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Summary 

Reactive species (RS) play important roles in vital physiological processes. However, 

excessive RS damages cells and may contribute to the onset of several diseases. Therefore, 

there is a clear demand for sensitive probes that precisely monitor cellular RS with a high 

spatio-temporal resolution to understand the multifaceted role of RS in redox biology. 

Genetically encoded redox probes derived from green fluorescent protein (GFP), such as 

roGFP2 and Grx1-roGFP2, are promising tools for quantitative and dynamic observation of 

RS with spatio-temporal resolution. However, the excitation light used to read-out the 

fluorescence of these proteins can lead to irreversible modification of cell constituents, which 

may result in either immediate or long-lasting alterations of molecular functions.  

 Herein, we introduce two genetically engineered non-photonic RS sensors: roNaV1 

and roNaV2, both based on the rat skeletal muscle voltage-gated Na+ channel (rNaV1.4). 

rNaV1.4 was equipped with a cysteine (roNaV1; rNaV mutant IFM1305C) or a selenocysteine 

(roNaV2; rNaV mutant IFM1305U) residue in the inactivation motif to yield membrane-based 

RS sensors. roNaV2 is the first functional selenocysteine-containing ion channel that 

adequately expresses in the heterologous expression system. By means of the hinged-lid 

mechanism, roNaV1 and roNaV2 respond to local changes in redox milieu by their diminished 

fast inactivation, and hence, yield a ratiometric signal (ratio of non-inactivated current 

component and peak current) that can be measured with high precision in a non-photonic 

fashion.  

Whereas roNaV1 can detect oxidative modification that occurs near the plasma 

membrane with a sensitivity similar to existing fluorescence-based RS sensors, e.g., roGFP2, 

roNaV2 responds about 100-fold faster to extracellularly applied chloramine T and hydrogen 

peroxide induced oxidative modifications compared to roNaV1. Moreover, roNaV2 can sense 

mitochondrial RS arising due to an elevated glucose metabolism with a comparable 

sensitivity to the GSH-dependent cytosolic redox sensor Grx1-roGFP2. The usefulness of 

roNaV1 and roGFP2 for detecting such endogenous RS signals is limited by the slow reaction 

kinetics of cysteine. Nevertheless, roNaV1 may suit well to monitor RS that exist for a longer 

time.   

Because the current measured in patch-clamp experiments arises only from ion 

channels located in the plasma membrane, channel-based RS sensors safely report 

membrane-delimited processes, whereas the spatial resolution of fluorescent proteins, even 

when targeted to the cell membrane, is diffraction limited and confounded by background 

fluorescence arising from proteins close but not inside the plasma membrane.   
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Advantageously, channel-based RS sensors do not need excitation light for RS 

sensing, and hence, can be used to detect phototoxic cellular modifications on a real-time 

scale. Employing roGFP2 and its variants, e.g., Grx1-roGFP2, eGFP:S147C, eGFP:S147U, 

and eGFP:S147U:Q204C, we showed that excitation light (470 nm) can trigger RS formation 

and/or chemical modifications in the living cell. roNaV1 and roNaV2, both sensors indicate 

such light induced-modification of cells, roNaV2 responds about 1,000-fold faster to these 

changes in comparison to roNaV1 under epifluorescence experimental settings. Noticeably, 

the response of roNaV2 to blue light is fully reversed in the dark.  

While fluorescent redox sensors are always active, channel-based RS sensors can be 

turned on or off by means of the endogenous channel inactivation mechanism. This is an 

important property of the channel-based sensors, which may allow investigation of dynamics 

of RS distribution and lifetime. Measurements using roNaV1 on RS liberated from 

intracellular Lucifer Yellow and genetically encoded KillerRed have revealed an assessment 

of RS lifetime in individual mammalian cells. For example, kinetics of roNaV1 modification 

by RS liberated from intracellular Lucifer Yellow showed that Lucifer Yellow-induced RS 

concentration decayed with two major time constants of about 10 and 1000 ms. These two 

time constants indicated at least two major species of reactive components with the respective 

mean lifetimes are released when Lucifer Yellow is excited with blue light. Moreover, 

channel-based RS sensors indicate dynamic changes in the redox milieu based on the 

oxidative modification of a single cysteine (roNaV1) or a single selenocysteine (roNaV2) and 

they are switchable (gateable) by means of membrane voltage; thus, they are suited for 

single-molecule measurements and they can easily be employed for complex kinetic analysis.  

Complementing other methods of RS detection in living cells, channel-based sensors 

add non-photonic variants with strict membrane-delimited RS sensors for redox processes. 

These channel-based sensors allow for the assessment of chemical modification induced in 

fluorescence microscopy settings with high sensitivity and time resolution.  
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[German translation] 

Zusammenfassung 

Reaktive Spezies (RS) sind für lebensnotwendige physiologische Prozessen wichtig. Zuviel 

RS hingegen führen zu oxidativen Schäden und Zelltod und tragen möglicherweise zur 

Entstehung verschiedener Krankheiten bei. Hieraus resultiert ein klares Bedürfnis an 

sensitiven Sonden, mit denen sich RS mit hoher raum-zeitlicher Auflösung detektieren 

lassen, um die vielseitigen Funktionen von RS in der Redox-Biologie zu verstehen. Genetisch 

kodierte, vom GFP (grün-fluoreszierendes Protein) abgeleitete Sonden, wie z.B. roGFP2 und 

Grx-roGFP2, sind hierbei vielversprechende Kandidaten, RS-Konzentrationsänderung mit 

entsprechender Auflösung verfolgen zu können. Ihr Nachteil liegt darin, dass das für ihre 

Fluoreszenz notwendige Anregungslicht zu irreversiblen Veränderungen von 

Zellbestandteilen führen kann, was zu unmittelbaren oder länger-dauernden Veränderungen 

ihrer molekularen Funktionen führen kann. 

 In dieser Arbeit werden zwei genetisch-veränderte, nicht-photonische, RS-Sensoren 

vorgestellt: roNaV1 und roNaV2, beide basierend auf rNaV1.4, dem spannungsabhängigen 

Natriumkanal aus der Skelettmuskulatur der Ratte. rNaV1.4 wurde im Inaktivierungsmotiv 

mit einem Cystein (roNaV1; Mutation IFM1305C) oder einem Selenocystein (roNaV2; 

Mutation IFM1305U) ausgestattet, um membranständige RS-Sensoren zu erhalten. roNaV2 ist 

der erste funktionelle, Selenocystein-enthaltende Ionenkanal, der adäquat in heterologen 

Systemen exprimiert wird. Bedingt durch den hinged-lid-Mechanismus reagieren roNaV1 und 

roNaV2 auf lokale Änderungen des Redox-Milieus in Form einer verringerten schnellen 

Inaktivierung und liefern somit ein ratiometrisches Signal (Verhältnis von nicht-inaktiviertem 

Strom und Spitzenstrom), das mit hoher Präzision auf nicht-photonischen Weise gemessen 

werden kann.  

Während roNaV1 oxidative Modifikationen nahe der Plasmamembran mit etwa der 

gleichen Sensitivität wie fluoreszenzbasierte RS-Sensoren (z.B. roGFP) detektieren kann, 

reagiert roNaV2 etwa 100-mal schneller auf extrazellulär appliziertes Chloramin-T und 

Wasserstoffperoxid. Darüberhinaus kann roNaV2 einen durch erhöhten Glucose-

Metabolismus induzierten Anstieg der mitochondrialen RS detektieren und dies mit einer 

vergleichbaren Sensitivität wie der GSH-abhängige zytosolische Redox-Sensor Grx1-

roGFP2. Die Verwendbarkeit von roNaV1 und roGFP2 zur Detektion solcher endogener RS-

Signale ist durch die langsame Reaktionskinetik von Cysteinen limitiert. Nichtsdestotrotz 

sollte roNaV1 zur Messung langlebiger RS gut geeignet sein. 
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Da die in Patch-Clamp-Experimenten gemessenen Ströme ausschließlich auf in der 

Plasmamembran lokalisierte Ionenkanäle zurückzuführen sind, lassen sich mit diesen 

Kanälen Prozesse verfolgen, die auf den Membran-Bereich begrenzt sind. Demgegenüber ist 

die räumliche Auflösung von Fluoreszenzproteinen, selbst wenn sie in der Membran 

verankert sind, beugungsbegrenzt und wird durch Hintergrundfluoreszenz von Proteinen, die 

sich nahe bei aber eben nicht innerhalb der Membran befinden, verfälscht.  

Zweckmäßigerweise benötigen Kanäle kein Anregungslicht zur RS-Messung und 

können somit zur Detektion phototoxischer Zellmodifikationen in Echtzeit verwendet 

werden. Unter Verwendung von roGFP2 und roGFP2-Varianten, wie Grx1-roGFP2, 

eGFP:S147C, eGFP:S147U, und eGFP:S147U:Q204C, konnten wir zeigen, dass 

Anregungslicht (470 nm) die Bildung von RS und/oder chemische Modifikationen in 

lebenden Zellen auslösen kann. Beide kanalbasierte Sensoren deuten auf derartige Licht-

induzierte Modifikationen in Zellen hin, wobei roNaV2 etwa 1000-fach schneller in 

derartigen Epifluoreszenz-Bedingungen reagiert als roNaV1. Bemerkenswerterweise ist die 

Antwort von roNaV2 auf Blaulicht im Dunkeln vollständig reversibel.  

Fluoreszenz-basierte Redoxsensoren sind ständig aktiv. Kanalbasierte Sensoren 

hingegen lassen sich über den endogenen Inaktivierungsmechanismus an- und ausschalten, 

was ihren Einsatz zur dynamischen Messung von RS-Verteilung und -Lebensdauer 

ermöglichen könnte. Messungen mittels roNaV1 an von intrazellulärem Lucifer Yellow und 

dem genetisch kodierten KillerRed haben erste Abschätzungen von RS-Lebensdauern in 

einzelnen Säugerzellen ermöglicht. Zum Beispiel wurde beobachtet, dass die Konzentration 

von durch Lichtblitze erzeugten RS mit zwei Zeitkonstanten von ca. 10 und 1000 ms 

abnahmen. Dies zeigt an, dass zwei Hauptspezies von RS mit den genannten Lebensdauern 

durch Blaulicht-Anregung von Lucifer Yellow freigesetzt werden. Außerdem zeigen 

Kanalsensoren dynamische Veränderungen des Redox-Millieus auf Grundlage der oxidativen 

Modifikation einzelner Cysteine (roNaV1) und einzelner Selenocysteine (roNaV2) an und sie 

sind schaltbar (steuerbar) mithilfe der Membanspannung. Somit sind sie für Einzel-Molekül-

Messungen geeignet und können leicht für komplizierte kinetische Analysen verwendet 

werden. 

In Ergänzung anderer Methoden zur Detektion von RS in lebenden Zellen, sind 

kanalbasierte Sensoren nicht-photonische Varianten zur Messung von strikt 

membranbegrenzten Redox-Prozessen. Diese kanalbasierten Sensoren ermöglichen die 

Abschätzung von chemischer Modifikationen, wie sie bei der Fluoreszenz-Mikroskopie 

hervorgerufen werden können, mit hoher Empfindlichkeit und Zeitauflösung. 
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1. Introduction 

1.1. Reactive species 

Reactive species (RS) is a collective term for ‘radicals’ and ‘non-radicals’. Radicals are 

molecules and ions that contain one or more unpaired electron(s) in their atomic or molecular 

orbital and exist independently, such as hydroxide (°OH) and superoxide (O2°-). Non-radicals 

are typically covalent compounds, such as hydrogen peroxide (H2O2) and hypochlorous acid 

(HOCl). The production of cellular RS in the living cell is triggered by biological signals, 

enzymatic activities, catalysts, and other RS existing in vivo. RS are categorized into different 

groups based on their active atom, such as reactive oxygen species (ROS, e.g., °OH and 

H2O2), reactive nitrogen species (RNS, e.g., HNO2 and NO°), and reactive chlorine species 

(RCS, e.g., Cl° and Cl2). However, the term ‘ROS’ is more often perceived as ‘RS’ in redox 

biology due to their greater presence in the living system compared to other groups of 

reactive species (Halliwell, 2006). The molecular oxygen prefers to accept one electron at a 

time (Halliwell & Gutteridge, 1984), hence, sequential addition of electrons to oxygen 

produces varieties of reactive oxygen species in a stepwise fashion (Bayir, 2005; Lambeth, 

2004), such as superoxide (O2°-), hydroxyl radical (OH°), hydrogen peroxide (H2O2), 

hypochlorous acid (HOCl), singlet oxygen (1O2), and ozone (O3).  

1.1.1. Sources of cellular reactive species 

The cell metabolism produces sufficient amount of energy to maintain the structural and 

functional integrity of the cell. Varieties of cellular RS are continuously produced as by-

products of the cellular metabolism. Additionally, RS are also generated either intentionally 

by the living cell, for example, activated phagocytes generate RS to fight pathogens, or 

accidentally, for instance, cells exposed to ionizing radiations produce RS (Nathan & Ding, 

2010). The nature of RS mainly depends on the source from which they are generated. 

Typically, sources of cellular RS have been categorized into three major classes:   

(a) Endogenous sources: mitochondria, endoplasmic reticulum, lysosomes, and 

peroxisomes are the major sites of endogenous RS production (Brand, 2010; Dixon & 

Stockwell, 2014; Lambeth, 2004).  

(b) Exogenous sources: exogenous sources of RS include radiation (UV-light, x-rays, and 

gamma rays), ultrasound, toxins, industrial waste products, cigarette smoking, ozone, 

and chemicals that produce/promote RS formation like quinones, bipyrimidiulium 

herbicides, and phenols (Leach et al., 2001; Nathan & Ding, 2010; Sharma et al., 

2012).  
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(c) Pathological sources: viral, fungal, & bacterial infections, immune cell-activation, 

and inflammation (Butz et al., 1994; Ghosh et al., 1994; Noori, 2012). 

1.1.2. Cellular RS are neither hero nor villain 

The paradox of cellular RS is well recognized in the redox research because RS play dual 

roles, both beneficial and harmful, in cell physiology depending on their concentration and 

spatio-temporal distribution within the cell. Generation and concentration of RS within the 

cell are tightly controlled by the redundant protective mechanism of the antioxidant defense 

system. The antioxidant defense system comprises RS scavenging enzymes, for instance, 

superoxide dismutase (SOD), catalase, and glutathione peroxidase (GSHPX), and radical 

scavengers, such as glutathione (GSH), thioredoxin (TXN), α-tocopherol (vitamin-E), and 

ascorbic acid (vitamin-C) (Halliwell, 2001). These antioxidant enzymes and radical 

scavengers control the concentration of cellular RS that is essential for healthy cell functions. 

Controlled oxidative conditions are stimulating factors for several physiological functions, 

such as signal transduction, activation of nuclear transcription factors, gene expression, 

cellular defense, cell proliferation, and migration (Ambrozova et al., 2010; Bayir, 2005; 

Kennett & Kuchel, 2003; Lambeth, 2004; Wu, 2006). Failure of the antioxidant defense 

system leads to oxidative stress, which is associated with deleterious consequences, such as 

diabetes, cancer, heart failure, sepsis, frequent aging and neurodegenerative diseases (Dexter 

et al., 1994; Hensley et al., 1996; Hentze et al., 2010; Matough et al., 2012; Salvemini & 

Cuzzocrea, 2002) (Fig. 1). Hence, cellular RS are neither good nor bad but they always 

entertain researchers by their perplexed behavior in the cellular milieu.    

 

Figure 1: The paradox of reactive species. The antioxidant mechanism (AOM) maintains the 

cellular RS level; hence, finely adjusted concentrations of cellular RS are crucial for the indicated 

physiological functions. Failure of the antioxidant defense system may lead to the indicated 

pathophysiological consequences.   
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1.1.3. Biochemistry of cellular reactive species 

Reactive species (RS) oxidatively modify biomolecule in either reversible or irreversible 

manner. Oxidative modification of biomolecules leads to downstream multiform biological 

consequences ranging from signaling functions to detrimental effects. The consequences of 

oxidative modifications depend on the chemical nature of RS and the nature of 

microenvironments in which RS are generated. The chemical reactivity of an individual RS is 

imposed by whether it prefers one or two electron oxidations (Dickinson & Chang, 2011). 

Additionally, the reactivity of RS depends on the half-life of individual RS in the cellular 

milieu and molecular targets existing in the vicinity where RS are generated. For example, 

the half-life of hydroxyl radicals (OH°) in the cellular milieu is only about 10-9 s; therefore, 

OH° can react with biomolecules existing in its vicinity only. However, the half-life of 

hydrogen peroxide (H2O2) is about 1 ms that means it can react with neighboring targets or 

may diffuse in the cellular milieu to modify distant targets (D'Autréaux & Toledano, 2007; 

Sharma et al., 2012). Hence, RS specificity to the molecular target depends on the relative 

reactivity of RS or lifespan of RS in the cell. 

 Distribution of intracellular RS may not be homogeneous because sources of 

intracellular cellular RS are localized in specific regions, which means the concentration of 

RS near a source of production can reach a high local concentration. Under such conditions, 

the reactivity of elevated RS must be modulated to avoid harmful consequences. For that 

reason, cells themselves can control the increased local concentration of RS mediated 

oxidative damage of nearby targets by altering the local redox buffering capacity (Dickinson 

& Chang, 2011). Besides that, the cell itself can control the localized production of a specific 

RS as it was previously shown for intracellular local production of H2O2 and its adjacent 

signaling target via a ‘floodgate’ model (Briehl, 2015; Wood et al., 2003; Woo et al., 2003). 

However, the physiological importance of the crosstalk between reactive species formed at 

different subcellular sites, such as cell membrane, mitochondria, and endoplasmic reticulum, 

is an open field of research.  

1.2. Cell membrane and reactive species 

The cell membrane is a fundamental structural unit of a cell that separates intracellular 

structures from the external environment. The structural and functional integrity of the cell 

membrane is important to maintain the healthy biological system on cellular, tissue, and 

organismal levels. The cell membrane can be either directly or indirectly affected by cellular 

RS. In the case of direct effect, RS interact with the membrane constituents and oxidatively 

modify them whereas in the indirect case, oxidation of membrane constituents is triggered by 
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oxidative stress (Fig. 2). Controlled oxidative modifications of the cell membrane are 

important for certain physiological functions, for example cell signaling, immune, and 

inflammatory processes, while excessive membrane modifications can lead to pathological 

consequences, for instance, arteriosclerosis, Alzheimer’s disease, and Parkinson’s disease 

(Ambrozova et al., 2010; Fisher, 2009; Hensley et al., 1996; Hentze et al., 2010; Volinsky & 

Kinnunen, 2013). In particular, nerve and muscle cells have an excitable cell membrane that 

generates and propagates physiological signals by electrical means. Electrical properties of 

excitable cells arise due to physical constituents of the cell membrane, e.g., lipid bilayer, 

pumps, transporters, and ion channels (Hille, 2001). Excessive oxidation of membrane lipids 

and proteins can change the cell excitability (Elliott et al., 1991; Killig & Stark, 2002; Tarr et 

al., 1995), which may result in several neural and/or neuromuscular disorders. 

The cell membrane is one of the favorite subcellular targets of RS due to the 

abundance of polyunsaturated fatty acids (PUFAs). RS attack double bonds present in PUFAs 

and produce several fragmented reactive molecules, such as lipid radicals (R°) and lipid 

peroxide radicals (ROO°). These reactive lipid radicals can oxidatively modify neighboring 

PUFAs, membrane proteins, cytoplasmic proteins, and enzymes (Kohen & Nyska, 2002; 

Møller & Wallin, 1998). The lipid oxidation is finally terminated by either the action of 

antioxidants or by the formation of non-radical end-products (Stark, 2005) (Fig. 2). A single 

reaction can initiate chain reactions, which may result in the complete oxidation of all PUFAs 

and/or membrane components if it is not terminated by other means.  
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Figure 2: Reactive species attack of the cell membrane. Reactive species can directly interact with 

membrane proteins and oxidatively modify amino-acid residues, such as cysteine, methionine, and 

tyrosine present in proteins either in a reversible or irreversible manner. Reversible oxidative 

modifications of amino-acid residue(s) are important for physiological functions; however, 

irreversible oxidative modification may have deleterious consequences. Excess accumulation of 

reactive species within the cell leads to oxidative stress, which may have indirect effects on the 

membrane constituents, such as ion channels, active ion transporters, ion carriers, peripheral, and 

surface proteins. The antioxidant defense system counterbalances the cellular RS level to maintain 

redox homeostasis in the cell. RS can also directly interact with membrane lipids and oxidatively 

modify them. Polyunsaturated fatty acid (PUFA) chains of membrane lipids are susceptible to RS 

attack due to the presence of double bonds. Oxidation of membrane lipids produces a variety of 

radicals and non-radicals that may affect functional properties of membrane proteins and/or contribute 

to oxidative stress. Red arrows indicate deleterious consequences, while green arrows indicate the 

physiological relevance. 

Further, RS may directly interact with membrane proteins and disturb either the 

tertiary structure of proteins and/or chemically modify building blocks of proteins, i.e. amino-

acid residues, as a direct effect. Accumulating evidence suggests that reversible and 

irreversible oxidative modifications of cellular proteins are indispensable for cell survival and 

regeneration (Fedorova et al., 2009; Groeger et al., 2009; Love et al., 2013; Stadtman & 
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Levine, 2003). Although positive stress conditions are important for cell survival, excessive 

modification of membrane proteins can contribute to clinical conditions, such as 

neurodegenerative diseases, atherosclerosis, and heart failure (Hajieva et al., 2015; Pacher et 

al., 2007; Stark, 2005). Identification of protein nitrotyrosine modification in atherosclerosis 

and brain ischemia gained the attention of researchers and encouraged them to investigate 

further and unravel the protein oxidation at the amino acid level (Beckmann et al., 1994). It 

has now been firmly recognized that oxidation end-products of amino-acid residues are 

potential markers for oxidative stress. 

Oxidative modification of amino-acid residues 

Amino-acid residues in proteins are the major targets of RS. Cellular RS can covalently 

adduct to specific amino acids and alter the overall properties of the amino acids, thus modify 

protein functions. The oxidative modification of methionine, cysteine, lysine, arginine, 

proline, and histidine in presence of certain metal ions, for instance, Fe2+ and Cu2+, have been 

frequently shown in relevance to physiology or pathology (Cai & Yan, 2013; Stadtman, 

2006; Wall et al., 2012). Different amino acids differ markedly in how easily their side chains 

are oxidatively modified. The role of oxidative modification of methionine, cysteine, lysine, 

arginine, proline, and histidine in presence of certain metal ions, for instance Fe2+ and Cu2+, 

have been frequently shown in the modulation and/or alteration of protein functions (Cai & 

Yan, 2013; Stadtman, 2006; Wall et al., 2012). Among the mentioned amino acids, 

methionine and cysteine are well characterized in redox signaling. Cysteine has been 

described for its ease of oxidation in the cellular milieu compared to the methionine.  

The thiol group (-SH) of cysteine in proteins serves as redox switch. Upon oxidative 

modification, thiol switches determine different conformational and functional states of a 

protein. Therefore, spatio-temporal operation and specificity of thiol switches in signal 

transduction may be of great interest for further research. The thiol group of cysteine is 

readily oxidized to different degrees due to multiple oxidation states of the sulfur. For 

instance, a cysteine is oxidized in the presence of an oxidative stressor and produces sulfenic 

acid (R-SOH), hyper peroxidized sulfinic acid (R-SO2H), and sulfonic acid (R-SO3H) (Cai & 

Yan, 2013; Poole et al., 2004). Cysteine modification to sulfenic acid can be reversed by the 

actions of glutathione and thioredoxin enzyme system, and thus, it may function in signaling. 

However, cysteine modification to the sulfonic acid is irreversible, which may lead to the 

oxidative damage of proteins. 

 Cysteines present in a protein vary in terms of their redox reactivity because the 

reactivity of a thiol group in cysteine depends on diverse contributing factors, such as its 
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accessibility for oxidation, substrate binding, microenvironment, and the dissociation 

constant (pKa) (Lim et al., 2012; Rhee et al., 2000; Roos et al., 2013). Under physiological 

conditions at neutral pH, the oxidative modification of cysteine residues is impossible 

because of the high pKa value (about 8.5) of cysteines (Roos et al., 2013). The thiol group of 

cysteine is modified to form thiolate (thiolate anion) when the pKa value of cysteine becomes 

lower than that of the physiological value. Thiolated cysteine residues are redox active. The 

chemical conversion of thiol to thiolate may be achieved via different contributing factors as 

mentioned above.    

 Identification of catalytically active sites in glutathione peroxidases (GPX) and 

thioredoxin reductases (Trx) revealed the importance of selenocysteine over cysteines in 

redox regulation. The selenocysteine (Sec/U/Se-Cys) is 21st, naturally occurring, selenium-

containing, proteinogenic amino-acid residue and is encoded by TGA in DNA. It differs from 

its structural analogue cysteine as selenocysteine contains selenium instead of sulfur in 

cysteine. At physiological pH, selenol group (-SeH) possess relatively low pKa value (about 

5.2) compared to thiol (-SH) of cysteine (about 8.3), which makes selenocysteine a better 

nucleophile (Huber & Criddle, 1967). Thus, selenocysteine exhibits high redox reactivity 

with an increased reaction rate compared with cysteine (Arnér, 2010). Moreover, the 

selenocysteine exhibits greater tendency to be reversed from oxidative modification 

compared with cysteine due to the relative greater electrophilicity of selenium in 

selenocysteine compared with sulfur in cysteine (Ruggles et al., 2011). These properties of 

selenocysteine make it an important redox-sensing element in redox regulating enzymes, e.g., 

thioredoxin reductases.    

1.3. Redox modulation of ion channels  

Ion channels are multimeric membrane proteins, which form an ion-selective pore that opens 

and closes in response to voltage change, ligand binding, mechanical or cellular stimuli. They 

produce electrical signals that are crucial for diverse physiological functions, for example, 

generation of electrical activity in nerves and muscles, cardiac excitability, hormone 

secretion, intracellular signaling, cell growth, cell proliferation, and cell volume regulation 

(Alberts et al., 2002; Lang et al., 2005; Nadal et al., 2004). Accumulating evidence suggests 

that the mild or reversible oxidation of ion channels is an important regulatory mechanism for 

regulating membrane potential, vasomotor functions, gene expression, and protective 

mechanism against hypoxia (Bogeski & Barbara, 2014; Bogeski et al., 2011; Kozai et al., 

2014; Olschewski & Weir, 2015; Sahoo et al., 2014). However, excessive or irreversible 

oxidative modification of ion channels can produce pathological conditions, e.g., seizure 
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susceptibility, altered cardiac excitability, disorders of muscle cells, and neurodegenerative 

diseases (Ertel et al., 1997; Hool & Corry, 2007; Huguenard, 1996; Kolbe et al., 2010).  

Cellular RS can modulate ion channel activities either indirectly, for example, 

oxidized glutathione (GSSG) reduces BK channel activity in neonatal rat hippocampus (Soh 

et al., 2001) or directly, such as RS can directly modify a single methionine located in the P-

segment of the shaker potassium channel, which leads to accelerated P/C-type inactivation of 

the channel (Chen et al., 2000). Several mutagenesis studies helped to spot the molecular 

targets of RS in ion channels. Such studies not only revealed the oxidation targets but also 

provided information on insensitive targets and the importance of specific amino-acid 

residues that are important for the functional expression of channels. Ion channel proteins 

contain a number of potentially RS-sensitive amino-acid residues, e.g., methionine, cysteine, 

tyrosine, histidine, and tryptophan; however, methionine and/or cysteine have always been 

reported as the prime targets of cellular RS because of their relatively higher oxidation 

sensitivity compared to other amino acids (Stadtman 1993; Stadtman & Levine, 2003). 

Ciorba et al. (1997) showed that the oxidation of a single methionine located at the position 3 

in the N-terminal ball region of a splice variant of shaker K+ channel, Sh C/B, drastically 

slowed the N-type inactivation of the channel, an effect that can be reversed when channels 

are co-expressed with MsrA (methionine sulfoxide reductase A). Hence, such reversible 

oxidative modification of the channel may have a role in physiological functions, such as 

controlling membrane excitability during the oxidative stress or aging. Like methionine 

oxidation, oxidation of certain cysteine residues present in various channels may also affect 

the functional properties of ion channels, such as oxidation of a cysteine residue in the N-

terminus of the KV1.4 channel protein modulates N-type inactivation of the channel 

(Ruppersberg et al.,1991).  

Further, more than one type of amino-acid residues can be oxidatively modified 

depending on the accessibility of amino-acid residues for RS attack and the vigorousness of 

oxidative stress. For example, Su et al. (2007) and Kolbe et al. (2010) showed that the 

oxidation of a cysteine residue (C723), located in a linker between pore domain and the 

cytoplasmic cyclic nucleotide-binding domain of hERG1 channel results to accelerated 

deactivation kinetics. Additionally, three methionine residues (M554, M651, and M713) in 

the C-terminus of hERG1 channel are also likely to contribute in accelerated deactivation 

kinetics of the channel when RS stimuli exist for a longer duration. Whereas cysteine most 

likely forms disulfides, methionine forms methionine sulfoxide by the addition of oxygen 

during oxidation under physiological condition (Creighton, 1993; Hoshi & Heinemann, 

2001). Mild oxidation of methionine and cysteine can be reversed by the action of methionine 
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sulfoxide reductase (Msrs) and cellular glutathione (GSH), respectively; in such a way the 

reversible oxidation of amino-acid residues may have a role in physiological functions 

(Drazic & Winter, 2014; García-Santamarina et al., 2014). Excessive or irreversible oxidation 

of either cysteine or methionine may cause the functional loss of channels. A comprehensive 

list of specific methionine and/or cysteine that are susceptible to RS attack in several ion 

channels, e.g., voltage-gated potassium channels (Kv), voltage-gated calcium channels (CaV), 

transient receptor potential (TRP) channels, and store-operated Ca2+ entry (SOCE)/Orai 

channels, is found elsewhere (Bogeski et al., 2011; Bogeski & Niemeyer, 2014; Sahoo et al., 

2013). Identification of the RS targets in ion channel proteins may allow developing 

therapeutic strategies for several human diseases that are associated with altered ion channel 

functions that arise due to oxidative stress, for example, cardiac arrhythmia.    

1.4. Voltage-gated Na+ channels 

Voltage-gated Na+ channels are members of the ion channel superfamily that includes 

voltage-gated K+ channels, voltage-gated Ca2+, TRP related channels and cyclic-nucleotide-

gated channels (Hille, 2001). A variety of different Na+ channel isoforms have been identified 

by means of molecular cloning, biochemical purification, and electrophysiological recording 

(Goldin, 1999). The eukaryotic Na+ channels comprise of two subunits: α and β. Whereas the 

α subunit is a large protein (about 260 kDa) that forms channel pore and allows voltage-

dependent Na+ conductance, the auxiliary β subunit (about 33-39 kDa) facilitates membrane 

localization of channel protein and functions in modulating channel properties (Catterall, 

1984; Catterall, 2000; O'Malley & Isom, 2015).   

There are nine genes that encode the α subunit of voltage-gated Na+ channels in 

mammals (Goldin et al., 2000; Goldin, 2002). Additionally, a tenth poorly homologous gene 

to voltage-gated Na+ channels is also included in the Na+ channel family; however, it has not 

been shown to encode a functional channel (Goldin et al., 2000; Goldin, 2002; Noda & 

Hiyama, 2015). The nomenclature of voltage-gated Na+ channels is based on the commonly 

used nomenclature of voltage-gated K+ channels. The name consists of the chemical symbol 

of principal permeating ion (Na), a principal physiological regulator (V, voltage) as a 

subscript (NaV), a number that indicates the gene subfamily (e.g., NaV1), and a number 

following the decimal point that indicates the channel isoform (e.g., NaV1.1) (Chandy, 1991; 

Goldin et al., 2000). The transmembrane and extracellular domains of various isoforms of the 

voltage-gated Na+ channel (NaV channel) exhibit greater than 50% identical amino acid 

sequences (Frank & Catterall, 2003). A phylogenetic tree for nine NaV isoforms (NaV1.1-

NaV1.9) together with a tenth sodium channel-like protein (NaX) and the primary expression 

area of each channel are shown in Fig.3.  
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Figure 3: A phylogenetic tree for NaV channels. Phylogenetic relationships of rat sodium channel 

sequences NaV1.1-NaV1.9 and NaX obtained by maximum parsimony analysis. NaX is evolutionarily 

more distant. The human chromosomes on which the human ortholog of corresponding rat gene is 

found are shown on the right. The primary expression of each channel isoform in specific cell/tissue 

system is indicated (blue letters). The tetrodotoxin (TTX) is a neurotoxin that can block all channels 

except NaV1.5, NaV1.8, and NaV1.9. CNS: Central nervous system; PNS: Peripheral nervous system; 

DRG: Dorsal root ganglia. (Adapted and modified from Goldin et al., 2000). 

As shown in Fig. 4, the α subunit of NaV channels consists of four homologous 

domains/repeats (I-IV). Each homologous domain has six transmembrane α-helical segments 

(S1–S6) (Catterall, 2000; Noda et al., 1983; Trimmer et al., 1989). Four sets of S5–S6 

segments and intervening sequences (P-loop) form a selectivity filter (SF) that make channel 

pore selective for Na+. Four amino-acid residues, Asp/Glu/Lys/Ala (DEKA), in the SF are 

critical for ion selectivity in NaV channels (Favre et al., 1996; Heinemann et al., 1992; Sun et 

al., 1997). Above DEKA, there is a negative ring comprises of Glu378/Glu704/Asp1065/ 

Asp1356 that guards the entrance to the SF vestibule in human NaV channels. Extracellular 

loop L5 in repeats I-II and L6 in repeat IV form a negative ring, which attracts cations and 

excludes anions (Shen et al., 2017). Extracellular loops that guard the SF vestibule are 

heavily glycosylated and stabilized by disulfide bonds (Catterall, 2014; Shen et al., 2017). S5 

and S6 segments of each repeat enclose the ion-conducting pore. S6 segments line the wall of 

the central cavity and contain a number of polar and charged amino-acid residues including 

highly conserved Asn residue (Asn409/Asn729/Lys1105/Asn1404) (Shen et al., 2017). S1–

S4 segments of each homologous domain together form voltage-sensing domain (VSD). The 

S4 segment is crucial for channel gating and it contains positively charged Arg or Lys 

residues at every third position (Catterall, 2010; Noda et al., 1984). Upon membrane 

depolarization, the central pore of the channel opens due to the outward transfer of basic 
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residues, also called gating charges (Aggarwal & MacKinnon, 1996; Yang & Horn, 1995). 

The cytosolic linker between domains III and IV mediates rapid channel inactivation where 

the conserved inactivation motif IFM (isoleucine–phenylalanine–methionine) is of prime 

importance (West et al., 1992).  

There are four NaV β subunits (β1- β4) have been identified, which express in heart 

and central nervous system of vertebrates. The NaV β1 expresses in adult skeletal muscles 

only. Whereas β1 and β3 interact with the α subunit non-covalently, β2 and β4 are each 

disulfide-bonded to the NaV α (Brackenbury & Isom, 2011; Catterall, 2000; Isom et al., 1992, 

1995; Morgan et al., 2000; Yan et al., 2017; Yu et al., 2003). Typically, a β subunit consists 

of an amino-terminal immunoglobin (Ig) and a single transmembrane segment (Kazen-

Gillespie et al., 2000; Yan et al., 2017) (Fig. 4). Extracellular large P-loops, particularly in 

repeats I and III of the NaV α subunit provide a scaffold for binding auxiliary β subunit 

(O'Malley & Isom, 2015; Yan et al., 2017). Although it is known that NaV β subunit functions 

in modulating kinetics of NaV channels and toxin binding to the channel, a detailed 

mechanism by which NaV β subunit modulate the functions of NaV channels (α subunit) is 

still not very clear.    
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Figure 4: Transmembrane topology of a voltage-gated Na+ channel α and β subunit and the 

cryo-EM Structure of NaV1.4 homolog from electric eel EeNav1.4 in complex with the β1 

subunit. (a) The α subunit of a NaV channel consists of four homologous domains (DI-DIV). Each 

domain comprises of six transmembrane alpha-helical segments (S1–S6). S1 to S4 segments in each 

repeat form voltage-sensing domain. Segment S4 is crucial for channel gating. The four sets of 

segment S5-S6 and their intermediate sequences form the ion-selective channel pore. Indicated four 

conserved amino-acid residues, Asp/Glu/Lys/Ala (DEKA), play important role in Na+ selectivity. 

Pore-forming loops (1-4) and glycosylation sites are indicated. The intracellular linker between DIII 

and DIV consist of conserved IFM motif that is essential for channel inactivation. An amino-terminal 

immunoglobulin (Ig) domain and a single transmembrane (TM) segment of the NaV β subunit are 

shown. (b) The cryo-EM structure of the NaV channel (EeNaV1.4) from an electric eel, in complex 

with the β1 subunit at 4.0 A˚ resolution. The β1 subunit is shown in wheat color along with four 

homologous colored domains of EeNaV1.4 channels. Black sticks represent the glycosyl moieties. 

(Panel b is adapted from Yan et al., 2017)  

The α subunit of voltage-gated Na+ channels (NaV) opens, i.e. activates in about     

100 µs upon membrane depolarization, activation is followed by spontaneous inactivation, 

i.e. closing of channels, in about 1 ms. Voltage-dependent conformational changes in DIII 

and DIV mediates occlusion of channel pore with the IFM (Isoleucine-Phenylalanine-
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Methionine) motif (inactivation motif), and hence, the flow of Na+ is terminated, the process 

is so-called inactivation (Eaholtz et al., 1999; McPhee et al., 1998; Ulbricht et al., 2005; West 

et al., 1992) (Fig. 5). The inactivation of NaV channels is essential for timely elicitation of 

action potentials and propagation of signals in excitable cells. Abnormal inactivation of NaV 

channels may contribute to several human diseases of skeletal muscle, cardiac muscle and the 

CNS, such as periodic paralysis, paramyotonia congenital, long QT syndrome, Brugada 

syndrome, and epilepsy (Balser, 2002; Cannon, 2000; Escayg et al., 2000; Goldin, 2003; 

Wallace et al., 1998).  

 

Figure 5: Three states of a voltage-gated Na+ channel. Three simplified states, closed, opened 

(activated), and inactivated (closed), of a voltage-gated Na+ channel (top) and the current response 

(bottom) of the channel in corresponding states are shown. At resting or very negative (e.g., -120 mV) 

membrane potential, the gate of the channel remains closed; hence, permeation of Na+ ions into the 

cell is not possible. The conformation change upon membrane depolarization (e.g., -20 mV) leads to 

the opening of channel gate, which allows permeation of Na+ ions into the cell. During sustained 

depolarization, the inactivation motif (IFM) of the channel occludes the channel pore and terminates 

ionic flow; the state is so-called ‘inactivation’. A representative current response of the channel in 

closed, activated, and inactivated states is shown at the bottom.   

Oxidative modification of voltage-gated Na+ channels 

It is evident that excessive oxidative modifications of voltage-gated sodium channels may 

contribute to pathophysiology (Desaphy et al., 1998; Mao et al., 2012; Wang & Wang, 2002; 
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Zhang, 2005), the underlying mechanism, however, remains to be elucidated. Since the 

majority of redox-related functional changes in proteins arise due to the indirect effect of RS, 

it is more likely that indirect effects of cellular RS may have an impact on the functional 

properties of voltage-gated sodium channels. Previously, it has been shown that excess 

oxidation of polyunsaturated fatty acids affects inactivation of NaV channels (Rack et al., 

1986; Wang, 1984). Additionally, oxidation of histidine residues of NaV channels 

substantially affects the steady-state inactivation (Rack et al., 1986). Further, Kassmann et al. 

(2008) showed that the methionine located in the inactivation motif of the rat NaV1.4 channel 

is a potential target of RS, however, oxidation of methionine at position 1469 and 1470 in the 

S4-S5 linker of domain IV may also have an important role in modulating functional 

properties of sodium channels. Like methionine oxidation, cysteines present in NaV channels 

may also be oxidatively modified under mild and/or vigorous oxidative condition. Since the 

NaV channel is rich in cysteine residues, it can be expected that these cysteines may play 

important role in redox modulation of the channel. About 33-40 cysteines are present in 

various isoforms of NaV channels, oxidation of these cysteines may affect the kinetics of the 

channel in a complex manner (Li et al., 1998; Evans & Bielefeldt, 2000; Gonzalez et al., 

2009; Kurata et al., 1998).  

1.5. Detection of cellular reactive species 

In order to understand the precise role of reactive species in physiological and 

pathophysiological processes, it is essential to understand the molecular mechanism of RS 

generation, distribution, and related signals. However, living cells exhibit complex redox 

systems with distinct and independent regulatory systems. Besides that, high reactivity and 

relative instability of cellular RS make their detection extremely challenging. In order to 

understand the explicit descriptive role of RS in health and diseases, there is a deliberate 

demand of a rapid and sensitive redox-sensing tool that can capture cellular RS with high 

precision.  

In conventional approaches of RS detection, the detection of RS mainly relies on the 

detection of oxidation end-products of oxidatively modified cellular lipids, proteins, and 

nucleic acids (Pryor & Godber, 1991; Owusu-Ansah et al., 2008). Additionally, several 

synthetic redox-sensitive fluorescent dyes, such as H2DCF (dihydrodichlorofluorescein) and 

DHE (dihydroethidium), have been developed for the real-time assessment of RS 

concentrations and/or activities (Gomes et al., 2005; Wardman, 2007). Such dyes report 

intracellular oxidation by changing their fluorescent properties. However, redox-sensitive 

fluorescent dyes are mostly irreversible and cannot be targeted to subcellular sites. Moreover, 

these dyes chemically interfere with the intracellular milieu thereby perturb natural cell 
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environment (Karlsson et al., 2010). Therefore, genetically encoded redox-sensitive reporters, 

such as redox-sensitive green fluorescent proteins (roGFPs) and their variants, have received 

much attention for monitoring real-time dynamic changes in the cellular redox milieu. 

Reduction-oxidation sensitive green fluorescent proteins (roGFPs) are genetic variants 

of wild-type GFP. The wild-type GFP is a soluble protein, which is composed of 238 amino-

acid residues (27 kDa). It has a β-can or β-barrel structure that consists of 11 β-strands, each 

strand assembled to form nearly a perfect cylindrical structure. Both ends of the β-barrel are 

capped with a short segment of α-helices. The chromophore 4-(p-hydroxybenzylidene) 

imidazolidin-5-one (HBI) is located coaxially in the center of the helix (Meyer & Dick, 2010; 

Tsien, 1998; Yang, 1997; Yang et al., 1996). roGFPs possess two cysteines at position 147 

and 204 into the barrel structure of either wild-type GFP or eGFP (Dooley et al., 2004, 2006; 

Meyer & Dick, 2010). The redox state of cysteines that are genetically introduced in the 

roGFPs affect their spectral properties.   

1.5.1. roGFP2 

The reduction and oxidation-sensitive green fluorescent protein of second generation, i.e. 

roGFP2, is a genetically engineered fluorescent redox reporter, which was developed by 

inserting two cysteines at position 147 (on β strand 7) and 204 (on β strand 10) into the barrel 

structure of eGFP (wild-type GFP with mutation S65T and C48S) (Fig. 6a). Oxidation 

promotes the formation of a disulfide-bridge between 147C and 204C (Fig. 6b). Due to the 

formation of a disulfide-bridge, one β strand of roGFP2 shifts relative to the other that 

produces several structural rearrangements. These structural changes result in the shift of 

excitation spectra of roGFP2 where spectral peak near 400 nm increases at the expense of 

spectral peak near 470 nm (Dooley et al., 2004; Meyer & Dick, 2010) (Fig. 6d). Ratiometric 

changes in these two excitation peak of roGFP2 indicate real-time dynamic changes in 

cellular redox state. Ratiometric observation overcomes artifacts arise due to photo-bleaching 

and inhomogeneous distribution of the sensors. Since roGFP2 is genetically encoded, it can 

be targeted to specific subcellular sites where redox processes have to be assayed.  



 
16 Introduction 

 

Figure 6: roGFP2. (a) Reduced roGFP2. Under reduced condition, cysteines at positions 147 and 204 

remain apart. (b) Oxidized roGFP2. Two cysteines located at position 147 and 204 form a disulfide-

bridge in response to oxidation. (c) A green fluorescent HEK 293T cell. Upon blue-light excitation, 

transiently expressed roGFP2 emits green fluorescence. (d) Excitation spectra of roGFP2 before and 

after oxidation. The formation of disulfide-bridge in roGFP2 leads to increase in the spectral peak 

near 400 nm at the expense of spectral peak near 470 nm. 

1.5.2. Grx1-roGFP2 

Although the sensitivity of roGFP2 to oxidation is limited by the slow reaction kinetic of 

cysteine oxidation, the sensitivity and dynamics of roGFP2 can be increased by fusing 

appropriate enzymes/regulatory proteins that can catalyze and accelerate the disulfide bond 

formation in roGFP2. Fusion of a particular enzyme/regulatory protein to the roGFP2 can 

yield a fusion product sensitive to specific redox couple, while roGFP2 alone is not specific 

for any redox pair. The fusion of human glutaredoxin-1 to roGFP2 by means of a flexible 

spacer of 30 amino-acid residues (Gly-Gly-Ser-Gly-Gly)6 provides strongly accelerated 

formation of a disulfide bridge, and hence, increases the sensitivity of Grx1-roGFP2 in the 

physiologically relevant range for glutathione-mediated RS modification (Gutscher et al., 

2008) (Fig. 7). The nucleophilic cysteine C23 of Grx1 reacts specifically with GSSG 

(oxidized glutathione) to form a mixed Grx1-glutathione disulfide intermediate in response to 

oxidative stress. Hence, Grx1-roGFP2 allows live imaging of both short- and long-lived 

dynamic change in cellular glutathione homeostasis with high sensitivity and spatio-temporal 
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resolution (Gutscher et al., 2008; Meyer & Dick, 2010). Grx1-roGFP2 exhibits the spectral 

properties similar to roGFP2.  

 

Figure 7: Grx1-roGFP2. Grx1-roGFP2 was developed by fusing roGFP2 to the human Grx1 by 

means of an indicated spacer. It catalyzes equilibration between glutathione and roGFP2. 

1.6. Artifacts of light in cellular reactive species detection 

Fluorescent techniques have become indispensable in life science research. Developments of 

numerous synthetic optical probes allow to study and visualize complex structures, functions, 

and organization of biomolecules with high spatio-temporal resolution on a real-time scale. 

Despite several advantages of fluorescent techniques in life science research, phototoxicity 

has long been recognized as an unavoidable problem and is often associated with 

dysregulation in cell physiology.  

In context to redox research, fluorescent redox reporters, such as roGFP2 and its 

variants, offer several useful features, such as the choice of localized sub-cellular targeting, 

real-time RS detection, and ratiometric observation. However, excitation light that is required 

to readout the state of reporters can lead to lasting irreversible destruction of cellular 

structures and may even result in immediate alteration of molecular function. Despite the 

obvious detrimental consequences of visible light in cell physiological studies, the issue of 

phototoxicity has been only infrequently considered in life science research (Editorial, Nat. 

Meth., 2013). It was reported that mammalian cells exposed to visible light for minutes to 

hours may suffer to damage mainly due to excess RS production (Hockberger et al., 1999). 

Endogenous photosensitizers, such as riboflavin and flavin adenine dinucleotide (FAD), can 

absorb excited visible light and produce RS, e.g. hydroxyl radical, superoxide anion, and 

singlet oxygen (Cunningham et al., 1985; Edwards & Silva, 2001; Eichler et al., 2005; 

Godley et al., 2005). Thus, these endogenous photosensitizers upon visible-light exposure 

may oxidatively modify the cell environment. Moreover, it has also been reported that 
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monochromatic visible light (450 nm) can degrade aromatic amino-acid residues, for 

instance, tryptophan and tyrosine, in the presence of riboflavin, thereby altering structure and 

function of cellular proteins (Edwards & Silva, 2001). Additionally, photo-activated GFP 

disturbs cellular redox homeostasis by either producing endogenous superoxide or altering 

the glutathione homeostasis (Goto et al., 2003; Greenbaum et al., 2000; Niwa et al., 1996). 

All these evidence clearly indicate that fluorescence techniques are inherently prone to 

excitation-light-induced artifacts.   

1.7. Objectives 

Approaches involving the employment of genetically encoded redox-sensitive fluorescent 

proteins for cellular RS detection have several advantages over traditional methods of RS 

detection. However, excited fluorescent proteins and excitation light itself may perturb the 

native intracellular environment. Although genetically encoded fluorescent reporters can be 

targeted to subcellular sites, signals of targeted fluorescent proteins may be contaminated 

with signals that arise from somewhere else in the cytoplasm. To avoid life artifacts in RS 

detection, the present study is designed to answer the following three questions:  

1) Is it possible to develop non-photonic redox sensors that can capture real-time 

dynamic changes in cellular RS with high precision? 

2) Can it be possible to monitor photo-damage induced by excitation light?  

3) Is it possible to target a non-photonic RS sensor to the cell membrane in order to 

monitor report redox process and/or photo-damage that occur exactly at the cell 

membrane? 

A previous study from our laboratory demonstrated that the inactivation of NaV 

channels is susceptible to oxidative modification mainly due to the presence of methionine in 

the inactivation motif (IFM) (Kassmann et al., 2008). Kassmann et al. (2008) showed that 

NaV channels progressively lose their rapid inactivation because of the oxidative modification 

of methionine located in the inactivation motif. The removal of inactivation can be monitored 

in real-time and with high precision by repeatedly recording current mediated by NaV 

channels using the whole-cell patch-clamp technique. Therefore, we hypothesized that the 

introduction of either additional methionine or cysteine residues in the inactivation motif of 

the NaV channel might enhance the inactivation susceptibility to oxidation. In the present 

study, we genetically engineered several mutants based on rat skeletal NaV1.4 with additional 

methionine and cysteine residues in the inactivation motif. We examined functional 

properties of channel mutants. Subsequently, we selected a channel mutant that exhibits 
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functional properties close to the wild-type channel to further investigate its response to 

various RS stimuli in order to employ the variant as a membrane-delimited RS sensor.   

Increasing evidence showed that the selenocysteine is a more redox-sensitive element 

in redox enzymes compared with cysteine (Arnér, 2010; Gonzalez-Flores et al., 2013; 

Johansson et al., 2015). Thus, we hypothesized that by introducing a selenocysteine in the 

inactivation motif of the voltage-gated sodium channel, the oxidation sensitivity of the 

channel may be even greatly enhanced. Therefore, we genetically engineered a NaV1.4 

mutant with a single selenocysteine in its inactivation motif and investigated its functional 

properties and response to RS stressors. 

We further examined the response of selected NaV1.4 channel variants amongst 

several channel mutants with additional methionine and cysteine residues and a NaV1.4 

channel variant containing selenocysteine in its inactivation motif to various stressors and 

compared their sensitivity with genetically encoded fluorescent redox reporters. Moreover, 

the effect of excitation light that is used to read the state of redox sensitive fluorescent 

proteins on cellular redox milieu and/or fluorescent proteins was monitored using roGFP2, 

Grx1-roGFP2, eGFP variants with a cysteine (147C) and a selenocysteine (147U), and 

channel variants with  a cysteine (IFC) and a selenocysteine (IFU). Since voltage-gated Na+ 

channels are operated by means of the electrical membrane potential and they do not require 

light, the applicability of selected channel mutants was investigated for monitoring photo-

damage/chemical modification induced by excited light under epifluorescence settings.  
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2. Materials and methods 

2.1. Bacterial strain and cell lines 

E.coli strain  

XL1-Blue competent cells (Stratagene, Darmstadt, Germany) 

Cell lines  

• HEK 293 cells (CAMR, PortonDown, Salisbury, UK) 

• HEK 293T cells (Leibniz Institute DSMZ-German Collection of Microorganisms and 

Cell Cultures, Braunschweig, Germany) 

• HepG2 cells (Leibniz Institute DSMZ-German Collection of Microorganisms and 

Cell Cultures, Braunschweig, Germany)  

2.2. Expression plasmids 

The α-subunit-encoding rat skeletal muscle NaV1.4 (SCN4A; P15390; Trimmer et al., 1989) 

in the plasmid vector pcDNA3 (wild-type rNaV1.4) was used. All NaV channel mutants 

containing mutations in their inactivation motif 1303I:1304F:1305M (IFM) were based on 

rNaV1.4 (Fig. 8). Additionally, all NaV constructs carried mutation M1316L; the purpose of 

this mutation was to remove the potentially oxidation sensitive methionine of the inactivation 

linker. All the mutants were generated by site-directed mutagenesis and later verified by 

DNA sequencing (Kassmann et al., 2008; Ojha et al., 2014; Ojha et al., 2017). Mutants are 

termed by their inactivation motif, which are as follows:   

1. rNaV1.4_1303I:F1304C:1305M (ICM)  

2. rNaV1.4_1303I:F1304C:M1305L (ICL)  

3. rNaV1.4_1303I:1304F:M1305C (IFC)  

4. rNaV1.4_I1303C:1304F:M1305L (CFL)  

5. rNaV1.4_I1303C:1304F:M1305C (CFC) 

6. rNaV1.4_I1303M:1304F:1305M (MFM)  

7. rNaV1.4_I1303M:F1304M:1305M (MMM) 

8. rNaV1.4_1303I:1304F:M1305U_selN (IFU) 

9. rNaV1.4_1303I:1304F:M1305L (IFL) 
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Figure 8: Transmembrane topology of the α subunit of rat NaV1.4. Wild-type channel and 

mutations in the inactivation motif (IFM) are illustrated. (Modified from Ojha et al., 2014)  

Other plasmids that were used: roGFP2 (eGFP_S147C:Q204C; (Dooley et al., 2004)), Grx1-

roGFP2 (Gutscher et al., 2008), eGFP_S147U:Q204C (Dooley, 2006) eGFP_S147C:204Q, 

eGFP_S147U:204Q (Ojha et al., 2017), and humanCD8. All constructs were in pcDNA3 

expression vectors. 

 

Figure 9: Illustration of roGFP2 and its variants. (a) roGFP2 (eGFP_S147C:Q204C): two surface-

exposed cysteines at position 147 and 204 respond to oxidative modification. (b) Grx1-roGFP2: 

human glutaredoxin-1 fused to roGFP2 with an indicated spacer. (c) eGFP with a selenocysteine and a 

cysteine at position 147 and 204, respectively. (d) eGFP with a single cysteine at position 147.         

(e) eGFP with a single selenocysteine at position 147. 
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A cytoplasmic pKillerRed (Evrogen, Moscow, Russia) was used as a genetically 

encoded photosensitizer. KillerRed expressed in HEK cells generates reactive species upon 

light-irradiation. In some experiments, pNaVβ1-KillerRed was used to generate light-induced 

reactive species delimited to the cell membrane (Fig. 10). This construct was generated by 

fusing C-terminus of the NaVβ1 subunit to the N-terminus of KillerRed (the work was done 

by Dr. Enrico Leipold, Center for Molecular Biomedicine, Department of Biophysics, 

Friedrich Schiller University of Jena, Germany). 

 

Figure 10: Cartoon illustrating the fusion product of KillerRed and NaVβ1 localized in the cell 

membrane. 

2.3. Other chemicals 

Hydrogen peroxide (FLUKA, St. Gallen, Switzerland) and chloramine T (Sigma-Aldrich, 

Taufkirchen, Germany) were used as the oxidant. Redox properties of CORM-2 (Sigma-

Aldrich) and bilirubin oxidation end products (BOXes: Z-BOX A and Z-BOX B; obtained 

from     Prof. Dr. Georg Pohnert, Friedrich Schiller University, Jena, Germany) were 

investigated using oxidation-sensitive fluorescent proteins. These chemicals were diluted in 

the respective bath solution immediately before extracellular application.  

In some experiments either the reducing agent DTT (1,4-Dithiothreitol) at 1 mM 

concentration or a general RS scavenger ascorbic acid at 2 mM concentration (both from 

Sigma-Aldrich) in bath saline was used for the extracellular application. Some whole-cell 

measurements were performed with the reducing agent TCEP (tris(2-carboxyethyl) 

phosphine hydrochloride) (Sigma-Aldrich) added in the internal patch pipette solution at       

1 mM concentration with readjustment of the pH. BAM15 (TimTec Inc, Newark, DE, USA) 

was used as a mitochondrial uncoupler. 
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2.4. Buffers and solutions 

Medium for E.coli growth 

E. coli plating medium: 15 g agar in 1 liter of LB (Luria Broth) medium (constituents in g: 10 

Tryptone/peptone, 5 yeast-extracts, 5 NaCl added in 1 liter of H2O and autoclaved; pH 7.0 

adjusted with NaOH) with antibiotic (either ampicillin or kanamycin with a final 

concentration of 100 µg/ml). 

TY media for E.coli mass culture (in g): 10 Tryptone/peptone, 5 yeast-extracts, 5 NaCl added 

in 1 liter of H2O and autoclaved; pH 7.0 adjusted with NaOH. During the mass culture of E. 

coli strain, an antibiotic (ampicillin or kanamycin) with a final concentration of 100 µg/ml in 

the media was used to allow the growth of successfully transformed cells only. 

Buffer for cell washing  

Phosphate buffered saline (PBS) (in mM): 4.3 Na2HPO4.7H2O, 1.4 NH2PO4, 137 NaCl, and 

2.7 KCl; pH 7.4 

Solutions for whole-cell voltage-clamp measurements 

Internal (patch pipette) solution (in mM):  35 NaCl, 105 CsF, 10 EGTA, and 10 HEPES;  

              pH: 7.4 (CsOH) 

External (bath) solution (in mM):           150 NaCl, 2 KCl, 1.5 CaCl2, 1 MgCl2, and  

              10 HEPES; pH: 7.4 (NaOH) 

2.5. Plasmid amplification, extraction, and purification  

The desired plasmid (1 µg) and E. coli strain XL1-blue (100 µl) mix were kept on ice for 1 

hour. Subsequently, cells were seeded on TY 1.5% agar plate containing antibiotic 

(ampicillin or kanamycin) and grown for overnight at 37 °C. Next day, a single bacterial 

colony was selected, which further amplified in TY medium containing antibiotic for 

overnight in a shaker at 37 °C. After adequate growth of transformed E. coli cells, the 

plasmid was extracted and purified using Promega PureYieldTM Plasmid Midiprep kit 

(Promega GmbH, Mannheim, Germany) following the instructions of the supplier. The 

concentration of purified plasmid was determined by GeneQuanTM 1300 spectrophotometer 

(GE Healthcare, Munich, Germany).  
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2.6. Cell culture and transfection 

Cell lines (HEK 293, HEK 293T, HepG2) were maintained in T75 flasks containing DMEM 

(Dulbecco's Modified Eagle's Medium)/Ham’s F12 nutrient mix with L-glutamine and 

supplemented with 10% fetal calf serum (Gibco® by Fisher Scientific GmbH) in a humidified 

5% CO2 incubator (Thermo Electron LED GmbH, Langenselbold, Germany) at 37 °C. About 

90% confluent cells were trypsinized (0.05% trypsin-EDTA; Gibco® by Fisher Scientific 

GmbH), diluted with culture medium, and grown in either 35-mm dishes or 24 well cell-

culture plates. The cells were plated in 35-mm dishes explicitly for photonic experiments. 

These 35-mm dishes were made by sticking the glass coverslip of thickness 170 µm and 

diameter 25 mm (Gerhard Menzel GmbH, Braunschweig, Germany) using silicone elastomer 

(RTV615, KVD, Bad Wimpfen, Germany) to the bottom of hollow 35-mm dishes (Fig. 11). 

The cells grown on the glass surface (diameter=25 mm) only were used in experiments. 

About 70% confluent cells were transfected with the desired plasmid using Roti®-fect (Roth, 

Karlsruhe, Germany) transfection reagent following the instructions of the supplier.    

 

Figure 11: Glass bottom dishes for photonic experiments. (a) 35-mm cell culture dishes stored in a 

petri plate. (b) A single 35-mm cell culture dish with a glass coverslip (diameter of 25 mm) (red) and 

plastic space (5 mm) around the glass coverslip (green) is shown.  

The culture of rNaV1.4 mutant IFU (roNaV2) expressing cells was supplemented with 

sodium selenate (Na2SeO4; 300 nM) for 12 hours from the day of transfection. After            

12 hours, transfected cells were maintained in fresh cell culture media without sodium 

selenate. Unless otherwise stated, cells expressing ion channels other than mutant IFU were 

grown in absence of sodium selenate.    

Electrophysiological and/or photometrical experiments were performed 1-3 days after 

the cell transfection. Cells not transfected with fluorescent proteins were co-transfected with 

human-CD8 plasmid and transfected cells were identified by the binding of anti-CD8-coated 

beads (Invitrogen by Life Technologies GmbH). These anti-CD8 beads (diameter 4.5 µM) 
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contain a coating of a mAb (ITI-5C2) specific for the CD8 antigen; therefore, beads allow 

identification of positively transfected cells. 

2.7. Patch-clamp electrophysiology 

Patch-pipettes were fabricated from filament glass capillaries (Inner/outer Ø: 0.86/1.50 and 

length: 80-mm) using pipette puller (Sutter Instruments, Novato, USA). Fabricated pipettes 

were coated with either silicone elastomer (RTV615) or white wax (Modern Materials®, Saint 

Paul, USA) and fire-polished to yield resistances of 0.7-1.5 MΩ.  

Voltage-clamp experiments in the whole-cell configuration were performed with the 

patch-clamp setup that consisted of Zeiss inverted microscope (Axio Observer.D1), 

micromanipulator (Sutter Instruments), and an EPC 10 USB double patch-clamp amplifier 

operated by PatchMaster software (both from HEKA Elektronik, Lambrecht, Germany). In 

some experiments, an EPC 9 patch-clamp amplifier (HEKA Elektronik) was used.  

The series resistance was corrected electronically by more than 70% to minimize 

voltage errors. Unless otherwise stated, holding voltage in all experiments was set to              

-120 mV. Leak and capacitive currents were corrected with a p/6 method with a leak holding 

voltage of -120 mV. A p/4 method was used during the assessment of voltage-dependent 

channel activation and the fractional recovery of channels from inactivation. Currents were 

low-pass filtered at 5 kHz and data were sampled at 50 kHz. Currents were sampled at         

25 kHz during the assessment of voltage-dependent channel inactivation.  

 Perforated-patch clamp recordings were performed by supplementing escin (Sigma-

Aldrich) as a perforating reagent at 1-10 μM to the patch pipette solution in the on-cell 

configuration. Escin formed pores in the membrane within 10-15 minutes thereby a series 

resistance was achieved between 3 and 20 MΩ.  

 Most of the electrophysiological experiments were performed at room temperature 

(19-24 °C). Some experiments were performed at a constant temperature of either 32 °C or  

30 °C as stated in results. The temperature was controlled by an electronic peltier temperature 

control system (PTC-10) (NPI Electronic GmbH, Tamm, Germany).  
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Figure 12: Illustration of patch-clamp measurements (not drawn to scale). Patch pipette with 

recording electrode in contact with cytosol of a HEK 293T cell. Three patch-clamp recording 

configurations: on-cell (cell-attached), whole-cell, and perforated-patch are shown. 

2.8. Photometry 

A Zeiss inverted microscope (Axio Observer.D1) with epifluorescence filter set: GFP, 

492/SP, FT 495, HC 520/35 and objectives: 40x (NA=1.3; fluar) and 63x (NA=1.4; Plan-

Apochromat) coupled to a uEye camera (IDS Imaging Development Systems GmbH, 

Obersulm, Germany), a viewfinder, and an FDU-photodiode (both from TILL Photonics, 

Gräfelfing, Germany) was used for fluorescence measurements. A polychrome-V 

monochromator (150-W Xenon high stability lamp; TILL Photonics) controlled with 

PatchMaster software (HEKA Elektronik) was used as a light source to excite the transiently 

expressed fluorescent proteins (Fig. 13). In some photometrical measurements, a 

polychrome-1 monochromator (TILL Photonics) was used as the light source. 

The light was irradiated on cells expressing roGFP2 or its variants via 40x (NA=1.3) 

fluar oil objective and the fluorescence was measured from a single cell at two excitation 

maxima near 400 nm and 470 nm (each for either 10 ms or 20 ms). A 63x (NA=1.4) Plan-

Apochromat objective was chosen when the oxidative response of fluorescent protein was 

intended to compare with the mutant IFU channel. A 20x (NA=0.3) Ph1 dry LD A-Plan 

objective was used to compare the sensitivity to oxidation of roGFP2 and mutant IFC channel 

co-expressed in a single HEK cell. A single fluorescent cell was selected for the ratiometric 

fluorescent measurement using a viewfinder coupled with the camera (Fig. 14). The step 
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interval of ratiometric fluorescence measurements in most of the experiments was either 5 s 

or 10 s. Unless otherwise stated, all photometrical experiments were performed at room 

temperature (19-24 °C). 

 

Figure 13: Setup for patch-clamp electrophysiology and photometry: 1-inverted microscope,      

2-viewfinder, photo-diode, and camera, 3-patch-clamp amplifier, 4-computer monitor, 5-polychrome-

V monochromator, 6-Fluorescence detection unit for single emission (FDU-SE), 7-temperature 

control device, 8-patch pipette holder, 9-micromanipulator, 10-microscope stage controller, and 11-

Faraday cage. 

 

Figure 14: Schematic representation of the viewfinder area (red rectangle) selected for fluorescence 

measurements. roGFP2 expressing fluorescent HEK 293T cells are shown.  
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2.9. Reactive species generation 

The cell culture was supplemented with high glucose (25 mM) to affect the endogenous RS 

milieu. Extracellular oxidants, such as chloramine T and H2O2, diluted in the bath solution 

immediately before application, were applied by either changing the entire bath volume or by 

glass application pipette in the local vicinity of a transfected single cell. 

 

Figure 15: Mode of RS generation. A schematic representation of the local application of stressor 

(oxidant) on green fluorescent protein (a) and channel expressing cells (b). Blue-light was directed to 

the cells via the microscope objective to induce reactive species formation (c). (Figures are not drawn 

to scale).  

In some experiments, RS were generated solely by epifluorescence excitation light 

(blue and green) passed through an epifluorescence filter set and the microscope objective 

(20x Ph1 dry LD A-Plan (NA=0.30) and 63x oil Plan-Apochromat (NA=1.4). A genetically-

encoded photosensitizer KillerRed was used to generate light-induced RS in some 

experiments. Epifluorescence filter set for KillerRed: BP 510-560, FT 580 (LP 590). 

2.10. Data acquisition, analysis, and statistics 

Patch-clamp electrophysiological and fluorescence data were acquired with PatchMaster 

software and analyzed with FitMaster (HEKA Elektronik), IgorPro (WaveMetrics, Lake 

Oswego, OR, USA), and MS-Excel (Microsoft Corporation, Redmond, USA). Data were 

presented as mean ± s.e.m. for independent measurements (n). Groups of data were compared 

with a two-sided student’s t-test followed by a post hoc Bonferroni correction when 

appropriate. Differences in the mean data were considered significant: *, P≤0.05; **, P≤0.01; 

***, P≤0.001.  
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2.10.1. Voltage-dependent channel activation 

Voltage-dependent channel activation was assayed by depolarizing pulses from -60 mV to  

60 mV in steps of 10 mV, every 2 s from a holding membrane voltage of -120 mV. Peak 

currents as the function of depolarizing voltages were fit according to a Hodgkin-Huxley 

formalism with three activation gates (m = 3) and a single-channel conductance following the 

Goldman-Hodgkin-Katz equation:  

𝐼𝐼(𝑉𝑉) =  𝛤𝛤𝑉𝑉 1−𝑒𝑒−(𝑉𝑉−𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟)/25𝑚𝑚𝑉𝑉

1−𝑒𝑒−𝑉𝑉/25𝑚𝑚𝑉𝑉  ×  1
(1+𝑒𝑒−(𝑉𝑉−𝑉𝑉𝑚𝑚)/𝑘𝑘𝑚𝑚)3

  (eq. 1) 

Vm = voltage of half-maximal gate activation, km = the corresponding slope factor, Γ = the 

maximal conductance of all channels, and Erev = the reversal potential. 

2.10.2. Voltage-dependence of channel inactivation 

Channel inactivation was measured from a holding membrane voltage of -120 mV with 

conditioning pulses of 500 ms at voltages ranging from -120 mV to -45 mV in steps of 5 mV, 

every 10 s. Subsequently, the peak current was determined at -20 mV, later normalized to a 

control peak current measured before conditioning voltages (reference peak current). The 

normalized peak currents were plotted as a function of conditioning voltage and were fit 

according to either a single-component Boltzmann function (eq. 2) or two-component 

Boltzmann function (eq. 3):   

𝐼𝐼(𝑉𝑉)
𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐

= 1
1+𝑒𝑒−(𝑉𝑉−𝑉𝑉ℎ)/𝑘𝑘ℎ

               (eq. 2) 

𝐼𝐼(𝑉𝑉)
𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑐𝑐𝑐𝑐

= (1−𝑟𝑟2)
1+𝑒𝑒−(𝑉𝑉−𝑉𝑉ℎ1)/𝑘𝑘ℎ

+ 𝑟𝑟2
1+𝑒𝑒−(𝑉𝑉−𝑉𝑉ℎ2)/𝑘𝑘ℎ

   (eq. 3) 

Vh = the half-maximal inactivation voltages (Vh1 and Vh2 for two-component), kh = the 

corresponding slope factor, r2 = proportionality constant that represents the fraction of 

channels that inactivate in a secondary inactivation phase, and (1-r2) = the fraction of 

channels that inactivate in the primary inactivation phase. 

2.10.3. Steady-state current and the time course of inactivation 

Channels were depolarized to -20 mV from a holding membrane potential of -120 mV and 

currents were fit according to a Hodgkin-Huxley formalism with three activation gates        

(m=3) and a single-channel conductance to estimate the steady-state current and the time 

course of inactivation. 

𝐼𝐼(𝑡𝑡) = 𝐼𝐼0𝑚𝑚3(𝑡𝑡)ℎ(𝑡𝑡)  
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𝑚𝑚(𝑡𝑡) = 1 − 𝑒𝑒−(𝑡𝑡 𝜏𝜏𝑚𝑚⁄ ) 

ℎ(𝑡𝑡) =  ℎ∞ + (1 −  ℎ∞) 𝑒𝑒−(𝑡𝑡 𝜏𝜏ℎ⁄ )       (eq. 4) 

I0 = current amplitude, t = time, τm = time constant of activation, τh = time constants of 

inactivation, and h∞ = the fraction of non-inactivating current after infinite time. 

2.10.4. Fractional recovery  

A control peak current was measured in response to depolarizing pulses of -20 mV for 10 ms 

from a holding membrane potential of -100 mV afterward channels were conditioned for  0.2 

ms and conditioning time was increased by a factor of 2. The step was repeated every 5 s 

until channels recovered completely from inactivation. The peak current was determined at    

-20 mV after conditioning, normalized to a control peak current measured before 

conditioning time. Normalized peak current was plotted as a function of conditioning time 

and was fit with either a single-exponential (eq. 5) or a double-exponential function (eq. 6): 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴 𝑒𝑒−�
𝑡𝑡 𝜏𝜏1� �                             (eq. 5) 

𝐼𝐼(𝑡𝑡) = 𝐴𝐴 𝑒𝑒−�
𝑡𝑡 𝜏𝜏1� � + (1 − 𝐴𝐴) 𝑒𝑒−�

𝑡𝑡 𝜏𝜏2� �      (eq. 6) 

A = normalized current amplitude, (1-A) = second component of normalized current 

amplitude, t =time, τ1 = first time constant, and τ2 = second time constant. 

2.10.5. Time course of inactivation removal 

The time course of oxidation-induced inactivation removal was monitored by measuring the 

ratio (RI) of current at 5 ms (I5) or 10 ms (I10) after the depolarization onset and the peak 

current (Ip) elicited by pulses to -20 mV. 5 ms was chosen for cases where a direct 

comparison with wild-type channels was intended because the inactivation of wild type is 

faster than that of mutant IFC (roNaV1) and mutant IFU (roNaV2). The remaining non-

inactivating current fraction, RI (t), was plotted as a function of time (t) and was fit with the 

following function: 

𝑅𝑅𝐼𝐼(𝑡𝑡) = 𝑅𝑅0 − (𝑅𝑅∞ − 𝑅𝑅0) �1 − 𝑒𝑒−�
 𝑐𝑐−𝑐𝑐0
𝜏𝜏  �� (eq. 7) 

R0 = ratio before oxidation, R∞ = the ratio after infinite exposure to oxidant, t0 = the time of 

oxidation start, and τ = the time constant. 

 

2.10.6. Fluorescence ratios 

Fluorescence of individual cells expressing roGFP2 and its variants was measured at 400 nm 

and 470 or 475 nm. Due to operational delay (about 5 ms) of the scanner, the second half 
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episodes of the fluorescence at 400 nm and 470 or 475 nm were chosen for the analysis (Fig. 

16). Background fluorescence (F0) at 250 nm or in absence of excitation light was subtracted 

from the fluorescence measured at 400 nm (F1) and 470 or 475 nm (F2) that yielded absolute 

fluorescence at 400 nm (dF1) and 470 or 475 nm (dF2). The ratio of absolute fluorescence 

(dF1/dF2 = F400 / F470) was plotted as a function of time and fitted according to equation 7 

for the fluorescence ratio instead of inactivation removal. 

 
Figure 16: A representative fluorescence trace measured from a HEK 293T cell expressing roGFP2 

(lower) in response to indicated pulse protocol (upper). Black arrow shows an operational delay of the 

scanner ( ̴ 5 ms). 
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3. Results 

The rapid inactivation of NaV channels is mainly mediated by the inactivation motif “IFM” 

(Ile-Phe-Met), located in the intracellular linker between domains III and IV (West et al., 

1992). The presence of methionine (Met) in the inactivation motif makes the channel 

inactivation susceptible to oxidative modification. Exposure of rat skeletal muscle NaV1.4 

(rNaV1.4) to the oxidant chloramine T (ChT) efficiently removes its rapid inactivation; this is 

mainly due to chemical modification of the Met residue (Met1305 for rat NaV1.4) present in 

the inactivation motif (Kassmann et al., 2008). The study of Kassmann et al. (2008) clearly 

indicated that oxidation-mediated removal of channel inactivation depends on the oxidation 

sensitivity of amino-acid residues located in the inactivation motif. Therefore, it was 

hypothesized that introduction of either additional Met residues or cysteine residues (Cys) in 

the inactivation motif might make the inactivation even more susceptible to oxidative 

modification. Hence, several single- or double-site mutants with either additional Met or Cys 

were generated and they were termed by their inactivation motif, such as MFM for 

rNaV1.4_I1303M:F1304:M1305. Such mutants were expressed in HEK 293 or 293T cells and 

their function was evaluated by means of the whole-cell patch-clamp method.  

3.1. Selection of Na+ channel mutants sensitive to reactive species 

For an application of one of the channel mutants containing either additional Met or Cys 

residues in the inactivation motif as an RS sensor, the rapid inactivation should be nearly 

complete as to avoid Na+ influx into cells under sustained depolarization. Thus, the time 

course of inactivation and the fraction of steady-state current at a depolarizing voltage of        

-20 mV were measured for each mutant. All mutants produced current and exhibited rapid 

inactivation. The steady-state current at the end of the 20-ms depolarizing pulse relative to 

the peak current was analyzed for wild-type rNaV1.4 (in percentage): 1.5 ± 0.2 (n=8), MFM: 

2.1 ± 0.3 (n=5), MMM: 6.2 ± 1.6 (n=12), ICM: 11.7 ± 0.4 (n=55), ICL: 9.6 ± 0.6 (n=18), 

IFC: 2.8 ± 0.3 (n=16), CFL: 6 ± 0.5 (n=18), and for CFC: 18.7 ± 1.3 (n=16). Mutant IFL 

exhibited the least steady-state current (1.19 ± 0.2, n=9) among all channels (Fig.17b). 

Hence, all mutants with either additional Met residues or Cys residues exhibited a greater 

steady-state current than the wild type (IFM). Mutant MFM and IFC displayed a steady-state 

current and an inactivation time courses most similar to that of the wild type (Fig. 17).  
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Figure 17: Steady-state inactivation of rNaV1.4 mutants. (a) Normalized current responses of rat 

skeletal muscle NaV1.4 wild-type (IFM) and the indicated mutants expressed in HEK 293 cells in 

response to depolarization to -20 mV from a holding voltage of -120 mV. (b) The residual current at 

the end of the 20-ms depolarizing pulse relative to the peak current for the indicated mutants. Data are 

mean ± s.e.m. (n). (Ojha et al., 2014) 

The mutants with either one or additional Cys residues were subjected to 50 μM ChT, 

and those with an altered number of Met residues were exposed to 500 μM ChT. All mutants 

carrying either one or additional Cys residues lost inactivation on ChT (50 µM) exposure 

with a single-exponential time course characterized by time constants of 50-70 s, while wild-

type rNaV1.4 showed a very small response only (about 2000 s) (Fig. 18a,b,d). ChT at 10-

times higher concentration removed inactivation of wild-type rNaV1.4  with a time constant 

of about 300 s, while an increasing number of Met residues accelerated that process (MFM, 

about 60 s; MMM, about 30 s). Mutant IFL, i.e. a channel mutant lacking Met residue in its 

inactivation motif, served as a negative control with a very slow response to 500 µM ChT 

(about 700 s) (Fig. 18c,e).  

These results indicated that a Cys residue at any position within the IFM motif results 

in channels with strongly RS-sensitive inactivation; a second Cys in the inactivation motif 

does not increase the sensitivity. Mutants with two or three Met residues exhibited about 10-

times less sensitivity than the mutant with a Cys (Fig. 18d-blue,e-gey). Mutants MFM and 

MMM are well suited for the study of Met-directed modifications. Since a mutant with the 

least steady-state current under control conditions was most desirable for the employment of 

mutant as RS sensor, mutant IFC was selected for further analysis and it was termed by its 

inactivation motif, IFC, also referred to as ‘roNaV’ or ‘roNaV1 (reduction-oxidation sensitive 

NaV channel of generation 1)’.  
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Figure 18: Removal of rapid inactivation by chloramine T. (a) Current traces at -20 mV for wild-

type rNaV1.4 (IFM, top) and mutant IFC (bottom) in HEK 293 cells before (Ctrl) and after (time 

indicated) application of 50 μM ChT. (b) Time course of inactivation removal in response to 

application of 50 μM ChT for the wild type and the indicated mutants. (c) Time course of inactivation 

removal in response to the application of 500 μM ChT for the wild type and the indicated mutants. 

Mutant IFL served as a negative control. (d, e) Time constants for inactivation removal for the 

indicated channels in response to 50 μM ChT (d) and 500 μM ChT (e). Data are mean ± s.e.m. with n 

shown in parentheses. (Ojha et al., 2014) 

3.2. Generation and heterologous expression of seleno-Na+ channel  

The results shown thus far have demonstrated that RS-sensitivity of channel inactivation can 

be increased by introducing an oxidation-sensitive amino-acid residue in the inactivation 

motif. Therefore, it was further hypothesized that the RS-sensitive inactivation of roNaV1 

might be increased with a more reactive selenocysteine (Sec, U) at the position 1305 instead 

of Cys. Aiming for even improving the RS-sensitive inactivation of roNaV1, a Sec residue 

was introduced in the inactivation motif (M1305U) of the wild-type rNaV1.4 thereby a 
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seleno-Na+ channel (rNaV1.4_IFU) was genetically engineered. An expression vector was 

constructed based on wild-type rNaV1.4 channels with a TGA stop codon (in DNA) at the 

position equivalent to M1305, and followed by a Sec insertion sequence element (SECIS; 

225-bp fragment containing nucleotides 2811-3065 from human SELENON mRNA, SEPN1) 

downstream of the channel gene (Fig. 19). The seleno-Na+ channel was termed by its 

inactivation motif, IFU, also referred to as ‘roNaV2’ (reduction-oxidation sensitive NaV 

channel of generation 2).  

 

Figure 19: Vector construction for selenocysteine incorporation into NaV1.4. A 225-bp fragment 

containing nucleotides 2811-3065 from human SELENON mRNA (NM_020451.2, SEPN1) was 

placed directly after the endogenous scn4a stop codon TAG, thereby placing the AAA consensus 

sequence of the SECIS element. The SECIS element is at 140 nt downstream of the scn4a stop codon. 

(Ojha et al., 2017) 

After constructing an expression vector of roNaV2, its production yield in HEK 293T 

was examined and compared with the yield of roNaV1 and wild-type rNaV1.4. Transfected 

cells were depolarized to -20 mV for 20 ms from a holding potential of -120 mV and the peak 

current amplitude was determined for each channel construct (Fig. 20a-c). Wild-type rNaV1.4 

and roNaV1 were adequately expressed in HEK 293T cells and produced mean peak current 

amplitudes of -4.5 ± 0.5 nA (n=20) and -4.0 ± 0.5 nA (n=20), respectively (Fig. 20d, white 

bars). roNaV2 yielded a much smaller current signal (Fig. 20c, black trace) of -0.20 ± 0.02 nA 

(n=20) (Fig. 20d, white bar). Supplementation of the cell culture with sodium selenate 

(Na2SeO4; 300 nM) increased the current amplitude of roNaV2 by about 8-fold (-1.4 ±        

0.1 nA, n=29; P˂0.001) (Fig. 20c,d-red); the current amplitude of  rNaV1.4 (-3.6 ± 0.6 nA, 

n=20; P=0.28) and roNaV1 (-4.3 ± 0.5 nA, n=20; P=0.69) were unaffected by sodium selenate 

(Fig. 20d). Hence, sodium selenate (300 nM) is essential for the reasonable expression yield 

of roNaV2 in HEK 293T cells; supplementation does not influence the expression of roNaV1 

and wild-type rNaV1.4.  
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Figure 20: Influence of sodium selenate on the functional expression level. (a-c) Representative 

current traces at a depolarizing pulse -20 mV from holding voltage of -120 mV of the indicated 

channel constructs, expressed in HEK 293T cells, either in normal cell culture medium (0 nM) or in 

culture medium supplemented with 300 nM sodium selenate (Na2SeO4). (d) Mean current amplitude 

of the indicated channel constructs, cultured in medium without (white bars) or with 300 nM Na2SeO4 

(colored bars). Data in d are mean ± s.e.m (n). Statistical t-test: ***, P≤0.001; n.s. (not significant), 

P>0.05. (Ojha et al., 2017) 

roNaV1 and roNaV2 were selected for further analysis. Biophysical properties of these 

channels were analyzed and compared with wild-type rNaV1.4. Further, the response of 

mutant channels (roNaV1 and roNaV2) to RS stimuli was assayed. 

3.3. Biophysical properties of roNaV1 and roNaV2 

Introduction of either a Cys (roNaV1) or a Sec (roNaV2) in the inactivation motif of wild-type 

rNaV1.4 might affect biophysical properties of the channel. Therefore, patch-clamp 

electrophysiological measurements were performed to investigate the influence of either Cys 

or Sec in the inactivation motif on the channel properties. Since supplementation of sodium 

selenate (300 nM) in the cell culture is required for a considerable expression yield of roNaV2 

in HEK 293T cells, all channels were expressed in presence of sodium selenate to compare 

channel properties. Because sodium selenate (300 nM) may affect the channel properties, the 

influence of sodium selenate on the functional properties of wild-type rNaV1.4 and roNaV1 

was examined.  
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3.3.1. Voltage-dependent channel activation 

Channel-expressing cells were depolarized from -60 mV to 60 mV in steps of 10 mV, every  

2 s, from a holding voltage -120 mV and currents were measured in response to depolarizing 

voltages (Fig. 21a, 21b-e, top). Subsequently, current amplitudes were plotted as the function 

of depolarizing voltages and were fit according to a Hodgkin-Huxley formalism with 3 

activation gates and a single-channel conductance according to the Goldman-Hodgkin-Katz 

(GHK) equation (eq. 1) (Fig. 21b-e, lower). 

 GHK fit yielded half-maximal activation voltage (Vm) and the corresponding slope 

factor (km) for each channel construct. The half-maximal activation voltage (Vm) of roNaV1   

(-40.4 ± 1.9 mV, n=11; P=2.0) and roNaV2 (-46.6 ± 1.2 mV, n=22; P=0.1) were similar to 

that of wild type (-41.4 ± 1.7 mV, n=6). The reducing agent TCEP (1 mM) supplemented to 

the patch pipette solution did not affect the half-maximal activation voltage of roNaV2 (-46.5 

± 0.23 mV, n=30; P=0.09) (Fig. 21f, left). The corresponding slope factor (km) of roNaV2 

(11.5 ± 0.40 mV, n=22; P˂0.001) significantly varied from the wild-type channel, while 

roNaV1 (8.0 ± 0.41 mV, n=11; P=1.2) and wild-type rNaV1.4 (7.5 ± 0.48 mV, n=6) exhibited 

a similar km (Fig. 21f, right). The apparent voltage dependence of roNaV2 was less steep 

compared to wild-type rNaV1.4 and roNaV1. Even the steepness of voltage dependency of 

roNaV2 (13.8 ± 0.50 mV, n=30; P˂0.001) did not come close to the wild-type channel when 

the reducing agent TCEP at a concentration of 1 mM was supplemented in the patch pipette 

solution (Fig. 21f, right).    
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Figure 21: Voltage-dependent activation of wild-type NaV1.4 and mutant channels. (a) Pulse 

paradigm, red trace indicates 0 mV. (b-d) Representative current traces of indicated channels (upper) 

obtained in response to pulse paradigm. The current trace at 0 mV is shown in red. Current-voltage 

relationships with a superimposed GHK fit are shown in lower panel. (e) As in b-d, but for roNaV2 

using a pipette solution supplemented with 1 mM TCEP. (f) Half-maximal activation voltage, Vm 

(left) and the corresponding voltage dependency, km (right) of indicated channels. Data in f are mean ± 

s.e.m. (n). A t-test for mutants (IFC and IFU) versus wild type (IFM) after the Bonferroni correction 

for multiple comparisons: ***, P<0.001 and n.s., P>0.05. (Ojha et al., 2017). 

As illustrated in Fig. 22, wild type and roNaV1 expressed in the absence of sodium 

selenate exhibited a Vm (rNaV1.4: -40.5 ± 3.2 mV, n=8; P=0.82 and roNaV1: -41.2 ± 2.6 mV, 

n=11; P=0.79) and the km (rNaV1.4: 7.4 ± 0.9 mV, n=8; P=0.38 and roNaV1: 7.8 ± 0.8 mV, 

n=11; P=0.77) similar to as it was for the respective channel when expressed in presence of 

sodium selenate. Thus, the presence of sodium selenate (300 nM) in the cell culture has no 

effect on the voltage-dependent channel activation of either wild-type rNaV1.4 or roNaV1. 
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Figure 22: Influence of sodium selenate on voltage-dependent channel activation. (a) Pulse 

protocol. Red trace indicates 0 mV. (b-e) Current traces (upper) obtained from indicated channels, 

expressed either in the absence (0 nM) or presence (300 nM) of sodium selenate (Na2SeO4), in 

response to pulse paradigm as indicated in panel a. The current trace at 0 mV is shown in red. Peak 

currents as the function of voltage with a superimposed GHK fit (lower). (f) The half-maximal 

activation voltage, Vm (left) and the corresponding slope factor, km (right) of indicated channels in 

indicated cell culture condition. Data in f are mean ± s.e.m. (n). Statistical t-test: n.s., P>0.05.  

3.3.2. Voltage-dependent channel inactivation 

Na+ channels inactivate during sustained membrane depolarization; this process involves 

occlusion of the channel pore by the inactivation motif. A Cys (roNaV1) or a Sec (roNaV2) in 

the inactivation motif may disturb this process. Therefore, inactivation parameters, such as 

the time constant (τh) of inactivation, steady-state inactivation, fractional recovery, half-

maximal inactivation voltage (Vh), and the corresponding slope factor (kh) of roNaV1 and 

roNaV2 were analyzed and compared with wild-type rNaV1.4.  

3.3.2.1. Residual steady-state current  

Na+ current was measured at a depolarizing pulse of -20 mV for 20 ms from a holding 

membrane potential of -120 mV and the residual steady-state current was analyzed at the end 

of the 20-ms depolarizing pulse relative to the peak current (Fig. 23a-c). A residual steady-
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state current of roNaV1 (2.6 ± 0.18 %, n=24; P˂0.001) and roNaV2 (12.6 ± 0.57 %, n=37; 

P˂0.001) was significantly greater than that of wild type (1.7 ± 0.16 %, n=12). roNaV1 

(M⟶C) and roNaV2 (M⟶U) exhibited about 1.5-fold and 7-fold, respectively, greater 

residual steady-state current than the wild type (IFM) (Fig. 23f). 

  

Figure 23: Residual steady-state current of rNaV1.4, roNaV1, and roNaV2. (a-c) Normalized 

current responses of the indicated channels in response to a depolarization voltage -20 mV for 20 ms 

from a holding voltage of -120 mV. (d-e) The normalized current response of roNaV2 in a reducing 

environment. Reducing conditions were accomplished by supplementing either ascorbic acid (AA;     

2 mM) or TCEP (1 mM) to the patch pipette solution during whole-cell current measurement.             

(f) Percentage residual current at the end of the 20-ms depolarizing pulse relative to the peak current 

for the indicated constructs. Mean ± s.e.m. (n in parentheses). t-test with post hoc Bonferroni 

correction for multiple comparisons: ***, P≤0.001. 

Since the greater steady-state current of roNaV1 in compared to wild type is an 

intrinsic property of roNaV1 and it is not caused by the oxidative modification of the Cys 

residue in the inactivation motif (Ojha et al., 2014), inactivation of roNaV2 was also measured 

in a reducing environment by either supplementing the pipette solution with TCEP (1 mM) or 

the general RS scavenger ascorbic acid (2 mM). While supplementation of ascorbic acid 

decreased the residual steady-state current of roNaV2 by about 26% (9.3 ± 0.55%, n=25; 

P˂0.001), TCEP reduced the residual steady-state current of roNaV2 by about 60% (7.7 ± 

0.60%, n=38; P˂0.001) (Fig 23d-f). A partial decrease in the residual steady-state current of 

roNaV2 in presence of either the reducing agent or the RS scavenger might indicate that the 

greater residual steady-state current of roNaV2 has emerged because of the M⟶U mutation 
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as well as due to the oxidative modification of its inactivation motif. Noticeably, TCEP        

(1 mM) provided a stronger reducing environment for roNaV2 than ascorbic acid (2 mM).  

3.3.2.2. Inactivation kinetics 

As shown in Fig. 24, the current was fit according to a Hodgkin-Huxley formalism for m=3 

activation and h=1 inactivation gates to analyze time constant of channel inactivation (τh) and 

steady-state inactivation (hinf or h∞) of wild-type rNaV1.4, roNaV1, and roNaV2 (Fig. 24a-d; 

black trace: current, red trace: fit). The mean time constants of inactivation (τh) were: 

rNaV1.4, 0.29 ± 0.026 ms (n=8); roNaV1, 0.51 ± 0.032 ms (n=20; P˂0.001); roNaV2, 1.2 ± 

0.07 ms (n=27; P˂0.001). Hence, inactivation kinetics of roNaV1 was about 2.4-fold faster 

than the roNaV2 and about 1.7-fold slower than the wild-type rNaV1.4 at -20 mV. roNaV2 

exhibited about 4.2-fold slower inactivation kinetics than the wild type. Under reduced 

conditions (1 mM TCEP in the patch pipette) the inactivation time constant of roNaV2 

remained unchanged (1.2 ± 0.08 ms, n=35; P=0.95 with respect to “normal” conditions) (Fig. 

24e, left). This might suggest that the slower inactivation kinetics of roNaV2 is caused by the 

intrinsic property of Sec in the inactivation motif and not by its oxidative modification.  

Steady-state inactivation (h∞) of roNaV1 (0.0048 ± 0.0007, n=20; P˂0.01) and roNaV2 

(0.056 ± 0.007, n=27; P˂0.001) were significantly differed from the wild-type rNaV1.4 

(0.0011 ± 0.00023, n=8). Reduced condition (1mM TCEP) lowered h∞ of roNaV2 (0.03 ± 

0.0034, n=35; P˂0.001), but it remained larger than for the wild type (Fig. 24e, right).  

The time constant of inactivation and the steady-state inactivation of wild-type 

rNaV1.4 (0.4 ± 0.06 ms and 0.0032 ± 0.0025, n=5; P=0.07, 0.3) and roNaV1 (0.45 ± 0.074 ms 

and 0.0036 ± 0.0006, n=6; P=0.22, 0.18) were similar when channels were expressed in the 

absence of sodium selenate (Fig. 25). 



 
42 Results 

 

Figure 24: Inactivation kinetics and steady-state inactivation of NaV channels. (a-c) 

Representative current traces of the indicated channels in response to -20 mV (black) and 

superimposed fits according to a Hodgkin-Huxley formalism (red). (d) As in a-c, but for roNaV2 using 

a pipette solution supplemented with 1 mM TCEP (e) Fit results: mean time constant of inactivation 

(τh) (left) and steady-state inactivation (hinf) (right). Data are mean ± s.e.m (n in parentheses). 

Statistical t-test for IFM (rNaV1.4) vs. IFC (roNaV1) and IFU (roNaV2) after a post hoc Bonferroni 

correction: **, P≤0.01; ***, P≤0.001.  
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Figure 25: Influence of sodium selenate on inactivation kinetics and steady-state inactivation.  

(a) Pulse protocol (top). Representative current traces of rNaV1.4 expressed in the absence (middle) 

and presence (bottom) of 300 nM sodium selenate (Na2SeO4) (black) and superimposed fits according 

to a Hodgkin-Huxley formalism (red). (b) Current traces and fits as in a, but for mutant IFC (roNaV1).    

(c) Fit results: time constant of inactivation (left) and steady-state inactivation (right) of the indicated 

constructs. Data are mean ± s.e.m. (n in parentheses). Statistical t-test: n.s., P>0.05.  

3.3.2.3. The half-maximal inactivation voltage and the corresponding slope factor 

To determine the half-maximal inactivation voltage (Vh) and the corresponding slope factor 

(kh), channel-expressing cells were conditioned for 500 ms at voltages ranging from -120 mV 

to 45 mV in steps of 5 mV, every 10 s from a holding membrane voltage of -120 mV (Fig. 

26a-d). Subsequently, the peak current monitored at -20 mV after conditioning was 

normalized to the peak current obtained at -20 mV before conditioning. Normalized peak 

current was plotted as a function of conditioning voltage and analyzed with the global fit 

procedure and a two-component Boltzmann function (Fig. 26e). The first component of the 

half-maximal inactivation voltage (-93.5 ± 0.5 mV), Vh1, and the corresponding slope factor 

(5.98 ± 0.20 mV), kh, for both components (Vh1 and Vh2) were constrained for all variants. 
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Subsequently, Vh2 and the fractional contributions of the component were fit individually. 

The mean Vh2 and fractional contribution of the component for wild-type rNaV1.4 was: -75.7 

± 0.6 mV and 5.0 ± 3.4% (n=5), for roNaV1: -66.5 ± 0.4 mV and 11.7 ± 1.7% (n=5), for 

roNaV2: -56.8 ± 0.7 mV, and 51.8 ± 1.3% (n=14), and for roNaV2 under reducing conditions 

(1 mM TCEP): -62.7 ± 0.7 mV and 45.6 ± 1.6% (n=17). These results showed that fractions 

of channels that inactivated at relatively less negative voltage i.e., percentage fractional 

contributions of Vh2 were increased in roNaV1 and roNaV2 compared to the wild-type rNaV1.4 

(Fig. 26e). roNaV2 inactivation exhibited two half-maximal inactivation voltages, Vh1 and Vh2, 

each contributed about 50% to the process. Fractions of roNaV2 channels that exhibited a 

relatively less negative half-maximal inactivation voltage (Vh2) were decreased (about 6%) 

when measurements were performed with 1 mM TCEP in the patch pipette solution. 

Moreover, relatively larger fractions Vh2 might indicate that roNaV2 inactivates different from 

roNaV1 and wild type.   

Since Vh and kh of channels were analyzed while channels were transiently expressed 

in presence of sodium selenate (300 nM), the influence of sodium selenate on voltage-

dependence of inactivation of roNaV1 and wild type was further investigated. Wild type and 

roNaV1 were expressed in presence and absence of sodium selenate in the culture medium 

and measurements were performed by a procedure as described in this section earlier. The 

normalized peak current plotted versus the conditioning voltage was described with a 

Boltzmann function. As shown in Fig. 27, a Boltzmann function perfectly fit to the data and 

produced half-maximal inactivation voltage (Vh) for rNaV1.4: -76 ± 1.92 mV (n=6, control) 

and -74 ± 1.85 mV (n=9, with 300 nM sodium selenate; P=0.46), roNaV1: -71 ± 1.89 mV 

(n=9, control) and -67.7 ± 1.16 mV (n=6, with 300 nM sodium selenate; P=0.14) (Fig. 27d, 

left). Mean kh for rNaV1.4: 5.7 ± 0.21 mV (n=6, control) and 5.38 ± 0.14 mV (n=9, with 300 

nM sodium selenate; P=0.2), for roNaV1: 5.85 ± 0.48 (n=9, control) and 6.9 ± 0.53 (n=6, with 

300 nM sodium selenate; P=0.17) (Fig. 27d, right). These results clearly indicate sodium 

selenate (300 nM) in the culture media does not affect the voltage-dependence of channel 

inactivation. Data clearly indicate that sodium selenate (300 nM) in the culture medium did 

not affect the voltage dependence of roNaV1 and rNaV1.4 inactivation. 

 



 
45 Results 

 
 

Figure 26: Voltage-dependence of inactivation. (a) Pulse protocol (top) and superimposed sample 

data for the assessment of the voltage dependence of inactivation of wild-type rNaV1.4; the interpulse 

intervals lasted 500 ms (bottom). (b-d) As in a (bottom), but for indicated channels. (e) Normalized 

peak current as a function of conditioning voltage with superimposed global fits according to a two-

component Boltzmann function. Data in e are mean ± s.e.m with n indicated in parentheses. 
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Figure 27: Influence of sodium selenate (300 nM) on voltage-dependence of inactivation. (a) 

Pulse protocol (top) and superimposed sample data for the assessment of the voltage dependence of 

inactivation of rNaV1.4; the interpulse intervals lasted 500 ms (bottom). The presence and absence of 

sodium selenate in the cell culture is indicated. (b) As in a (bottom), but for roNaV1. (c) Normalized 

current as the function of conditioning voltage with superimposed fits according to a Boltzmann 

function. (d) Mean Vh and mean kh of indicated constructs. Presence (+) and absence (-) of sodium 

selenate in the cell culture media is shown. Data in c and d are mean ± s.e.m (n is shown in 

parentheses). Statistical t-test: n.s., P>0.05. 

3.3.2.4. The time course of fractional recovery from inactivation 

Transfected cells were depolarized to -20 mV for 10 ms from a holding potential of -100 mV 

to obtain a reference peak current. Subsequently, peak currents were measured at -20 mV 

from a holding potential of -100 mV in varying duration. The starting duration (0.2 ms) of 

depolarizing voltage was increased by a factor of 2 in every step until channels recover 

completely (Fig. 28). The peak currents monitored at varying duration of depolarizing pulse 

(-20 mV) were normalized with the reference peak and plotted against the time. Data were fit 
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with a double-exponential function and the time constant of recovery from inactivation was 

determined (Fig. 28e). 

 

Figure 28: Fractional recovery from inactivation. (a) Pulse protocol (top) and sample current traces 

for the assessment of the time course of recovery from inactivation of rNaV1.4 (bottom). (b-c) As in a, 

but for indicated constructs. (d) As in a, but for roNaV2 in the presence of 1 mM TCEP in the patch 

pipette solution. (e) Fractional recovery as a function of the interpulse interval with superimposed 

double-exponential fits. Data are in mean ± s.e.m. (n). 

Fit of the data yielded two time constants and the fractional distribution of the fast component 

for each variant. Thus, for wild-type rNaV1.4: 2.65 ± 0.27 ms, 96 ± 283 ms (94.2 ± 4.1 %, 

n=5), roNaV1: 1.45 ± 0.12 ms, 59 ± 66 ms (93.2 ± 2.7%, n=6), roNaV2: 1.21 ± 0.13 ms, 92.8 

± 16.6 ms (56.4 ± 1.9%, n=14), and roNaV2 in reduced condition (1 mM TCEP): 1.34 ±    

0.95 ms, 50.0 ± 3.8 ms (52.9 ± 1.4%, n=26). Results showed that more than 90% of rNaV1.4 

and roNaV1 channels recover from the inactivation with a rapid rate, while only about 50% of 
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roNaV2 channels recover rapidly. Reduced condition marginally affects the recovery rate of 

roNaV2 (Fig. 28e). 

As illustrated in Fig. 29, sodium selenate (300 nM) in the cell culture media did not 

affect the rapid recovery of wild-type rNaV1.4 and roNaV1 from inactivation. Normalized 

peak currents as the function of time were appropriately fit with a single-exponential function 

and yielded the time constant of recovery from inactivation for each channel construct: 

rNaV1.4: 2.5 ± 0.4 ms (n=6, control) and 2.4 ± 0.2 ms (n=9, with sodium selenate; P=0.86), 

and for roNaV1: 1.6 ± 0.2 ms (n=9, control) and 1.5 ± 0.1 ms (n=6, with sodium selenate; 

P=0.59) (Fig. 29c,d).  

 

Figure 29: Influence of sodium selenate on fractional recovery. (a) Pulse protocol (top) and sample 

current traces for the assessment of the time course of fractional recovery of rNaV1.4. The presence 

and absence of sodium selenate in the cell culture is indicated. (b) As in a, but for roNaV1.                

(c) Fractional recovery as a function of the interpulse interval with a superimposed single-exponential 

fit of indicated channels. Presence or absence of sodium selenate (300 nM) in the cell culture is 

indicated. (d) Time course of fractional recovery of indicated constructs. Supplementation of sodium 

selenate in the cell culture is shown. Data are in mean ± s.e.m. (n is indicated). 
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3.4. The response of roNaV1 and roNaV2 to endogenous redox stimuli 

Varieties of RS are continuously produced in living cells as by-products of aerobic 

metabolism. To some extent, some of them act as signaling molecules whereas excessive 

production may have deleterious consequences. Endogenous RS concentration, chemical 

properties of RS, and the nature of microenvironment dictate RS functions in the living 

system. A precise spatio-temporal assessment of endogenous RS is clearly demanded to 

understand molecular mechanisms of RS-mediated cellular function.  

Na+ channels are membrane proteins and an oxidation-mediated change in Na+ current 

can be monitored with high spatio-temporal resolution and accuracy. Thus, we hypothesized 

that the oxidation sensitivity of Na+ channel mutants with Cys (roNaV1) and Sec (roNaV2) 

might serve as smart tools to monitor membrane-delimited RS.  

3.4.1. The response of roNaV1 and roNaV2 to basal redox status of HEK 293T cells 

The oxidative modification(s) of amino-acid residues in the inactivation motif of NaV has a 

strong impact on the channel inactivation as it leads to a greater non-inactivated current 

component (Kassmann et al., 2008). Hence, the ratio of the non-inactivated current 

component and the peak current of the channel produces a ratiometric signal (RI: Isteady-

state/Ipeak), which may allow monitoring the relative change in cellular RS levels.  

To investigate the response of channels to the variable ambient intracellular milieu 

under control conditions, channel-expressing cells were grown under identical culture 

conditions. Transfected cells were depolarized to -20 mV for 20 ms from a holding voltage of 

-120 mV and the ratio (RI) of the non-inactivating component at 5 ms after depolarization 

(I5ms) and the peak current (IP) was analyzed for wild type, roNaV1, and roNaV2 (Fig. 30a-c). 

The mean RI with standard deviation (s.d.) assessed for wild-type rNaV1.4: 0.0079 ± 0.0034 

(n=20), roNaV1: 0.024 ± 0.0062 (n=20; P˂0.001), and roNaV2: 0.15 ± 0.068 (n=20; P˂0.001) 

(Fig. 30d) demonstrated that all channels exhibited variability in their RI. The variability in RI 

of roNaV2 was about 16-fold larger than rNaV1.4 and about 9-fold larger than roNaV1. 

roNaV1 exhibited about 2-fold greater variability in RI in compared to the wild type. Notably, 

all channels showed variability in their early inactivation phase (current before  ̴ 5 ms), 

however, roNaV1 and roNaV2 showed greater variability in their steady-state inactivation     

(I5 ms) in compared to the wild type.   

Further, a relative variability in RI of channels (rNaV1.4: 0.43, roNaV1: 0.26, and 

roNaV2: 0.45) under control condition indicated that the inactivation of channels might be 

sensitive to the variable intracellular milieu. The non-inactivating current component of 

roNaV2 was diminished when measurements were performed in reduced condition (see 
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section 3.3.2.1), which indicates the variability in RI of the channel might originate from the 

variable endogenous redox milieu under control condition.  

 

 
Figure 30: The inactivation of channel variants is sensitive to endogenous redox milieu.            

(a-c) Normalized current traces monitored at -20 mV from a holding voltage -120 mV of the indicated 

NaV channels expressed in HEK 293T cells. In each, 20 traces from different cells are superimposed 

(light); the thick traces indicate means. (b) Mean relative non-inactivated current 5 ms after 

depolarization to -20 mV, RI: I5/Ip. Data are mean ± s.d. (n indicated in parentheses). Statistical t-test: 

***, P≤0.001. (Modified from Ojha et al., 2017)  

Additionally, redox-sensitive fluorescent proteins (rFPs), cytosolic roGFP2 (Dooley et 

al., 2004) and the GSH-dependent cytosolic redox sensor, Grx1-roGFP2 (Gutscher et al., 

2008) indicated that cells cultured under control condition exhibited variable endogenous 

redox environment. Under control condition, the mean ratio of fluorescence (F400/F470) ± 

s.d. was analyzed for roGFP2: 0.026 ± 0.0016 (n=20) and Grx1-roGFP2: 0.035 ± 0.0029 

(n=20) (Fig. 31). The variability in fluorescence ratio of Grx1-roGFP2 was about 0.08, while 

it was 0.06 for roGFP2. The results indicate that the cells are heterogeneous with respect to 

the basal oxidation level. 
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Figure 31: Mean fluorescence ratio (F400/F470) of roGFP2 and Grx1-roGFP2 measured from control 

cells. Data are mean ± s.d. (n).  

3.4.2. Detection of mitochondrial reactive oxygen species  

It is evident that elevated glucose uptake by the cell produces excess mitochondrial reactive 

oxygen species (mtROS), such as superoxide (O2-) and hydrogen peroxide, which can 

contribute to clinical conditions, for instance, diabetes and cardiovascular risks (Li et al., 

2013). Here, changes in intracellular RS by elevated glucose were monitored with roNaV1 

and roNaV2 and the response of these channels were compared with the readouts of 

fluorescent redox reporters.  

 

3.4.2.1. The response of mutant channels to mtROS 

roNaV1 and roNaV2 expressing cells were cultured in Dulbecco's Modified Eagle's Medium 

(DMEM) and Ham's F-12 Nutrient Mixture containing 5.5 mM (low) and 25 mM glucose 

(high) to affect endogenous RS production. Transfected cells were depolarized to -20 mV for 

20 ms from a holding voltage of -120 mV and the ratio (RI: I10/IP) of the non-inactivating 

component at 10 ms after depolarization (I10) and peak current (IP) was determined for 

roNaV1 and roNaV2 expressed in the presence of low and high glucose. A mean RI was 

analyzed for roNaV1: 0.019 ± 0.0024 (n=13, with 5.5 mM glucose) and 0.018 ± 0.0011 

(n=10, with 25 mM glucose; P=0.65); for roNaV2: 0.10 ± 0.0059 (n=32, with 5.5 mM 

glucose) and 0.23 ± 0.018 (n=27, with 25 mM glucose; P˂0.001) (Fig. 32b-c). Results 

demonstrated that the mean relative non-inactivating current fraction (RI) of roNaV2 was 

about 2-fold larger in high glucose (25 mM) compared to low glucose (5.5 mM), however, a 

variation of the glucose level did not affect RI of roNaV1. Treatment of cells with the 

mitochondrial uncoupler BAM15 (5 µM) that does not depolarize the plasma membrane 

(Kenwood et al., 2014) reversed the increased RI of roNaV2 ( RI=0.13 ± 0.024, n=23; P˂0.05 

versus vehicle control). DMSO (0.1 %) as a vehicle for BAM15 did not affect the response of 

roNaV2 to high glucose (RI= 0.25 ± 0.049, n=15, P=0.93 versus high glucose) (Fig. 32b). The 
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reversibility in RI of roNaV2 in the presence of BAM15 clearly indicated that the high-

glucose-mediated increase in RI of roNaV2 appeared due to mtROS.  

 

 
Figure 32: The response of roNaV1 and roNaV2 to elevated glucose uptake. (a) Superposition of 

two sample current traces at -20 mV from cells expressing roNaV2, cultured in medium with low (5.5 

mM) and high (25 mM) concentrations of glucose. (b) Mean RI of roNaV2 for low (light red) and high 

glucose (red); “+Vehicle” refers to the application of 0.1% DMSO in presence of high glucose, 

“+BAM15” refers to cells cultured in high-glucose medium in the presence of 5 µM of the 

mitochondrial un-coupler, BAM15. (c) Mean RI for roNaV1 in response to low and high glucose 

conditions. Data in b and c are mean ± s.e.m. with n indicated in parentheses. Statistical t-test with 

Bonferroni post hoc correction: ***,P≤0.001; *,P≤0.05; n.s.,P>0.05. (Ojha et al., 2017) 

 

3.4.2.2. The response of fluorescent redox reporters to mtROS 

roGFP2 and Grx1-roGFP2 expressing cells were grown in cell culture media containing     

5.5 mM glucose (low) and 25 mM glucose (high) and the change in fluorescence ratio 

(F400/F470) of both sensors were analyzed to investigate redox changes mediated by 

elevated glucose. A means fluorescence ratio (F400/F470) was analyzed for roGFP2: 0.042 ± 

0.0012 (n=21, with 5.5 mM glucose) and 0.039 ± 0.0018 (n=24, with 25 mM glucose, 

P=0.12); for Grx1-roGFP2: 0.039 ± 0.0017 (n=34, with 5.5 mM glucose) and 0.11 ± 0.0067 

(n=27, with 25 mM glucose; P˂0.001) (Fig. 33a,b). Results showed that variations of the 

glucose level did not alter the signal of cytosolic roGFP2. However, fluorescence ratio of 

cytosolic Grx1-roGFP2 was about 3-fold higher in high glucose compared to low glucose. 

Further, treatment of cells with mitochondrial un-coupler, BAM15 (5 µM), reversed the 

increased signal of Grx1-roGFP2 to low glucose level (0.068 ± 0.0032, n=33; P˂0.001 versus 

high glucose) (Fig. 33a). The reversibility of the ratiometric signal of Grx1-roGFP2 in the 

presence of BAM15 indicated that elevated glucose-mediated production of excess mtROS 

disturbs cellular redox milieu and these changes were sensed by membrane proteins, such as 

ion channels. 
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Figure 33: The response of fluorescent redox reporters to elevated glucose uptake. (a) Mean 

fluorescence ratios (400 nm/470 nm) of Grx1-roGFP2 expressed in cells treated with low (5.5 mM) 

and high (25 mM) glucose, “+BAM15”  refers to cells cultured in high-glucose medium in the 

presence of 5 µM of the mitochondrial uncoupler, BAM15. (e) Mean fluorescence ratios 

(400 nm/470 nm) of roGFP2 expressed in cells cultured in low and high glucose media. Data are 

mean ± s.e.m. (n). Statistical t-test: ***,P≤0.001; n.s.,P>0.05. (Ojha et al., 2017) 

 

3.5. The response of roNaV1 and roNaV2 to exogenous redox stimuli 

Spatio-temporal monitoring of RS and understanding of the eventual role of a particular RS 

in cell physiology is extremely difficult. Interactions of a specific RS to varieties of other 

cellular RS and to antioxidant enzymes makes the situation extremely complex for 

investigating the precise role of an explicit RS in living cells. Therefore, extracellular 

application of stressor suits well to understand solely effect of a particular stressor in 

physiology or pathology (Stone & Yang, 2006). Here, we examined the potential usefulness 

of roNaV1 and roNaV2 in monitoring oxidative modification mediated by the extracellular 

stressors, chloramine T (ChT) and hydrogen peroxide (H2O2). The responses were compared 

with the sensitivity of redox-sensitive fluorescent proteins.  

3.5.1. The response of roNaV1 to chloramine T 

Transfected cells were depolarized to -20 mV for 20 ms from a holding membrane voltage     

-120 mV, every 10 s. After control measurements for 100 s, 50 µM ChT was extracellularly 

applied by exchanging the entire bath volume and inactivation loss of roNaV1 was measured. 

Subsequently, a relative non-inactivating current fraction (RI: I5/Ip) of the channel was plotted 

as a function of time and was fit according to a single-exponential function to yield the time 

constant of RI change. As illustrated in Fig. 34b, while the wild-type channel responded very 

slow with a mean time constant of RI change: 1406 ± 33 s (n=5), roNaV1 responded about 11-

fold faster (128 ± 35 s, n=4) to 50-µM ChT-induced chemical modifications.   
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Figure 34: The response of roNaV1 (IFC) and rNaV1.4 (IFM) to chloramine T. (a) Pulse protocol 

(top). Superimposed current traces of roNaV1 in response to extracellular application of 50 µM ChT 

are shown at the indicated time point (bottom). (b) The mean relative non-inactivating current fraction 

(RI) of indicated channels as the function of time and superimposed single-exponential fit (left).  

Mean time constant of change in RI of indicated channels in response to 50 µM ChT (right). Data in b 

are mean ± s.e.m.(n).  

As shown in Fig. 35a, inactivation of roNaV1 was removed by short exposure to 5 µM 

ChT, thereafter, the bath was washed with extracellular saline for about 1500 s that did not 

restore the inactivation of roNaV1 and ChT-induced removal of inactivation remain persisted. 

However, extracellular application of saline containing 1 mM DTT completely restored the 

inactivation loss of roNaV1. A single-exponential fit of the recovery phase yielded a time 

constant of complete inactivation recovery: 1043 ± 48 s (n=3) (Fig. 35b). Additionally, the 

response of roNaV1 to 3 µM ChT was monitored under control conditions and with the non-

specific RS scavenger ascorbic acid (2 mM) supplemented with the patch pipette solution. In 

both conditions, the kinetics of inactivation loss was determined by a linear function (Fig. 

35c). Thus, a mean slope was obtained for inactivation loss of roNaV1 in response to 3 µM 

ChT application under control condition (70.3 ± 1.16 10−5/s, n=7) and in presence of 

intracellular 2 mM ascorbic acid (7.74 ± 0.44 10−5/s, n=5). Results showed that intracellular 

supplement of ascorbic acid (2 mM) diminished the effect of extracellular applied 3 µM ChT 

by 10-fold as the linear slope was changed by a factor of 0.110 ± 0.007. Hence, a diminished 

inactivation removal of roNaV1 in presence of intracellular ascorbic acid and a complete 

restoration of inactivation loss due to extracellular applied DTT, both confirmed that 

inactivation of roNaV1 was responsive to ChT-induced redox processes.   
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Figure 35: Reversibility of roNaV1. (a) A representative experiment showing the ChT-induced 

inactivation removal of roNaV1 persisted when ChT was washed out. (b) A representative experiment 

showing the ChT-induced inactivation removal was restored upon application of bath solution 

containing DTT (1 mM). A superimposed single-exponential fit (black line) is shown that yielded the 

indicated time constant of recovery upon DTT application. (c) Application of 3 μM ChT under control 

conditions and with 2 mM ascorbic acid supplemented to the pipette solution. The superimposed 

curves are linear functions starting at the beginning of ChT application. (Modified from Ojha et al., 

2014). 

3.5.2. Redox sensitivity comparison of roNaV1 with roGFP2 

The sensitivity of roNaV1 and roGFP2 to ChT-induced redox changes was compared by co-

expressing both in HEK 293 cells and measuring Na+ currents in the whole-cell configuration 

in parallel to recording fluorescence of the same cell. The transfected cells were depolarized 

to -20 mV for 20 ms from a holding voltage -120 mV and the step was repeated every 1 s. 

Simultaneously, the same cell was illuminated with two wavelengths 400 nm and 475 nm,   

20 ms each (Fig. 36a) and the response of roGFP2 and roNaV1 to extracellular applied 50 µM 

ChT was monitored. Subsequently, ratiometric readouts of roNaV1 (RI: I10/Ip) and roGFP2 

(rF: F400 / F475) were plotted as the function of time. Ratio changes within the initial 20 s 

upon stimulation with 50 µM ChT were fit with a linear function. Thus, a mean slope of 

ratios were determined for roNaV1: 0.0177 ± 0026 /s (n=6) and for roGFP2: 0.0016 ±   

0.0003 /s (n=6; P=0.0015) (Fig. 36b). Hence, the ratiometric RS-related signal derived from 

roNaV1 responds about 10-times faster to ChT application than the roGFP2. 

 As illustrated in Fig. 36b, while the roNaV1 signal was stable before the ChT (50 µM) 

application, roGFP2 signal was slightly increased. The overall dynamic range of roNaV1 

signal was about 0.8, while that of roGFP2 was only 0.2. Both signals saturated after about 

100-200 s.   
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Figure 36: Comparison of roNaV1 (IFC) with roGFP2. (a) Raw data traces of single-cell 

fluorescence with excitation pulses at 400 and 475 nm (top) and current responses at -20 mV of the 

same cell (bottom) expressing roNaV1. Data were recorded before (Ctrl) and after application of 50 

μM ChT to the bath solution. Time of measurement is indicated. (b) Time courses of the loss of 

inactivation (blue) and the ratio F400/F475 (green) of roGFP2 fluorescence in response to 50-µM 

ChT application. (Modified from Ojha et al., 2014). 

 

3.5.3. The response of roNaV2 to chloramine T 

Anticipating a high sensitivity of roNaV2 to redox modifications in compare to roNaV1, the 

response of roNaV2 to ChT concentrations at 3 µM, 1 µM, and 0.5 µM were monitored. After 

monitoring a control current response for 100 s, ChT was acutely applied and changes in non-

inactivating current fraction were monitored. Subsequently, a relative non-inactivating 

current fraction (RI: I10/Ip) was plotted as the function of time and fit according to a single-

exponential function (Fig. 37a). Thus, a mean time constant of RI change of roNaV2 was 

analyzed in response to ChT application at a concentration of 3 µM: 222 ± 54 s (n=10), 1 

µM: 308 ± 58 s (n=10), and 0.5 µM: 316 ± 88 s (n=5) (Fig. 37b). Results demonstrated that 

roNaV2 safely detects ChT at sub-micromolar concentration-induced modifications. The 

overall dynamic range of roNaV2 in detecting 3 µM ChT-induced modification was about 0.4, 

while it was about 0.3 for 1 µM and 0.5 µM ChT.  
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Figure 37: The response of roNaV2 to chloramine T. (a) Superimposed single-exponential fit of 

mean relative non-inactivating current fraction (RI: I10/Ip) of roNaV2 in response to indicated ChT 

concentrations. (b) The time constant of roNaV2 response to indicated ChT concentrations. Data are 

mean ± s.e.m. with n indicated in parentheses. 

 

3.5.4. A comparison of RS-sensitivity of roNaV1, roNaV2, and roGFP2  

The responses of roNaV1, roNaV2, and roGFP2 to small concentration (3 µM and 1µM) of 

ChT-induced redox changes were investigated and the relative sensitivity of each construct 

was compared. After monitoring a control response of channels and roGFP2 for 100 s, ChT 

was acutely applied and change in ratiometric signal RI for channels and F400/F470 for 

roGFP2 were monitored. The relative non-inactivating current fraction (RI: I10/Ip) of channels 

and the fluorescence ratio change (F400/F470) of roGFP2 were plotted as the function of 

time, later data were fit according to a single-exponential function to yield the time constant 

of responses. Since roGFP2 signal responded extremely slow to 3 µM ChT, an extrapolated 

time constant of response was analyzed: 40705 ± 4440 s (n=6). roNaV1 responded to 1 µM 

and 3 µM ChT with an extrapolated time constants of 22731 ± 1710 (n=5) and 2200 ± 408 s 

(n=7), respectively. Unlike roGFP2 and roNaV1, roNaV2 responded rapidly to ChT at 3 µM 

(222 ± 54, n=10) and 1 µM (308 ± 58, n=10) (Fig. 38b). While the oxidant ChT at 1µM and 3 

µM had a negligible effect on roNaV1 and roGFP2 within 10 minutes, roNaV2 responded 

rapidly and robustly. roNaV2 responded about 10-fold faster (P˂0.01) to 3 µM ChT compared 

to roNaV1 (Fig. 38b). 
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Figure 38: The response of roNaV1 (IFC), roNaV2 (IFU), and roGFP2 to ChT-induced redox 

changes. (a) Mean RI (black Y-axis) of indicated channels and fluorescence ratio (F400/F470; green 

Y-axis) of roGFP2 plotted as the function of time in response to 1 µM ChT. A superimposed single-

exponential fit is shown (black line). (b) Time constants of response to indicated ChT concentrations, 

roGFP2 (green), roNaV1 (blue), and roNaV2 (light red). Data are mean ± s.e.m. (n indicated in 

parentheses). Statistical t-test: roNaV1 vs roNaV2: ***, P≤0.001 and **, P≤0.01.  

 

3.5.5. Detection of hydrogen peroxide-mediated redox changes 

Previous reports (Chance et al., 1979; Makino et al., 2004; Stone & Yang, 2006) indicated 

that the application of hydrogen peroxide (H2O2) in the experimental system is the most 

appropriate method to evaluate precise role of H2O2 against other cellular RS. H2O2 passes 

through the plasma membrane with a permeability coefficients ranges 0.01 to 0.7 cm/min 

(Chance et al., 1979; Makino et al., 2004) thereby the permeation of H2O2 is almost equal to 

the rate at which H2O2 metabolize in the cell by peroxidases and catalases (Stone & Yang, 

2006). Therefore, a sensitive and rapid RS sensor is required to investigate the effect of 

extracellular H2O2 in the living cell immediately after its permeation into the cell. In account 

of that, the applicability of roNaV1 and roNaV2 in monitoring extracellular H2O2 mediated 

redox changes was investigated and the relative sensitivity of these channels was compared 

with roGFP2.  

3.5.5.1. Monitoring of H2O2 mediated redox changes with roNaV1, roNaV2, and roGFP2  

A relative sensitivity of roNaV1, roNaV2, and roGFP2 to H2O2 mediated redox changes were 

investigated at a constant temperature of 32 °C. The ratiometric signal of channels (RI) and 

roGFP2 (F400/F470) in response to extracellular application of H2O2 at concentration 1 µM, 

10 µM, and 500 µM were measured and plotted as a function of time, later were fit with a 

single-exponential function to yield time constants of responses (Fig. 39). roNaV1 responded 

extremely slow to the extracellular application of H2O2, thus, an extrapolated time constant of 
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RI change was analyzed in response to H2O2 at concentration 10 µM: 13990 ± 1070 s (n=3) 

and 500 µM: 3750 ± 91 s (n=5) (Fig. 39a, 40).  

 

Figure 39: The response of roNaV1 (IFC), roNaV2 (IFU), and roGFP2 to hydrogen peroxide.    

(a) Superimposed single-exponential fits (black) of mean relative non-inactivating current fraction 

(RI) of roNaV1 in response to the indicated concentration of H2O2. (b) As in a, but for roNaV2. (c) As 

in a, but for roGFP2 signal (F400/F470) in response to indicated H2O2 concentrations. The black bar 

indicates the continuous application of H2O2 at a constant temperature of 32 °C. Data are mean ± 

s.e.m. with n indicated in parentheses.  

 

Figure 40: Sensitivity of channel variants and roGFP2 to H2O2 mediated ROS. (a) Change in 

mean relative non-inactivating current fraction (RI, black Y-axis) of roNaV1 (IFC) and roNaV2 (IFU) 

and change in mean signal (F400/F470; green Y-axis) of roGFP2 in response to 500 µM H2O2. A 

superimposed single-exponential fit is shown (black). (b) Mean time constant of ratio change of 

channels (roNaV1-blue, roNaV2-light red) and roGFP2 (green) in response to indicated H2O2 

concentration. All measurements were done at a constant temperature of 32 °C. Statistical t-test: 

roNaV2 versus roGFP2: ***, P≤0.001.   

roNaV2 responded rapidly and produced a mean time constant of RI change in response to 

H2O2 at a concentration of 500 µM: 47 ± 11 s (n=7), 10 µM: 129 ± 23 s (n=7), and 1 µM: 396 

± 122 s (n=5) (Fig. 39b, 40). The signal of roGFP2 was changed with a time constant 213 ± 

10 s (n=9) and 10205 ± 311 s (n=5) in response to extracellular H2O2 at concentration 500 

µM and 10 µM, respectively (Fig. 39c, 40). Results demonstrated that roNaV2 responded 
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about 5-fold faster (P˂0.001) to extracellular H2O2 at 500 µM in compared to roGFP2. The 

overall dynamic range of ratio change of roNaV2 was about 0.45, while it was about 0.06 for 

roNaV1 and roGFP2 in response to 500 µM extracellular H2O2. 

3.5.5.2. Reversibility of roNaV2 from H2O2 mediated redox modifications  

Extracellular 500 µM H2O2 was acutely applied to roNaV2 expressing cells for 450 s using a 

glass application pipette at a constant temperature of 30 °C and non-inactivating current 

fraction (RI) was monitored. After monitoring RI for 450 s, application of H2O2 was turned 

off. As illustrated in Fig. 41, roNaV2 responded very quickly to 500 µM H2O2 with a time 

constant of 65 ± 15 s (n=4). About 50% of inactivation removal of roNaV2 was restored with 

a time constant of 110 ± 14 s (n=3) when the application was turned off. Restoration of 

inactivation removal without externally provided any reducing agent indicated that roNaV2 is 

self-capable in being partially reversed. 

 

Figure 41: Reversibility of roNaV2. Mean change in RI (I10/IP) of roNaV2 as the function of time in 

response to 500 µM H2O2. The application was closed at 450 s and the reversal of RI is shown. A 

superimposed single-exponential fit (black) is shown. The time constant (mean ± s.e.m.) of response 

is indicated. Experiments were performed at a constant temperature of 30 °C.  

3.5.6. The response of roNaV1 and fluorescent redox reporters to heme degradation 

products  

Heme, a protoporphyrin ring system with a centrally bound iron, functions as a prosthetic 

group in hemoglobin and is critical for oxygen transport. Heme degradation is a highly 

regulated process that occurs in spleen and liver. First order heme degradation products 

constitute carbon monoxide (CO), iron ion (Fe2+), and biliverdin (Maines, 1988; Nagababu & 

Rifkind, 2004). Subsequently, biliverdin degrades to produce bilirubin, which further 

degrades to forms third-order heme degradation products, called bilirubin oxidation end-

products (BOXes). BOXes exist in two isoforms, namely Z-BOX A and Z-BOX B, which 
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differ by the position of the methyl and vinyl groups (Clark & Pyne-Geithman, 2005; Kranc 

et al., 2000; Pyne-Geithman et al., 2005). Several evidences suggest that HDPs (heme 

degradation products), such as CO and BOXes, play role in certain physiological and 

pathophysiological functions (Amersi et al., 2002; Clark & Pyne-Geithman, 2005; Wu & 

Wang, 2005). However, HDPs’ production, distribution, and the mechanism behind their 

involvement in either physiology or pathophysiology are not clear yet. In this context, we 

investigated the functional role of CO and BOXes in redox processes employing roNaV1, 

roGFP2, and Grx1-roGFP2. 

3.5.6.1. The response of roNaV1 and roGFP2 to carbon monoxide  

Carbon monoxide (CO) is one of the first-order heme degradation products. To understand 

the concentration-dependent role of CO in cell biology, its controlled release is required 

because excess CO produces lethal consequences. Chemically synthesized CO-releasing 

molecules (CORMs), such as CORM-2 (Tricarbonyldichloro-ruthenium(II) dimer) may 

resolve this issue (Motterlini et al., 2002). Therefore, CORM-2 was used to investigate the 

functional role of CO in redox processes employing roNaV1 and roGFP2. 

roNaV1 expressing cells were depolarized to -20 mV for 20 ms from a holding 

membrane potential -120 mV, every 5 s and current responses were monitored. After control 

current measurements for 100 s, 50 µM CORM-2 was extracellularly applied for 200 s that 

produced a rapid block of peak current (about 50 %) of the channel. Wild-type rNaV1.4 

showed a similar response, but the current block was smaller (about 30%) than to as it was in 

roNaV1 (Fig. 42c). Extracellular application of 50 µM CORM-2 appreciably affects the 

relative non-inactivating current fraction of channels, but produced a rapid current block.  
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Figure 42: The response of wild-type rNaV1.4 and roNaV1 to CORM-2. (a) Pulse protocol (top). 

Represented current traces of peak current block of wild-type channel in response to extracellular 

application of 50 µM CORM-2 at the indicated time. (b) As in a, but for roNaV1. (c) A representative 

current block of roNaV1 as the function of time. The application of 50 µM CORM2 is indicated by the 

black bar. A percentage block of peak current monitored 200 s after the application of 50 µM   

CORM-2 for the indicated channel (right). Data in panel c (right) are mean ± s.e.m. (n).  

The response of 50 µM CORM-2 was also examined with roGFP2 and Grx1-roGFP2. 

After monitoring a control fluorescence signal (F400/F470) for 100 s, cells were exposed to 

extracellular 50 µM CORM-2 for 500 s. As illustrated in Fig. 43a, no change in the 

fluorescence ratio of either fluorescent construct was observed in response to 50 µM   

CORM-2. When 50 µM H2O2 was applied to roGFP2 expressing cells before and after the 

application of 50 µM CORM-2, fluorescence ratios of roGFP2 were increased in response to 

50 µM H2O2, while no change in the ratio was observed during the application of 50 µM 

CORM-2 (Fig. 43b,c). The results showed that 50 µM CORM-2 does not oxidatively modify 

roGFP2 indicating 50 µM CORM-2 has no role in modifying cellular redox status.   
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Figure 43: The response of fluorescent redox reporters to CORM-2. (a) Fluorescence ratio 

(F400/F470) of indicated reporters in response to 50 µM CORM-2 plotted as the function of time.   

(b-c) The fluorescence signal of roGFP2 as the function of time in response to extracellular 

application of indicated stressors. Data are mean ± s.e.m. (n).  

3.5.6.2. The response of roGFP2 and Grx1-roGFP2 to bilirubin oxidation end-products  

roGFP2 and Grx1-roGFP2 were used to investigate a possible immediate and long-term 

influences of two isomeric forms of bilirubin oxidation end-products (BOXes), namely Z-

BOX A and Z-BOX B on the redox state of HEK 293T and HepG2 cells.  

As shown in Fig. 44, roGFP2 expressed in HEK 293T cells did not respond to acutely 

applied Z-BOX A and Z-BOX B at 100 µM, while Grx1-roGFP2 responded slowly to both 

isomeric forms of BOXes. Changes in fluorescence signal of Grx1-roGFP2 in response to 

BOXes were analyzed with a linear function. Grx1-roGFP2 responded slowly to 100 µM Z-

BOX A and Z-BOX B with a slope of 0.000117 ± 2.3e-06 (n=7) and 0.000213 ± 2.9e-06 

(n=8), respectively. However, it responded very quickly to 100 nM H2O2 with a slope of 

0.0086 ± 0.000228 (n=5) (Fig. 44d).    

It was reasoned that HepG2 cells might be more appropriate expression system to 

investigate the role of BOXes in redox process because the liver is one of the important sites 

of heme degradation processes. Therefore, experiments were further performed with HepG2 

cells expressing Grx1-roGFP2. Grx1-roGFP2 expressed in HepG2 cells responded to Z-BOX 
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A (100 µM) with a slope of 0.0001857 ± 5.6e-06 (n=7) and to Z-BOX B (100 µM) with a 

slope of 0.000157 ± 1.3e-05 (n=8). Application of 100 nM and 100 µM H2O2 as a control 

yielded a mean slope 0.000163 ± 3.7e-06 (n=9) and 0.009 ± 0.000135 (n=8), respectively 

(Fig. 44c,d).  

 

Figure 44: The response of fluorescent redox reporters to BOXes. (a) Mean fluorescent ratio 

(400/470 nm) as a function of time monitored from roGFP2 expressing HEK 293T cells in response to 

100 µM Z-BOX A, 100 µM Z-BOX B, and bath control. (b) As in a, but for Grx1-roGFP2. 

Ratiometric signal of Grx1-roGFP2 in response to 100 nM H2O2 is also shown. (c) As in b, but for 

Grx1-roGFP2 expressing HepG2 cells. (d) Maximal slope of fluorescence ratio change induced by 

indicated applications for HepG2 (red) and HEK 293T cells (white bars). Data are mean ± s.e.m. with 

n indicated in parentheses. (Seidel et al., 2017)  

The influence of both isomers of BOXes on the redox status of HepG2 cells was 

similar to as it was observed in HEK 293T cells. However, both cells responded differently to 

H2O2. While 100 nM H2O2 has only a small effect on the Grx1-roGFP2 signal in HepG2 cells 

(comparable to that of 100 µM BOXes), 100 nM H2O2 profoundly affected the redox state in 

HEK 293T cells (Fig. 44b-d). For the induction of a similar response in HepG2 cells, an 

about 1000-fold higher concentration of H2O2 might be needed. The data demonstrated that 

either BOXes affect the Grx1-roGFP2 or they are affecting the glutathione redox system by a 

mechanism different to that employed by H2O2. 
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Grx1-roGFP2 expressing HepG2 cells were incubated at 37 °C with BOXes (Z-BOX 

A and Z-BOX B) for 1 hour before performing single-cell fluorescence measurements in 

order to investigate the long-lasting influence of BOXes on the cellular redox status. As a 

control, H2O2 was applied to the culture. A ratiometric fluorescence readout of Grx1-roGFP2 

was analyzed for vehicle control: 0.048 ± 0.001 (n=46), 100 nM H2O2: 0.049 ± 0.00062 

(n=82; P˂0.001), 100 µM H2O2: 0.084 ± 0.0017 (n=60; P˂0.001), Z-BOX A (100 µM): 0.068 

± 0.0012 (n=51; P˂0.001), and for Z-BOX B (100 µM): 0.061 ± 0.001 (n=52; P˂0.001). As 

illustrated in Fig. 45, Z-BOX-A and Z-BOX-B at 100 µM significantly increased the 

fluorescent ratio, which is an indicator of disulfide-bond formation in Grx1-roGFP2, with 

respect to vehicle control. Thus, accumulation of BOXes in the living system may affect the 

cellular redox status.  

 

Figure 45: BOXes and intracellular redox status. Mean fluorescent ratio F400/F470 of Grx1-

roGFP2 expressed in HepG2 cells. Before measuring the single-cell fluorescence, the cells were 

incubated at 37 °C for one hour with vehicle (0.25% DMSO), 100 nM H2O2, 100 µM H2O2, 100 µM 

Z-BOX-A, and 100 µM Z-BOX-B. Data are mean ± s.e.m. with the number of cells indicated in 

parentheses. Two-sided Student’s t-test with respect to vehicle control, followed by post-hoc 

Bonferroni correction for multiple comparisons: n.s., P>0.05; ***, P≤0.001. (Seidel et al., 2017)  

3.5.7. The response of roNaV1 to photo-activated KillerRed-induced ROS 

KillerRed (KR) is a genetically encoded photosensitizer that produces ROS, mainly O2.- via a 

type I reaction along with profound self-photo-bleaching upon green light (520-590 nm) 

irradiation (Liao et al., 1994; Bulina et al., 2005; Wojtovich & Foster, 2014). Since KR is 

fully genetically encoded, it can be expressed directly in target cells, both individually and in 

fusion with a target protein to investigate the eventual role of RS in spatio-temporally 

controlled manner (Bulina et al., 2005; Wojtovich & Foster, 2014).    
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Herein, we monitored and compared the response of roNaV1 to cytoplasmic and 

membrane-delimited RS generated upon the photo-activation of cytoplasmic KR (Cyt-KR) 

and membrane-localized KR, respectively. KR fused with β1 subunit of NaV, NaVβ1-KR, was 

used to generate membrane-delimited RS (Fig. 46).  

 

Figure 46: Schematic presentation of membrane-delimited ROS production. KillerRed fused 

with β1 subunit of NaV (NaVβ1-KR) is localized in the cell membrane. KillerRed targeted to cell 

membrane produce membrane-delimited ROS upon green-light irradiation (585 nm). Sensing of 

membrane-delimited RS with roNaV1 is illustrated. 

Cells expressing Cyt-KR and NaVβ1-KR were illuminated with green light (585 nm), which 

produced a progressive loss of roNaV1 inactivation (Fig. 47). A relative change in non-

inactivating current fraction (RI: I10/Ip) as the function of time was fit with a single-

exponential fit that yielded a time constant of RI change upon photo-activation of Cyt-KR: 

1790 ± 775 s (n=4) and NaVβ1-KR: 116 ± 21 s (n=4; P=0.74) (Fig. 47b,c). Photo-activation 

of NaVβ1-KR and Cyt-KR produced the overall dynamic change of about 0.9 and 0.5 in RI of 

roNaV1, respectively. Hence, the dynamic change in RI of roNaV1 was about 2-fold higher for 

photo-activated NaVβ1-KR induced RS compared to Cyt-KR. However, the time constant of 

RI change of roNaV1 in both cases was similar.    
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Figure 47: The response of roNaV1 to photo-activated KR-induced ROS. (a) Representative 

current traces at -10 mV for roNaV1 co-expressed with cytosolic KR (left) and NaVβ1-KR (right) 

before (Ctrl) and 100 s and 300 s after 585 nm light illumination. (b) A relative non-inactivating 

current fraction (RI) of roNaV1 in response to ROS produced by photo-activated cytosolic KR and 

NaVβ1-KR as the function of time and a superimposed single-exponential fit (red) are shown. The 

green bar indicates continuous illumination of 585 nm light. (c) Time constants of RI change in 

response to photo-activation of indicated KR constructs. Data in c are mean ± s.e.m. (n).  

3.5.8. The response of roNaV1 and roNaV2 to visible-light induced reactive species 

Redox-sensitive green fluorescent proteins, such as roGFP2 and Grx-roGFP2, or synthetic 

optical reporters are very useful and convenient tools for monitoring cellular RS precisely in 

spatio-temporal fashion. However, their application is limited to situations where the 

excitation light itself is not a confounding factor. It is evident that irradiated light that is used 

to read out the fluorescence signal and/or excited fluorescent proteins may generate RS, 

initiate photochemical reactions, and disturb cellular redox homeostasis (Dixit & Cyr, 2003; 

Edwards & Silva, 2001; Eichler et al., 2005; Hockberger et al., 1999; Lavi et al., 2003). Thus, 

light-independent detection of RS in single cells may be desirable. In account of that, the 

usefulness of roNaV1 and roNaV2 to monitor light-induced RS and/or chemical modifications 

in an epifluorescence setting was examined. 
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3.5.8.1. Detection of visible-light induced reactive species with roNaV1  

Channel expressing cells were placed into the focus of a 20x dry objective of an inverted 

microscope and illuminated with a 100-W mercury lamp for epifluorescence excitation. After 

several control recordings at -10 mV for 20 ms from a holding voltage of -120 mV, every    

10 s in the dark, the light was turned on and the loss of inactivation was monitored. 

Excitation through a GFP filter set (BP 450–490, FT 510), i.e. stimulating with blue light (8.3 

mW objective output measured at 470 nm), resulted in the rapid progressive loss of roNaV1 

inactivation, while the effect in the wild type was much smaller (Fig. 48a,b).  

 

Figure 48: Photodamage induced by illumination typically employed in epifluorescence 

experiments. (a) Raw data traces in response to depolarizations to -10 mV for the wild type (top) and 

roNaV1 (bottom) before (Ctrl) and 300 s and 600 s after epifluorescence excitation light was turned 

on. 100-W mercury lamp, BP 450-490, FT 510, 20x dry objective (NA=0.30). (b) Inactivation 

removal during blue-light exposure for indicated constructs. (c,d) Similar to a and b, but for green 

light irradiation, BP 510-560, FT 580. Data are mean ± s.e.m. (n is shown in parentheses). (Ojha et al., 

2014) 

Moreover, epifluorescence excitation of cells with green light (BP 510–560, FT 580; 

3.2 mW objective output measured at 535 nm) even removed the inactivation of roNaV1, 
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while only marginal effects were observed in the wild type. The overall dynamic range of RI 

change of roNaV1 was about 0.25 and 0.1 whereas dynamic range of RI change of wild-type 

rNaV1.4 was about 0.04 and 0.02 in response to blue light and green-light induced RS, 

respectively. Hence, roNaV1 can serve as a useful tool for detecting RS generated by cell 

exposure to light. The sensitivity of roNaV1 is high enough to even monitor functional 

changes induced by RS originating from green light (510–560 nm).  

3.5.8.2. Detection of blue-light induced reactive species with roNaV2  

roNaV2 expressing cells were placed into the focus of plan-apochromat 63x oil immersion 

objective (NA=1.4) of an inverted microscope with a 150-W xenon lamp for epifluorescence 

excitation. After control recordings in the dark, blue light (470 nm, 0.5 mW at microscope 

objective) was turned on and currents in response to trains of depolarizing pulse -20 mV from 

a holding potential of -120 mV was monitored (Fig. 49a). Illumination of cells with blue light 

(470 nm) resulted in progressive loss of the channel inactivation (Fig. 49b). A single-

exponential fit of relative change in non-inactivating current fractions (RI: I10/Ip) as the 

function of time yielded a mean time constant for roNaV2: 0.377 ± 0.042 s (n=27; P˂0.001 

versus wild type), roNaV1: 549 ± 112 s (n=6; P˂0.001 versus wild type), and wild-type 

NaV1.4: 5010 ± 610 s (n=6) (Fig. 49c). The time constant of channel response to blue light 

showed that roNaV2 responded about 1,500-fold and 13,000-fold faster to blue light-induced 

RS compared to roNaV1 and wild type, respectively. It is also conceivable that the rapid 

change in inactivation properties of roNaV2 may be associated with light-induced chemical 

modifications of Sec residue located in the inactivation motif of the channel.  
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Figure 49: The response of roNaV2 to photo-damage induced by blue light. (a) Current recording 

(bottom) from roNaV2 in response to a train of depolarizing pulses to -20 mV from a holding potential 

of -120 mV (top). The blue bar marks continuous illumination of the cell with 470-nm light (0.5 mW 

at objective) via a plan-apochromat 63x/1.4 oil immersion objective. The red curve superimposed to 

the current traces illustrates a data fit of the time course of light-induced loss of channel inactivation. 

(b) Mean time course of light-induced loss of inactivation (increase in RI) of roNaV2 and a 

superimposed single-exponential fit (red line). (c) Mean time constants of 470-nm light-induced loss 

of inactivation for indicated channels. Data are mean ± s.e.m. with number of cells indicated in 

parentheses. Statistical t-test, wild type vs. roNaV1 and roNaV2: ***, P≤0.001. (Ojha et al., 2017) 

3.5.8.3. Reversibility of roNaV2 from light-induced chemical modification 

The loss of roNaV2 inactivation on 1 s blue (470 nm) light-irradiation completely restored 

when the measurements were performed in the dark. As illustrated in Fig. 50, while roNaV2 

removed its inactivation (RI increased) in response to 470-nm light with a time constant of 

0.377 ± 0.042 s (n=27), loss of inactivation further completely restored in dark with a time 

constant of 106 ± 16 s (n=8). The onset of the sensor response to 470-nm light and the time 

course of reversibility was similar when measurements performed in the perforated-patch 

configuration using 5 µM escin in the patch pipette solution (onset: 0.53 ± 0.09, n=7, 

reversibility: 114 ± 33 s, n=4; P=0.16, 0.82 versus whole-cell), and the whole-cell 

configuration (Fig. 50b).  
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Figure 50: Reversibility of roNaV2 form blue-light induced modification. (a) A mean time course 

of blue-light (470 nm) induced loss of inactivation (red circles) and subsequent recovery in the dark 

(gray circles) with superimposed single-exponential fits (red line). The blue bar indicates continuous 

illumination with 470 nm, the black bar marks recovery in the dark. (b) Mean time constants of light-

induced loss of inactivation (“On”) and recovery in the dark (“Off”) comparing experiments 

performed in whole-cell mode (“WC”) and perforated-patch mode (“PP”). Data are mean ± s.e.m., 

number of cells indicated in parentheses. Statistical t-test: n.s., P>0.05. (Modified from Ojha et al., 

2017). 

3.5.8.4. The response of roGFP2 variants to blue-light irradiation 

Cells expressing roGFP2 and its variants containing a single Cys at position 147, a single Sec 

at position 147, Sec:Cys at position 147:204, and Grx1-roGFP2 were excited with blue light 

using a 150-W xenon lamp by placing cells into the focus of plan-apochromat 63x oil 

immersion objective (NA=1.4) of an inverted microscope. After measuring control 

fluorescence ratio at 400 nm and 470 nm, each wavelength for 10 ms, every 10 s, transfected 

cells were subjected to 470-nm light and the ratiometric readout of each construct was 

monitored. Subsequently, measurements were continued, but with 25 s step interval to allow 

restoration in fluorescence change. Change in fluorescence ratio was plotted as the function 

of time and was fit with a single-exponential function. Thus, a mean time constant of onset 

response was analyzed for eGFP_S147C:Q204 = 877 ± 18 s (n=5), eGFP_S147U:Q204 = 

830 ± 14 s (n=5), eGFP_S147C:Q204C (roGFP2) = 561 ± 37 s (n=4), eGFP_S147U:Q204C 

= 5 ± 0.5 s (n=4), and Grx1-roGFP2 = 42 ± 4 s (n=6).  

As shown in Fig. 51, only two constructs among all, i.e. eGFP_S147U:Q204C and 

Grx1-roGFP2 showed reversibility from blue light-induced modification with a time course 

of 158 ± 11 s and 69 ± 3 s, respectively. Fluorescent variants that showed extremely slow 

reversibility were characterized with an extrapolated time constant: eGFP_S147C:Q204        

= 20514 ± 10900 s, roGFP2 = 7026 ± 600 s. eGFP_S147U:Q204 did not show reversibility.  
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Results clearly showed that roGFP2 responded to blue-light (470 nm) induced RS 

about fast as roNaV1 (Fig. 51b,f, and 49c). However, eGFP mutant 147U-204C showed a fast 

reaction upon blue light illumination that was fully reversible, and hence, comes close to the 

performance of roNaV2 (Fig. 51e,f, and 49c). Furthermore, all variants containing either a 

Cys or a Sec were modified during the blue-light illumination indicating the similar situation 

might be true for cellular proteins. 

 

Figure 51: Blue light-induced modifications of eGFP-based fluorescence proteins. Time courses 

of the F400/F470 fluorescence ratios of the indicated eGFP-based proteins expressed in HEK 293T 

cells with blue-light stimulation via a 63x (NA=1.4) objective indicated by the blue bars.                  

(a) eGFP_S147C:Q204, (b) roGFP2 (eGFP_S147C:Q204C), (c) Grx1-roGFP2 (Grx1 fused to 

eGFP_S147C:Q204C), (d) eGFP_S147U:Q204, and (e) eGFP_S147U:Q204C. The superimposed red 

curves are single-exponential fits during and after the light exposure. (f) Time constants of 

fluorescence ratio (F400/F470) change (green bars) and reversibility (gray bars) of indicated 

constructs. C indicates eGFP with a single Cys at 147, CC indicates eGFP with Cys at 147 and 204, 

Grx1-CC indicates Grx1-roGFP2, U indicates eGFP with a single Sec at 147, and UC indicates eGFP 

with Sec at 147 and Cys at 204. Data are mean ± s.e.m. (n). (Modified from Ojha et al., 2017) 

3.6. Gated RS sensitivity of roNaV1 and roNaV2 

An RS sensor that can be turned on and off at will is required to infer about the dynamics of 

RS distribution and lifetime. Ion channels are molecular switches par excellence, in 

particular, voltage-gated sodium channels that open and close in response to changes in 

membrane voltage in the millisecond range. At resting membrane potential, inactivation 
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motif (IFM) of NaV is expected to be in the cytosol, while the motif makes firm contact with 

the channel protein during long depolarize condition, i.e. inactivated state. Therefore, it was 

hypothesized that RS-sensitive motif of roNaV1 (IFC) and roNaV2 (IFU) can be protected 

from RS attack when channels attain inactivated state. Therefore, experimental protocols 

were designed to test for the ‘state dependence’ of channels’ RS sensitivity.  

3.6.1. Gated RS sensitivity of roNaV1  

Co-expressing roNaV1 and roGFP2 cells were depolarized to -20 mV for 20 ms, every 2 s 

from a holding potential -120 mV. After measuring a parallel control response of roNaV1 and 

roGFP2 for 100 s, cells were subjected to 400-nm light and assayed for the ratiometric RS-

related signal. While the resting holding potential was -120 mV, blue light (400 nm) resulted 

in a progressive loss of inactivation, and along with that, an RS-signal was detected by 

roGFP2. During an episode with a holding potential of -20 mV, i.e. roNaV1 was inactivated 

and unavailable for measurements, while roGFP2 proceeded to become modified. Resuming 

a holding potential back to -120 mV indicated that roNaV1 was effectively protected from 

modification during the inactivated state (-20 mV episode) (Fig. 52). Similar experiments 

were performed in the perforated-patch configuration by using escin (5 µM) in the patch 

pipette solution as a perforating reagent, thereby preserving the cytosol during measurements, 

produced same outcome (Fig. 53). Results obtained in both cases, whole-cell and perforated-

patch configuration showed that light-induced loss of channel inactivation was depended on 

the channel state; roNaV1 was modified with blue light (400 nm) when the channel was in 

resting condition (-120 mV), while no modification was observed during inactivated state.  
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Figure 52: State dependence of roNaV1 modification. (a) Parallel measurements of roNaV1 and 

roGFP2 were performed in 4 episodes as indicated in pulse protocol. 1st episode (control): cell was 

depolarized to -20 mV from a holding voltage -120 mV, every 2 s. 2nd episode: as in the 1st episode, 

but the cell was subjected to 400 nm light. 3rd episode: holding potential was set to -20 mV for 100 s 

to inactivate the channel and 400 nm light was remained turned on. 4th episode: holding voltage set 

back to -120 mV for 2 s to ensure full recovery from inactivation later as in 2nd episode. A 

representative current response in response to pulse protocol at indicated time (bottom). (b) Loss of 

channel inactivation (bottom) and roGFP2 signal (top) in response to illuminating a cell with 400 nm 

light (blue bar). Superimposed red curves indicate mono-exponential time courses. (Modified from 

Ojha et al., 2014)  
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Figure 53: State dependence of roNaV1 modification under physiological conditions. Loss of 

roNaV1 inactivation (bottom) and roGFP2 signal (top) in response to illuminating cells with 400 nm 

light (blue bar) in the perforated patch configuration using 5 µM escin in the patch pipette solution. In 

the episode indicated by the red bar, the holding potential was set to -20 mV in order to inactivate the 

channels. roNaV1 were measured with repetitive pulses to -20 mV, while roGFP2 was read out with 

20 ms pulses to 400/465 nm. (Ojha et al., 2014) 

The ‘state dependence’ of roNaV1’s RS sensitivity was also examined for chloramine 

T challenges and RS generated via light excited Lucifer Yellow (LY) and KillerRed (KR). 

Loss of roNaV1 inactivation proceeded with a time constant of 230 s in response to 10 µM 

ChT when the channel was in resting state, i.e. membrane voltage was -120 mV, and test 

pulses were measured every 15.6 s. However, the time constant increased to 486 s when the 

experimental protocol contained 10 s episodes at -50 mV to inactivate most of the channels 

(Fig. 54). In a separate experiment, we loaded the cell via the patch pipette with Lucifer 

Yellow, a commonly used fluorescent dye that produces RS upon irradiation (Higure et al., 

2003; Kasmann et al., 2008) and stimulated with blue light (Fig. 55a-c). Besides that, we 

expressed the genetically encoded photosensitizer KillerRed (Bulina et al., 2006; Wojtovich 

& Foster, 2014) together with roNaV1 in HEK 293 cells and stimulated RS production with 

green light (Fig. 55a,d). In both cases, we assayed the incremental loss of roNaV1 inactivation 

depending on whether the light pulse was given during the resting state (-120 mV) or during 

an inactivation episode (-50 mV) (Fig. 55). These results confirmed that roNaV1 exhibits 

properties of a gateable RS-sensitive sensor that can be protected from RS reactions by 

switching the channel into an inactivated state.  
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Figure 54: State dependence of roNaV1 modification. (a) Pulse protocols used to test for a state 

dependence of RS-induced loss of inactivation. In the left condition (Ctrl), 20-ms depolarizations to    

-20 mV were elicited every 15 s with a constant holding voltage of -120 mV. In the protocol on the 

right (Inact), the first 10 s of the holding period was at -50 mV to inactivate the channels, followed by 

a 5-s period at -120 mV to ensure full recovery from inactivation before the test pulse to -20 mV was 

elicited. (b) Time courses of loss of inactivation upon application of 10-μM chloramine T (ChT) for 

the control protocol (Ctrl) and the inactivation protocol (Inact). Error bars denote s.e.m. values of n=5 

cells each. Also indicated is the statistical evaluation (asterisks, two-sided t-test with unequal 

variances) of the differences between both groups as a function of time. Superimposed on the mean 

data are single-exponential fits with a limiting ratio of 0.9 to estimate the initial slope of inactivation 

loss. Ctrl: τ = 232 ± 5.8 s; Inact: τ = 496 ± 25 s. The blue curve is a prediction of the time course of 

modification assuming full protection of the IFC (inactivation) motif during the period of channel 

inactivation. (Ojha et al., 2014)  
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Figure 55: State dependence of roNaV1 probed with light-induced RS. (a) Schematic pulse 

protocol used to measure Na+ currents. There are three test depolarizations at -20 mV: P1 before an 

inactivation episode, Pi after the inactivation episode to test for recovery from inactivation, and P2 

after an episode at the holding potential of -120 mV. This protocol was repeated at an interval of 

about 35 s. RS production was either stimulated by irradiation of Lucifer Yellow (100 µM) loaded 

into the cell via the patch pipette (b, c) or by irradiating cells expressing the cytosolic KillerRed 

protein (d). (b) Superimposed current traces from the protocol shown in (a). After establishing a 

whole-cell configuration and ensuring proper loading of the cell with LY, the protocol was applied 10 



 
78 Results 

times without light. After that, the light stimulation (blue bars in a) alternated from pulse to pulse, 

yielding traces with light stimulation during inactivation (I1, I3, I5, gray), and traces with light 

stimulation when the channel was in a resting state (C2, C4, red). (c) The inactivation index was 

measured for P1 and P2, and the difference of inactivation index (R2-R1) was plotted as a function of 

pulse number. Symbols denote the kind of light stimulation: no light (open squares), light during 

channel inactivation (filled circles), light at holding voltage (open circles). Error bars denote s.e.m. 

values for n = 9 experiments. Asterisks denote P≤0.01 of t-test for successive data points, clearly 

indicating that loss of inactivation is significantly greater when the light pulse was given while the 

cells were at holding voltage. Note that this even is a conservative estimate because the time between 

the light pulse and P2, i.e. the interval during which RS can affect roNaV1, was about twice as long 

when the light was given during the inactivation episode. Taking the average of the first three pulses 

each (i.e., n = 27 each) (not considering the very first I1 pulse), we obtain: control, ΔR = 3.74 ± 

0.22%; inact., ΔR = 1.22 ± 0.20%, P (t-test) = 3.6 10-11. (d) A similar experiment as in (c), but with 

co-expression of roNaV1 and cytosolic KillerRed. During light pulses, the cell was irradiated with 

green light liberating RS from KillerRed. The differential loss of inactivation also clearly indicates 

that roNaV1 is protected in its inactivated state for RS arising from KillerRed. (Ojha et al., 2014). 

Dynamics of intracellular RS monitored with roNaV1 

Due to the rapid response time of roNaV1 and its independence on light, it can be useful in 

studying distribution and lifetime of RS triggered by the light pulse. To demonstrate this 

option, we liberated RS from cell-loaded Lucifer Yellow with brief (600 μs) light flashes. We 

showed that upon brief (600 µs) flash-light-illumination of cells loaded with Lucifer Yellow, 

real-time modification of roNaV1 produces two-time constants: one about 10 ms and the other 

on the order of seconds. This infers that LY upon blue-light illumination liberates at least two 

major species of reactive components with respective mean lifetime (Fig. 56). The result 

shows that roNaV1 is suited to monitor the lifetime of different light-induced reactive species 

components acting at the plasma membrane. 
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Figure 56: Kinetics of roNaV1 modification by light-induced RS generation. (a) (top) recording of 

a light flash stimulation applied to liberate RS from Lucifer Yellow. (middle) current trace with10-ms 

depolarizations to activate roNaV1 every 80 ms, indicating that the flash applied between the first and 

the second depolarization shown in this panel only slightly reduced the peak current amplitude. 

(bottom) the same data after scaling by a factor of 10 in order to visualize the degree of non-

inactivating current. The horizontal dashed lines indicate such current levels and the progressive loss 

of inactivation from one pulse to the next clearly showing that a great fraction of inactivation loss has 

happened in the first pulse after the flash, i.e. in less than 40 ms. (b) The degree of inactivation 

removal as a function of time on a longer time scale showing the results of three subsequent trains of 

depolarizations (each data point refers to one depolarizing pulse) in which a light flash was given for 

each train after the third depolarization (indicated by red inverted triangles). This time course shows a 

very rapid initial loss of inactivation (ms range) followed by a slower process with a time constant of 

more than 1 s. (c) Average time course of flashlight induced loss of inactivation for two successive 

trains of 5-ms depolarizations at an interval of 25 ms. The data are normalized to the inactivation 

index obtained before the second light flash. The superimposed red curves are single-exponential fits 

yielding time constants of 11.0 ± 2.2 ms for the first and 10.7 ± 3.2 ms for the second train; the 

corresponding amplitudes were 0.251 ± 0.008 and 0.248 ± 0.012, respectively. (Ojha et al., 2014). 
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3.6.2. Gated RS sensitivity of roNaV2  

Since roNaV1 worked as a switchable sensor, roNaV2’s state dependence of RS sensitivity 

was evaluated. roNaV2 expressing cells were depolarized to -20 mV for 20 ms from a holding 

potential -120 mV. Subsequently, holding potential was kept constant at -120 mV for next 

300 ms followed by a depolarization at -20 mV for 20 ms (Fig 57a, upper). Irradiation of 

light pulse of 470-nm for 300 ms while the membrane voltage was clamped to -120 mV 

resulted in inactivation loss of roNaV2 (Fig. 57a, lower). Brief light pulses resulted in a 

cumulative loss of inactivation, which follows an exponential function when only the 

illuminated episodes were considered (Fig 57b). In further experiments, cells were 

depolarized to -20 mV from a holding potential -120 mV for 320 ms thereby channels 

become inactivated; subsequently, membrane potential was changed to -120 mV for 100 ms 

to recover channel from inactivation, later followed by a depolarization at -20 mV for 20 ms 

(Fig. 57c, upper). Blue light (470 nm) irradiation while the channel was in inactivated state   

(-20 mV) did not affect relative non-inactivating current fractions of roNaV2 (Fig 57c-lower, 

d). The results clearly indicate that light-induced loss of inactivation of roNaV2 depends on 

the channel state. Therefore, roNaV2 exhibited a state dependence for RS sensitivity. roNaV2 

can be protected from light-induced RS/chemical modification by means of electrical 

membrane potential, and hence, can serve as a switchable or gateable RS sensor. 
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Figure 57: Inactivation protects roNaV2 from modification. (a) Two successive current traces from 

roNaV2 expressed in HEK 293T cells measured with the pulse protocol shown in the top panel. For 

the first trace, no light was on; for the second trace, the 470-nm light was on between the control and 

the test pulse as indicated by the blue bar. The interval between the first and the second pulse was 

about  5 s. (b) Relative change in non-inactivating current (ΔRI) from the experiment shown in (a) and 

successive sweeps as a function of real-time; white symbols refer to the control pulses, black symbols 

to the test pulses, blue lines connect consecutive control and test pulses. Episodes of 300-ms blue light 

exposure are indicated by the blue symbols at the top and manifest in strong increases of RI in the 

subsequent pulses. (c) Similar current recordings as in a, but the blue-light pulse was given while the 

channel was kept in an inactivated (closed) state by holding the membrane voltage at -20 mV. (d) As 

in b, but for the data from c. (Ojha et al., 2017) 
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4. Discussion 

4.1. Challenges in monitoring cellular reactive species 

Cellular reactive species (RS) play important roles in vital physiological functions, while 

excess RS contribute to the development of clinical conditions and aging (Datta et al., 2000; 

Finkel, 2011; Holmström & Finkel, 2014; Thannickal & Fanburg, 2000). The understanding 

of molecular mechanisms by which RS function in either physiology or pathology requires 

precise information of cellular RS, such as their real-time generation and spatial distribution. 

Thus, there is a deliberate demand of tools that can capture and quantify RS in the living cell 

or tissues with adequate sensitivity. Increasing evidences suggest that monitoring of cellular 

RS is problematic even more than it was realized before because of the varied chemical 

nature of different RS, variable spatio-temporal distribution, interactions with other RS and 

with various antioxidants existing in vivo (Gomes et al., 2005; Kalyanaraman et al., 2012; 

Sharma et al., 2012). Moreover, even at toxic concentration, certain short-lived RS remain 

present in so small concentration that their detection or quantification becomes extremely 

challenging (Valgimigli et al., 2001). Thus, a rapid and sensitive RS sensor is desired to 

capture short-lived cellular RS existing in small concentrations.  

Various methods, such as enzymatic assays (Flohe, 1984), electron paramagnetic 

resonance (EPR) spectroscopy (Valgimigli et al., 2001), nuclear magnetic resonance, and 

mass spectroscopy (Luo et al., 2005; Wright et al., 2002) have been employed since long time 

to investigate RS signals and related consequences in cells or tissues. Whereas all these 

approaches revealed several aspects of cellular RS, said methods involve cell lysis, analytical 

separation, and the performance of measurements under artificial conditions that make 

methods prone to artifacts (Bulina et al., 2005; Dixit et al., 2003; Gutscher et al., 2008; 

Murphy et al., 2011). Further, the reasonable argument arises that if the oxidative damage is 

involved in the onset of a disease, then antioxidant therapy must cure or delay the progression 

of that disease. However, the antioxidant therapy has not been successful so far in treating 

diseases that are associated with oxidative stress (Galli et al., 2002; Halliwell & Whiteman, 

2004; Steinberg & Witztum, 2002). It is, therefore, necessary to be able to measure cellular 

RS with high accuracy to establish the precise role of cellular RS in physiology and 

pathophysiology.   
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4.2. Detection of cellular reactive species with fluorescent reporters: advantages and 

limitations 

Development of redox-sensitive genetic variants of green fluorescent protein (GFP) has 

opened a new window for real-time RS detection in intact living cells and revolutionized the 

redox research. Genetically encoded redox-sensitive green fluorescent proteins, e.g., roGFP2 

(Dooley et al., 2004) and variants, e.g., Grx1-roGFP2 (Gutscher et al., 2008), received much 

attention for studying RS signaling in living cells. roGFP2 (wild-type GFP with mutations 

C48S, S65T, S147C, and Q204C) reports real-time dynamic changes in the cellular redox 

environment in a ratiometric manner (Dooley et al., 2004). Two surface-exposed cysteines of 

roGFP2 that are located at positions 147 and 204 on adjacent β-strands close to the 

chromophore form a disulfide-bridge in response to oxidation. The formation of a disulfide-

bridge results to the spectral shifts of roGFP2 near 400 nm and 490 nm (Dooley et al., 2004; 

Meyer & Dick, 2010). Since roGFP2 is a ratiometric fluorescence redox sensor, it overcomes 

artifacts that arise due to photo-bleaching (Dooley et al., 2004; Gutscher et al., 2008; Meyer 

& Dick, 2010). Although the usefulness of roGFP2 in detecting physiologically relevant RS 

signals is limited by the slow kinetic response to cellular oxidation, a fusion of human 

glutaredoxin-1 to roGFP2 remarkably increased the sensitivity of roGFP2 to short- and long-

lived cellular redox signals (Gutscher et al., 2008; Hansen et al., 2006). Since roGFP2 and its 

variants are genetically encoded, they can be targeted to a specific subcellular site in the cell. 

Hence, genetically encoded fluorescent redox reporters are undoubtedly very useful tools that 

allow monitoring of cellular RS precisely in a spatio-temporal manner and promise to 

overcome some limitations of conventional redox measurements.  

Moreover, the adequate yield of genetically encoded fluorescent reporters in various 

cell types adds an important property of such reporters in investigating redox related 

functions of several biological stressors of unknown functions. For example, assay of third-

order heme degradation products, i.e. BOXes, with Grx1-roGFP2 expressing HEK 293T and 

HepG2 cells showed the importance of genetically encoded fluorescent reporters in revealing 

redox related functions of BOXes. Grx1-roGFP2 expressed in HEK 293T and HepG2 cells 

indicate that BOXes may modify cytosolic glutathione, but the rate of modification of 

cytosolic glutathione is different in both cell types (Seidel et al., 2017). In both cell types, 

BOXes initiate disulfide bond formation in Grx1-roGFP2 that indicates glutathione redox 

potential shifts to a more oxidized state when cells are exposed to BOXes (Seidel et al., 

2017). Grx1-roGFP2 responds differently to the same concentration of hydrogen peroxide 

and BOXes, which suggests that BOXes may differently interact with cellular glutathione 

system. Additionally, Seidel et al. (2017) showed that BOXes do not increase lipid 
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peroxidation but interact with glutathione. Hence, a clear picture that illustrates how BOXes 

affect cellular redox homeostasis is still not clear and to establish the precise role of BOXes 

in redox regulation, further study is required. Nevertheless, assay of BOXes employing Grx1-

roGFP2 unraveled redox-related functional aspects of BOXes.  

Despite several advantages of genetically encoded fluorescent redox reporters, the 

photonic exposure to read-out the state of these reporters makes the technique prone to 

artifacts because photonic illumination to the cell itself and/or excited fluorescent probes may 

modify the cellular environment (Bulina et al., 2005; Editorial, Nat. Meth., 2013; Edward & 

Silva, 2001; Greenbaum et al., 2000; Niwa et al., 1996). Such photonic artifacts are 

infrequently considered in life science research (Editorial, Nat. Meth., 2013), thus, cellular 

RS detection requires alternative/additional tools that can be employed in a non-photonic 

fashion.   

4.3. Development of non-photonic alternatives to fluorescent redox reporters  

A previous report (Kassmann et al., 2008) showed that the inactivation of wild-type rat 

NaV1.4 is susceptible to oxidative modification mainly due the presence of methionine in the 

inactivation motif (IFM). Oxidative modification of methionine within the IFM motif (e.g., 

the formation of methionine sulfoxide by addition of oxygen to the sulfur atom of 

methionine) results in a marked loss of channel inactivation (Kassmann et al., 2008; Kim et 

al., 2014). Anticipating a greater oxidation sensitivity of cysteine and selenocysteine 

compared to methionine, in order to increase the oxidation sensitivity of channel inactivation, 

we genetically engineered two rNaV1.4 mutants namely roNaV1 (reduction-oxidation 

sensitive voltage-gated Na+ channel1; rNaV1.4 mutant IFC), and roNaV2 (reduction-oxidation 

sensitive voltage-gated Na+ channel2; rNaV1.4 mutant IFU), as plausible alternatives to 

fluorescent redox reporters. These channel variants indicate real-time dynamic changes in the 

cellular redox milieu based on the oxidative modification of a single Cys (roNaV1) or a single 

Sec (roNaV2) located in the inactivation motif. Both channel variants, roNaV1 and roNaV2, 

progressively lose their inactivation in response to oxidative modification, the degree of RS-

mediated channel modification is measured as a ratiometric signal from the degree of 

inactivation, thus, yield a concentration independent parameter allowing for absolute 

calibration.  

roNaV1 was selected among several rNaV channel mutants containing either additional 

methionine (Met) or cysteine residues (Cys) in the inactivation motif because roNaV1 exhibits 

functional properties close to the wild type and exhibits relatively small non-inactivating 

residual current under control conditions compared to other channel mutants with additional 
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Met or Cys. This close resemblance to the channel properties infers that replacement of Cys 

for Met in the IFM motif only has a minor impact on the stability of inactivation domain at its 

receptor site.  

It is noteworthy that the introduction of additional Met in the inactivation motif of the 

wild type (IFM) increases the susceptibility of inactivation to oxidative modification. 

Channel variants with additional Met residues, e.g., MFM and MMM, exhibit greater 

oxidation sensitivity than the wild type, and thus suits well to study Met-directed oxidative 

processes. Previous evidences suggest that methionine oxidation play important roles in 

certain physiological functions, such as cytoplasmic translocation of the cytochrome (Godoy 

et al., 2009), cellular protein phosphorylation (Hardin et al., 2009), functional modulation of 

ion channels (Hoshi & Heinemann, 2001), and leukocyte migration (Sroussi et al., 2007). 

However, excess methionine oxidation produces pathophysiological consequences, such as 

reperfusion injury (Chan, 1996), and rheumatoid arthritis (Chidwick et al. 1991). Although 

several attempts have been made to monitor real-time methionine oxidation in order to 

understand functional consequences (Guan et al., 2003; Oien et al., 2009; Sen et al., 2017), 

said channel mutants with additional Met may also help to better understand those functional 

consequences of methionine oxidation that are still overlooked due to the lack of appropriate 

detection tools. 

Since cysteine is well-recognized for the ease of its oxidation in biological samples 

compared to methionine (Kim et al., 2014; Lavine, 1947; Vogt, 1995), roNaV1 exhibits 

relatively greater oxidation sensitivity than NaV channel mutants with additional Met 

residues. Aiming for even improving the redox sensitivity of roNaV1, in order to also detect 

minor physiologically relevant changes in cellular redox levels, we genetically engineered 

roNaV2 by inserting a selenocysteine into the inactivation motif (IFM1305U) of the wild-type 

channel. roNaV2 is the first reported seleno-Na+ channel protein that is adequately expressed 

in a heterologous expression system. Although significant efforts have been made since over 

more than two decades to understand the complex molecular machinery involved in 

producing recombinant selenoproteins in a eukaryotic expression system, it is not yet 

completely understood at the molecular detail. Selenium supplement and co-expression of 

certain trans-acting factors, such as SelA, SelB, and SelC, favor the production of 

selenoproteins in cultured mammalian cells (Gursinsky et al., 2008; Hondal, 2009; Small-

Howard et al., 2006). The type of SECIS element and its placement after the stop codon are 

two additional deciding factors for the adequate expression of the Sec-containing protein in 

heterologous expression systems (Gursinsky et al., 2008; Krol, 2002). Applied to voltage-

gated Na+ channels in HEK 293T cells, even in the absence of mentioned trans-acting factors, 
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a SECIS element from human selenoprotein N and supplementation of the cell culture 

medium with 300 nM sodium selenate as a selenium donor was sufficient to yield measurable 

Na+ current. roNaV2 therefore demonstrates the use of Sec insertion as a powerful tool for 

increasing the experimental realm when studying structure-function relationships of ion 

channels.  

Further, the adequate yield of roNaV2 in cultured mammalian cells demonstrates the 

importance of selection of SECIS element, its distance from the stop codon, and the 

requirement of selenium supplement for the expression of selenoproteins in heterologous 

systems. The mutation in selenoproteins has long been reported in various clinical conditions, 

such as disorders of endocrine, skeletal muscles, and cardiovascular systems (Gonzalez-

Flores et al., 2013; Schmidt et al., 2012), vigorous investigation of such disorders has not 

done so far due to small expression or no yield of selenoproteins in heterologous systems. 

Hence, the explicit treatment of selenoprotein-associated disorders is largely unknown. 

Genetically engineered roNaV2 and its satisfactory expression yield in HEK 293T cells may 

shed some light on factors affecting Sec incorporation in proteins. Understanding of the 

mechanism and determining factors of selenoprotein production could allow the development 

of clinically relevant molecules that may modulate selenoprotein production in patients 

suffered from selenoprotein-associated disorders. Additionally, heterologous expression of 

proteins containing non-standard amino acids has become a frequently used technique for 

investigating unique structural and functional properties of enzymes and proteins (Gonzalez-

Flores et al., 2013; Hondal, 2005; Stone and Yang, 2006). In this context, a successful Sec 

incorporation, as it was shown for roNaV2, may provide functional insight of several 

selenoproteins of unknown functions.   

 Notably, insertion of a Sec in the inactivation motif of the NaV channel affects 

inactivation properties, mainly the half-maximal inactivation voltage and the time constant of 

fractional recovery. Thus, the introduction of a single Sec in place of a methionine in the IFM 

motif has a significant impact on the stability of inactivation domain at its receptor site. It can 

be speculated that Sec located in the inactivation motif of the channel may disturb the 

conformational organization of the inactivation motif. Further research is required to 

understand how a single Sec located in the inactivation domain affects functional properties 

of the channel.   

4.4. Comparison of channel-based RS sensors with fluorescent redox reporters 

Like fluorescent redox reporters, i.e. roGFP2 and Grx1-roGFP2, channel-based RS sensors 

yield real-time ratiometric signals in response to the dynamic change in the cellular redox 
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milieu. In a quantitative comparison, roNaV1 and roGFP2 signals measured from the same 

cell in response to various extracellular stressors yield similar results. However, roNaV1 

displays a greater dynamic range in its ratiometric readout. Like previously described for the 

roGFP2 sensitivity to oxidative stressors, the sensitivity of roNaV1 to small concentrations of 

extracellularly applied RS stressors is limited by the slow reaction kinetics of Cys oxidation 

(Cannon & Remington, 2006; Gutscher et al., 2008; Hansen et al., 2006). roNaV2 can safely 

monitor redox changes induced by stressors in sub-micromolar concentration ranges. A 

relative greater oxidation sensitivity of roNaV2 compared to roNaV1 and roGFP2 arises due to 

the presence of Sec in its inactivation motif (Arnér, 2010; Hatfield et al., 2014). A relative 

higher oxidation sensitivity of roNaV2 is physiologically relevant because it can capture 

short-lived RS immediately after its generations in the living cell. Hence, roNaV2 can indicate 

small fluctuations in redox homeostasis. Nevertheless, roNaV1 will be appropriate for 

monitoring long-lived RS and their consequences.  

A higher oxidation sensitivity of a Sec-based (roNaV2) compared to Cys-based RS 

sensor (e.g., roNaV1 and roGFP2) is anticipated by the strong nucleophilicity of Sec. At 

physiological pH, Sec is probably deprotonated and more reactive; the pKa of 

selenol/selenate of free Sec is about 5.2, the pKa of the thiol/thiolate in free Cys, however, is 

8.3 (Arnér, 2010; Stone &Yang, 2006). Although pKa values of the free amino acid are 

experimentally determined in the aqueous solution, the situation may be completely different 

when amino acids, such as Cys and Sec, are present in a protein structure (Arnér, 2010; 

Toppo et al., 2009; Wessjohann et al., 2007). Additionally, the cellular environment and the 

presence of proximal amino acid in the protein structure influence the chemical reactivity of a 

particular amino acid (García-Santamarina et al., 2014). Quantum chemical calculations 

suggest that the reactivity of Cys and Sec to H2O2 in aqueous solution is almost similar, 

however, the reactivity of the Sec is greater when it is located in enzymes, for instance in 

glutathione peroxidase (Cardey & Enescu, 2007). This indicates that the molecular 

environment along with the pKa value may strongly determine the sensitivity of Sec, and that 

appears also to be true at the location of the inactivation motif of roNaV2 channels.  

Previous reports (Halliwell & Whiteman, 2004; Shay & Wright, 2002) suggest that 

the cell culture procedure affects endogenous RS, roNaV2 and Grx1-roGFP2 are capable in 

distinguishing endogenous RS differences. Moreover, roNaV2 and Grx1-roGFP2 can also 

capture minor differences in intracellular RS induced by glucose supplemented in cell culture 

media, while roGFP2 and roNaV1 fail to report these changes. The human Grx1 accelerates 

the rate of disulfide bond formation in roGFP2 thereby Grx1-roGFP2 exhibits greater redox 

sensitivity compared to roGFP2 (Gutscher et al., 2008), while the performance of roNaV2 is 
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based on the oxidative modification of a single amino-acid residue, Sec. The performance of 

roNaV2 comparable to Grx1-roGFP2 to oxidative modifications illustrates the worthwhile 

application of Sec as a powerful RS sensing element. 

In a qualitative comparison of measured signals from channel-based RS sensors 

(roNaV1 and roNaV2) and fluorescent sensors (roGFP2 and Grx1-roGFP2), channel-based RS 

sensors produce noisier signals than that of fluorescent reporters during RS quantification. As 

previously described for channel signals (Ojha et al., 2014), peak Na+ currents are part of the 

measurement thereby the signal cannot be averaged as much as, for example, fluorescence 

episodes of 10-20 ms. Moreover, channel signals are formed by approximately 1000-10,000 

channel proteins only and, thus, are subject to greater statistical fluctuations (non-stationary 

channel noise).  

4.5. Advantages of channel-based RS sensors 

The strongest argument for the use of channel-based RS sensors in RS sensing comes from 

the potential photo-toxicity of blue light required to elicit signals of roGFP2 and its variants. 

As shown in Fig. 51 and 58, redox measurements using fluorescent reporters may exhibit 

light-induced artifacts because endogenous photosensitizers and photo-activated fluorescent 

reporters upon visible-light irradiation either produce RS or modify cellular milieu (Edwards 

& Silva, 2001; Eichler et al., 2005; King et al., 2004; Editorial, Nat. Meth., 2013). 

Additionally, the effects on cell membrane components induced by seemingly non-

destructive short-time exposure of visible light are not yet fully explored. 

Since measurements using channel-based RS sensors do not require light, they can be 

used to study phototoxic effects. As illustrated in Fig. 48 and 49, inactivation properties of 

channels were substantially affected when cells were subjected to blue and green light. 

Altered inactivation properties of channels upon blue/green light illumination may indicate 

that structure and function of the membrane or cytoplasmic proteins, which contain either 

Cys or Sec residue(s), may be modified when cells are subjected to light. Functional 

modifications of Cys/Sec rich membrane or cytoplasmic proteins may depend on wavelength, 

intensity, and exposure time of the light. Both channel-based RS sensors, roNaV1 and 

roNaV2, respond to blue-light-induced chemical modification, roNaV2 responds about 1,500-

fold faster to blue-light compared with roNaV1. Thus, it can be speculated that the rate of 

light-induced modification of cellular/membrane proteins will also depend on structural 

elements of the protein when cells are subjected to the light of a particular wavelength and 

intensity for the particular duration of time. Noticeably, the rapid response of roNaV2 to small 

doses of blue light is completely reversed in the dark. A relative higher sensitivity of roNaV2 
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to blue-light-induced RS compared to roNaV1 and rapid recovery in the dark is anticipated by 

a high nucleophilicity and electrophilicity of selenium in Sec compared with sulfur in Cys 

(Ruggles et al., 2011). While a relatively higher sensitivity of roNaV2 to blue light is 

beneficial because immediate chemical modification induced by light irradiation can be 

monitored rapidly, a potential drawback could be the exquisite sensitivity because the sensor 

itself is driven into saturation with even short light exposures.  

Further, as illustrated in section 3.5.8.4, the change in fluorescence ratio of all 

fluorescent variants upon blue-light irradiation inferred that blue-light either chemically 

modify these fluorescent proteins or produces light-induced RS. This evidence clearly 

showed that RS measurements using fluorescent probes will inherently suffer from the light-

mediated artifacts. Moreover, the light independence of channel-based RS sensors is an 

advantageous feature whenever excitation light would interfere with other light-sensitive 

components as shown in Fig. 47 where roNaV1 responds to photo-activated KillerRed 

induced RS.  

Due to the rapid response time of channel-based RS sensors and their independence 

on light, they can be useful in studying distribution and lifetime of RS triggered by the light 

pulse. As described in section 3.6, types of reactive species with respective mean lifetime can 

be assessed by the real-time oxidative modifications of channel-based RS sensors. 

Importantly, the activity of channel-based RS sensors can be controlled by means of electrical 

membrane potential, thus, they can be sent into a hibernating state by depolarizing the 

membrane for longer duration and the condition so-called inactivation. In the inactivated 

state, the relevant oxidation-sensitive element of the channel, i.e. Cys (roNaV1) and Sec 

(roNaV2), apparently becomes protected from RS attack. As shown in Fig. 52, 54, 55, and 57, 

roNaV1 and roNaV2 remain effectively protected from light-induced RS when channels were 

in inactivated state. This was not only true for light-induced RS but also for chloramine T 

challenges and RS generated via light excited Lucifer Yellow and KillerRed (Ojha et al., 

2014). In all cases, incremental loss of channel inactivation in response to RS depends on 

whether the channel was in a resting state or in an inactivated state confirms that RS 

sensitivity of channel sensor to oxidative modification could be controlled by means of 

changing electrical membrane potential. Hence, by designing of tailored pulse protocols one 

can thus read-out channel-based RS sensors only at specific intervals and protect them from 

RS-mediated destruction otherwise.  
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Figure 58: Visible-light-induced modifications of cellular milieu. Possible modifications in the 

living cell upon visible light, for instance blue-light, illumination are illustrated. Each numeral depicts 

a presumable modification in the cell upon visible light illumination. Upon light illumination:            

1. Cytochromes or hemeproteins may become photosensitized. 2. Photosensitized cytochromes may 

transfer their energy to the neighboring non-sensitized cellular component(s) and thus, non-sensitized 

component(s) may get functionally modify and/or produce RS. 3. A photosensitized cytochrome may 

transfer energy to other types of cytochromes. 4. Photosensitized cytochromes can induce RS.           

5. Different types of cytochromes and/or tryptophan-rich proteins may become photosensitized either 

by excited light or by getting suitable energy from neighboring cytochromes. 6. Flavins produce RS. 

7. Photobleaching of fluorescent reporters may produce RS. 8. Excited fluorescent reporters may alter 

glutathione homeostasis or another cellular redox couple. 9. Excited fluorescent reporters may transfer 

their energy to the non-photo-sensitized cellular component. Question marks indicate consequences of 

excited fluorescent reporters in the living cell require thorough examination. Red stars indicate 

reactive species.  

(The cell picture is modified from:  https://ciiid.washington.edu/content/signaling-human-cell-

transgenics). 

A very important advantage of channel-based RS sensors is that the recorded signals 

come from a site right at the interface of membrane protein and cytosol; hence, signals of the 

channel-based RS sensors represent a chemical process occurring exactly at the plasma 

membrane. This is a very important aspect if membrane-delimited processes are to be 

studied, while the spatial resolution of membrane-targeted fluorescent proteins, such as 

roGFP2, is diffraction limited and thus will not provide a clean membrane-delimited signal 

https://ciiid.washington.edu/content/signaling-human-cell-transgenics
https://ciiid.washington.edu/content/signaling-human-cell-transgenics
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and is confounded by background fluorescence arising from the proteins close but not inside 

the plasma membrane. Additionally, measurements with the channel-based RS sensors in the 

cell-attached configuration will give access to the status of sensors positioned under the 

pipette tip of about 1 µM diameter.  

4.6. Cysteine and selenocysteine as oxidation sensing elements in channel-based RS 

sensors 

Cellular RS chemically react with biomolecules and/or synthetic redox indicators and form 

oxidation end product(s) as unique chemical ‘fingerprint’ that indicate the cellular redox 

status (Halliwell & Gutteridge, 1999; Shulaev et al., 2006). Qualitative and quantitative assay 

of end-products reflect the degree of cellular oxidation.   

Cysteine residues are present in the catalytic active site of several enzymes, such as 

thioredoxin and glutathione, and play important role in sensing cellular redox status (Berndt 

et al., 2006), which indicate cysteine can serve as a redox-sensing element in RS-sensing 

probes. Based on the oxidative modification of two surface-exposed cysteines (147C and 

204C), genetically encoded roGFP2 reports the dynamic change in the redox milieu. Cysteine 

forms a disulfide bond (-S-S-) with adjacent cysteine in the presence of oxidants and thus, 

yields a cysteine dimer, i.e. cystine. The cysteine/cystine, i.e. thiol/disulfide couple indicates 

the oxidative state of the cell and functions in cellular redox switching (Jonnes et al., 2004). 

Since the formation of cystine is an indicative parameter of oxidation, the formation of a 

disulfide bridge between 147C and 204C of roGFP2 indicates the relative change in the 

cellular redox environment (Fig. 59). The formation of a disulfide bridge produces structural 

rearrangements of roGFP2 that is reflected by a shift in the excitation spectrum.  

Whereas roGFP2 has no specificity for a particular redox couple and responds too 

slowly to endogenous redox changes, Grx1-roGFP2 has very high specificity and sensitivity 

for the GSH/GSSG redox couple (Gutscher et al., 2008; Meyer & Dick, 2010). Grx1 

particularly interacts with glutathione (Björnberg et al., 2006; Gutscher et al, 2008; Meyer & 

Dick, 2010). During cellular oxidation, the nucleophilic Cys (C23) of Grx1 explicitly reacts 

with oxidized glutathione (GSSG) and forms a mixed Grx1-glutathione disulfide 

intermediate. Subsequently, one of the two cysteines of roGFP2 becomes S-glutathionylated, 

later rearrangements lead to the formation of internal disulfide bridge (C147–C204) in 

roGFP2 (Bhaskar et al., 2014; Meyer & Dick, 2010). As illustrated in Fig. 59b, the three 

consecutive steps of thiol-disulfide exchange in Grx1-roGFP2 are fully reversible in presence 

of reduced glutathione.     
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Figure 59: Principle of cysteine-based redox sensors. (a) Molecular mechanism of the roGFP2 

biosensor. Two cysteines (147C and 204C) of roGFP2 form a disulfide bridge with each other in 

response to oxidation. The thiol group of two adjacent cysteines loses one hydrogen atom to form a 

disulfide bond. The thiols (-SH) indicate a reduced state, while a disulfide bridge (-S-S-) indicates an 

oxidized state. (b) Molecular mechanism of the Grx1–roGFP2 biosensor. First step: the nucleophilic 

cysteine (C23) of Grx1 particularly reacts with oxidized glutathione (GSSG) and a mixed Grx1-

glutathione disulfide intermediate is formed. Second step: Grx1-glutathione disulfide intermediate 

reacts with one of the two thiols of roGFP2 to form glutathionylated roGFP2. Third step: 

glutathionylated roGFP2 rearranges to form a disulfide bridge between 147C and 204C of roGFP2. 

All steps are fully reversible in presence of reduced GSH. (Scheme adapted and modified from 

Bhaskar et al., 2014; Meyer & Dick, 2010). 

Further, it can be presumed that the molecular mechanism of channel-based RS 

sensors is very much like roGFP2 for indicating dynamic changes in the redox milieu. 

Similar response kinetics of roGFP2 and roNaV1 to oxidative modification indicates cysteine 

located in the inactivation motif of the roNaV1 may also find a Cys as a binding partner from 

a cytoplasmic protein or an intracellular loop of the sensor and forms a disulfide bridge to 

become immobilized (Fig. 60 and 61). Formation of a disulfide bridge may produce a 

conformational change in the inactivation motif of the channel; thereby the channel pore does 
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not occlude appropriately, and hence, the relative fraction of the non-inactivating current of 

roNaV1 increases with time.  

 

Figure 60: Molecular mechanism of channel-based RS sensors. Different states of membrane-

localized roNaV1 are shown. At very negative potential (e.g., -120 mV) or resting membrane potential, 

channel gate remains closed and, thus, permeation of Na+ ions into the cell via the channel pore is not 

possible. The inactivation motif (IFC) of roNaV1 remains in the cytosol during the closed state of the 

channel. The channel opens in response to membrane depolarization (e.g., -20 mV) and a transient 

inward Na+ current is produced due to the movement of Na+ into the cell. Upon sustained 

depolarization, the channel pore is occluded by the inactivation motif (IFC) and inward Na+ current is 

terminated. During oxidation, cysteine located in the inactivation motif of the roNaV1 may form a 

disulfide-bridge (-S-S-) between nearby cysteine of cytosolic proteins; modification of the 

inactivation motif affects the inactivation kinetics and produces greater fractions of non-inactivating 

current over time. roNaV2 may exhibit a mechanism similar to roNaV1 for RS sensing but forms a 

selenium-sulfur bond (-Se-S-). The question mark indicates the requirement of further examination. 

roNaV1 current responses before and after oxidation are shown in the left-lower panel.  

As described in section 3.5.8.4, the response kinetics of roNaV2 similar to eGFP 

mutant 147U:204C to blue-light-induced modification indicates that the Sec residue in the 

channel’s inactivation motif may also find a Cys as a binding partner from a cytoplasmic 

protein or an intracellular loop of the sensor and forms selenium-sulfur bond (-Se-S-) to 

become immobilized (also see Fig. 60 and 61). It is also conceivable that the rapid change in 
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inactivation properties of roNaV2 might be associated with a lasting chemical modification or 

a short-lived photonic alteration of the Sec residues as reported for certain proteins that 

contain a diselenide bond (Ji et al., 2014). Additionally, unlike roGFP2, roNaV2 and eGFP 

mutant 147U:204C reversed in the dark from blue-light-induced modification, which can be 

explained by a relatively weaker bond strength of selenium-sulfur bond (Se-S bond 

length=2.2 A°) in roNaV2 and eGFP mutant 147U:204C compared to disulfide bond (S-S 

bond length=2.0 A°) in roGFP2 (Hondal et al., 2013). Since RS fluxes are often associated 

with physiological and pathophysiological consequences, reversibility of roNaV2 makes it 

very useful tool for investigating the consequences of cellular RS over time.  

 

Figure 61: Transmembrane topology of channel-based RS sensors. The cartoon illustrates the rat 

NaV1.4 channel equipped with a cysteine (roNaV1) or a selenocysteine (roNaV2) in the inactivation 

motif. Cysteines located in intracellular loops of the channel-based RS sensor (roNaV1/roNaV2) are 

indicated. Indicated positions of cysteines are based on the rat skeletal muscle NaV1.4. During 

oxidation, a cysteine (roNaV1) or a selenocysteine (roNaV2) located in the inactivation motif might 

form a disulfide-bridge with any one of the indicated cysteine located in intracellular loops of the 

channel.        

Since human glutaredoxin-1 specifically interacts with glutathione and it accelerates 

the formation of a disulfide-bridge in roGFP2 (Björnberg et al., 2006; Gutscher et al, 2008; 

Meyer & Dick, 2010), the presence of human Grx1 in the proximity of the inactivation motif 

may increase the oxidation sensitivity of roNaV1. As shown in Fig. 62, the sensitivity of 

roNaV1 can be increased by either fusing Grx1 to roNaV1 or co-expressing membrane 

localized Grx1 with roNaV1. Exhibiting a molecular mechanism similar to Grx1-roGFP2, 

proposed Grx1-roNaV1 may report real-time dynamic changes in a glutathione couple with 

high sensitivity and in a non-photonic fashion.     
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Figure 62: Strategies to develop Grx1-roNaV1. Since it was presumed that the thiol located in the 

inactivation motif (IFC) of roNaV1 forms a disulfide-bridge with neighboring cysteine of cellular 

proteins during oxidation, the introduction of human glutaredoxin-1 (Grx1) in the proximity of the 

inactivation motif of the channel may accelerate the formation of a disulfide bond. Grx1 can be placed 

in the proximity of the inactivation motif of the roNaV1 by three strategies: strategy I – co-expression 

of Grx1 fused β1 subunit of NaV with roNaV1, strategy II – fusion of Grx1 with the C-terminus of 

roNaV1 with and without a linker, and strategy III – fusion of Grx1 with the N-terminus of roNaV1 

with and without a linker.  

4.7. Limitations of channel-based RS sensors 

Channel-based RS sensors may have some disadvantages, such as the requirement of 

performing patch-clamp experiments on single cells. This involves complicated experimental 

procedures and requirements of a complete patch-clamp electrophysiology setup. 

Additionally, the process of patching a cell needs a tight contact between the patch pipette 

and the cell, and application of pulse protocol essential to read-out channel-based RS sensors 

may have an impact on the cellular RS signaling. Moreover, the cell will progressively lose 

its reducing power in long recording sessions in patch-clamp whole-cell configuration. 

However, the performance of experiments with perforated patch methods, where electrical 

access to the cell interior is mediated by a perforating agent (e.g., escin), and thus retaining 

most of the cytosolic components of the cell, can be an alternative approach to whole-cell 

methods. Notably, roNaV2 does not require very long recording sessions because of its rapid 

response rate and high sensitivity to redox modification. Therefore, measurements performed 

in whole-cell mode and perforated-mode do not affect the sensor readout as exemplified for 

blue-light-induced RS/chemical modification in section 3.5.8.3. Furthermore, the response of 
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channels to any particular redox pair has not yet been examined; channel-based RS sensors 

are seemingly non-specific and report overall changes in redox milieu. 

Since real-time dynamic change in the cellular redox environment is indicated by 

relative fractions of the non-inactivating current of channel-based RS sensors, the 

applicability of channel-based RS sensors is limited where stressor itself interferes with 

channel’s activity as it was seen for CORM-2. Since CORM-2 rapidly blocks peak currents 

of channel-based RS sensors, its redox-related functions cannot be assessed by channel-based 

RS sensors. Fluorescent reporters are very useful tools for studying redox-related signals, if 

any, arising from such types of chemical species. The molecular mechanism by which 

CORM-2 blocks peak current and affect functional properties of channel-based RS sensors 

and wild-type rNaV1.4 requires further research.  

All the techniques/methods of RS measurements have some pitfalls and advantages. 

Thus, it is very important to think cautiously about the working methodology and factors that 

confound the method before choosing a particular method of RS detection. It is therefore 

important to employ two or more techniques/methods for RS detection to avoid wrong 

interpretation of the results (Dikalov et al., 2007; Meyer & Dick, 2010). In accordance to that, 

channel-based RS sensors as non-photonic variants can be combined with other sensors, 

particularly fluorescent probes of RS determination in living cells for accurate interpretation.  
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5. Conclusions 

We have developed two RS sensing tools, roNaV1 and roNaV2, based on rat NaV1.4 (SCN4A) 

for monitoring membrane-delimited reactive species in a non-photonic and ratiometric 

fashion. Oxidative modification of a single cysteine (roNaV1) and a single selenocysteine 

(roNaV2) in the inactivation motif of channel-based RS sensors results in a marked loss of 

inactivation that can be monitored by repeatedly recording currents mediated by channels on 

a real-time scale with high precision. The degree of inactivation loss yields a ratiometric 

signal (steady-state current / peak current) that allows real-time monitoring of concentration-

dependent redox modifications delimited to the cell membrane. 

The sensitivity of channel-based RS sensors to light-induced chemical modifications 

makes them very useful tools for testing the quality of photonic experiments in life science 

research. Moreover, these channel-based RS sensors are appropriately suited for single-

molecule measurements and they can be employed for complex kinetic analysis, such as the 

dynamics and lifetime of RS in single living cells. 

Notably, roNaV2 is the first reported seleno-Na+ channel, i.e. a voltage-gated Na+ 

channel protein containing selenocysteine, which was adequately expressed in a heterologous 

expression system. The unprecedented high sensitivity of roNaV2 to oxidative modifications 

demonstrated the power of recombinant selenoproteins as sensitive sensors for redox 

processes. 

Putting the present study in a nutshell, channel-based RS sensors (roNaV1 and 

roNaV2) are not only rapid, sensitive, ratiometric, and light independent membrane-based RS 

sensors but also gateable (switchable) by the membrane voltage, allowing for complex 

experimental settings in which membrane-delimited occurrence of reactive species has to be 

monitored.  
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