
 

 

 

Comparative analysis of intramolecular interaction in Human NOX5β 

and Arabidopsis RBOHD 

 

 

Savva Timofeevich Avdonin 

 

 

 

 

Genetics and molecular biosciences, MSc (Cell and Developmental Biology) 

Faculty of Biological and Environmental Sciences 

University of Helsinki 

 

 

 

 

2021 

 

 



-1- 

Tiedekunta – Fakultet – Faculty 

 Faculty of Biological and Environmental Sciences 

Koulutusohjelma – Utbildningsprogram – Degree Programme 

Genetics and molecular biosciences 

Tekijä – Författare – Author 

 Savva Timofeevich Avdonin 

Työn nimi – Arbetets titel – Title 

 Comparative analysis of intramolecular interaction in Human NOX5β and Arabidopsis RBOHD 

Oppiaine/Opintosuunta – Läroämne/Studieinriktning – Subject/Study track 

Cell and Developmental Biology 

Työn laji – Arbetets art – Level 

 MSc Thesis 

Aika – Datum – Month and year 

 October, 2021 

Sivumäärä – Sidoantal – Number of pages 

 25 

Tiivistelmä – Referat – Abstract 

ROS or Reactive Oxygen Species can be found throughout all living organisms on the planet. Without ROS, processes, which are essential for the 
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damage to the cellular structure. The family of ROS includes multiple compounds, which share a common trait of high chemical activity. ROS can 
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NADPH oxidases can be found in human tissues and immune cells. Another common group of NADPH oxidases is respiratory burst oxidase 

homologues (RBOH) can be found in plants. Members of this group play important role in plant immune defense against pathogens. One example 

is AtRBOHD, which is expressed in Arabidopsis genus of plants. Upon activation, these enzymes are known to produce hydrogen peroxide (H2O2) 

as mean of antibacterial defense. These host defense mechanisms are known to be driven by different signaling molecules. It has been determined 

that in some examples of NADPH Oxidases, including Nox5 and RBOHD, the state of activation can be induced through the effects of Ca2+ ions. 

Moreover, it has been determined, that ROS-producing state of these NADPH oxidases is achieved through change of conformation. This change in 

conformation is attributed to the different modes of interaction of motifs of oxidases, which are dependent on concentration of bivalent cation Ca2+. 

Previous research regarding intramolecular interactions within specific NADPH oxidase- Nox5β has been performed by multiple research teams and 

different sources appear to contradict each other on the exact mode of interaction of Nox5β EF-hand upon presence of Ca2+. Therefore the exact 

interaction model of terminals of Nox5β is unclear. In addition, the effect of presence of Ca2+ on the interaction terminals in another representative of 

NADPH oxidases- AtRBOHD, which possess highly analogous molecular structure of catalytic C-terminus to Nox5β, has never been thoroughly 

studied, as well as interactive cross-compatibility of the C and N terminals from these two distinct species of NADPH oxidases. The objectives of 

this research are to analyze intramolecular interactions of N- and C- terminals in Arabidopsis RBOHD and Human Nox5β upon presence of ionic 

calcium, compare Ca2+-induced terminals interactions in said oxidases and to establish possible cross-compatibility of terminals in these two distinct 

NADPH oxidase species.  

Practical aspects of this research included cloning the C- and N- cytoplasmic regions of Nox5β and AtRBOHD into bacterial expression vectors 

utilizing the PIPE cloning method, heterologous production of epitope-tagged tails of NOX5β and RBOHD in E. Coli BL21 and finally in-vitro pull-

down assays to analyse the interactions of the tails upon the presence of Ca2+ as well as interactive cross-compatibility of these tails. By utilizing 

methods mentioned above, this research has demonstrated that interactions of terminals motifs both in Nox5β and AtRBOHD are possible even in 

calcium-deprived environment, which was achieved through use calcium-binding agent (EDTA) and the effect of calcium on interactions of terminals 

both in RBOHD and Nox5β is very limited if not insignificant. This research has also demonstrated that the cross-compatible interactions between 

terminals of Nox5β and AtRBOHD are possible. Results of this research indicate a strong structural conservation within NADPH oxidases, which 

indicates similar intramolecular interaction mechanisms within two highly diverged species. These findings may prove to be useful as a background 

for the future research regarding ROS producing enzymes and evolutional conservation in structures of oxidases. 
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1. Introduction 

 

1.1 ROS characterization: Reactive oxygen species are described as active forms of oxygen 

compounds with specific electron-atomic arrangement, which due to the nature of their 

electron rearrangement, possess specific properties, such as high chemical activity and lipid 

solubility and susceptibility to radical formation. Molecules, such as superoxide anion forms of 

oxygen with unpaired electron on the outer orbitals, hydroxyl radicals, hydroxyl ions and 

peroxides, such as a relatively common hydrogen peroxide are all classified as ROS.  

(Dickinson and Chang, 2011) 

 

Figure 1: Common ROS, found in living organisms (Li et al., 2013)  

Typically, within living organisms, ROS are generated upon activation of specific enzymes such 

as NADPH-oxidases, however, environmental factors, such as ionizing radiation, UV-exposure, 

presence of free radicals or atoms with high electron density, such as heavy metals can lead to 

the uncontrolled generation of ROS (Perrone et al., 2010). In addition, ROS can be produced as 

toxic byproduct of metabolic processes in organelles, such as chloroplasts during 

photosynthesis and in mitochondria during respiration. This uncontrolled generation of ROS 

may lead to the cellular damage. In order to avoid the uncontrolled generation of ROS, over 

the course of evolution, organisms have evolved mechanisms, that govern ROS disposal and 

regulatory mechanisms, which enable controlled ROS synthesis in order to engage ROS in 

defensive, signaling and metabolic functions. 

 



-5- 

1.2 Chemistry of ROS 

ROS act as strong oxidizing agents within biological systems. ROS can be divided into two major 

groups- free oxygen radicals, which include superoxide oxygen O-
2·, peroxyls RO2 ·, alkoxyl RO- 

and hydroxyl ·OH. Second major group of ROS is known as non-radical oxygen species, which 

differ from free radicals, as they lack unpaired electrons on the outer orbitals, which are 

engaged in non-static covalent bonds within a molecules, and therefore possess higher stability 

and tend to be less reactive. Non-radical ROS include hydrogen peroxide H2O2, triplet oxygen 

(ozone) O3 and hypochlorous acid HOCl (Buonocore et al., 2010). 

Free oxygen-centered radicals, such as superoxide anion can be produced in a series of redox 

reaction, where each step induces further cascade and formation of free radicals. This reaction 

cascade can be divided into three main steps: 1) Initiation, 2) Propagation and 3) Termination. 

During propagation intermediate products are formed (Halliwell, 2007). Typical example of 

oxygen reduction and formation of radicals can be represented as following: 

Initiation:     O2+ 1e-+ H+↔ HO2∙- ↔H++ O2-∙ 

Propagation:     HO2∙-+ 1e-+ H+↔H2O2       H2O2+1e-+ H+ ↔[H3O2] ↔H2O +∙OH 

Termination:     ∙OH + 1e-+ H+↔H2O 

 

Three main ROS products, generated in this reaction are superoxide anion, hydrogen peroxide 

and hydroxyl radical. (Buonocore et al., 2010) One of the most common ROS, generated 

through this reaction cascade is superoxide anion. In living organisms, superoxide anion can be 

found in mitochondria, where its generated by electron transport chain. In the ETC, superoxide 

anion is generated by incomplete reduction of atmospheric oxygen.(Bolisetty and Jaimes, 

2013). 

Du

rin

g 

aerobic respiration in mitochondria, ~99% of oxygen is reduced to water. However about 1% of 

oxygen is converted by complex I NADH ubiquinone oxireductase and complex III cytochrome c 

oxireductase to superoxide anion radicals (Buonocore et al., 2010). 

 

Radical Formation X + O2∙-+ H+®→XH + O2 

 YH + O2∙-+ H+→ Y∙+ H2O2 
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Superoxide anions can also be generated through haem oxidation. During this process heme 

group is converted to deoxyhemoglobin through reduction of iron from haem group to ferrous 

Fe II (Buonocore et al., 2010) 

Haem oxidation Heme Fe+2–O2-→O2-∙+ Heme Fe+3 

 

Another common example of ROS is hydrogen peroxide. Compared to other ROS, H2O2 is a 

relatively stable molecule. It can be produced by enzymes, such as xanntine and NADPH 

oxidases, or by superoxide dismutase, which produces peroxide from superoxide anions. 

Upon exposure to metal ions, H2O2 is known to produce of the most active ROS species- 

hydroxyl radicals in the following reaction:  

 

Hydroxyl radicals (⋅OH) is one of the most chemically active forms of ROS. Belonging to free 

radical group, this molecule possess very short lifespan of ~1 nanosecond and therefore quickly 

reacts upon formation. In the abundance of hydrogen peroxide and superoxide anion hydroxyl 

radicals are produced by Haber-Weiss reaction (Buonocore et al., 2010):  

Haber-Weiss reaction: O2-⋅+ H2O → OH-+⋅OH + O2 

Another notable in-vivo source of hydroxyl radicals is Fenton Reaction. During Fenton reaction, 

hydrogen peroxide undergoes metal-catalyzed decomposition into hydroxyl radicals (Bayat et 

al., 2012). 

Fenton Reaction   Mn+(Cu+, Fe2+, Ti3+, Co2+) + H2O2→M(n +1)(Cu2+, Fe3+, Ti4+, Co3+) +⋅OH + OH- 

 

One of the least reactive ROS- singlet oxygen is generated throughout majority of cells both in 

animals, plants and other living organisms. Singlet oxygen can be generated within different 

tissues with the input of energy. One of the common examples of such processes is generation 

of singlet oxygen within chloroplasts and mitochondria by reduction of single O2. Singlet 

oxygen is known to be recruited for immune defense, tumor suppression, cholesterol oxidation 

and protein oxidation. Singlet oxygen can be produced through reaction of hydrogen peroxide 

with hypochlorite or by spontaneous decomposition of hydrogen trioxide in H2O. (Foote et al., 

1985) 

 

O2⋅–+ H2O2→⋅OH + OH–+ O2 
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1.3. Functions of ROS: 

One of the common processes, which utilizes ROS in living organisms is the metabolism of 

atmospheric oxygen, known as aerobic respiration. However, despite, or perhaps because of, 

the highly reactive nature of the ROS, they can be used to perform specific tasks in cellular 

processes, such as tumor suppression through dissociation of cellular membranes, pathogen 

suppression, intracellular signaling and driving developmental process and cellular 

differentiation. In both animals and plants, similar pathways, which utilize ROS were identified 

by scientists. Evolutionary processes have led to astonishingly similar mechanisms in these 

processes (Huang et al., 2019). 

1.3.1 ROS immune functions in animals and plants 

ROS have been utilized by living organisms in a plethora of tasks, which enhance their survival 

and proliferative functions. One of the most common and yet primitive functions of ROS can be 

attributed to their high chemical activity, which results in the ability of ROS to cause damage to 

the biological matter through the disturbance of molecular structure of cellular components. 

Examples of such ROS application can be witnessed during the plant response upon presence 

of biotic stress factors i.e. pathogens. Plant immunity is based on two major pathogen-

recognition systems. The extracellular pathogen recognition utilizes pathogen-associated 

molecular patterns (PAMPs) recognition. PAMPs can be detected by pattern-recognition 

receptors (PRRs), which are localized on the cell surface. These receptors are represented by 

receptor kinases (RKs) and receptor-like proteins (RLPs) and are activated through binding of 

the pathogenic components, such as flagellin and prokaryotic elongation factor-Tu. (Amarante-

Mendes et al., 2018) In Arabidopsis, flagellin is recognized by leucine-rich repeat receptor 

kinases FLS2 and elongation factor-Tu is recognized by EF-Tu protein receptor. The intracellular 

pathogen recognition is composed primarily of leucine-rich repeat-containing receptor (NLR) 

proteins and nucleotide-binding domains. These receptors can detect pathogenic virulence 

effectors within the host cell and, hence the name of their target, induce effector-triggered 

immunity (ETI). Upon detection of pathogen by RKs or PRRs, plants can produce ROS in a form 

of superoxide free radicals. The detection of pathogen induces stress response, which causes 

large-scale production of ROS, which can temporally overwhelm cellular antioxidative 

mechanisms, which causes rapid increase in concentration of ROS. This, in its turn, overwhelms 

antioxidative functions of the invading pathogen, which usually possess lower tolerance for 

ROS, than the host cell. Oxidative potential of released ROS enables them to act as toxins for 
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the pathogens, such as bacteria, viruses or protozoa. Different types of ROS can attack multiple 

targets of the pathogens. Superoxide, such as O-
2 can disturb the heme groups of pathogenic 

proteins, while peroxides cause dissociation in thiol groups through redox reaction on the lone 

pair electrons of sulfhydryl groups. Bicovalent metal ion, such as Fe2+ can be reduced by 

superoxide anions, which results in the formation of hydroxide radical, such as OH-. This causes 

domino effect as hydroxide radicals act as a strong oxidizing agents, causing peroxidation of 

lipids, phospholipids, and proteins, which further amplifies the damaged caused by ROS. This 

response to pathogen is often refferd to as oxidative burst. Group of NADPH oxidases, known 

as RBOH (respiratory burst oxidase homologues) are responsible for this large-scale production 

of ROS. RBOH can be activated by signalling molecules, which are released by transmembrane 

receptors, such as membrane-bound flagellin receptor complex, which can detect the presence 

of pathogenic components within the host cells. 

Oxidative burst strategy is not limited only to plant immunity. Similar mechanisms can be 

observed within animals. Within the gut of Drosophila melanogaster upon presence of 

pathogens, such as bacteria ROS are released in order to induce toxic stress in invading 

pathogens. (Xu et al., 2017) 

Macrophages also utilize oxidative burst mechanism during response to a pathogen. Upon 

phagocytosis, macrophages are known to produce ROS in order to assist degradation of 

bacterial DNA, proteins and to disrupt phospholipid membranes and cause lysis. One of the 

known enzymes, which is responsible for production of microbicidal ROS in macrophages is 

Cytochrome B (-245) or Nox2. 

However, even during oxidative burst response, the function of ROS is not limited only to 

bestowing toxic stress upon invading pathogens. Although initially effective in eliminating the 

pathogen, or limiting its growth, prolonged exposure to ROS can also cause damage to the host 

organism. Therefore, oxidative burst response has only short-term duration and the production 

of ROS slows down and drops after the initial rise (Figure 2), which leads to the second role of 

ROS, which would enable prolonged effects, even after the ROS concentration returns to the 

pre-burst levels.
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Figure 2: ROS production by RBOHD upon exposure of plants to Flagellin (flg22)  

(Kimura et al., 2021) 

1.3.2 ROS sensing and signaling 

Another important function of ROS within living organisms is serving as a signaling molecules. 

All living organisms, that utilize ROS have evolved sensory mechanisms in order to sustain ROS 

homeostasis in order to prevent damage by uncontrolled ROS production. However, due to 

high chemical reactivity, ROS have the potential to be effective messengers both in intra- and 

extracellular environment. Examples of ROS signaling can be found in both animals and plants. 

During processes such as respiration and photosynthesis ROS are generated as a natural 

biproduct. In order to sustain these processes, ROS need to be effectively scavenged. In major 

sites of ROS production, such as mitochondria, ROS, such as O2
- and its dismutase derivative 

H2O2 are metabolized by alternative oxidases (Bhattacharjee, 2012). In chloroplasts, which lack 

specific antioxidative enzymes for O2
-
 , ROS disposal is enabled by oxidation of tocopherols, 

carotenoids and membrane lipids (Ramel et al. 2012). In addition, H2O2 can be removed by 

superoxide dismutase enzymes. In apoplasts O2
- can be converted to H2O2 by superoxide 

dismutases and then discarded. In addition superoxide anions are known to have short lifespan 

(1 µs) and are prone to spontaneous dismutation into H2O2 or O2 (Decker, 2003). 

ROS detection in living organisms is based on their ability to react with different metabolites 

and biological molecules. Example of this sensory system can be found in plants. Gluthathione 
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peroxidase-like3 (GPXL3) pathway is responsible for cytoplasmic and ER H2O2 recognition in 

plant cells (Miao et al. 2006).  Through post-translational modifications, ROS sensory proteins 

possess targets for ROS-mediated oxidation. One of the most common PTM-induced targets for 

ROS is a sulfur atom within cysteine groups of sensory proteins. ROS, such as H2O2 can react 

with a cysteine sulfur to form cysteine sulfenic acid groups. These groups can interact with 

thiol to form intramolecular disulfide bonds and disulfide bridges between molecules or with 

gluthathione to form S-glutathionylation groups. The formation of disulfide bonds and S-

glythathionylation groups is catalyzed by glutathione and thioredoxin peroxidases respectively. 

Sensory proteins, oxidized by ROS in addition to their function of ROS scavengers, are known to 

be effective regulators of the intracellular ROS homeostasis. Secondary oxidation of effector 

proteins by ROS-bound sensory proteins leads to the inhibition ROS-producing enzymes. In 

addition pathways, which are dependent on sensory proteins are known to relay information 

to the nucleus from chloroplasts. H2O2 concentration in chloroplasts correlates with levels of 

induced PTM in ROS-sensory proteins. Rise in chloroplast ROS can affect transcriptional factors 

within nucleus by several pathways, which include direct increase in nuclear H2O2, derived 

from proximal chloroplasts, stomatal transport of ROS-induced PTM proteins and increase in 

levels of oxidized derivative of chloroplast metabolites. (Souza et al. 2017) This relay of 

information results in the mediation of transcription factors within nucleus, which leads to the 

alteration in gene expression of chloroplast components and thus mediation of metabolic 

activity within chloroplasts. (Waszczak et al. 2018). 

It has been determined that ROS produced by plant NADPH-oxidases, such as RBOHD in 

Arabidopsis, during oxidative burst, can act as a signaling molecules. ROS produced by RBOHD 

in apoplast partake in stomatal pore closure (Sierla et al., 2016). In addition, ROS can exit from 

apoplast into extracellular environment and enter neighboring cells. By inducing stomatal 

closure in the proximal cells, plants can ensure that initial site of pathogen detection is 

surrounded by cells with increased protection against the entry of pathogens (Manna et al., 

2019). 

As previously mentioned, in the gut of Drosophila Melanogaster ROS are released upon 

presence of the pathogen. Pathogen detection mechanisms, which allow the cell to distinguish 

benign gut flora of D. melanogaster from invasive microbial species are based on recognition of 

specific microbial components (Ha et al., 2009). Some pathogenic bacteria within fly gut lumen 

are known to produce components such as uracil and peptydoglycans, which can be detected 

by G protein-coupled receptor (GPCR), which causes downstream activation of adaptor 
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guanine-nucleotide-binding protein q subunit-α (Gαq) and phospholipase Cβ (PLCβ). The 

activation of both Gα and PLCβ induce the synthesis of inositol-3phosphate, which recruits 

intracellular calcium. NADPH oxidase Duox1 within gut epithelial cells is activated by cellular 

calcium and upon activation produces ROS. Aside from bactericidal properties within gut 

lumen, ROS induce delamination of enterocytes within gut epithelia. It its turn, this limited 

delamination damage causes release of repair ligands Upd2 and Upd3 and epidermal growth 

factors, such as Spitz, Vein and Keren. The release of these growth factors induces active state 

within intestinal stem cells and triggers repair mechanisms of epithelial cells, which enables 

rapid compensation for the damage caused by pathogenic bacteria (Buchon et al., 2013). 

1.3.3. Apoptotic and Necrotizing ROS 

Another function of ROS, which should be mentioned is their ability to induce apoptosis 

through the means of oxidative stress. The most common pathway of ROS-induced apoptosis in 

animals is a mitochondrial apoptosis. The activation of mitochondrial apoptotic pathway can be 

triggered by stress, caused by lack of metabolites, ER stress response, growth factor deficiency 

and DNA damage. (Higuchi et al., 1998) As a major site of intracellular ROS production, 

mitochondria are susceptible to oxidative stress and pose as an efficient target for ROS-induced 

apoptosis. Mitochondrial Superoxide and H2O2 are known to cause programmed cell death 

through mitochondrial pathway. During mitochondrial apoptosis, ROS target specific proteins of 

mitochondrial membrane permeability transition pore (MPTP), such as cyclophilin, ANT and 

VDAC. These protein components undergo oxidative modifications, which causes the relaxation 

of membrane pores. (Curtin et al., 2002) This induces membrane hyperpolarization and loss of 

membrane potential. This causes even higher rates of ROS leakage from electron transport 

chain, which further degrades mitochondrial membrane through oxidation. All these factors 

contribute to mitochondrial membrane ruptures and pores openings, which in its turn enables 

the entry of apoptotic nuclear-encoded proteins, such as Bcl-2-associated X protein (BAX) and 

Bcl-2-associated death protein (BAD) from cytosol. (Redza-Dutordoir and Averill-Bates, 2016) 

Upon contact with mitochondrial membranes, these proteins create cytosolic pores, which 

allows the release cytochrome-c into cytoplasm, which leads to activation of pro-apoptotic 

caspase cascade. 

In plants abiotic apoptosis may also be regulated through ROS. Factors, such as drought-

induced stress, osmotic disbalance and salt homeostasis disturbance can be stimuli to 

programmed cell death. Prolonged drought may lead to the accumulation of H2O2 due to 

limited CO2 fixation in chloroplasts. This accumulation of ROS may lead to increased electron 
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loss from ETC and accumulation of triplet oxygen, which can induce PCD due to buildup of 

toxins (Gechev et al., 2012). Salinity or osmotic disbalance may also induces elevated levels of 

ROS production through ionic activation of NADPH oxidases, which can lead to increase in 

mitochondrial ROS and therefore induce BCL-2 associated apoptosis. (Kim et al., 2014)  

Another pathway of ROS-induced apoptosis is mediated by positive feedback loop of ROS and 

tumor necrosis factor cytokine α (TNF-α). TNF-α can induce both cell death by apoptosis or 

necrosis, as well as repair mechanisms by autophagy. (Blaser et al., 2016)  

It has been established that in animal cells, high concentrations of ROS can induce caspase-3  

apoptotic pathway (Higuchi et al., 1998). In addition high concentration of both intrinsic and 

extrinsic ROS, such as those, released by macrophages during inflammatory response (Herb and 

Schramm, 2021), can induce TNF-mediated caspase-independent necrosis or necroptosis. 

However, low concentration of ROS promote activation of TNF-R1 signaling pathway, which 

suppresses activity of necroptotic transcription factor NF-kB through ROS mediation. TNF-R1 

pathway induces upregulation of antioxidants, such as manganese superoxide dismutase 2 

(mnSOD2) and catalases, which neutralize mitochondrial ROS. This decrease in ROS 

concentration leads to upregulation of anti-apoptotic genes Bcl-XL and IAP, which can prevent 

NF-kB-mediated apoptosis through blocking activation of caspase-8 (West and Marnett, 2006). 

1.3.4. ROS in photosynthesis 

Photosynthesis is a process utilized by plants and other phototrophic organisms, such as algae 

and cyanobacteria, to convert solar energy and environmental carbon, oxygen and hydrogen 

sources (primarily CO2  and H2O) into chemical energy stored in the form of carbohydrate 

molecules. Although different species of organisms utilize different mechanisms and different 

chromophores, such as chlorophyll, phaeophytin and quinones, the photosynthesis always 

occurs on specific reaction centers sites. Reaction centers are complexes composed of proteins, 

chromophore pigments and co-factors, which enable energy conversion. (Douglas, 1998) 

Photon energy is captured through excitation of electrons on the outer orbitals in 

chromophores. Energy released from this excitation is used to reduce the chain of electron 

acceptors, with increasingly higher redox potentential and ultimately used for creation of 

chemical bonds. In chloroplasts, energy is captured by two chlorophyl molecules of 

Photosystem II at the P680 reaction center. The excitation occurs at 680 nm wavelength. 

(Peltier et al., 2010) Upon absorption of photon energy, the energised electron is transferred to 

phaeophytin molecule. After electron been accepted by phaeophytin molecule, it travels via 
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two plastoquinone molecules- one tightly bound, and one loosely bound. Two high-energy 

electrons (and thus two proton uptake events) are required in order to reduce the loosely 

bound plastoquinone molecule. Electron is transferred to cytochrome b6f complex of 

Photosystem I, which in its turn transfers electron to plastocyanin in order to induce 

electrochemical gradient for the synthesis of ATP from ADP in chloroplast in order to support 

Calvin cycle.  

The emission of electron by P680 is compensated by manganese center of P680 complex, which 

is composed of four manganese atoms with different redox state, which donate electrons to 

P680. Manganese catalytic center is responsible for oxidation of water, which serves as electron 

source. During catalytic water oxidation, electrons are transferred to manganese center and 

two protons and one singlet oxygen are released. Protons are removed through the action of 

cytochrome b6f complex in order to establish electrochemical gradient for the functioning of 

ETC. (Prasad et al., 2015) 

Photosynthetic electron transport chain (PETC) described above is a main source of ROS within 

chloroplasts. The singlet oxygen formed during oxidation of water and interactions between O2 

and PETC contributes to the major part of ROS production and buildup within chloroplasts. ROS 

produced by PETC include singlet oxygen, superoxide, hydrogen peroxide and others. In 

addition, hydroxyl radicals can form by one-electron reduction of hydrogen peroxide on the PSII 

electron donor and acceptor sides. (Khorobrykh et al., 2020) Increased ROS production changes 

the redox balance within chloroplasts, which leads to the disturbance of membrane 

electrochemical potential and thus affects entire PETC. In order to prevent the damage caused 

by high concentration of ROS, chloroplasts possess effective scavenging mechanism in thylakoid 

membranes and stroma, such as localized concentrations of SOD and tAPX proximal to PSII and 

PSI systems, utilized for the sustainment of ROS homeostasis. (You, 2018) In addition to 

scavenging mechanisms, chloroplasts possess mechanisms, such as non-photochemical 

quenching of excitation energy (NPQ), which reduces formation of permanent ROS. (Asada, 

1999) 
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1.3.5. Mitochondrial ROS 

Mitochondria are one of the major sources of intracellular ROS production within living 

organisms. Due to the manner, in which they accomplish their primary function of ATP 

producers, mitochondria are especially susceptible to undesired ROS production. Electron 

transport chain used for oxidative phosphorylation in mitochondria uses the similar principle of 

generation of electrochemical gradient in PETC. In order for ATP synthase to possess enough 

energy for conversion of ADP to ATP, electrochemical gradient has to be created through the 

means of proton transport into intermembrane space. Proton transport is accomplished 

through the cytochrome transmembrane proton transport complexes I, II, II, and IV. By 

accepting the electron from proton donor NADH, which is converted into NAD+, complex I 

becomes supercharged and enables proton transport from matrix to intermembrane space. 

Upon reaching full redox potential, complex I (NADH dehydrogenase) donates electron to CoQ, 

while FADH2, which upon release of electron is converted to FAD+, donates its electron to 

complex II (Succinate dehydrogenase). Electron from complex II is transferred to CoQ, which 

donates its electrons to complex III (cytochrome c reductase), complex III upon reaching full 

redox potential donates electrons to Cytochrome C (CytC). CytC donates electrons to complex 

IV (cytochrome c oxidase). After reaching full redox potential, complex IV releases electrons, 

which are accepted by a molecule oxygen, which takes role of final electron acceptor. By 

accepting electrons, one molecule of oxygen splits into two singlet oxygen units, which are 

rapidly converted to two molecules of water. During this process, it’s not uncommon, that 

electrons tend to dissociate and leak from the complex I and III of electron transport chain.  

(Turrens, 2003) This induces formation of superoxide anions, which is than dismutated into 

H2O2 by SOD1 in intermembrane space and by SOD2 in mitochondrial matrix. Hydrogen 

peroxide in its turn can be converted into H2O by glutathione peroxidase (GPX) complex. 

(Reichart et al., 2018) 

As mentioned before, mitochondrial ROS can perform important signaling functions. Aside from 

regulation of apoptotic factors, ROS are utilized in redox signaling pathways in mitochondrion. 

It has been established that mitochondrial ROS, such as superoxide anions and hydrogen 

peroxide can regulate essential cellular pathways. Lack of mitochondrial ROS may lead to the 

decreased cellular signaling sensitivity to different growth factors, such as insulin-like growth 

factor IGF-1. (Handy et al., 2009) In addition ROS, such as hydrogen peroxide can regulate 

mitochondrial thiol redox balance through thiol oxidation. (Baba and Bhatnagar, 2018) 

Therefore, that although uncontrolled ROS production can cause damage to mitochondrial 
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structures or induce PCD, ROS play an important role in maintaining mitochondrial 

homeostasis. 

1.3.6. Further examples of ROS within living organisms 

Another interesting role of ROS within living organisms derives from their high chemical 

reactivity. According to previous studies, ROS, such as hydroxyl ions take part in memory 

formation. The formation and storage of memory depends on epigenetic modifications of 

nucleotides in hippocampal neurons. (Zhou et al., 2016) One important modification, which 

induces memory formation by demethylation of neuronal DNA. (Beckhauser et al., 2016) 

Hydroxyl ROS is able to attack guanine on the dinucleotide site, leading to epigenetic change in 

methylation of guanine and thus form 8-hydroxy-2'-deoxyguanosine. This rapid epigenetic 

change may be associated with regulation of activation of hippocampal transcriptional factors, 

which can be associated with long term memory. Further studies on rats have shown, that 

exposure to fear conditioning have led to up-regulation of 564 genes in rat hippocampus, which 

are associated with promoters, that are activated by demethylation (Halder et al., 2015). 

 

Yeast ortholog of NADPH oxidase Yno1p/Aim14p upon activation can produce superoxide 

anions which can be dismutated to hydrogen peroxide. ROS within yeast have been established 

to govern formation F-actin fiber network, as well as induce extramitochondrial apoptotic 

pathways. Studies have shown, that overexpression in YNO1 gene induces YCA1-dependent 

apoptosis (Rinnerthaler et al., 2012). 

 

It has been established that ROS-mediating processes have evolved in very early forms of life on 

our planet. ROS-associated genes can be found in every group of living organisms. All 

eukaryotes- plants, fungi, algae, protozoa, and animals, all have inherited these pathways from 

the common ancestor, which have existed on Earth around 3.8 billion years ago- well before 

Global Oxygenation Event. Additional clues even suggest, that the evolutional history of ROS-

governing pathways dates even earlier- as far as 4.1 billion years ago and probably can be 

traced to the LUCA (Last Universal Common Ancestor) and that the ability to govern ROS can be 

responsible for establishing of life on Earth. (Inupakutika et al., 2016) 
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1.4. NADPH oxidases and other ROS sources 

1.4.1. NADPH Oxidases 

Nicotinamide adenine dinucleotide phosphate or NADPH Oxidases are well-characterized 

cellular ROS producers. NADPH Oxidases are membrane-bound enzymatic complexes, which 

can be found throughout eukaryotic organisms (Hajjar et al., 2017). NADPH oxidases are utilized 

by prokaryotes for multiple purposes, including oxidative antimicrobial defense, sustainment of 

redox homeostasis, hormonal regulation and cellular signalling. In addition, in arthropods, such 

as D. melanogaster, NADPH oxidases help to modulate gut motility and facilitate blood 

digestion in hematophagous insects (Gandara et al., 2021). 

NADPH Oxidases are represented in multiple tissues and vascular cells, such as macrophages. 

The main function of NADPH oxidases is catalyzation of superoxide free radical production. This 

is accomplished by oxidation of NADPH, which acts as electron donor. During enzymatic activity 

electron donated by NADPH is transferred to the oxygen molecule, thus forming superoxide 

free radical, while NADPH is reduced to NADP+ and one proton is released as byproduct. 

NADPH oxidase activity NADPH + 2O2 ↔ NADP+ + 2O2
− + H+ 

 

In order to maintain ROS balance within biological systems, NADPH oxidases activity needs to 

be tightly regulated. Without activation factors NADPH oxidases remain in diactivated state, 

until exposure to the specific activation mechanism. Different types of NADPH oxidases can be 

activated by different factors, which include hormones, growth factors, cytokines, pathogen-

derived components, lipids and lipoproteins. In addition NADPH oxidases can be activated by 

phosphorylation of NADPH oxidase subunits, as well as through the effects of Ras-related C3 

botulinum toxin substrate 2 (Rac2) and conformational changes of enzyme subunits. Also, 

NADPH oxidases such as AtRBOHD and Nox5 are known to be activated by the effects of ionic 

calcium. (Belambri et al., 2018) 
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1.4.2. Human NADPH Oxidases variants. 

Nox1 is localized within plasma membranes of epithelial and smooth muscle cells within colon 

uterus and placenta, as well as moderately expressed in osteoclasts, retina and neurons. Nox1  

can be activated by cytosolic Rac2 proteins and cytochrome b gp22phox complex. 

Nox2gp91/22phox is a phagocytotic membrane-bound NADPH oxidase subunit. Nox2 can be 

activated by RAC2 and gp22phox complex, and recognized as a primary source of phagocytotic 

ROS utilized in antimicrobial defense.  

Nox3 is a p22-associated plasma membrane-bound NOX subunit, known to be localized within 

fetal kidney, liver, lung and spleen.  

Nox4 is gp22phox-associated NADPH oxidase subunit, which is known to be localized within 

inner ear vestibular apparatus, liver, ovary and eye, as well as in smooth muscle cells, 

fibroblasts, keratinocytes and osteoclasts. 

Nox5 is calcium-mediated NADPH oxidase subunit, localized within spleen, testis, vesicular 

smooth muscle cells, mammary glands, as well as in fetal brain, heart, kidney, liver, lung, 

skeletal muscle, spleen and prostate. 

Duox1 and Duox2 are glycolysated subunits of NADPH oxidase and can be found in thyroid cells 

in respiratory tract epithelia, thyroid gland, stomach, pancreas, colon and rectum. Both Duox1 

and 2 are mediated through binding of DUOXA1 and DUOXA2 maturation factors. 

Figure 3: Human NADPH oxidase variants (Panday et al., 2014) 
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1.4.3. Other ROS sources 

Although this research is focused specifically on NADPH oxidases and their intramolecular 

mechanism, it would be beneficial to mention few common examples of enzymatic ROS sources 

from the outside of NADPH oxidases family. 

Peroxysomes are organelles, which represented in almost all eukaryotic cells in a close 

proximity to mitochondria. Peroxisomes can metabolize fatty and amino acids from cytosol. 

Peroxisomes metabolize their targets through oxidative metabolic pathway, which results in 

production of superoxide anions, which subsequently dismutates into hydrogen peroxide. In 

addition to their metabolism of fatty acids, they express high levels of catalases, glutathione 

oxidases and superoxide dismutases, which means that, although producing ROS, they can 

successfully detoxify ROS produced by themselves, but also remove additional ROS from 

cytosol. (Sandalio et al., 2013) 

Xanthine Oxidase (XO) is a cytosolic enzyme, which plays an important role in catabolism of 

purine nucleotides. XO catalysises hypoxanthine bases into xanthine bases and then xanthine 

into uric acid. Uric acid is the end product of purine catabolism. Hydrogen peroxide is 

generated as a by-product of two oxidation steps of the enzymatic activity. (Kostić et al., 2015) 

Lipogenases and Cyclooxygenases belong to family of enzymes that metabolize arachidonic 

acid. Both lipooxygenales and cyclooxygenase can generate ROS. Cyclooxygenase isoforms 

COX1 and COX2 are membrane-bound enzymes, which can catalyze conversion of arachidonic 

acid in bifunctional reaction. In the initial step, cyclooxygenase incorporates cyclic peroxide 

bond, releases prostaglandine-G2 as an intermediate. Generation of hydrogen peroxide and co-

substrate requires O2 consumption. The second step is characterized by reduction of 

prostaglandine-G2 to prostaglandine-H2 by peroxidase activity with a previously generated 

hydrogen peroxide in a role of co-substrate. COX enzymes are a crucial part of prostaglandin 

synthesis and metabolism regulation (Cuendet and Pezzuto, 2000). 
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2. hsNox5β vs. AtRBOHD 

One example of animal NADPH oxidases family is NOX5- enzyme found both in mitochondrial 

and cellular membranes in cells of spleen, kidneys, testis and immune system vascular cells. 

The main pathway by which NOX5 produces ROS is, hence the name, is oxidation of NADPH. 

NADPH oxidase catalyzes the production of a superoxide free radical by transferring electrons 

through oxidation of NADPH to the iron cluster within transmembrane region via FAD (Flavin 

adenine dinucleotide). The resulting superoxide can be utilised by phagosome for the 

formation of attack complexes against pathogens, such as fungi and bacteria through the 

mechanism of oxidative stress. NOX5 serves essential role in regulation of redox-dependent 

processes in lymphocytes, angiogenesis and proliferative functioning or induce apoptosis. 

One of the variants of Nox5- hsNox5β primarily expressed in testies and can be found within 

the membrane of endoplasmic reticulum. Nox5β isoform possesses Mg+ and Fad co-factor 

binding domains. In addition, hsNox5β has 4 EF calcium binding domains on its regulatory motif 

(N-terminus) Nox5β isoform is also known to be activated by calcium and inhibited by 

diphenylene iodonium. (Uniprot, 2021) 

 

 

Figure 4: hsNox5β structure (Touyz et al., 2019) 
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One very similar in its behavior and catalytic motif structure to hsNox5β member of NADPH 

oxidase family can be found in plants. Respiratory burst oxidase homologues or RBOH is a 

group of enzymes which belongs to the NADPH oxidases, which is responsible for the 

production of ROS in plans. One of the well-characterised members of this group- RBOHD, can 

be found in cellular membrane, where it is located as transmembrane protein with two 

cytoplasmic terminals and transmembrane region- with high resemblance of NOX5 structure.  

 

Figure 5: AtRBOHD structure (Citterico et al., 2021) 

Arabidopsis RBOHD produces superoxide ROS burst for regulation of cellular signaling and 

pathogen supression, as a response to activation of the flagellin receptor FLAGELLIN-

INSENSITIVE 2 (FLS2) by phosphorylation. Just like hsNox5β, RBOHD possesses 4 calcium 

binding motifs, and can be activated by calcium and suppressed by diphenylene iodonium. 

(Uniprot, 2021) 
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Figure 6: Cytoplasmic C-termini of AtRBOHD and HsNOX5 (Citterico et al., 2021)  

Despite the multiple similarities within the structures of NOX5β and RBOHD and similarities in 

their activation mechanisms, which are dependent on the presence of calcium (Ca2+) ions, the 

effects of presence of Ca2+ on the interaction of cytoplasmic tails of RBOHD so far remains 

unidentified. The interaction of the tails in hsNox5β is controversial (Wei et al., 2010), (Bánfi et 

al., 2004). However, previously studied isoform NOX5ε has been described to be activated by 

Ca2+ -binding. The interaction of cytoplasmic tails of this isoform has also been observed to be 

dependent on Ca2+ . Consequently, it has been proposed that the activation of NOX5ε may be 

driven by interaction of cytoplasmic tails. On the opposite, the homologue of NOX5, RBOHB, is 

also activated by Ca2+, but the activation of RBOHB does not appear to be linked to the 

interaction of cytoplasmic tails, as interaction of the RBOHB’s cytoplasmic tails has been 

determined to be Ca2+ independent. (Hawamda et al., 2020) 

 

Therefore question few logical arise- how exactly does calcium affects the interaction of 

cytoplasmic termini within RBOHD and does it affect them at all? How does calcium affect 

interaction of tails in hsNox5β and is it any different from AtRBOHD? Can terminal motifs of 

NADPH oxidases, derived from two distinct species interact with each other, even if they 

possess similar structures? 
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3. Research Objectives 

• Analysis of C and N terminals within hsNox5β 

 

• To determine the effect of calcium ions on interaction of AtRBOHD C and N terminals 

motifs and comparison with interaction in hsNox5β 

 

• Establishment of possible interactive cross-compatability of RBOHD and Nox5 terminals 

between each other. 

______________________________________________________________________________ 

4. Materials and Methods 

In order to analyze the intramolecular interactions of hsNox5β and AtRBOHD terminals, the 

constructs of separate terminals fragments of catalytic (C) and regulatory (N) motifs from  

both AtRBOHD and hsNox5β for bacterial expression in BL21 had to be generated. 

hsNox5β pcDNA Template was kindly provided by Dr. Fulton 

AtRBOHD template was kindly provided by Matteo Citterico and Michael Wrzaczek  

Primer design 

• All primers for this research purpose were designed using ApE plasmid editor software 

(https://jorgensen.biology.utah.edu/wayned/ape/) 

• Primers were ordered from Sigma-AldrichTM 

Sequence isolation from pcDNA 

• Isolation of sequence from pcDNA was carried out using standard PCR method 

PCR mix  

H2O (MQ) 16uL 

PCR buffer (10X) 2uL 

Fwd. Primers                        0.5 uL                  

Rev. Primers                         0.5 uL                  

dNTPs           0.5 uL                  

Firepolymerase (Biodyne) 0.1uL                 

Template 1uL 
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Polymerase Incomplete Primer Extension (PIPE) 

After template sequences were isolated from cDNA, PIPE method was used to generate 

vectors and inserts, which contained isolated sequences of single terminals using 

corresponding primers from Sigma. 

 

PIPE-PCR mix Insert Vector 

H2O (MQ) 14 uL 13 uL 

PCR buffer (10X) 4 uL 4 uL 

Fwd. Primers 0.4 uL 0.4 uL 

Rev. Primers 0.4 uL 0.4 uL 

dNTPs 0.4 uL 0.4 uL 

Phusion polymerase 0.2 uL 0.2 uL 

Template 1 uL 2 uL 

 

 

 

Bacteria transformation 

After PIPE-PCR was complete, corresponding vectors were mixed in 1:1 ratio with inserts 

(Catalytic motifs (C) were inserted into Popin-M with MBP Tag, Regulatory Motifs were inserted 

into PGEX-6P1 with GST Tag) and added into eppendeorf tubes containing competent cells (E. 

coli) DH5α and 1 mL of Lennox-LB media, which were then left on ice for 20 min and then 

subjected to heat shock at 42OC for 3 minutes. After that mixture was left to incubate for 1 hour 

at 37OC. After 1 hour mixture was centrifuged at 4000 rpm and excess media was removed. 

Pellet was resuspended and ~100uL was plated on (ampicillin 100 ug/ul) agarose petri dishes 

and left to incubate overnight at 37OC 

 

Colony PCR 

On the next day single colonies from the plates were transferred into 20ul MQ in PCR tubes 

using wooden toothpick. 

10 ul of the mixture was added to colony PCR mix 
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Colony PCR mix  

H2O (MQ) 6.3uL 

PCR buffer (10X) 2uL 

Fwd. Primers                        0.5 uL                  

Rev. Primers                         0.5 uL                  

dNTPs           0.5 uL                  

Firepolymerase (Biodyne) 0.2uL                 

Template 10 uL 

 

The colony PCR results were analysed using ethilum bromide agarouse gel 

Suitable candidates were selected and sent for sequencing 

Dissolved colonies of suitable candidates were induced into Lb-lennox and grown in 37OC room 

overnight. 

Plasmid purification 

4 mL of bacteria were centrifuged in 2mL tubes 

300 uL of Alkaline SDS were added 

300 uL of GTE were added 

The mixture was incubated for 5 min at RT 

300 uL of High salt solution were added 

Invert 5 times 

Lysate was cenrifuged 

Supernatant was transferred into new tubes 

300 ul of isopropanol were added 

Mixture was centrifuged at 10000 rpm 

Resuspend in 30 uL ethanol 

Plasmid transformation 

1-5 uL plasmid were added to 100 ul BL21  

BL21 were then left on ice for 20 min and then subjected to heat shock at 42OC for 3 minutes. 

After that mixture was left to incubate for 1 hour at 37OC. After 1 hour mixture was centrifuged 

at 4000 rpm and excess media was removed. Pellet was resuspended and ~100uL was plated on 

(ampicillin 100 ug/ul) agarose petri dishes and left to incubate overnight at 37OC 
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Pre-culture E.Coli 

Single colony was picked with wooden toothpick and put it in LB + Ampicillin left to incubate 

overnight at 37C. 

Protein induction 

500mL of warm LB were added to the warm flasks 

Ampicillin was added 

60 mL of preculture was added to reach ~0.2 OD 

Culture was set to incubate at 37OC 

When OD has reached 0,6, flasks were transported to 28oC room to shake 

1,5mL of IPTG100mM per flask was added (1,5mL per 500mL) 

The final cultures were set to shake for 4 hours in the the 28OC 

The final cultures were transferred into 250 mL centrifuge tubes.  

Cultures were centrifuged at 8000rpm for 10 min. 

Pellets were mixed with PBS and frozen 

 

Protein purification: 

Pellets with PBS were thawn  

10ul/1mL of PMSF was added to mixtures 

Pellets were resuspended  

The resuspended pellets were transferred in the smaller tubes 

Into each tube following components were added: 

Lysozyme: 0,2mg/mL  

Dnase: 0,02mg/mL  

MgCL: 10mM 

Tubes were shaken at RT for 30 min 

Add 1mL of triton-X (10%) in 10mL of PBS  

Centrifuge for 20 min (12000 rpm at 4C) 

Remove supernatant  

Wash 250 ml of corresponding beads 

Add supernatant from the centrifuge to the beads 

Put the tubes to rotate in 4OC for 30 min  

Centrifuge 4k rpm for 2 min 

Remove supernatant  



-26- 

Add 40mL of column buffer 

Centrifuge 4k rpm for 2 min 

Remove supernatant 

Add 1mL of elution buffer to the beads 

Resuspend the beads 

Transfer in a 1,5uL tube 

Rotate for 30 min 4oC 

Freeze elution fractions (-80) 

 

Buffer A (50 mM Tris-HCl, pH 7.5, 150mM KCl, 1 mM EGTA ) 

Column Buffer (20mM Tris Hcl pH 7,5, 200mM NaCl, 1mM EDTA pH 8)  

MBP-elution buffer pH8.0 (Column buffer + 20mM Maltose + 50uL Triton-X 10%)  

GST-elution buffer pH8,5 (20mM reduced Glutathione, 50mM Tris HCl pH 8.8, 150mM NaCl, 

10mM DTT, 0,01% Triton-X) 

 

Removal of Ca2+ Ions from the protein samples in order to simulate Ca+2 deprived 

environment 

Equipment:  

Amicon® Ultra-4 Centrifugal Filter Unit (15 ml, 10000 NMWL) 

Add 5 ml of Buffer A to the Amicon Filter tube 

Add 1 mL of Protein to the Amicon Filter tube 

Centrifuge at 10, 000 rpm for 15 minutes 

Repeat washes three time 

 

 

 

 

 

Pulldowns 
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Pulldowns were carried in order to analyse the interactions between regulatory and catalytic 

terminals motifs of AtRBOHD and hsNOX5β and their cross-compatibility. 

First the interaction between the terminals within both AtRBOHD and hsNOX5β was measured 

in three different conditions: 2mM Calcium, 1mM EGTA and Normal (Buffer 0) 

   

Pulldown buffers: 

Buffer 0 (50 mM Tris-HCl, pH 7.5, and 50 mM NaCl) 

Buffer EGTA (50 mM Tris-HCl, pH 7.5, and 50 mM NaCl, 1 mM EGTA) 

Buffer Ca2+ (50 mM Tris-HCl, pH 7.5, and 50 mM, NaCl, 2mM CaCl) 

Buffer 0 (50 mM Tris-HCl, pH 7.5, and 150 mM NaCl) 

Buffer EGTA (50 mM Tris-HCl, pH 7.5, and 150 mM NaCl, 1 mM EGTA) 

Buffer Ca2+ (50 mM Tris-HCl, pH 7.5, and 150 mM, NaCl, 2mM CaCl) 

Buffer 500 (20 mM Hepes, 500 mM KCl, 5mM MgCl, 1% Tween +DTT/PMSF)  

Buffer 50 (20 mM Hepes, 500 mM KCl, 5mM MgCl, 1% Tween +DTT/PMSF)  

• 650 uL of amylose resin GST beads were added to the 1.5mL tubes and washed with PBS  

• Second step included splitting beads into corresponding tubes and adding GST- and 

MBP-proteins into the tubes with beads, followed by 1 hour of primary incubation in 

order to induce binding of GST-tagged proteins to amylose resin, as well as clear any 

MBP-binding proteins from any undesired GST-binding residues. 

• The supernatant was then removed from tubes with GST proteins by centrifugation 

• Supernatant from MBP-protein tubes was added to GST tubes with beads, as well as 

required controls, such as MBP and GST. 30 uL input samples for control measurements 

were taken out from every PD sample before the final incubation, mixed with 30 uL of 

loading dye and frozen with liquid nitrogen. 

• Samples were left for one hour to rotate in 4OC. 

• Samples were then washed with appropriate buffers (150 mM KCL/Buffer 500). 

Analysis of RBOHD-Nox5 cross-compatible  

terminals interactions 

1) Nox5N + RBOHD-C 

2) Nox5N + MBP 

3) GST+RBOH-C 

4) RBOHD-N + Nox5-C 

5) RBOHD-N + MBP 

6) GST+Nox5-C 
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• Loading Dye was added and samples were frozen in liquid nitrogen. 

Western Blot 

Day 1 

• Pulldown and Input samples were thawed and heated for 3 minutes at 90OC 

• The pre-cast gels (biorad) were loaded and let to run (PD 8uL, Input 4-5 ul) 

Millipore membrane was cut into 6x9 cm pieces 

Membrane was activated in methanol 

Gels were sandwiched between paper and membrane and then let to transfer 

Transfer: TAE 10%, 65V, cooling unit 

After transfer membranes were left to dry for one hour or overnight 

Blocking  

Before blocking with TBS-Tween 1.5 % Milk powder, membranes were activated in methanol 

Blocking is done by incubation of membrane in TBS-T 1.5% milk powder for one Hour at RT 

Day 2 Primary AB: 

• The required primary antibody were added (GST-Goat) or (MBP-Mouse) in a 1 : 15 000 

dilution in TBS-Tween with 1.5 % Milk powder.  

The membrane was incubated on a shakrer overnight at +4 °C. 

Day 3: Secondary AB and visualisation: 

• The membrane was washed 4 times at RT with TBS-Tween for 5 min each. 

• The secondary antibody anti-Goat for GST and Anti-mouse for MBP was added in a 1:50 

000 dilution in TBS-Tween with 1.5 % Milk Powder. 

• The membranes were incubated shaking for no longer than 1 hour at RT in black boxes. 

• Membranes were washed 3 times with 10% TBS-Tween at RT for 5 min each. 

• Membranes were washed once in 10% TBS  

• Membranes were dried for 1 hour 

• Visualization is done using Odyssey scanner and software. 
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Results 

When this project was initiated, it had three main questions to answer: 

• How does Ca2+ affects C and N terminals motifs within hsNox5β 

• Does calcium affects AtRBOHD C and N terminals motifs and how does it differ from Ca2+ 

effects in hsNox5β? 

• AtRBOHD and hsNox5β have similar structure of catalytic C-terminal. Is it possible for 

these motifs to show cross-compatible interactions (NOX5-C interacts with RBOHD-N 

and RBOHD-C with Nox5-N)? 

The project was carried out utilizing methods of pull-down assays. Gluthathione agarouse 

beads were used to induce binding of GST-Tagged recombinant motif N and by measuring 

the amount of binding of MBP-tagged C motif, determine the levels and possible regulatory 

pathways for intramolecular interactions in vitro. 

Intramolecular interactions of terminal motifs within AtRBOHD and hsNox5 

 

Figure 7: Analysis of Ca2+ effect on intramolecular interactions within RBOHD and NOX5 
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Quantification of terminals’ interactions: 

Band quantification 

1) Nox5-C + N (Buffer 0) 9958.045 9865,095 

2) Nox5-C + N (1 mM EGTA) 10061.510 7783,267 

3) Nox5-C + N (2 mM Ca2+) 7709.468 6047,782 

4) Nox5-C + GST (Buffer 0) 6182.640 4488,418 

5) MBP + Nox5-N (Buffer 0) 586.465 458,657 

6) RBOHD-C + N (Buffer 0) 8780.995 4570,66 

7) RBOHD-C + N (1 mM EGTA) 10919.409 4711,004 

8) RBOHD-C + N (2 mM Ca2+) 12281.309 4182,296 

9) RBOHD-C + GST (Buffer 0) 4912.004 3970,296 

10) MBP+RBOHD-N (Buffer 0) 996.849 382,364 

 

Table 1: Relative band quantification Band quantification was carried out in both repeats using 

ImageJ software (http://rsbweb.nih.gov/ij/download.html.) 

 

 

Figure 8: Relative Interaction quantification 

Results of the initial experiment show, that ionic calcium does not seem to induce binding of C 

and N terminals of Nox5 as was expected. On the contrary, while C and N termini interactions 

within 1mM EGTA and Buffer 0 remain on approximately same level, 2mM Ca2+ even seems to 
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cause slight increase in dissociation of C and N terminals of Nox5, which contradicts results of 

previous studies on motifs interactions within Nox5. (Bánfi et al., 2004) 

On the other hand, slight increase in relative interaction levels upon presence of calcium can be 

witnessed in AtRBOHD termini interaction. 

The controls of this pull-downs show, that interactions of C and N termini of Nox5 and RBOHD 

can not be attributed to the binding with MBP or GST. Limited binding of C-termini of Nox5 and 

RBOHD to GST was observed, but this does not drastically affect the results. And MBP shows 

almost no binding to N-termini of both RBOHD and Nox5. 

Although some limited increase in binding of C to N terminals upon presence of Ca2+ was 

observed in RBOHD, this increase was very moderate and have been observed during single 

repeat, which suggests that this increase of binding can be attributed to methodic mistake and 

can not serve as a proof that Ca2+ ions induce conformational changes and binding of motifs in 

RBOHD. 

Cross-compatible interaction of Nox5 C and N termini with RBOHD C and N 

motifs 

Another objective of my research, was analysis of interactions between terminals, derived from 

two highly diverged species. All repeats have shown, that Nox5 C-terminus can interact with N-

terminus of RBOHD, as well as RBOHD C-terminus can interact with Nox5 N-terminus. 

Noticeable bands can be witnessed on WB membrane, treated with MBP-binding antibodies. 

Controls of this experiment show, that RBOHD-C terminus readily binds to Nox5 N-terminus 

under the normal conditions, as well as Nox5 C-terminus readily binds to the RBOHD N-

terminus, while binding between MBP and N-termini as well as binding between C-termini and 

GST is very limited (Figure 8). 
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Figure 9: Analysis of Cross-Compatible Interaction of Nox5 motifs with RBOHD motifs 

 

6. Discussion 

The first part of this project have been focused on intramolecular interactions within NADPH 

oxidases. It has been well established, that NADPH oxidases, such as Nox5 and RBOHD can be 

activated through calcium mediated pathways. It has been widely accepted, that upon binding 

to calcium binding domains on regulatory motif both in Nox5 and RBOHD, domains, calcium 

induces conformational changes and causes regulatory motif to ultimately bind to catalytic 

motif of NADPH Oxidase (Kadota et al., 2015). In order to analyze this terminasl-binding 

mechanism, the experiment was designed, which would allow for in vitro analysis of NADPH 
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oxidase intramolecular activity. 

As it turned out, ionic calcium possesses quite a moderate efficiency in induction of terminals 

motif binding both within Nox5 and RBOHD. Western blots have shown, that in calcium- rich 

environment, the expected significant rise in binding of C terminus to N terminus both in 

RBOHD and Nox5 has not been detected. Even more interesting, not only not being elevated, 

but the rate of motif binding also seems to be slightly reduced within calcium rich environment 

in Nox5 (Figure 8), which suggests alternative pathways for activation of NADPH oxidases by 

calcium, rather than introduction of conformational changes and binding of regulatory motif to 

catalytic. 

The experiments have shown, that calcium effect on the interaction terminal motifs remains 

very similar both in RBOHD and Nox5. Neither of species appear to show any conformational 

changes and increase in EF-hand motif interactive activity upon exposure to Ca2+ ions, which 

may also suggest for the similarities within calcium activation pathways and evolutional 

conservation within these NADPH oxidases. These results may suggest for the alternative 

pathway of Nox5 and RBOUHD activation, where calcium is not solely responsible for changes 

in enzyme structural conformation, but can act in a role of co-factor, which can induce state of 

higher alert to other activation factors. This role of calcium has been determined in MC4R- a 

transmembrane melanocortin receptor, which is expressed in neurons, just like NADPH 

oxidases, has transmembrane region, EF-hand with calcium-binding site, and one cytoplasmic 

terminal. This receptor is responsible for melanocortin detection, associated with feeling of 

hunger. In this protein, calcium does not induce any conformational changes, but upon binding 

acts as biased co-factor and increases sensitivity of the receptor. (Chaturvedi and Shukla, 2020) 

Another aim of my research was establishment if calcium affects binding of cytoplasmic termini 

within RBOHD. As this experiment revealed, calcium does not seem to induce any binding 

between C and N termini neither in Nox5 and RBOHD. 

Another part of my research is an analysis of intramolecular interactions of two termini, derived 

from two highly diverged species. Both western blots visualizations have shown, that Nox5 C-

terminus can interact with N-terminus of RBOHD, and C-terminus of RBOHD can interact with 

Nox5 N-terminus. Although neither C and N terminus of RBOHD share any exact common 

amino acid sequences with C and N terminals of RBOHD (supplement 1-RBOHD-NOX5 

alignment), the structures of C-terminals of Nox5 and RBOHD are very similar (Figure 6) and 

therefore the cross-comapatible interactions were not excluded and eventually were proven to 

exist by this research 
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7. Conclusion 

This project was initiated in order to expand our understanding of the effects of calcium on 

NADPH oxidase structure and bring clarity to the debated topic of calcium effects on Nox5 

conformational changes. By comparing the effects of calcium on two different members of 

NADPH oxidase family, the common traits in such diverged clades, such as animals and plants 

could be found. By creating parallels within complex systems, the lesser-known aspects of one 

can be proposed, based on researching the other, which would benefit future researchers and 

overall understanding of mechanisms behind life itself. 

The results of this research have demonstrated that pure calcium ions are not responsible for 

inducing conformational changes in calcium associated oxidases, such as RBOHD and Nox5. 

However according to numerous sources, calcium is nevertheless an important regulatory 

component of NADPH oxidases and it plays an important role in their activation and regulation, 

and potentially can be responsible for changes in conformation in a role of co-factor. 

In addition, this research has demonstrated, that terminals of both RBOHD and Nox5 can 

interact between each other in cross-compatible manner. The results of this project can 

therefore serve as a background for future studies regarding the intramolecular interactions in 

NADPH oxidases and studies regarding the evolutional conservation within transmembrane 

enzymes 
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10. Appendix 

Experiment 1 Repeat 

 

Pulldown Repeat to measure effects of Ca2+ on interactions of cytoplasmic tails (EF-hand motifs) of RBOHD and 

NOX5 

 

Ionic calcium has no effect on cross-compatible interactions between terminals of AtRBOHD and 

hsNox5 (Supplementary figure, no repeat) 
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Experiment 2 repeat: Cross-comatible (C-to N) Interactions of EF-hand motifs of RBOHD with 

catalytic terminal of Nox5 
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Supplement 1: Alligment of Nox5 and AtRBOHD 
 

sp|Q96PH1|NOX5_HUMAN       -----------------------------

MNTSGDPAQTGPEGCRGTMSAEEDARWLRWV 31 

sp|Q9FIJ0|RBOHD_ARATH      MKMRRGNSSNDHELGILRGANSDTNSDTESIASDRGAFSGPLGRPKR-

ASKKNARFADDL 59 

                                                          :*.  * :** *     :::::**:   

: 

 

sp|Q96PH1|NOX5_HUMAN       TQQFKT------------------------------IAGEDGEISLQEFKAA--

LHVKES 59 

sp|Q9FIJ0|RBOHD_ARATH      

PKRSNSVAGGRGDDDEYVEITLDIRDDSVAVHSVQQAAGGGGHLEDPELALLTKKTLESS 119 

                            :: ::                               ** .*.:.  *:       

::.* 

 

sp|Q96PH1|NOX5_HUMAN       

FFAERFFALFDSDRSGTITLQELQEALTLLIHGSPMDKLKFLFQVYDIDVCARQGASAGT 119 

sp|Q9FIJ0|RBOHD_ARATH      LNNTTSLSFFRSTSSR---IKNASRELRRVFSRRPSPAVR----

RFDRTSSAAIHALKGL 172 

                           :     :::* *  *    ::: .. *  ::   *   ::     :*   .*   *  *  

 

sp|Q96PH1|NOX5_HUMAN       EWGAGAG------------------------PHWASSPLGTGSGSIDPDELRTV-----

- 149 

sp|Q9FIJ0|RBOHD_ARATH      

KFIATKTAAWPAVDQRFDKLSADSNGLLLSAKFWECLGMNKESKDFADQLFRALARRNNV 232 

                           :: *                            .* .  :.. * .:  : :*::       

 

sp|Q96PH1|NOX5_HUMAN       -----LQSCLRESAISLPDEKLDQLTLAL------------------------------

- 173 

sp|Q9FIJ0|RBOHD_ARATH      

SGDAITKEQLRIFWEQISDESFDAKLQVFFDMVDKDEDGRVTEEEVAEIISLSASANKLS 292 

                                 :. **    .: **.:*    .:                                

 

sp|Q96PH1|NOX5_HUMAN       -------------FESADADGNGAITFEELRDELQRFPGVMENLTISAAHWLT------

- 213 

sp|Q9FIJ0|RBOHD_ARATH      NIQKQAKEYAALIMEELDPDNAGFIMIENLEMLLLQAPNQSVR--

MGDSRILSQMLSQKL 350 

                                        :*. * *. * * :*:*.  * : *.   .  :. :: *:        

 

sp|Q96PH1|NOX5_HUMAN       APAPRPRP--RRPR---QLTRAYWHNHRSQLFCLATYAGLHVLLFG--

LAASAHRDLGAS 266 

sp|Q9FIJ0|RBOHD_ARATH      

RPAKESNPLVRWSEKIKYFILDNWQRLWIMMLWLGICGGLFTYKFIQYKNKAAYGVMGYC 410 

                            ** . .*  *  .    :    *:.    :: *.  .**..  *      :*:  :* 

. 

 

sp|Q96PH1|NOX5_HUMAN       VMVAKGCGQCLNFDCSFIAVLMLRRCLTWLRA-

TWLAQVLPLDQNIQFHQLMGYVVVGLS 325 

sp|Q9FIJ0|RBOHD_ARATH      

VCVAKGGAETLKFNMALILLPVCRNTITWLRNKTKLGTVVPFDDSLNFHKVIASGIVVGV 470 

                           * **** .: *:*: ::* : : *. :****  * *. *:*:*:.::**:::.  :*    

 

sp|Q96PH1|NOX5_HUMAN       LVHTVAH-TVNFVLQAQAEASPFQFWELLLTTRPGIGW--

VHGSASPTGVALLLLLLLMF 382 

sp|Q9FIJ0|RBOHD_ARATH      

LLHAGAHLTCDFPRLIAADEDTYEPMEKYFGDQPTSYWWFVKGVEGWTGIVMVVLMAIAF 530 

                           *:*: ** * :*     *: . ::  *  :  :*   *  *:*  . **:.:::*: : 

* 

 

sp|Q96PH1|NOX5_HUMAN       ICSSS-----------CIRRSGHFEVFYWTHLSYLLVWLLLIFHGPN-----------

FW 420 

sp|Q9FIJ0|RBOHD_ARATH      

TLATPWFRRNKLNLPNFLKKLTGFNAFWYTHHLFIIVYALLIVHGIKLYLTKIWYQKTTW 590 

                             ::             :::   *:.*::**  :::*: ***.** :            

* 

 

sp|Q96PH1|NOX5_HUMAN       

KWLLVPGILFFLEKAIGLAVSRMAAVCIMEVNLLPSKVTHLLIKRPPFFHYRPGDYLYLN 480 
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sp|Q9FIJ0|RBOHD_ARATH      

MYLAVPILLYASERLLRAFRSSIKPVKMIKVAVYPGNVLSLHMTKPQGFKYKSGQFMLVN 650 

                            :* ** :*:  *: :    * :  * :::* : *.:*  * :.:*  *:*: *::: 

:* 

 

sp|Q96PH1|NOX5_HUMAN       IPTIARYEWHPFTISSAPEQKDTIWLHIRSQGQWTNRLYESFKASD-

PLGRGSKRLSRSV 539 

sp|Q9FIJ0|RBOHD_ARATH      CRAVSPFEWHPFSITSAPGD-DYLSVHIRTLGDWTRKLRTVFSEVCKPPTAGKSGLLR-

- 707 

                             ::: :*****:*:*** : * : :***: *:**.:*   *.    *   *.. * *   

 

sp|Q96PH1|NOX5_HUMAN       

TMRKSQRSSKGSEILLEKHKFCNIKCYIDGPYGTPTRRIFASEHAVLIGAGIGITPFASI 599 

sp|Q9FIJ0|RBOHD_ARATH      -------ADGG------

DGNLPFPKVLIDGPYGAPAQDYKKYDVVLLVGLGIGATPMISI 754 

                                  :. *      . ::   *  ******:*::     : .:*:* *** **: 

** 

 

sp|Q96PH1|NOX5_HUMAN       

LQSIMYRHQKRKHTCPSCQHSWIEGVQDNMKLHKVDFIWINRDQRSFEWFVSLLTKLEMD 659 

sp|Q9FIJ0|RBOHD_ARATH      LKDIINNMKGPDRDS-DIENNNSNNNSKGFKTRKAYFYWVTREQGSFEWFKGIMDEIS-

- 811 

                           *:.*: . :  .: . . ::.  :. ...:* :*. * *:.*:* ***** .:: ::.   

 

sp|Q96PH1|NOX5_HUMAN       

QAEEAQYGRFLELHMYMTSALGKNDMKAIGLQMALDLLANKEKKDSITGLQTRTQPGRPD 719 

sp|Q9FIJ0|RBOHD_ARATH      ---

ELDEEGIIELHNYCTSVYEEGDARVALIAMLQSLQHAKNGVDVVSGTRVKSHFAKPN 868 

                              * :   ::*** * **.  :.* :.  : *  .*   *:  * ::* :.::: 

.:*: 

 

sp|Q96PH1|NOX5_HUMAN       WSKVFQKVAAEKKG-KVQVFFCGSPALAKVLKGHCEKF------GFRFFQENF

 765 

sp|Q9FIJ0|RBOHD_ARATH      WRQVYKKIAVQHPGKRIGVFYCGMPGMIKELKNLALDFSRKTTTKFDFHKENF

 921 

                           * :*::*:*.:: * :: **:** *.: * **. . .*       * *.:*** 

 


