitochondria
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agent. Recently, we have published an article, which shows thorough 

characterization of mDAAO as a chemogenetic tool to induce intracellular H2O2 

generation at different subcellular locales. In this study by Erdogan et. al, it has 

been observed that mDAAO can generate H2O2 in a concentration dependent 

manner.53 In order to determine the toxic doses of D-alanine for the chemogenetic 

studies, we used a cell toxicity assay called MTT. We have incubated HeLa cells 

for 24h with increasing concentrations of D-Alanine starting from 1mM to 100 

mM as can be seen in Figure5.3. As the cell death increases after 10 mM, we 

decided to use 10 mM D-Alanine for further experiments in order to achieve a 

robust H2O2 challenge.  

In Figure5.5, we have tested endogenous effect of H2O2 in intracellular Ca2+ 

levels. In order to induce a robust chemogenetic H2O2 generation, we used D-

Phenylalanine, which is reported to show faster H2O2 generation compared to D-

alanine. The effect of endogenous H2O2 was analogous to that of exogenous H2O2 

elevations in Figure 5.2, that is, they both do not affect intracellular Ca2+ 

dynamics. Taken together, these findings indicate that the acute rise of 

exogenously or endogenously produced H2O2 did not affect intracellular Ca2+ 

levels.  

It is known that membrane of mitochondria serve an essential role in keeping up 

cellular calcium levels inside the cell. Moreover, mitochondrial membrane 

potential is really vulnerable to H2O2 as ROS can depolarize this membrane. So 

far, we have not observed any alterations in Ca2+ levels when H2O2 levels were 

increased either endogenously or exogenously. Therefore, we were interested to 

see whether chemogenetic H2O2 production in mitochondria would affect 

mitochondrial membrane potential or not. Although intracellular Ca2+ levels were 

not affected by H2O2, there was a similar induction of H2O2 that depolarized the 

mitochondrial membrane. This was an interesting outcome as mitochondrial 

membrane potential is known to be tightly related to intracellular calcium levels. 

But we observed very interesting effects of chemogenetacilly produced 

mitochondrial H2O2 on mitochondrial membrane potential. The chemogenetically 

produced H2O2 directly diminished membrane potential even though it did not 

altered Ca2+ levels with the same amount of D-Phenylalanine (Figure5.6). These 

processes are meticulously regulated because calcium acts as a trigger of 

regulatory enzyme that affect the mitochondria and the rest of the cell and, in 
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consequence, metabolism, migration and cell survival. As this was a very 

interesting finding and we wanted further investigate how H2O2 can dramatically 

affect membrane potential of HeLa cells yet there was no significant alteration in 

the Ca2+ levels. 

We have decided to try effects of H2O2 on mitochondrial membrane potential in a 

non-cancer cells such as HEK cells. We stimulated membrane potential again with 

chemogenetically produced mitochondrial H2O2 and we observed no decrease in 

acute treatment. Here, we thought that cancer cells may have damaged 

mitochondria and this may make them more vulnerable to H2O2 than mitochondria 

of normal cells. In 1920s biologist Otto Warburg has explained this phenomena 

that cancer cells make anaerobic phosphorylation despite presence of oxygen, 

since they have damaged mitochondria.55 Based on the current literature, there are 

lots of ideas that have explained this phenomenon. These include defect in 

mitochondria, mutation in mitochondrial DNA, and damage in mitochondrial 

oxidative phosphorylation enzymes which may cause inhibition of oxidative 

phosphorylation even under the presence of oxygen.56–58 All together with such 

observations it is thought that mitochondria of cancer are more vulnerable to the 

environment in comparison to a normal cell’s mitochondria. Within observations 

of Figure 5.7, we also can conclude that acutely produced H2O2 diminished 

mitochondrial membrane potential in only mitochondria of cancer cells.  

Glucose is an integral player of most of the energy production pathways, we 

wanted to check how endogenously produced H2O2 will affect glucose levels. In 

Figure 5.9, we observed that there is no significant change in their glucose level 

in 24 h H2O2 challenged cells. As glucose levels are strongly linked with 

intracellular ATP levels, we wanted to check how ATP levels in H2O2 challenged 

cells will change.  

In Figure 5.10, interestingly, we observed slower decrease upon glucose starvation 

in 24h H2O2 challenged cell. In this experiment, we observed significant 

morphologic changes in their mitochondria. We have hypothesized that this 

change may somehow cause activation of the TCA cycle by H2O2 , make their 

mitochondria usable and because of that these cells may continue generating ATP 

when there is no glucose in the environment. In addition to continue generation of 

ATP in absence of glucose, they can adapt and change their energy source by 

activating metabolic signaling pathways, including the glutamine uptake 
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pathway.59 60 Under glucose-starvation conditions, cells, which are able to use 

TCA cycle can metabolize glutamine. Glutamine can be metabolized as an energy 

source and cells can continue generating ATP for a while. When we consider 

cancer cell metabolism, we can say that cancer cells compete to reach the available 

glucose.  Many cancer cells make vascularization and rapid glucose uptake so they 

have to develop a strategy to uptake energy and survive. Shifting from oxidative 

phosphorylation to anaerobic phosphorylation, metabolizing another energy 

source under glucose-starvation condition, and having the flexibility of which way 

is more beneficial, even in non-starvation conditions, are the vital adaptations of 

the cancer cells to survive under unfavorable conditions. 9,55–58,60–62 

We have concluded that; H2O2 may activate mitochondrial oxidative 

phosphorylation through an unidentified pathway. Moreover, when there is no 

glucose in the environment, cells may be able to use another energy source that 

can metabolize in the TCA cycle.  This experiment might indicate a metabolic 

transition in cancer cells and their energy metabolism upon oxidative stress.  

In Figure 5.10, cell culture media that we used contains glucose and glutamine, 

thus, the media may influence decision of energy metabolism. Even if there is no 

energy source to use in starvation experiments, cells may have stored glutamine 

in their cytoplasm, coming from media that they had been grown in. 

This experiment showed us how mDAAO driven H2O2 may activate oxidative 

phosphorylation in a way that allows HeLa cells to metabolize micronutrients that 

they normally cannot use. 

In Figure5.10, the increase in ATP levels that starts with the removal of glucose 

in H2O2 challenged cells may imply these possible scenario: 

These HeLa cells might utilize glutamine, fatty acid or do micropinocytosis for 

other available nutrients in their microenvironment to metabolize them in TCA 

cycle. If chemogenetic mitochondrial H2O2 generation led to an activation of some 

pathways, such as the growth signaling PI3K, cancer cells then may promote more 

cellular growth in an uncontrolled manner. It can be suggested that metabolizing 

fuels in the TCA cycle is easier in the H2O2 challenged cells. It may be 

because of too much stress that comes from H2O2 incubation and under such a 

stress condition cell may be forced to use the TCA cycle to survive.  Nevertheless, 

when glucose was removed, there was nothing to make ATP generation other than 

these metabolites and cell may start to use these metabolites to make ATP. At that 
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point, cells have to make oxidative phosphorylation because these metabolites 

such as glutamine, fatty acid can only be utilized in TCA cycle to make ATP. This 

is the reason why we see higher increase when there is no glucose and why they 

continue to generate ATP at a higher basal level. When we compare with 

anaerobic respiration, during this time, they use oxidative phosphorylation and 

they generate 18 times more ATP. 

 

In order to investigate this scenario, to test preference in ATP generation using 

either oxidative phosphorylation or anaerobic phosphorylation, we can use 

genetically encoded fluorescent biosensors for metabolic chemical screening of 

OXPHOS such as NAD+ /NADH ratio. SoNar is a biosensor that detects changes 

in NAD+ /NADH ratio.63,64NAD+ and its reduced form, NADH, are the most 

important cofactors involved in energy metabolism. NAD+ is oxidizing 

agent which involves in redox reactions, accepts electrons from one reaction to 

another in oxidative phosphorylation and reduced to form, NADH.63,65 So, when 

ETC becomes active, we can monitor the transfer of energy from NAD+ to NADH 

as it is a FRET sensor.  Therefore, changes in cell metabolic status can be tracked 

by the help of SoNar biosensor. 

Another way to perform a metabolic screening, one can perform a seahorse assay. 

This assay basically measures oxygen consumption rate (OCR) and extracellular 

acidification rate (ECAR). The major oxygen-consuming pathway in cells is 

oxidative phosphorylation and it can be easily detected by OCR, as an indicator 

of mitochondrial respiration. ECAR also measures glycolysis as it measures 

acidification of the cell as well. Therefore, the seahorse assay will provide us 

critical information that relates to the cell’s preferred metabolic pathway. 

 

H2O2-challenged cells have a different response to a limitation of glucose than 

normal cells; therefore, targeting parallel nutrient acquisition pathways has the 

potential to serve as a therapeutic strategy for the restriction of cancer cell growth. 

This study demonstrates that a simultaneous blocking of nutrient access pathways 

with mDAAO may lead to a novel approach to overcome the resistance in cancer 

metabolism. Thus, by elucidating some of these altered utilizations of nutrients, 

we may exploit this phenomenon in cancer therapy. 

 

http://en.wikipedia.org/wiki/oxidizing_agent
http://en.wikipedia.org/wiki/oxidizing_agent
http://en.wikipedia.org/wiki/redox
http://en.wikipedia.org/wiki/electron
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In the literature, cancer metabolism has been characterized to be robust numerous 

times56,61,66–70.  This means that there are many ways to generate the same 

metabolic end product.  In conventional experimental setups, inhibiting one 

process in metabolism can be bypassed by another alternative pathway as a 

compensation mechanism, which is the biggest challenge in cancer research. We 

need to have a better understanding of that circuit so that we can overcome 

aforementioned challenges. The chemogenetic enzyme, mDAAO, may serve as a 

tool to manipulate subcellular locale-specific H2O2 levels and help understand 

energy metabolism better upon manipulations of redox states and signaling 

pathways, while targeting mitochondria on the underlying metabolic 

vulnerabilities of that cell setting. 

The other important conclusion that there is a lot of reports claiming glucose 

starvation induces autophagy and finally results in apoptosis of cancer cells. 7273 

However, starvation of cells from glucose may not actually starve cancer cells 

regardless the stress state of mitochondria, although the mechanism is unclear now 

according to our findings. Also, this type of starvation may make (H2O2-

challenged) tumor cells more aggressive as normal redox balance was disrupted. 

As we see in Figure 5.10, they can generate ATP to survive in a glucose-

independent way, while their normal counterpart (non-treated) cells showed 

diminished ATP generation under starvation of glucose (Figure 5.10). Moreover, 

certain dietary interventions might improve the activity of existing therapies.  

In order to better understand these result, future studies should investigate how 

tumor.cells differ from normal cells in their metabolism of fuels. From 

understanding how all of these influences interact with each other, we may exploit 

unique metabolic properties and vulnerabilities of cancers in order to improve 

cancer therapy. 
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CONCLUSION 

 

Our results demonstrate that utilizing chemogenetic tools paired with genetically 

encoded biosensors may serve as an informative approach to investigate the 

implications of oxidative stress in cancer energy metabolism. 
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APPENDIX A – CHEMICALS 

 

 

 

 

 

 
 

1.1 Chemicals Manufacturing Company 

 

Ampicillin Sigma Aldrich, Turkey 

Antimycin Sigma Aldrich, Turkey 

ATP Sigma Aldrich, Turkey 

DMEM PAN-Biotech, Germany 

DMSO Sigma Aldrich, Turkey 

D-Alanine Alfa Aesar, Germany 

D-Phenylalanine Alfa Aesar, Germany 

Fetal Bovine Serum PAN-Biotech, Germany 

Glass coverslips Asistent, Germany 

       Glucose                                                              Sigma Aldrich, USA 

       MTT                                                                   Sigma Aldrich, USA 

       TMRM                                                               Thermo-Fischer, USA 

       Oligomycin                                                         Sigma Aldrich, USA 

       Penicillin/Streptomycin                                    PAN-Biotech, Germany 

Phosphate Buffered Saline  PAN-Biotech, Germany 

PolyJet SignaGen Laboratories, USA 

        

 

APPENDIX B – EQUIPMENT 

 
 

1.2 Equipment Manufacturing Company 

Axio Observer.Z1/7 Zeiss, Germany 
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Axio Vert. A1 Zeiss, Germany 

Axiocam 503 mono Zeiss, Germany 

Perfusion Chamber NGFI, Austria 

Plan-Apochromat 40x/1.4 Oil Zeiss, Germany 

Waterbath Nüve, Turkey 

Zeiss Primovert phase-contrast microscope Zeiss, Germany 

Hemocytometer Isolab, Germany 

ThermoCycler BioRad, USA 
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