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Zusammenfassung 

Häm ist seit langem als stabile prosthetische Gruppe in Proteinen bekannt, denen dadurch 

Reaktionen mit Sauerstoff oder anderen Gasen möglich werden. Klassische Beispiele sind die 

Cytochrome, Hämoglobin, Myoglobin oder die lösliche Guanylatzyklase. Darüber hinaus gibt es 

aber auch neue Befunde, die zeigen, dass Häm als sehr potenter nicht-genomischer Regulator von 

Ionenkanälen wirken kann. Der spannungs- und kalziumabhängige Kaliumkanal Slo1 (BK) war 

das erste Beispiel für eine Regulation durch direkte Bindung von Häm. Bindung an das klassische 

Häm-Bindemotiv „CxxCH“ im C-Terminus des Kanalproteins führt zu einer Reduktion des 

Kaliumstromes von Slo1. Nach dieser Entdeckung stellte sich die Frage, ob auch andere 

Kanalproteine auf ähnliche Weise durch Häm reguliert werden können. Aufgabe dieser Arbeit 

war es daher, mit Hilfe von patch-clamp-Studien an heterolog exprimierten Kaliumkanälen nach 

bisher unbekannten Wechselwirkungen von Häm mit Kanalproteinen zu suchen. In der 

vorliegenden Arbeit konnten zwei neue Klassen Häm-sensitiver Kaliumkanäle nachgewiesen 

werden: A-Typ-Kanäle und Kanäle der EAG-Familie. 

A-Typ Kaliumkanäle wie Kv1.4 zeigen eine typische schnelle Inaktivierung nach initialer 

Porenöffnung. Mit diesem Verhalten sind sie besonders in der frühen Phase der Repolarisation 

von Aktionspotentialen in Neuronen und in Herzmuskelzellen von besonderer Bedeutung. 

Applikation von Hämin auf der zytosolischen Membranseite führte zum Verlust der schnellen 

Inaktivierung bei Kv1.4 Kanälen mit einer EC50-Konzentration von 24 nM. Dieser Effekt trat 

nicht ein, wenn ein Cystein (C13S) und ein Histidin (H16A) im aminoterminalen 

Inaktivierungsball des Kanals mutiert waren. Eine direkte Interaktion von Häm mit der 

Balldomäne konnte mit Hilfe synthetischer Ball-Peptide gezeigt werden, wobei Austausch von 

C13 oder H16 die Häm-Bindung verhinderte. A-Typ-Kanäle können auch durch Interaktion 

nichtinaktivierender α-Untereinheiten wie Kv1.1 oder Kv1.5 mit Kvβ-Untereinheiten entstehen. 

Dabei stellen die Kvβ-Untereinheiten die Inaktivierungsbälle zum Verschluss der Kanalpore. Ein 

Sequenzvergleich der Balldomänen in Kvβ-Untereinheiten mit Kv1.4 zeigte, dass in einigen 

Kvβ-Balldomänen das potentielle Häm-Bindemotiv CxxH vorkommt. Inaktivierung durch 

Kvβ1.1 Untereinheiten, in denen das Motiv vorkommt, war sensitiv gegenüber Hämin. Dagegen 

waren Kvβ1.1 Untereinheiten, in denen dieses Motiv fehlt, unempfindlich gegen Hämin-

Applikation. 
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Der durch Depolarsiation aktivierbare Kaliumkanal hEAG1 hat ein breites Expressionsspektrum 

in neuronalen Geweben, einschließlich Hippocampus und Cortex, wo er zur Modulation 

neuronaler Erregbarkeit beiträgt. Zur Untersuchung der Oxidationsempfindlichkeit von hEAG1 

applizierten wir thiolreaktive Agenzien wie DTNB auf der zytolischen Seite exzidierter 

Membranflecken. Der Kanal zeigte dabei eine biphasische und zustandsabhängige Reaktion. Das 

Schaltverhalten des Kanals änderte sich mit einer schnellen Kinetik, während eine langsamere 

Reaktion den Kanal vollständig inhibierte. Ein systematischer Austausch aller Cysteine ergab, 

dass beide Effekte eliminiert werden, wenn gleichzeitig die Cysteine C145, C214, C532 und 

C562 gegen Alanin getauscht werden. Die schnelle Oxidationsreaktion mit Einfluss auf das 

spannungsabhängige Schalten konnte auf die aminoterminalen Reste C145 und C214 

zurückgeführt werden, während die C-terminalen Aminosäuren C532 und C562 für den 

langsameren Verlust der Kanalaktivität verantwortlich sind. Die Lokalisation dieser 

oxidationsempfindlichen Reste legt nahe, dass Cystein-Oxidation in hEAG1 die Interaktion 

zwischen aminoterminalen und carboxyterminalen Kanaldomänen beeinträchtigt. 

Die Untersuchung von hEAG1 auf mögliche Wechselwirkungen mit Häm zeigte, dass dieser 

Kanal noch empfindlicher reagiert als Kv1.4. Applikation von Hämin auf der zytosolischen Seite 

des Kanals in exzidierten Membranflecken führte zu verändertem Schaltverhalten und einem sehr 

schnellen Rückgang des Kaliumstromes. Dabei lag die Sensitivität mit einem IC50 Wert von ≈2 

nM etwa 10 bzw. 40-fach höher als bei Kv1.4-oder Slo1-Kanälen. Biochemische 

Bindungsstudien mit hEAG1-Fragmenten und Hämin-Agarose deuteten darauf hin, dass es zu 

einer direkten Bindung von Hämin an den Kanal kommt, ein eindeutiges Bindemotiv konnte aber 

noch nicht identifiziert werden. Im Gegensatz zu Kv1.4 zeigte sich, dass Mutation von 

oxidationsempfindlichen Cysteinen in hEAG1 nicht zu einem Verlust der Häm-Empfindlichkeit 

führt. Systematische Mutagenese von Histidinen in hEAG1, Untersuchung von Kanalchimären 

und spektroskopische Untersuchungen an Peptiden deuten aber darauf hin, dass Histidinreste eine 

zentrale Rolle bei der Hämregulation von hEAG1 spielen.   

Die mögliche physiologische Bedeutung der Hämregulation bei A-Typ- und EAG-Kanälen wird 

in nachfolgenden Studien zu untersuchen sein. Man kann davon ausgehen, dass die intrazelluläre 

Konzentration von freiem Häm im mikromolaren Bereich liegen kann, da beispielsweise für 

Hämoxygenasen HO1 und HO2 Km-Werte von 1 µM, bzw. 0,4 µM beschrieben wurden. 

Vergleicht man diese Affinitäten mit der Sensitivität von hEAG1 und Kv1.4 gegen Häm im 
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niederen nanomolaren Bereich, so ist es sehr wahrscheinlich, dass es in vivo zur Inhibition dieser 

Kanäle durch Häm kommen kann. Die starke Verlangsamung der Inaktivierung von A-Typ-

Kanälen könnte die Ausschüttung von Neurotransmitter hemmen und damit neuroprotektiv 

wirken. Andererseits würde die Hemmung von hEAG1-Kanälen wahrscheinlich zu 

Übererregbarkeit von Neuronen führen und könnte damit neurologische Krankheitsbilder wie 

Epilepsie oder Schmerz auslösen. Diese eindrucksvolle Komplexität der möglichen Reaktionen 

macht Häm zu einem vielseitigen Modulator neuronaler Erregbarkeit, der damit eine Vielzahl 

physiologischer Funktionen beeinflussen könnte. 
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Summary 

Traditionally, heme was viewed as a stable prosthetic group, often conferring gas sensitivity 

as exemplified in cytochromes, hemoglobin, myoglobin, and soluble guanylyl cyclase. 

Emerging evidence suggests a new paradigm of the heme function: intracellular free heme 

may be a potent non-genomic modulator of ion channels. The large-conductance Ca
2+

- and 

voltage-gated (Slo1 BK) K
+
 channels inaugurated the role of heme as a direct regulator of ion 

channel function. It binds with high affinity to a classical “CxxCH” heme-binding motif in the 

C-terminus of the channel, leading to Slo1 BK current reduction. At this stage of our 

understanding, two questions arose. First, does heme modulate other ion channels? Second, 

what is the mechanism of heme-mediated modulation of ion channels? To address these 

questions, we screened several voltage-gated potassium channels heterologously expressed in 

Xenopus oocyte and mammalian cells, for heme effects using the inside-out patch-clamp 

technique. In this study we identified two additional classes of potassium channels to be 

modulated by heme: A-type and EAG potassium channels. 

A-type potassium channels such as Kv1.4 are rapidly inactivating channels with importance in 

the initial notch of repolarization in cardiac cells and the fast-spiking behavior of some 

neurons. Hemin applied to the cytoplasmic side potently removed N-type inactivation of 

Kv1.4 channels with EC50 ~24 nM. This effect was abolished by concurrent mutation of the 

cysteine (C13S) and histidine (H16A) residues in the ball domain of the Kv1.4 channel 

protein. The inactivation ball domain-hemin interaction was probed with a synthetic ball-

domain. We found that this peptide interacts with hemin while a mutant peptide lacking C13 

and H16 did not interact with hemin, suggesting a direct interaction of heme and the channel 

protein. A-type channels can also be formed by association of non-inactivating α-subunit, 

such as Kv1.1 and Kv1.5, with Kvβ-subunits that provide inactivation ball domains and 

thereby induce fast inactivation. A sequence alignment of the ball domain of Kvβ-subunits 

with Kv1.4 channels revealed that a potential heme binding site (CxxH) is present in some, 

but not all Kvβ-subunits. We found that inactivation conferred by Kvβ1.1 subunits containing 

a CxxH motif was sensitive to hemin, while Kvβ1.3 subunits, lacking this motif, were 

unaffected by cytosolic hemin.  

hEAG1 channels are depolarization-activated K
+
 channels expressed abundantly in neuronal 

tissues, including the cerebral cortex and the hippocampus, and contributing to modulation of 

action potential firing pattern. SH-reagents such as DTNB applied from cytosolic side 
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inhibited hEAG1 current in a biphasic and gating dependent manner: a fast fraction modifies 

the gating property of the channel and a slow fraction gradually blocked the hEAG1 channel. 

Our systematic cysteine mutagenesis result revealed that concurrent mutation of C145, C214, 

C532 and C562A removes this oxidative sensitivity. The fast component was contributed by 

two cysteine residues (C145 and C214) in the N-terminus and voltage dependent, while the 

slow component was contributed by two cysteine residues (C532 and C562) in the C-linker 

region of the C-terminus, suggesting that cysteine oxidation might interfere the crosstalk 

between the N- and C-terminus of the hEAG1 channel. 

Subsequently, we analyzed the impact of heme/hemin on hEAG1 channels. Hemin applied to 

the cytoplasmic side acutely and dramatically decreased hEAG1 current in cell-free 

membrane patches with a high affinity (IC50 ~2 nM), indicating that the hemin effect on 

hEAG1 is 10-40 fold more potent than on Kv1.4 and Slo1 channels. Our result also suggests 

that hemin alters the gating properties of hEAG1 channels. Furthermore, we provided 

evidence that hemin directly interacts with the hEAG1 channel, as revealed by hemin-agarose 

pull-down assay. Based on our initial hypothesis whether redox-sensitive cysteines take part 

in hemin sensitivity in hEAG1 channels, we found that oxidation insensitive channels still 

retained hemin sensitivity. Our systematic histidine mutagenesis, chimeric and spectroscopic 

study revealed that histidines might play a role in hemin sensitivity of hEAG1 channels. 

The physiological significance of heme regulation of the A-type and hEAG1 potassium 

channels need to be elucidated in the future. It has been reported that intracellular free heme 

level can reach up as high as 1 µM, in line with Km values for heme of heme oxygenase HO1 

and HO2 are 1 µM and 0.4 µM. The comparison of these values to the low nanomolar hemin 

sensitivity of hEAG1 and Kv1.4 channels suggests that heme could be sufficient to regulate 

native hEAG1 and A-type K
+
 channels in vivo. Pronounced slowing of A-type K

+
 channel 

inactivation by hemin may inhibit the release of neurotransmitter, reducing excitotoxicity and 

probably induce neuroprotection. On the contrary, inhibition of hEAG1 channel may lead to 

hyperexcitability of neurons, inducing neurological disorders such as epilepsy or pain. This 

complexity is daunting but may render heme a versatile and multifaceted modulator with 

importance in a multitude of physiological functions. 
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1. Introduction 

1.1 Heme and heme degradation products (HHDPs) and their physiological functions 

Heme is the most ubiquitous cofactor found in nature and the most functionally diverse. Heme 

plays an essential role in various biological reactions, such as oxygen transport, respiration, 

drug detoxification and signal transduction (Ponka, 1999). It interacts with various inactive 

apo-proteins giving rise to functional heme–proteins. The ability of hemoproteins to catalyze 

extremely diverse reactions arises largely from the protein environment in which the heme 

molecule resides and specifically the nature of the heme–ligands (Dawson, 1988). 

Structurally, heme is a metallo-compound composed of iron atom complexes with the 

tetrapyrrole ring protoporphyrin through its 4 nitrogen atoms (Kaplan, 1977). The iron center 

of heme exists in 2 states: in the ferrous state, the complex is called ferroprotoporphyrin or 

heme, and the molecule is electrically neutral and the ferric state, the complex is called 

ferriprotoporphyrin or hemin, and the molecule carries a unit positive charge and is 

consequently associated with an anion (Fig. 1).  

 

Fig. 1: Schematic representation of heme and hemin.  

Three types of heme are known in eukaryotes: protoheme and heme a, b and c (Tyler, 1992). 

Protoheme is a pool of “free heme” that is not associated or is only loosely associated with 

proteins (i.e. tryptophan pyrrolase) (Badawy, 1978) and is the precursor for the other types of 

heme. Heme b and c are essentially similar to protoheme, with minor modifications (Tyler, 

1992). Hemoglobin, cytochrome P450, Catalase, and mitochondrial complexes II and III 

consist of heme b, while heme c is present in cytochrome c and cytochrome c1 of complex III. 

Heme a, is synthesized from protoheme by two modifications: farnesylation and addition of a 

formyl group to position 8 of the protoheme (Mogi et al., 1994; Weinstein et al., 1986). 

Subunit I of complex IV of cytochrome c oxidase consist of two groups of heme a and a3 

(Tyler, 1992).  
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1.1.1 Heme synthesis 

Heme synthesis is a multistep process that mainly occurs in liver and erythroid tissues where 

most of the heme is incorporated into cytochrome P450 and hemoglobin. It is accepted that 

75-80% of heme is synthesized in bone marrow cells, and the liver is responsible for 15-20% 

of heme production (Berk et al., 1976, 1979). Heme biosynthesis involves eight enzymatic 

steps in the conversion of glycine and succinyl–coenzyme A (CoA) to heme (Fig. 2). The first 

and last three enzymes in the pathway are located in the mitochondria, whereas the other four 

are in the cytosol (Woodard and Dailey, 2000). Heme synthesis begins with condensation of 

glycine and succinyl-CoA in mitochondria, a reaction catalyzed by the first enzyme in the 

pathway, 5-aminolevulinate synthase (ALAS). In the final step, ferrous iron is inserted into 

protoporphyrin IX to form heme, a reaction catalyzed by the eighth enzyme in the pathway, 

ferrochelatase (also known as heme synthetase or protoheme ferrolyase) (Kaplan, 1977; 

Woodard and Dailey, 2000). Heme synthesized in mitochondria is then transported into the 

cytosol to bind to apo-proteins and to form hemoproteins (Taketani, 2005). 

Regulation of heme synthesis differs in the liver and erythroid tissues. Regulation is needed to 

maintain relatively low levels of intracellular heme. In the liver, “free” heme regulates the 

synthesis of 5-aminolevulinate synthase (ALAS1). Heme represses the synthesis of ALAS1 

mRNA and interferes with the transport of the enzyme from the cytosol into mitochondria 

(May et al., 1995). The differentiating erythroid cells must produce massive amounts of heme 

during a short period to satisfy the needs of hemoglobinization. In erythroid precursor cells 

the erythroid-specific ALAS2 is expressed at higher levels than the hepatic enzyme, and all 

pathway enzymes are induced via erythroid-specific regulatory elements located in the 5' end 

of the mRNA (Kaya et al., 1994). 

1.1.2 Physiological functions of heme 

Biological systems depend on heme-proteins to serve several essential functions for their 

survival. Heme is required for a variety of heme proteins, such as hemoglobin, myoglobin, 

respiratory cytochromes, the cytochrome P450 enzymes (CYPs), oxidases, and catalases. All 

these proteins are vital to processes such as oxygen transport, xenobiotic detoxification, 

oxidative metabolism, and thyroid hormone synthesis (Tsiftsoglou et al., 2006).  

Heme has been shown to be a key modulator of several processes at the transcriptional level. 

The first evidence that heme regulates transcription came from the iso-1-cytochrome c gene 

(CYC1) of the electron transport chain in yeast. Transcription of CYC1 was reduced 200-fold 
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in cells grown in heme deficient conditions (Guarente and Mason, 1983). In mammals, 

respiration is transcriptionally controlled by the amount of available heme. The transcriptional 

regulation of globin chain by heme is mediated through Bach1, the first mammalian 

transcription factor shown to bind heme. Bach1 binds DNA and represses transcription when 

it is not bound to heme. Therefore Bach1- mediated repression only occurs in low heme 

conditions (Tahara et al., 2004; Sinclair, 2008). Heme has also been shown to repress 

transcription of tartrate-resistant phosphatase (TRAP), an iron-containing protein that may 

function in iron homeostasis (Reddy et al., 1996). 

Another family of hemoproteins is the heme-based sensor family. These proteins are key 

regulators of adaptive responses to changing levels of oxygen, carbon monoxide, and nitric 

oxide. More than 100 heme-based sensors have been investigated in bacteria and mammalian 

cells. 

 

Fig. 2: Schematic diagram depicting heme homeostasis: synthesis, degradation and regulation.  

The heme-based sensors are categorized into 6 different types of heme-binding modules: the 

heme-binding PAS domain, globin-coupled sensor (GCS), CooA, heme-NO-binding (HNOB) 

domain, heme-binding GAF domain, and heme-associated ligand-binding domains (LBD) of 

the nuclear-receptor class groups (Gilles-Gonzalez and Gonzalez, 2005).  
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Heme also plays a regulatory role in many physiological processes including cell growth, cell 

cycle progression, cellular differentiation, gene regulation, and microRNA processing. Heme 

promotes cellular differentiation in PC12 pro-neuronal cells and K562 erythroid cells (Mense 

and Zhang, 2006). In HeLa cancer cells, heme directly controls the cell cycle and promotes 

cell growth, by acting on two key cell cycle regulators, cyclin-dependent kinases (CDKs) and 

p53 (Ye and Zhang, 2004).  

1.1.3 Heme degradation 

Heme is essential for life, but excess heme is toxic to the cell. In order to maintain 

intracellular heme at low levels, multiple mechanisms exist; one of the regulatory mechanisms 

is catabolism of heme which produces biliverdin, CO, bilirubin and boxes (Fig. 2). Heme 

oxygenase is the first and the rate-limiting enzyme of the microsomal heme degradation 

pathway that yields biliverdin, carbon monoxide (CO), and iron (Maines, 1988). There are 

three forms of heme oxygenase (HO): the 33 kDa inducible heme oxygenase 1 (HO1) is a 

heat-shock protein that is induced by heme, iron, heat shock, free radicals, and other stimuli in 

a variety of cells, including vascular smooth muscle cells, macrophages, brain microglia, and 

participates in cellular defense mechanisms and its induction in mammalian cells is an 

indicator of oxidative stress (Maines, 2000). Heme oxygenase 2 (HO2), a 36 kDa protein, 

constitutively expressed in a variety of cells such as neurons and vascular endothelial cells, 

confers neuroprotection in the developing brain (Maines, 2000). Heme oxygenase 3 (HO3), a 

third isoform is not catalytically active, but is thought to take part in oxygen sensing 

(McCoubrey et al., 1997). 

1.1.3.1 Carbon monoxide 

The carbon monoxide (CO) released directly from heme during HO activity may function as a 

soluble second messenger molecule in a fashion similar to the free radical gas NO• (Verma et 

al., 1993). CO is the diatomic oxide of carbon and a colorless and odorless gas. CO is 

considered as a “silent killer”. An increase in ambient CO level leads to human intoxication. 

Elevated CO concentration in the bloodstream facilitates binding of CO to normal adult 

hemoglobin (HbA), forming COHb, which reduces the oxygen storage function of HbA and 

causes hypoxia. The brain and heart are the organs most vulnerable to CO-induced acute 

hypoxia, due to their high demand for oxygen (Stewart, 1975; Wu and Wang, 2005). In recent 

years, several studies have reported that CO is also generated endogenously produced, and 

that under specific pathophysiological conditions CO production is greatly increased. The 
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predominant biological source of CO (> 86%) is from the catabolism of heme by the enzyme 

heme oxygenase (HO) with minor amounts formed by lipid peroxidation, photo-oxidation, 

and xenobiotic metabolism (Wu and Wang, 2005). The production rate of CO is 16 µmol/h in 

the human body (Coburn, 1970) and the daily production of CO is substantial, reaching more 

than 12 ml (500 µmol) (Coburn et al., 1965).  

There are wide ranges of physiological effects of CO documented in the literature. CO can act 

as an anti-inflammatory. It attenuates endotoxic shock (Otterbein et al., 2000) and also 

reduces allergic inflammation by blocking eosinophil flux and IL-5 production (Chapman et 

al., 2001). CO protects against ischemia (Amersi et al., 2002) and pancreatic β cells from 

apoptosis (Gunther et al., 2002). CO also protects against hyperoxia, pre-exposure of a rat to 

CO gas protected its lung from oxidative injury (Stupfel and Bouley, 1970). CO modulates 

spermatogenesis under conditions of stress (Ozawa et al., 2002) and also regulates blood 

pressure under stress conditions (Motterlini et al., 1998).  

1.1.3.2 Iron 

Little is known about the immediate consequences of HO-mediated iron release, nor the 

immediate molecular acceptor of this “free iron”. It has been reported that iron released from 

heme is mobilized into bone marrow for reincorporation into newly synthesized heme in 

mitochondria and the residual iron is stored in transferrin extracellularly or, ferritin 

intracellularly. Free form of iron can interact with H2O2 and produce hydroxyl free radicals 

which may oxidize bilirubin, biliverdin or heme (Nagababu and Rifkind, 2004). 

1.1.3.3 Biliverdin and bilirubin 

Biliverdin and bilirubin released by breakdown of heme possess in vitro antioxidant 

properties (Stocker et al., 1987). The hydrophobic bilirubin is produced by the reduction of 

water soluble biliverdin by the cytoplasmic NADPH biliverdin reductase enzyme (Tenhunen 

et al., 1970). The immediate consequences of intracellular bilirubin formation are poorly 

understood. Bilirubin is generally regarded as a toxic compound when accumulated at 

abnormally high concentrations in biological tissues and is responsible for the clinical 

symptoms of kernicterus (Heirwegh and Brown, 1982). The bilirubin formed in the various 

tissues effluxes into blood serum where it forms a complex with albumin. It is taken up by 

hepatocytes by facilitated diffusion, stored in hepatocytes bound to glutathione-S-transferases 

and which then undergoes phase-II glucuronidation by uridine diphosphate: glucoronosyl 
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transferase, forming water soluble mono and di-glucuronides, which are eliminated by the bile 

and feces (Wang et al., 2006). 

1.1.3.4 BOXes 

A recent finding of Clark and co-workers (Kranc et al., 2000; Clark and Pyne-Geithman, 

2005) has found the existence of bilirubin oxidation end products abbreviated as BOXes (see 

also Fig. 2). There are two isomers of the BOXes formed from the two ends of the bilirubin 

molecule (differing by the position of the methyl and vinyl groups), as BOX A and BOX B 

(Kranc et al., 2000), however, no significant differences in the biologic activity of BOX A and 

BOX B were observed. BOXes are found in the brain after experimental intracerebral 

hemorrhage (Clark et al., 2008) as well as clinically post-subarachnoid hemorrhage (SAH) 

and are known to play a role in SAH-induced vasospasm and are vasoactive in vivo, 

constricting rat cerebral vessels (Pyne-Geithman et al., 2005). 

1.2  Ion channels 

Ion channels play an important role in a wide range of physiological functions such as 

generation of electrical activity in nerves and muscle, control of cardiac excitability, 

intracellular signaling, hormone secretion, cell proliferation, cell volume regulation, and many 

other biological processes. These pore-forming proteins allow the flow of ions across the 

plasma membrane and are classified according to their ion selectivity for example sodium, 

potassium, calcium, chloride channels. Among the entire ion channels, potassium channels 

represent a largest group of ion channels. The K
+
 channel structures fall into three major 

groups: comprising either two passes (2TM), four passes (4TM), or six passes (6TM) through 

the membrane. The 2TM channels form a large group (at least 12 members) of inward 

rectifying K
+
 channels (Kirs), the 4TM channels form a group of at least 11 so-called „leak‟ 

channels, (Goldstein et al., 2001) and the very large group of 6TM channels are subdivided 

into the families of voltage-gated delayed-rectifier (Kv) channels, Ca
2+

-activated K
+
 channels, 

hyperpolarization- and cyclic-nucleotide gated channels (Gutman et al., 2005). 

1.2.1 Kv channels 

Kv channels constitute about half of the known K
+
 channels in the human genome (Gutman et 

al., 2005).  
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Fig. 3: Phylogenetic tree for the Kv1–9 and Ca
2+

-activated channel families. The phylogenetic tree 

was constructed using Vector NTI (Invitrogen) and processed with treegraph2 

(treegraph.bioinfweb.info). The International Union of Pharmacology (IUPHAR), HUGO Gene 

Nomenclature Committee (HGNC) and commonly used names are shown together. EAG family and 

A-type potassium channels are marked red and blue, respectively. 

All the Kv channel subunits have a 6TM topology with a “P-loop” region between the fifth 

and sixth transmembrane segments that forms the K
+
 selectivity filter and positively-charged 

residues in the fourth transmembrane segment constitute the voltage sensor. Four subunits 
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assemble to a functional channel (Doyle et al., 1998). Kv channels are categorized into four 

groups: (a) the Shaker/Shab/Shaw/Shal-related families: Kv1.x (KCNAx), Kv2.x (KCNBx), 

Kv3.x (KCNCx) and Kv4.x (KCNDx), (b) the KCNQ sub-family: Kv7.x, (c) Kv modifying 

sub-family: Kv5.x (KCNFx), Kv6.x (KCNGx), Kv8.x (KCNVx) and Kv9.x (KCNSx), and (d) 

the EAG sub-family: Kv10.x, Kv11.x and Kv12.x (KCNHx) (Gutman et al., 2005) (Fig. 3). 

1.2.2 A-type potassium channels 

By using time dependence as a basis for classification, Kv currents can be classified into two 

categories: slow “delayed rectifier” currents and rapid “A-type” currents. The delayed 

rectifier type possesses delayed onset of activation followed by little or slow inactivation, 

while, A-type possesses rapid rates of inactivation. Strong steady-state, voltage-dependent 

inactivation is a feature typical of A-type currents. The inactivation of A-type potassium 

channels can be divided into fast and slow processes (Hoshi et al., 1990, 1991). The fast 

inactivation is initiated by the N-terminus, and was early named “N-type inactivation”, while 

the slow inactivation originally was suggested to be related to the C-terminus, and was 

consequently named “C-type inactivation” (Hoshi et al., 1990, 1991). The N-type inactivation 

is due to a “ball-and-chain” mechanism, the plugging of the internal mouth of the channel 

with its N-terminus (Hoshi et al., 1990; Zagotta et al., 1990; Hoshi et al., 1991) (Fig. 4B). N-

type inactivation is abolished by deletion or enzymatic removal of the N-terminus, and can be 

restored by intracellular application of peptides derived from the N-terminus of one of many 

N-type inactivating channels (Antz et al., 1999; Zagotta et al., 1990). A single inactivation 

domain is sufficient to confer N-type inactivation (MacKinnon et al., 1993; Lee et al., 1996). 

Inhibition by 4-aminopyridine (4-AP) and insensitivity to extracellular tetraethyl ammonium 

(TEA) ions are considered to be pharmacological hallmarks of A-type currents (Thompson et 

al., 1977). The A-type potassium channels were divided into 3 major types: (a) Kvα1.x - 

Shaker-related: Kv1.4 (KCNA4), (b) Kvα3.x - Shaw-related: Kv3.3 (KCNC3), Kv3.4 

(KCNC4) and (c) Kvα4.x - Shal-related: Kv4.1 (KCND1), Kv4.2 (KCND2), Kv4.3 (KCND3) 

(Fig. 3). Although only a limited number of Kvα-subunit channels demonstrate N-type 

inactivation on their own, auxiliary cytoplasmic β-subunits with a similar N-terminal “ball” 

domain may also interact with Kv1 family α-subunits to create an N-type inactivating A-type 

channel (Rettig et al., 1994; Heinemann et al., 1996) (Fig. 4A).  
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Fig. 4: Architectures of A-type potassium channels. (A) Representation of an α-subunit of Kv1.4 

channels (left) and delayed rectifier channels co-assembled with an accessory β-subunit (right). The N-

terminus of Kv1.4 and β-subunits bear a ball domain that is responsible for fast N-type inactivation. 

(B) A simplified diagram illustrates the N-type ball-chain inactivation: A-type channels are usually 

silent at resting membrane potentials. On depolarization, the channels first open by transition of the 

activation gate(s) and then enter a long-living non-conducting state, the inactivated state. The latter 

result from inactivation particle (ball) that binds to its receptor, once exposed by channel activation, 

and thereby physically occludes the ion pore. 

1.2.2.1 Kv1.4 potassium channel 

The Kv1.4 gene was the first mammalian gene identified that encoded rapidly inactivating or 

transient K
+
 channels. Kv1.4 exhibits rapid “ball-and- chain”-type inactivation gating, along 

with slow C-type inactivation gating (Stühmer et al., 1989; Tseng-Crank et al., 1990). Kv1.4 

channels are present in nerve terminals, axons and in many areas of the brain, including cells 

that secrete glutamate and other excitatory neurotransmitters (Sheng et al., 1992). It has been 

reported that Kv1.4 channels present in axons and nerve terminals plays a vital role in the 

regulation of presynaptic spike duration, Ca
2+

 entry, and neurotransmitter release (Lipton and 

Rosenberg, 1994). 
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In the hippocampus, Kv1.4 immunoreactivity is detected at greatest density in two regions: (a) 

the middle molecular layer (MML), where perforant path axons synapse with dentate granule 

cells, and (b) the stratum lucidum (SL) of CA3, where the mossy fibers travel in tight fasciculi 

and form en passante synapses onto CA3 pyramidal cells (Cooper et al., 1998). In a recent 

study Prüss et al. (2010) found temporal age-dependent expression of Kv1.4 with Kv1.1, 

Kv1.2, and Kv3.4 channels during postnatal hippocampal development. This age-dependent 

expression is thought to link neuronal activity with hippocampal network maturation. Kv1.4 

channels are also expressed in small diameter (A and C fiber) dorsal root ganglion (DRG) 

neurons and a great reduction in Kv1.4 expression was found after nerve injury (Rasband et 

al., 2001). Furthermore, Kv1.4 is coexpressed with TRPV1, TRPV2 and cannabinoid 

receptors 1 (CB1) in nociceptive DRG neurons, and probably plays a role in pain signaling 

(Binzen et al., 2006). In addition, Kv1.4 channels may underlie the transient outward K
+
 

current (Ito) in cardiac muscle and contribute to the initial repolarization phase of cardiac 

action potentials (Tseng-Crank et al., 1990).  

1.2.3 The EAG family 

The term EAG stands for Ether à go-go as the gene as originally identified in Drosophila 

melanogaster mutants that exhibit leg-shaking behavior under ether anesthesia (Kaplan and 

Trout, 1969). This shaking movement was similar to a dance performed in the late 60s at the 

popular night-club in West Hollywood, the Whisky à Go-Go. The identity as an ion channel 

gene was not appreciated until later studies that found an enhancement of neurotransmission 

defects in eag/Shaker double mutants (Ganetzky and Wu, 1983). Molecular studies and 

sequence comparison resulted in the classification of EAG into a distinct potassium channel 

group: the EAG family. The EAG family consisting of 3 sub-families (a) EAG (b) EAG-

related gene (ERG) and (c) EAG-like K
+
 channel (ELK) (Fig. 3). The first cloned mammalian 

EAG channels were the mouse EAG1 and the human ERG1 (HERG) channel (Warmke and 

Ganetzky, 1994). The EAG family comprises of 8 channels: two EAG (EAG1: Ludwig et al., 

1994; EAG2: Saganich et al., 1999), three ERG (ERG1: Sanguinetti et al., 1995; ERG2, 

ERG3: Shi et al., 1997) and three ELK channels (Engeland et al., 1998; Shi et al., 1998) (Fig. 

3). 

1.2.3.1 EAG1 potassium channel 

EAG1 is the founding member of the EAG family, which contain a Per-Arnt-Sim (PAS) 

domain in the N-terminus (Morais Cabral et al., 1998), a signature GFG motif that forms the 
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K
+
 ion selectivity filter, and a cyclic nucleotide binding domain (cNBD) within the C-

terminus. In addition the EAG channel harbors 3 calmodulin-binding motifs in the N and C-

terminus (Fig. 5).  

 

Fig. 5. An overview of the EAG channel. Schematic representation of a single hEAG1 α-subunit: S1-

S6 represents transmembrane helices. The N- and C-termini are believed to be located intracellularly. 

Characteristic domains are: PAS: Per-Arnt-Sim domain, cNBD: cyclic nucleotide binding domain, BD-

N, BD-C1 and BD-C2: Calmodulin binding sites, C-linker: The linker between the last transmembrane 

segment (S6 gate) and cNBD domain.  

Mammalian EAG1 channels activate slowly and do not inactivate during a sustained 

depolarization. Moreover, voltage dependent activation of EAG channels is strongly 

dependent on the holding potential and the time course of the activation is slowed down by 

negative prepulses, an effect similar to the Cole-Moore shift (Ludwig et al., 1994). In 

addition, activation slows down further in the presence of extracellular Mg
2+

 in the millimolar 

range (Terlau et al., 1996). This Cole-Moore shift of EAG1 currents is so distinctive that its 

occurrence is a strong indication for the presence of native EAG1 channels (Meyer and 

Heinemann, 1998). Pharmacologically, EAG1 channels are sensitive to Ba
2+

 and quinidine 

(Ludwig et al., 1994) and exhibit very low sensitivity to classical channel blockers like 

tetraethyl ammonium (TEA) or 4-amino-pyridine or the HERG blocker E4031 (Saganich et 

al., 1999; Engeland et al., 1998).  
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A role for EAG1 in neuronal function was first suggested by an ether-induced leg shaking 

phenotype associated with EAG, as well as Sh and Hk, mutants (Kaplan and Trout, 1969; 

Warmke et al., 1991). This initial observation, along with later ones showing physiological 

and behavioral defects in EAG mutants (Warmke et al., 1991), demonstrates that the EAG 

channel is an important player in neuronal function. In mammals, EAG is widely expressed in 

the nervous system, including the CA1 and CA3 regions of the hippocampus, neocortex, 

olfactory bulb, retinal ganglion, photoreceptors, cochlear spiral ligament, and skeletal muscle 

(Frings et al., 1998; Lecain et al., 1999; Ludwig et al., 1994; Occhiodoro et al., 1998). In-situ 

hybridization studies have detected EAG1 transcripts predominantly in the hippocampus, 

cerebral cortex, olfactory bulb and granular layer of the cerebellum of adult rats (Ludwig et 

al., 2000; Saganich et al., 2001). A study by Gomez-Varela et al. has visualized the 

endogenous EAG1 channels entering and leaving synapses by lateral diffusion in the plasma 

membrane of rat hippocampal neurons by using a specific extracellular antibody and single-

particle-tracking techniques with quantum dots nanocrystals. This provided first evidence of 

the real-time visualization of an endogenous EAG1 channels in neurons (Gomez-Varela et al., 

2010).  

EAG1 channels may be involved in auditory transduction in the cochlea. Rat EAG1 mRNA 

has been detected in the organ of Corti and in the fibrocytes of the spiral ligament (Lecain et 

al., 1999). However, no genetic deafness or hearing impairments have yet been linked to the 

human EAG1 gene. EAG1 also may play a role in phototransduction. In-situ hybridization of 

bovine retinal tissue localizes two alternatively spliced EAG1 channel transcripts (bEAG1 and 

bEAG2) to photoreceptors and retinal ganglion cells (Frings et al., 1998). They probably 

contribute to an outward K
+
 current, named IKx, which stabilizes the dark resting potential 

and accelerates the voltage response to small photocurrents (Beech and Barnes, 1989). EAG1 

channels were described for differentiating human myoblasts. Undifferentiated myoblasts 

have a resting membrane potential of about 10 mV, which upon transient expression of a 

non-inactivating K
+
 current IK (ni), carried by human EAG1 channels, causes hyperpolarizion 

of the membrane of about 30 mV, resulting in induction of myoblasts differentiation 

(Occhiodoro et al., 1998; Bauer and Schwarz, 2001).  

Apart from their physiological function, EAG1 channels were abnormally up-regulated in 

many cancer cells while absent from the corresponding healthy tissues. These include breast 

carcinoma lines (MCF7, EFM-19 and BT-474), cervical carcinoma (HeLa) and 

neuroblastomas (Pardo et al., 1999; Meyer and Heinemann, 1998), melanomas (Meyer et al., 
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1999), soft tissue sarcoma (Mello de Queiroz et al., 2006), gliomas (Patt et al., 2004), gastric 

cancer, colorectal cancer and esophageal squamous cell carcinomas (Ding et al., 2007, 2008). 

In addition, when EAG1 channels are transfected to CHO cells they result in tumor growth in 

xenograft mouse model, increased cell proliferation rate, and oncogenic properties such as 

loss of contact inhibition and substrate independence (Pardo et al., 1999). The specific 

blockade of hEAG1 by monoclonal antibodies inhibited tumor cell growth both in vitro and in 

vivo (Gomez-Varela et al., 2007). This provides a proof of concept that EAG1 is a promising 

target for novel cancer drugs, as well as a potential marker for early tumor detection and 

diagnosis (Pardo et al., 2005). 

1.3 Interaction of ion channels with heme and heme degradation products 

The past few years have witnessed intense research into the biological significance of heme as 

an essential ion channel modulator. The first report came in 2003 when T. Hoshis laboratory 

found that heme can bind and inhibit voltage-gated large conductance calcium-activated 

(Slo1) potassium channels (Tang et al., 2003). These channels are expressed in almost every 

tissue in our body and are essential for the regulation of several key physiological processes 

including neuronal excitability, vascular tone regulation, and neurotransmitter release (Hou et 

al., 2009). The interaction of heme with the channel was mediated by a classical cytochrome c 

heme-binding motif “CxxCH” present in the linker segment between the regulator of K
+
 

conductance (RCK) domains (Tang et al., 2003). Mutation in the potential heme-binding site 

(C615S or H616R or C615S:H616R) rendered the channel insensitive to heme (Tang et al., 

2003; Jaggar et al., 2005). The inhibitory effect was quite potent; the IC50 value was ~70 nM 

in the absence of cytoplasmic Ca
2+

. The concentration dependence suggested that the Slo1 

channel is more sensitive to heme than the transcription factors HAP1 and Bach1 (Zhang and 

Hach, 1999; Ogawa et al., 2001).  

The heme degradation product carbon monoxide also modulates Slo1 channel function. CO 

causes relaxation of vascular smooth muscle tone by interacting with Slo1 channels (Wang 

and Wu, 1997). A recent study by Hou et al. revealed the mechanism of CO modulation of 

Slo1 channels. CO gas and the CO donor (CORM2) consistently and repeatedly increased 

open probability of Slo1 channels in HEK 293 cells. The stimulatory action of CO on the Slo1 

BK channel requires an aspartic acid and two histidine residues located in the cytoplasmic 

RCK1 domain (Hou et al., 2008).  
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Another study also revealed that the bilirubin oxidation end products (BOXes) altered 

functional properties of the Slo1 channel. Application of BOXes to the cytoplasmic side of a 

membrane patch containing Slo1 channels progressively decreased the current. The channel 

sensitivity to BOXes requires two specific lysine residues located downstream of the S6 

transmembrane segment in the primary sequence (Hou et al., 2010). 

1.4 Objectives 

The discovery of heme modulation of Slo1 potassium channels opened a new age of heme 

signaling and also opened potentially highly significant areas of investigation. At this stage of 

our understanding, two questions arose. First, does heme modulate other ion channels? 

Second, what is the mechanism of heme-mediated modulation of ion channels?  

To address these questions, we screened several voltage-gated potassium channels for heme 

effect using the patch-clamp technique (inside-out). We found that two voltage gated 

potassium channels are modulated by heme: Kv1.4 and hEAG1 potassium channels. Kv1.4 is 

a rapidly inactivating A-type potassium channel, present in the hippocampus, DRG neurons 

and heart. Our study indicates that heme/hemin selectively interfere the fast inactivation of 

Kv1.4 channels. The following points were addressed in this study: (a) characterization of the 

heme/hemin effects on the Kv1.4 channel, (b) Elucidation of the molecular loci required for 

the heme-channel interaction, and (c) Investigation of whether heme/hemin confers sensitivity 

to other A-type potassium channels.  

It has been reported that reversible binding of heme to the heme-regulated initiation factor 

eIF-2 alpha kinase (HRI) involved in genomic actions of heme, is dependent on its cysteine 

residues, potentially causing their oxidation (Yang et al., 1992). Studies on Kv1.4 channels 

suggest that a cysteine residue inside the ball domain is known to be responsible for redox 

regulation of fast N-type inactivation (Ruppersberg et al., 1991; Stephens et al., 1996; Rettig 

et al., 1994). This observation prompted us to study the role of cysteine residues in hEAG1 for 

their redox modulation by sulfhydryl-modifying (SH) reagents. The α-subunits of hEAG1 

channels harbor 19 cysteine residues that are distributed throughout the major cytosolic 

domains such as PAS domain, C-linker and CNG- binding domain. Our study indicates that 4 

critical cysteines in the N and C-terminus are responsible for hEAG1 function. Subsequently, 

we characterized the effects heme/hemin on the hEAG1 channels and elucidated the gating 

transitions regulated by hemin. In addition, we analyzed the molecular loci required for the 

hemin-hEAG1 channel interaction.  
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2. Materials and Methods 

2.1  Materials 

2.1.1 Bacterial strains and cell lines 

E.coli strains 

XL1 Blue- for cloning recombinant DNA (Stratagene) 

C29251 dam
-
/dcm

-
- for cloning methylated DNA (New England Biolabs) 

Cell lines 

HEK293- human, transformed, embryonic kindney fibroblasts (German Collection of 

Microorganisms and Cell Culture, DSMZ, Braunschweig, Germany) 

2.1.2 Plasmids and vectors 

Available vectors 

pcDNA3- for transient CMV promoter-driven expression in mammalian cells (Invitrogen) 

pGEM-HE- for transient T7 promoter-driven expression in Xenopus oocytes 

p21-1- for transient SP6 promoter-driven expression in Xenopus oocytes 

Table 1: List of plasmids and constructs used from the laboratory (CMB) 

Gene Expression plasmid Restriction enzyme for 

linearization and promoter for 

mRNA synthesis 

Source 

rKv1.1 rKv1.1-pGEM-HE NheI-T7 Lab 

hKv1.5 hKv1.5-HE EcoRI-T7 Lab 

rKv1.4 rKv1.4-p21-1 SalI-SP6 Lab 

rKv1.4 C13S rKv1.4 C13S-p21-1 SalI-SP6 Lab 

hKvβ1.1 pβ1 SalI-SP6 Lab 

hKvβ1.3 hKvB1.3- pSP64T EcoRI-T7 Gift from Dr. 

Decher 

mKv1.3 mKv1.3-p21-1 EcoRI-T7 Lab 

hCD8  pCD8 CMV Gift from Dr. Seed  
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Table 2: List of DNA constructs or mutants generated during this work. All hEAG1 

mutants were cloned in plasmid pGEM-HE, linearized with NheI and promoter T7 was used 

for RNA synthesis. Kv1.4 mutants were cloned in plasmid p21-1, linearized with SalI and 

promoter SP6 was used for RNA synthesis. 

Mutants Mutants Mutants Mutants 

hEAG1 C50A hEAG1 C67A hEAG1 C128A hEAG1 C145A 

hEAG1 C214A hEAG1 C303A hEAG1 C357A hEAG1C357V 

hEAG1 C368A hEAG1 C368V hEAG1 C532A hEAG1 C532S 

hEAG1 C541A hEAG1 C562A hEAG1 C575A hEAG1 C592A 

hEAG1 C631A hEAG1 C640A hAG1 C794A hEAG1 C804A 

hEAG1 C817A hEAG1 C853A hEAG1 C145A-C214A hEAG1 C532A-C562A 

hEAG1 C145-562A 

(C145A-C214A-C532A-

C562A) 

hEAG1 Cysless-T 

(C303A-C357V-C368V) 

Cysless-N (C50A-C67A-

C128A-C145A-C214A) 

Cysless-C (C532A-

C541A-C562A-C575A-

C592A-C631A-C640A-

C794A-C804A- C817A-

C853A) 

hEAG1 Cysless-NC 

(C50A-C67A-C128A-

C145A-C214A-C532A-

C541A-C562A-C575A-

C592A-C631A-C640A-

C794A-C804A-C817A-

C853A) 

hEAG1 A214C-NC 

(C50A-C67A-C128A-

C145A-C532A-C541A-

C562A-C575A-C592A-

C631A-C640A-C794A-

C804A-C817A-C853A) 

hEAG1 A145C-NC 

(C50A-C67A-C128A-

C214A-C532A-C541A-

C562A-C575A-C592A-

C631A-C640A-C794A-

C804A-C817A-C853A) 

hEAG1 A128C-NC 

(C50A-C67A-C145A-

C214A-C532A-C541A-

C562A-C575A-C592A-

C631A-C640A-C794A-

C804A-C817A-C853A) 

hEAG1 A532C-NC 

(C50A-C67A-C128A-

C145A-C214A-C532A-

C541A-C575A-C592A-

C631A-C640A-C794A-

C804A-C817A-C853A 

hEAG1 A562C-NC 

(C50A-C67A-C128A-

C145A-C214A-C541A-

C562A-C575A-C592A-

C631A-C640A-C794A-

C804A-C817A-C853A) 

hEAG1 Cysless (C50A-

C67A-C128A-C145A-

C214A- C303A-C357V-

C368V C532A-C541A-

C562A-C575A-C592A-

C631A-C640A-C794A-

C804A-C817A-C853A) 

hEAG1 H486R-H662R 

(H486R-H574R-H583R-

H643R-H662R) 

hEAG1 H56R hEAG1 H179R hEAG1 H181R hEAG1 H208R 

hEAG1 H214R hEAG1 H270R hEAG1 H343R hEAG1 H364A 

hEAG1 H364Q hEAG1 H364W hEAG1 H364E hEAG1 H364V 

hEAG1 H486R hEAG1H543R hEAG1 H552R hEAG1 H574R 

hEAG1 H583R hEAG1 H643R hEAG1 H662R hEAG1 H708R 

hEAG1 H753R hEAG1 H784R hEAG1 H885R hEAG1 H904R 

hEAG1 H270R-H343R hEAG1 H708-904R 

(H708R-H748R-H753R-

H784R-H885R-H904R) 

hEAG1 Hisless-N 

(H56R-H179R-H181R-

H208R-H212R) 

(15-15-E)-HE (chimera 

between Kv1.5 & hEAG1) 

(1414-2889 residue of 

hEAG1 is cloned into 

Kv1.5 AflII-NheI)  
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(1-E-E)-HE (chimera 

between hEAG1 & Kv1.1) 

(1-558 residue of Kv1.1 is 

cloned into hEAG1 

BamHI-PsiI) 

(E-1-E)-HE (chimera 

between hEAG1 & 

Kv1.1) (551-1237 

residue of Kv1.1 is 

cloned into hEAG1 PsiI-

SexAI) 

(E-E-1)-HE (chimera 

between hEAG1 & 

Kv1.1) (1244-1484 

residue of Kv1.1 is 

cloned into hEAG1 

SexAI-HindIII) 

(21-E-E)-HE (chimera 

between hEAG1 & Kv2.1) 

(1-602 residue of Kv2.1 is 

cloned into hEAG1 

BamHI-PsiI) 

(E-21-E)-HE (chimera 

between hEAG1 & Kv2.1) 

(582-1333 residue of 

Kv2.1 is cloned into 

hEAG1 PsiI-SexAI) 

(E-E-21)-HE (chimera 

between hEAG1 & 

Kv2.1) (1263-2562 

residue of Kv2.1 is 

cloned into hEAG1 

SexAI-HindIII) 

(E-E-HCN2)-HE 

(chimera between 

hEAG1 & HCN2) (1403-

2667 residue of HCN2 is 

cloned into hEAG1 

SexAI-HindIII) 

rKv1.4 H16A 

rKv1.4 C13S-H16A    

 

2.1.3 Other materials 

Antibodies 

Polyclonal rabbit anti-EAG antibody (Antagene, Inc, Sunnyvale, CA, USA) 

Polyclonal rabbit IgG, whole antibody, peroxidase-conjugated (from donkey) (Amersham 

Pharmacia Biotech) 

Hemin and hemin related-chemicals 

Hemin (Fe(III) protoporphyrin IX chloride), Zn(II) protoporphyrin IX, Co(II) protoporphyrin 

IX, Protoporphyrin-IX, Microperoxidase (MP-11), Hemin−Agarose Type I, saline suspension 

were purchased from Sigma-Aldrich-Fluka, Germnay 

Peptides 

Synthetic peptides corresponding to the 22 amino acids of the N-terminal ball-domain of the 

Kv1.4 channels (Kv1.4-IP) (MVSAESSGCNSHMPYGYAAQAR) and Kv1.4-IP-mt, where 

cysteine and histidine residues were replaced by serine and alanine 

(MVSAESSGSNSAMPYGYAAQAR), were synthesized by PANATecs GmbH (Germany).  

Peptides corresponding to the 5 amino acids of S5 region of AKT1 channels (CHAAC) and 

22 amino acids of the C-linker region of hEAG1 channels 

(DICVHLNRKVFKEHPAFRLASD) and hEAG1 mutant, where 2 histidines were replaced 

by alanine (DICVALNRKVFKEAPAFRLASD), were synthesized by the Dr. Diana Imhof 

group, University of Jena (Germany). The purified peptide was kept at 20 °C, working 

solutions were freshly prepared in 100 mM HEPES (pH 7.0). 
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Other reagents and chemicals 

Expand High fidelity PCR Kit, Protease inhibitor tablets (Roche), DNA Clean & Concentrator 

Kit, Zymo Clean Gel extraction Kit (Zymo Research), Qiaex Midi Plasmid purification Kit, 

Superfect Transfection Reagent (Qiagen), Restriction enzymes (New England Biolabs),T4 

DNA ligase & Ligase Buffer (Fermentas), Lysozyme, DTT, DTNP (2,2′-dithio-bis [5-

nitropyridine]), DTNB (5, 5`- dithiobis[2-nitrobenzoic acid]) (Sigma), TritonX100 (Fluka 

BioChemika), Immobilon-P Transfer Membrane (Millipore Corporation, Bedford, MA), 

ECL+plus Western blotting detection system (Amersham Pharmacia Biotech), BioMax MR-1 

Film (Kodak Company, Rochester), Dulbecco’s Modified Eagle Medium, Trypsin-EDTA, 

Fetal calf serum (FCS) (Life Technologies, Inc.), Nutrient Mix F-12 (HAM) (Biochrom), 

mMessage mMachine kit (Ambion), MTSET ([2-(trimethylammonium)ethyl] methane 

thiosulfonate bromide), MTSES (2-sulfonatoethyl methanethiosulfonate sodium salt) 

(Toronto Research Chemicals) 

2.1.4 Buffers and solutions 

Molecular biology 

TY medium for growth of E.coli             Phosphate-buffered saline (PBS)  

Bacto-Trypton   10 g     Na2HPO4⋅7 H2O 4.3 mM 

Yeast extract    5 g     KH2PO4  1.4 mM 

NaCl                     5 g     NaCl   137 mM 

H2O add 1l, autoclave            KCl   2.7 mM 

for agar plates: 15 g agar for 1l medium          pH 7.4 

4x SDS-PAGE loading buffer          Cell lysis buffer 

TrisHCl pH 6.8   70 mM    Tris-HCl pH 7.5 20 mM 

β-mercaptoethanol  5%     NaCl   100 mM  

Glycerol                40%     MgCl2   5 mM 

SDS                       3%                NP40   0.5% 

bromophenyl blue      0.05%  

Coomassie-stain             Semi-dry transfer buffer 

Coomassie R250 (for gels) 2 g/l     TrisBase   25 mM 

Acetic acid   10%    Glycine   192 mM 
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Methanol   50%    SDS    10% 

Methanol   20% 

pH 9-10 

50X-TAE buffer      10X-Agarose gel loading buffer 

Tris base   2 M    Urea    3 M 

Acetic acid   1 M    Sucrose  30% 

EDTA    100 mM   EDTA   25 mM 

        Bromophenol blue 0.1% 

 

Electrophysiology 

Inside-out patch-clamp 

External solution       Internal solution 

Na-aspartate       103.6 mM    K-aspartate       100 mM 

 or, K-aspartate   103.6 mM    KCl        15 mM  

(Symmetrical potassium solution)    EGTA    10 mM 

KCl         11.4 mM    HEPES   10 mM  

CaCl2     1.8 mM    (pH 7.2 or 8.0 with KOH) 

HEPES    10 mM 

(pH 7.2 with NaOH) 

Whole-cell patch-clamp 

External solution       Internal solution 

NaCl     135 mM   KCl    130 mM 

KCl     5 mM     MgCl2    2.56 mM 

CaCl2     2 mM     EGTA    10 mM  

HEPES    10 mM    HEPES   10 mM  

(pH 7.4 with NaOH)       (pH 7.4 with KOH)   

Two-electrode voltage clamp 

External solution       Internal solution 

NaCl     115 mM.   KCl   2 mM 

KCl     2.5 mM  
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CaCl2    1.8 mM  

HEPES   10 mM 

(pH 7.2 with NaOH) 

2.2 Methods 

2.2.1 Plasmid construction and mutagenesis 

Point mutations of hEAG1 and Kv1.4 channels were generated by using overlap extension 

PCR method as described previously (Ho et al., 1989). In case of hEAG1 mutants, there were 

4 sets of restriction enzymes used for cloning into the wild-type hEAG1-HE plasmid. The first 

set of enzymes was BamHI-BsaAI which covered (C50A, C67A, C128A, C145A, C214A, 

H56R, H179R, H181R, H208R and H212R) mutants, the second set of enzymes was BsaAI-

AccI which covered (C303A, C357V, C368V, H270R, H343R and H364R) mutants, the third 

set of enzymes was BlpI-BspEI which covered (C532A, C541A, C562A, C575A, C592A, 

C631A, C640A, H543R, H552R, H574R, H583R and H643R) mutants and the fourth set of 

enzymes were BspEI-Bsu36I which covered (C794A, C804A, C817A, C853A, H708R, 

H748R, H753R, H784R, H885R and H904R) mutants. Point mutations H16A, C13S/H16A of 

Kv1.4 channels were introduced in to rKv1.4-p21-1 plasmid using HindIII-BsaAI restriction 

enzymes. 

To create the E-E-21 chimera (chimera between hEAG1 and Kv2.1), a PCR fragment 

encoding the C-terminus of Kv2.1 (residues 1263–2562) was replaced to a DNA fragment 

covering the C-terminal region of hEAG1 (residues 1497–2889) by overlap extension PCR 

and the end product was subcloned into hEAG1- pGEM-HE using SexAI-HindIII. Wild-type 

and mutated channel clones were transferred into pGEM-HE and pcDNA3 for expression in 

Xenopus oocytes or HEK293 cells. All constructs were verified by DNA sequencing (MWG-

Biotech AG, Ebersberg, Germany; GATC-biotech, Konstanz, Germany). PCR primers were 

purchased from MWG-Biotech AG (Ebersberg, Germany). 

2.2.2 Cell culture and transfection 

HEK293 cells were cultured in 250 ml culture-flasks in Dulbecco’s modified Eagle’s 

medium-HAM’S F-12 supplemented with 10% FCS. Cell lines were maintained at 37°C in a 

humidified atmosphere with 5% CO2. Subconfluent HEK293 cells were transfected by the 

SuperFect method (Qiagen, Hilden, Germany). The day before transfection cells were 

trypsinized and plated on coverslips. On the day of transfection, 1 µg of cDNA of interest and 

pCD8 (0.2 µg/dish) was diluted in 100 µl of FCS-free medium and combined with 100 µl of 
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FCS-free medium containing 3 µl of SuperFect reagent. Complexes were incubated at room 

temperature for 30 min and then added to the dish. Transfected cells were incubated at 37°C 

in air with 5% CO2 added and 98% relative humidity and used within 3 days. Transfection-

positive cells were identified by binding immunobeads (CD8-Dynabeads, Dynal, Oslo, 

Norway) coated with a mAb (ITI-5C2) specific for the CD8 antigen and were selected for 

patch-clamp experiments. 

2.2.3 Hemin agarose pull-down assay 

hEAG1 wild-type channel DNA in pcDNA3 vector were transfected in HEK293 cell lines and 

maintained at 37°C in a humidified atmosphere of 5% CO2. hEAG1 bindings to Hemin-

Agarose— Hemin-agarose binding was performed essentially as described by Lee (1992). A 

confluent tissue culture flask (25 cm
2
) containing cells described above was rinsed three times 

with PBS (ice cold) and lysed with 500 µl of lysis buffer containing PBS and 0.5% NP 40. 

Cell debris and nuclei were removed by centrifugation at 20,000 x g for 30 min and 500 µl of 

postnuclear supernatant was recovered. To the postnuclear supernatant, a protease inhibitor 

mixture (Complete, Roche Applied Science) was added according to the manufacturer’s 

instructions. The final volume was adjusted to 1000 µl. Hemin-agarose beads (Sigma) were 

washed three times with PBS prior to use. Washed beads (20 µl) were added to 300 µl of cell 

lysate and incubated at 4 °C overnight. After incubation, the beads were washed three times 

with the same lysis buffer used for the binding step. The beads were resuspended in 30 µl of 

SDS-PAGE sample buffer and boiled at 100 °C for 5 min, and centrifuged and the supernatant 

was subjected to SDS-PAGE on a 7% gel. Immunoblotting analyses were performed by using 

rabbit anti-hEAG1 antibody.   

2.2.4 SDS-PAGE and Western blot analysis  

Proteins to be subjected for Western blot analysis were separated using a 7% (wt/vol) 

polyacrylamide gel. Two gels: a ‘stacking gel’ with a low level of cross-linkage and low pH, 

allowing proteins to enter the gel and collect without smearing, and a ‘resolving gel’ with a 

higher pH, in which the proteins are separated according to molecular weights, were poured 

between two glass plates. 

Following SDS-PAGE, protein transfer onto a polyvinylidene difluoride membrane (PVDF) 

was performed by a semi-dry method. The filter paper was soaked in semi-dry transfer-buffer 

and the PVDF-membrane was pre wet in methanol for 10 seconds before it was also 

submerged in transfer-buffer for 15 minutes to allow for equilibration the membrane. The 



Materials and Methods | 22 

 

sandwich of filter paper, membrane, gel and filter paper was then connected to the cathode 

and the proteins were transferred at a set current of 2 mA/cm
2
 for 1 hour. Afterwards, the 

membrane was removed from the blotting chamber and blocked with 5% (wt/vol) skim milk 

powder in TN buffer (PBS and 0.1% tween 20 [pH 7.4]) at 25°C for 1 h. The membrane was 

then incubated with the primary antibody (Rabbit anti-hEAG1, 1/250) at 4°C overnight. The 

membrane was washed three times in TN buffer and then incubated at 25°C for 1 h with the 

second antibody (horseradish peroxidase-conjugated donkey anti-rabbit immunoglobulin G 

[IgG] diluted 1/10,000 in TN buffer). After the incubation, the membrane was washed again 

thoroughly for a minimum three times to remove unbound antibody. For detection of the 

hEAG1/antibody complex an ECL+plus detection reagent (Amersham Pharmacia Biotech) 

was applied to the membrane according to the manufacturers protocol. The membrane was 

thereafter exposed to the film for 5-10 sec. 

2.2.5 Spectroscopic characterizations of hemin-peptide interaction 

UV-Visible (UV-Vis) spectroscopy 

UV-vis spectra were recorded on a Perkin–Elmer Lambda 2 spectrophotometer using quartz 

cells of 0.2- and 1.0-cm path lengths. Peptide concentrations were between 20-40 μM. Hemin 

incorporation was achieved by directly mixing hemin and peptide in 100 mM HEPES (pH 

7.0) and incubation of the sample mixture for 25–30 min before recording the absorption 

spectra. Difference spectra were obtained by subtracting hemin signals from those of hemin–

peptide samples. 

Electron paramagnetic resonance (EPR) spectroscopy 

To obtain EPR spectra, Kv1.4-IP or Kv1.4-IP-mt (1 mM) was mixed with hemin (1 mM). The 

samples were then transferred to a quartz EPR tube, frozen in liquid helium at 4 K and tested 

on a Bruker ESP 300E X-band spectrometer.  

2.2.6 Channel expression and electrophysiological measurements in Xenopus oocytes 

For synthesis of capped mRNA, the plasmids with wild-type or mutant genes were linearized 

with respective restriction endonucleases (Table 1 & 2). Capped mRNA was synthesized in 

vitro using the mMessage mMachine kit, according to manufacturer's instructions (Ambion, 

Austin, TX, USA). Oocytes were surgically removed from the ovarian tissue of female 

Xenopus laevis which had been anesthetized by immersion in ice water ⁄ tricaine. The oocytes 

were defolliculated, and healthy stage V and VI Xenopus oocytes were isolated and 
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microinjected with 50 nl of RNA (~10 ng mRNA per oocyte) and incubated at 18 °C for 24 to 

48 hrs. The removal of vitelline membrane was carried out by enzymatic treatment for 2-3 

min as described by Wang (Wang et al., 2004). Electrophysiological measurements were 

carried out at 2-4 days after injection. Inside-out patch-clamp experiments were carried out in 

Xenopus oocytes at room temperature by using a patch-clamp amplifier EPC-9 operated with 

PatchMaster software (both HEKA Elektronik, Lambrecht, Germany). The macroscopic 

currents were measured using aluminum silicate glass pipettes with resistances of 1-2 MΩ. 

Changing of intracellular solutions in patch-clamp experiments was done using a multi-

channel perfusion system and the patch was placed directly in the middle of the streaming 

solution (Fig. 6A).  

 

Fig. 6: Overview of the patch-clamp methods used in this study. (A) Cartoon illustrates the inside-

out patch-clamp method using Xenopus oocytes as expression system. Changing of intracellular 

solutions was done using a multi-channel perfusion system. (B) Cartoon illustrates the whole-cell 

patch-clamp method using HEK293 cells as expression system. Application of hemin was performed 

with a patch pipette with broken tip. 
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Two-electrode voltage-clamp recordings from Xenopus oocytes were performed using a 

TurboTEC 10 CD amplifier (NPI electronics, Tamm, Germany). Electrodes had resistances of 

0.4-0.9 MΩ.  

2.2.7 Channel expression and electrophysiological measurements in mammalian cells 

HEK293 cells were transfected with DNA of interest by the SuperFect method (Qiagen, 

Hilden, Germany). The expressed channel currents were measured in the whole-cell patch-

clamp configuration 20-48 hrs after transfection. The recordings were performed using an 

EPC9 (HEKA Elektronik, Lambrecht, Germany) patch-clamp amplifier. Pulse protocol 

generation and data acquisition was controlled with the program PatchMaster (HEKA 

Elektronik). Series resistance errors were compensated in the range of 70-80%. Patch pipettes 

were fabricated from Kimax-51 glass (Kimble Glass, Vineland, NJ) and were of 1-3 MΩ 

resistance. All experiments were performed at 19-20 °C. The application of compounds was 

performed with an application pipette (Fig. 6B).  

2.2.8 Data acquisition and analysis 

The data were analyzed using FitMaster (HEKA Elektronik) and Igor-Pro (Wave-Metrics, 

Lake Oswego, OR, USA) software. Data were expressed as mean ± SEM. Two-tailed t-tests 

were used to evaluate the significance of the difference between means (P < 0.05). 

2.2.8.1 Analysis of Kv1.4 and Kv1.1/Kv1.1 current measurements 

Degree of fast inactivation 

The degree of inactivation was assayed by measuring the peak current as well as the mean 

current level between 180 and 220 ms after the start of the depolarization, expressed as 

relative inactivation: RInact = I(0.2 s) / I(max). The ratio RInact gives an estimate of how many 

channels do not inactivate after opening; a value of zero represents complete inactivation; a 

value of one, no inactivation.  

The inactivation time constant (τInact) was derived from a monoexponential fit to the decay 

phase of the current. 

 ( )     (     ) (   
  
 

 )    (1) 

I0 and I∞ are the current amplitudes at time t0 and at time t∞  (Fig. 7).  
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Time course of inactivation removal  

The time course of hemin-induced loss of inactivation was monitored by measuring RInact 

elicited to +40 mV at an interval of 10 s (R). The RInact was plotted as a function of time (t) 

and fit with the following function: 

 ( )     (     ) (   
  
    

 )          (2) 

with the ratio before hemin application, R0, the time of hemin application start, t0, the time 

constant, τ. The ratio after hemin-induced removal of inactivation equilibration is R (Fig. 7). 

Calculation of the EC50 

Concentration dependence for hemin-induced removal of inactivation was measured by 

plotting the RInact at +40 mV as a function of hemin concentration. The concentration 

dependence was described with the Hill equation 

      ([     ])  
   (     )

  (     [     ]) 
  (3) 

Where [Hemin] is the hemin concentration, EC50 provides a measure for the concentration of 

half-maximal inactivation inhibition and h is the Hill coefficient (Fig. 9).  

2.8.8.2 Analysis of hEAG1 current measurements  

Time course of hEAG1 current reduction 

The time course of hemin-induced loss of hEAG1 current reduction was monitored by 

measuring the peak current from pulses elicited to +40 mV at an interval of 10 s. To quantify 

the time course of onset of hemin-induced block, a monoexponential function was employed. 

 ( )     (     ) (   
  
    
 )  (4) 

I0 and I∞ are the current amplitudes before hemin application (at time t0) and after hemin-

induced block equilibration, respectively.    is the time constant of onset of block (Fig. 29A & 

B).  

The time course of DTNB-induced loss of hEAG1 current reduction was monitored by 

measuring the peak current from pulses elicited to +40 mV at an interval of 10 s. To quantify 
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the time course of onset of DTNB-induced block a double-exponential function was 

employed. 

 ( )          (   
 
    
  )    (    ) (   

 
    
  )  (5) 

I0 is the current amplitudes before DTNB application (at time t0), rf and 1-rf are the fraction of 

first and slow exponential components after DTNB-induced block equilibration.  f and  s  are 

the corresponding time constants of onset of block for these components (Fig. 20B). 

Calculation of the IC50 

Concentration dependence for hemin-induced inhibition of hEAG1 channels was measured 

from the asymptotic values of mono-exponential fits to Ihemin/Icontrol and then fitted to Hill 

equation 

      

        
(      )  

 

  ([     ]     ⁄ ) 
  (6) 

Where [Hemin] is the hemin concentration, IC50 provides a measure for the concentration of 

half-maximal hemin-induced inhibition, and h is the Hill coefficient (Fig. 29C).  

Current–voltage relationships 

From a holding potential of –120 mV test depolarizations (50 ms) in the range of from –120 

to +80 mV were applied at 10-s intervals. The peak currents were measured and plotted as a 

function of test voltage. The control data were then fitted with an activation curve assuming 

four independent gating units and a single-channel conductance obeying the Goldman–

Hodgkin–Katz equation: 

         ( )  
    ( )

(    (    )   )
  

 

          (7) 

    ( )     
    (      )      

    (       )
 

 

Vm is the voltage of half-maximal gate activation and km the corresponding slope factor. Γ is 

the maximal conductance of all channels and Erev the reversal potential (Fig. 30B). 

Noise analysis 

Fluctuations in the macroscopic current signal provide information on the unitary current size 

(i) and the number of channels (NC). Non-stationary noise analysis was performed from sets 
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of at least 200 successive current sweeps containing responses to depolarizations of –20, 0, 

20, 40, and 80 mV, compiling the mean current (I). Ensemble variances (2
) were compiled 

from differences of neighboring records, using an algorithm described by Heinemann and 

Conti (1992) and variance-current plots of the activating current phases were simultaneously 

fitted for all voltages according to Starkus et al. (2003), using the following equation:  

     
            (8) 

Where b
2
 is the background variance. The maximal open-channel probability (Popen) was 

estimated by analyzing the peak macroscopic current using the parameters of Eq. 8. 
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3. Results  

3.1  Intracellular hemin impairs inactivation of A-type potassium channels 

Kv1.4 channels give rise to A-type potassium currents and they are influenced by cysteine 

oxidation. The fast N-type inactivation of Kv1.4 channels has been shown to be sensitive to 

redox modulation; oxidizing agents remove the fast inactivation by modifying the cysteine 

residue C13 in the N-terminal inactivation ball domain, and reducing agents can reverse this 

effect (Ruppersberg et al., 1991; Stephens et al., 1996). In order to avoid potential 

confounding with secondary oxidation caused by hemin, we carried out all experiments in a 

reduced GSH environment. 

3.1.1 Effects of intracellular hemin on Kv1.4 channel inactivation 

To examine whether heme can acutely regulate the Kv1.4 channel function, we 

heterologously expressed rat Kv1.4 (rKv1.4) channels in Xenopus oocytes and assayed them 

using the excised inside-out configuration of the patch-clamp method. In this configuration, 

membrane patches containing the channels are physically isolated from the rest of the cell, 

cytoplasmic factors are largely absent, and hemin can be applied to the cytosolic side of the 

channel protein.  

From a holding potential of −80 mV, channels were activated by repeated 1-s depolarizations 

to +40 mV. Intracellular application of hemin (Fe
3+

 protoporphyrin IX chloride) at 200 nM 

concentration consistently and significantly removed fast inactivation of Kv1.4 channels (Fig. 

7) and the effect of hemin was partially reversible upon washing with reduced GSH (Fig. 7C). 

Hemin (200 nM) significantly increased the RInact from 0.09 ± 0.01 to 0.54 ± 0.02 (P < 0.001, 

Fig. 7B). The time course of onset of removal of inactivation was fitted with a 

monoexponential function (Eq. 2) that yielded a time constant of 51 ± 7 s (n = 13).  

Hemin increased the inactivation time constant of Kv1.4 channels; Inact was 50 ± 2 ms under 

control condition and changed to 240 ± 20 ms in presence of hemin (P < 0.001, Fig. 8D). 

Hemin apparently impaired the transition from the open state to the inactivated state (OI). 

To test for the hemin effect on the recovery transition back to the open state (IO), we 

measured the recovery rate of Kv1.4 channels with a two-pulse protocol (Fig. 8A). An initial 

0.4-s pulse (P1) from –100 to +40 mV was followed by a second pulse (P2) after an interval 

0.1 to 25 s, between each two-pulse trial there was a gap of 60 s in order to ensure complete 

recovery of the currents. The ratio current elicited by P1 and P2 pulses (Ipeak, P1/Ipeak, P2) is 
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plotted against pulse interval to show the recovery from inactivation (Fig. 8B). Under control 

condition the time constant of recovery from inactivation was 4.6 ± 0.2 s and after application 

of 200 nM hemin it only reduced to 3.5 ± 0.4 s (P = 0.06, Fig. 8C), suggesting that recovery 

from inactivation was not significantly altered upon application of hemin. 

 

Fig. 7: Hemin removes inactivation of Kv1.4 potassium channels. (A) Pulse protocol (top) and 

superposition of current responses in inside-out patches from Xenopus oocytes expressing channels 

under control conditions (black), 150 s after application of 200 nM hemin (red). (B) Analysis of RInact 

at +40 mV, before and after application of 200 nM hemin. (C) The time course of onset of removal of 

inactivation with superimposed monoexponential function (Eq. 2). In the presence of 1 mM reduced 

glutathione (GSH), the inside-out patch was exposed to 200 nM hemin and then followed by washing 

with hemin-free solutions. Filled symbols denote data points from traces shown in (A).  

Hemin removed Kv1.4 inactivation in a concentration-dependent manner. Cells were exposed 

to each concentration of hemin and cumulative concentration-response curves were acquired. 

The concentration dependence of inactivation removal was obtained by plotting the RInact 

versus the hemin concentration (Fig. 9). The half-maximal effective concentration (EC50) of 

hemin-mediated removal inactivation was 24.6 ± 3.5 nM with a Hill coefficient (h) of 2.1 ± 

0.5 (Fig. 9).  
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Fig. 8: Effect of hemin on Kv1.4 inactivation time constants. (A) Time course of recovery from 

inactivation of Kv1.4 channels at 100 mV under control conditions (black) and after application of 

200 nM hemin (red). The continuous lines are monoexponential functions fitted to the peak current. 

(B) The fraction of channels recovered was plotted as a function of recovery time and fitted to a single 

exponential function (mean ± SEM of five experiments). (C) Time constants of recovery from 

inactivation derived from experiments as in (A). (D) Inactivation time constants at +40 mV derived 

from experiments as in (Fig. 7A). 

This indicates that hemin potently inhibits Kv1.4 channel inactivation. This potent acute 

removal of Kv1.4 inactivation by hemin was evident because the inhibition of inactivation 

occurred spontaneously without any exogenously added enzyme or cofactor; and the effect of 

hemin significantly sustained its application duration and was only very slowly reversed by 

wash, indicative of a very stable physical interaction between hemin and the channel protein. 
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However, the RInact did not approach to 1.0, suggesting that hemin could not completely 

remove the inactivation. One possible explanation would probably be C-type inactivation 

accounting for residual inactivation of Kv1.4 channels after hemin application. 

 

Fig. 9: Concentration dependence of inactivation removal by hemin. RInact derived from 

experiments as in Fig. 7 plotted against hemin concentration. Data were fit with the Eq. (3). 

3.1.2 Extracellular hemin does not modulate Kv1.4 inactivation 

The effects of extracellular hemin on the inactivation were examined using the whole-cell 

patch-clamp technique. Kv1.4 channels were expressed in HEK293 cells.  

 

Fig. 10: Effect of hemin on the inactivation of Kv1.4 channels from extracellular side. (A) Pulse 

protocol (top) and current responses to depolarizations to +40 mV before (black) and 480 s after (red) 

application of 200 nM hemin. (B) RInact after 480 s; control, 0.14 ± 0.01 and hemin, 0.16 ± 0.01. 

Extracellular application of hemin 200 nM did not significantly alter Kv1.4 inactivation (P = 

0.22, Fig. 10). This indicates that the extracellular face of the channel is not responsible for 
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hemin-mediated inhibition of rapid inactivation. At high hemin (> 1 µM) concentration, a 

peak current reduction could be observed after long waiting periods (not shown). 

3.1.3 Effects of heme and heme-related chemicals on Kv1.4 inactivation 

The inhibition of rapid inactivation of Kv1.4 channels by hemin was specific. The backbone 

of heme, i.e. Fe
2+

 (1 µM, FeSO4) and protoporphyrin IX (pp-IX, 50 nM), had no impact on 

the inactivation (Fig. 11). To ensure that the inhibition of rapid inactivation was specific to 

free heme, we tested microperoxidase MP-11, a small peptide in which heme remains 

incorporated after isolation from horse cytochrome c. When applied to Kv1.4 channels at a 

concentration of 2 µM, no alteration of channel inactivation was observed, indicating that the 

bound form of heme does not affect Kv1.4 channel inactivation (Fig. 11).  

 

Fig. 11: Effects of heme and heme-related chemicals on Kv1.4 channel inactivation. RInact 

obtained at +40 mV presented after subtraction of control RInact, analyzed for hemin (Fe
3+

), heme 

(Fe
2+

) and pp-IX (50 nM), as well as for FeSO4 (1 µM), MP-11 (2 µM) and Co-pp-IX (50 nM), 

indicating a clear preference for hemin, heme and Co-pp-IX.  

Reduction of the hemin iron (Fe
3+

, hemin) to the reduced ferrous form (Fe
2+

, heme) by 

sodium dithionite (1 mM) had no impact on the ability to remove Kv1.4 inactivation 

indicating that the electronic state of the iron center is not crucial (Fig. 11). Another type of 

metal protoporphyrin IX, cobalt protoporphyrin IX (Co-pp-IX), also inhibited the Kv1.4 

inactivation (Fig. 11). 
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3.1.4 Hemin does not affect C-type inactivation of Kv1.4 channels 

Kv1.4 channels possess two types of inactivation: rapid N-type inactivation and slow C-type 

inactivation (e.g. Rasmusson et al., 1998).  

 

Fig. 12: C-type inactivation is not affected by hemin. (A) Cartoon depicting an overview of an -

subunit of Kv1.4 potassium channels with the sequence of the N-terminal ball domain. The arrow 

indicates the relevant deletion construct Kv1.4Δ1-110. (B) Pulse protocol (top) and superposition of 

current responses in inside-out patches from Xenopus oocytes expressing Kv1.4Δ1-110 and Kv1.3 

channels under control conditions (black) and 150 s after application of 200 nM hemin (red). (C) RInact 

at +40 mV; Kv1.4Δ1-110: control, 0.67 ± 0.03 and hemin, 0.56 ± 0.03 (P = 0.14); Kv1.3: control, 0.69 

± 0.03 and hemin, 0.63 ± 0.04 (P = 0.41). 

To judge which type of inactivation was affected by intracellular hemin, we used a deletion 

construct in which amino acid residues 1-110 were deleted from the N-terminus (Kv1.4Δ1-

110) (Fig. 12A). This deletion construct has been shown to possess C-type inactivation only 

(Heinemann et al., 1996). Intracellular application of 200 nM hemin to Kv1.4Δ1-110 channels 
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did not show a noticeable effect on the inactivation time course and also had no effect on the 

current amplitude (Fig. 12B & C). This finding suggests that hemin does not influence C-type 

inactivation of Kv1.4 channels. It further supports that the remaining inactivation in Fig. 9 

reflects C-type inactivation rather than an incomplete removal of N-type inactivation. 

To further corroborate this finding we tested the effect of hemin on the potassium channel 

Kv1.3, which possesses only C-type inactivation (Panyi, 2005). As shown in Fig. 12B & C, it 

is evident that the Kv1.3 channel was insensitive to hemin. These results suggest that hemin 

only affects N-type inactivation.  

3.1.5 Elucidation of the molecular loci required for the heme action on Kv1.4 channels 

On the basis of the results presented so far, the loss of Kv1.4 channel inactivation is probably 

mediated by binding of hemin to the Kv1.4 ball domain. The ball domain of Kv1.4 channels 

harbors a cysteine and a histidine residue (CXXH) (Fig. 12A). In many heme proteins 

including cytochromes, hemoglobin, myoglobin, and soluble guanylyl cyclase (sGC), heme is 

bound or coordinated in part by an amino-acid sequence typically containing a histidine or 

cysteine residue, which acts as an axial 5th ligand (Paoli et al., 2002). To determine whether 

hemin mediates slowing of Kv1.4 fast inactivation by a mechanism involving cysteine and 

histidine, we tested the involvement of the cysteine and histidine residues in the ball domain 

for heme coordination by site-directed mutagenesis. Replacement of cysteine at position 13 to 

serine (C13S) significantly reduced the sensitivity of the Kv1.4 channels to hemin. Hemin 

(200 nM) increased RInact from 0.06 ± 0.002 to 0.42 ± 0.01 (Fig. 13A & B), a smaller effect in 

comparison to the effect of hemin on wild-type Kv1.4 channels (P < 0.05). Replacement of 

histidine residues at position 16 by alanine (H16A) did not reduce the sensitivity of the Kv1.4 

channels to hemin. Hemin (200 nM) increased RInact from 0.11 ± 0.01 to 0.52 ± 0.02 (Fig. 13A 

& B), vs wild-type (P = 0.71). Interestingly, when mutation C13S was combined with the 

H16A (C13S/H16A), the hemin sensitivity was completely absent. Hemin (200 nM) had no 

impact on the inactivation (0.2 ± 0.03, under control conditions and 0.15 ± 0.02, under 

application of hemin) (Fig. 13A & B), vs wild-type (P < 0.001). This observation suggests 

that the high-affinity binding of hemin in Kv1.4 channels is mediated by coordination 

between the cysteine at 13 and the histidine at 16. The finding that single point mutations of 

the C13 or H16 residue in the ball domain do not completely eliminate the hemin sensitivity 

of the inactivation process suggests that other residues might be involved to compensate for 

one of these critical residues. 
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Fig. 13: Effect of hemin on Kv1.4 mutants. (A) Superposition of current responses in inside-out 

patches from Xenopus oocytes expressing indicated Kv1.4 channel mutants under control conditions 

(black) and 150 s after application of 200 nM hemin (red), measured at +40 mV and holding potential 

of –80 mV. (B) RInact of indicated channel types. 

3.1.6 Hemin interacts with the Kv1.4 inactivation peptide  

Hemin-mediated removal of ball-and-chain N-type inactivation of Kv1.4 channels suggests 

that it may exert its effect by preventing the ball from reaching its receptor. To study this, the 

ball-hemin interaction was probed with a synthetic ball-domain peptide from Kv1.4. We 

synthesized a 22-residue synthetic peptide (Kv1.4-IP) encompassing the putative ball-domain 

located at residues 5–26 of the Kv1.4 channel protein (Fig. 14A). It has been reported that ball 

peptides derived from Kv1.4 are able to induce inactivation in delayed rectifier K
+
 channels 

(Antz and Fakler, 1998). Intracellular application of 100 µM Kv1.4-IP rapidly inactivated 

delayed rectifier Kv1.1 potassium channels (Fig. 14C). Co-application of 100 µM Kv1.4-IP 
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with 100 µM hemin significantly reduced fast inactivation (Fig. 14C & E, P < 0.01). This 

result suggests that hemin potentially interacts with the Kv1.4 inactivation ball peptide and 

probably prevents the ball from reaching its receptor.  

 

Fig. 14: Hemin prevents Kv1.4-IP to occlude the pore of the channel. (A, B) Representation of 

Kv1.4 ball peptide sequence of wild-type channel (Kv1.4-IP) and mutant channel where cysteine and 

histidine are replaced by serine and alanine (Kv1.4-IP-mt). (C, D) Superposition of current traces in 

inside-out patches from Xenopus oocytes expressing Kv1.1 channels, measured at +40 mV and 

holding potential of –80 mV. Kv1.1 channels were inactivated by Kv1.4-IP and Kv1.4-IP-mt; (ball 

peptide, 100 µM) before (black) and after (blue) and co-application of hemin (100 µM) and ball 

peptide (100 µM) (red). (E) RInact derived from experiments as in (C & D). 

To test whether the interaction of hemin with the Kv1.4-IP ball peptide was mediated by 

cysteine and histidine residues, we synthesized a mutant synthetic peptide (Kv1.4-IP-mt) in 

which C13 and H16 were replaced with serine and alanine respectively, and examined the 

sensitivity to hemin (Fig. 14B). Intracellular application of 100 µM Kv1.4-IP-mt rapidly 

inactivated delayed rectifier Kv1.1 potassium channels (Fig. 14D) and the potency of 

inducing inactivation was significantly stronger than for Kv1.4-IP (P = 0.016). Co-application 

of 100 µM Kv1.4-IP-mt with 100 µM hemin did not significantly alter fast inactivation (Fig. 
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14D & E, P = 0.06), suggesting that hemin potentially interacts with the C13 and H16 

residues of Kv1.4-IP.  

3.1.7 Spectroscopic characterization of hemin-Kv1.4-IP interaction 

To further characterize Kv1.4-IP interaction with heme in detail, we used the UV-VIS 

spectroscopy technique and analyzed the changes in the absorption spectrum of hemin after 

mixing with the peptide. The spectrum shown in Fig. 15A shows two peaks at 410 nm, 540 

nm. The principal peak at 410 nm comprises the Soret band. The Kv1.4-IP absorption 

spectrum in the presence of hemin closely resembled that of a cytochrome-c-derived 

undecapeptide, MP-11, in which heme remains covalently bound to the amino acid sequence 

CAQCH (Fig. 15A). Furthermore, the mutant peptide in which the cysteine and histidine 

residues were mutated to serine and alanine (Kv1.4-IP-mt), did not show the absorption 

maxima (Fig. 15A) indicating that cysteine and histidine residues are responsible for 

interaction of hemin with Kv1.4-IP. 

The heme-binding site on the Kv1.4-IP was titrated with increasing amounts of hemin (Fig. 

15B). The absorbance at 410 nm increased with hemin concentration. Hill plot analysis of the 

Kv1.4-IP Soret band signal gave a Hill coefficient of 2, indicating that a stoichiometry of 2. 

However, it is not possible to discern an exact stoichiometric relationship between heme and 

the peptide from the results of this experiment because of the considerably low affinity of 

hemin for the peptide, as revealed by the presence of absorption due to free hemin (high spin 

type spectrum) even at a hemin:peptide ratio of less than unity. Since protoheme is known to 

undergo dimerization or to form higher aggregates in a neutral solution (Brown et al., 1970), 

the effective hemin concentration for the binding should be significantly lower when it is 

assumed that only the hemin monomer binds to the site.  

The heme-Kv1.4-IP interaction was also analyzed by electron paramagnetic resonance (EPR) 

spectrometry (Fig. 15C). The EPR spectrum of heme-Kv1.4-IP showed a signal characteristic 

of low spin state of ferric iron with Landé factors of: gx = 2.43 ± 0.03 (279.0 mT), gy = 2.26 

± 0.001 (299.3 mT) and gz = 1.87 ± 0.001 (361.5 mT). However, no interaction of hemin was 

observed with Kv1.4-IP-mt. This observation further supports the previous findings that the 

Kv1.4 ball domain functionally interacts with hemin and that this inactivation is mediated by 

the CxxH motif in the ball domain. (EPR spectrometry was performed by Dr. Manfred 

Friedrich, University of Jena).  
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Fig. 15: Hemin binding to Kv1.4-IP. (A) Ultraviolet–visible light spectra of Kv1.4-IP (20 µM) + 

hemin (20 µM), Kv1.4-IP-mt (20 µM) + hemin (20 µM), and MP-11 (15 µM). Data were presented 

after subtraction of hemin spectrum. (B) Titration of heme-binding activity of Kv1.4-IP. The peptide 

(20 µM) in 0.01 M sodium phosphate buffer (pH 7.4) was mixed with increasing amounts of hemin. 

The spectra were recorded from 650 to 300 nm for each sample, and the binding was assessed by 

measuring the absorbance increment at 410 nm. Data were fitted with a Hill equation and are 

presented in triplicates (mean ± SEM). (C) EPR spectrum of 1 mM Kv1.4-IP and 1 mM Kv1.4-IP-mt 

with 1 mM hemin. Lines indicate the Landé factors.  

3.1.8 Effect of hemin on rapid N-type inactivation induced by Kvβ subunits   

The results presented above show that C13 and H16 in the ball domain of Kv1.4 represent a 

heme binding motif being responsible for the exquisite sensitivity of the channel to hemin. It 

is highly probable, therefore, that other A-type potassium channels with fast N-type 

inactivation and similar CXXH motifs in the ball domain region may be modulated by hemin 

as well. It is well established that some Kvβ-subunits (such as Kvβ1) can confer the N-type 
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inactivation mechanism to some otherwise non-inactivating Kv channels such as the “delayed 

rectifier” type Kv1.1 or Kv1.5 (Rettig et al., 1994).  

 

Fig. 16: Sequence comparison of Kvα and various Kvβ subunits. (A) Representation of three 

mammalian genes encoding Kvβ-subunits: Kvβ1, Kvβ2, and Kvβ3, indicating variable N-terminal 

regions, which consist of a ball domain. (B) Alignment of ball-domain sequences of Kvβ subunits and 

N-terminus of Kv1.4 and Kv3.4 α-subunits ball-domain sequence, highlighted cysteine (yellow) and 

histidine (green) residues. 

In the mammalian genome, three genes encode Kvβ-subunits: Kvβ1, Kvβ2, and Kvβ3. The 

Kvβ1 gene gives rise to splice variants resulting in Kvβ1 proteins with different NH2-terminal 

sequences (70–90 amino acids; Kvβ1.1–1.3). Kvβ2, which lacks an inactivating N-terminal 

domain, does not induce inactivation (Rettig et al., 1994; Pongs et al., 1999). Protein sequence 

alignment of Kvβ family members showed that Kvβ proteins generally display variant N-

terminal sequences which are responsible for N-type inactivation. The variant NH2-terminal is 

followed by a highly conserved protein core sequence (330 amino acids) with more than 

80% sequence identity (Fig. 16A). Inspection of Kvβ ball domain sequences revealed that 

Kvβ1.1 and Kvβ1.2 bear cysteine and histidine residues, while Kvβ1.3 does not contain 

cysteine and histidine residues (Fig. 16B). Another A-type potassium channel, Kv3.4, also 

harbors a cysteine inside the ball domain. 
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Fig. 17: Kvβ subunits confer hemin sensitivity. (A) Superposition of current responses in inside-out 

patches from Xenopus oocytes expressing indicated channels under control conditions (black) and 150 

s after application of 200 nM hemin (red). Oocytes were clamped at −80 mV and depolarized to +40 

mV. (B) RIanct of indicated channel types: Kv1.4, control, 0.09 ± 0.01 and hemin, 0.54 ± 0.02 ; Kv1.1, 

control, 0.88 ± 0.003 and hemin, 0.89 ± 0.005 (P = 0.4); Kv1.1/ Kvβ1.1, control, 0.36 ± 0.05 and 

hemin, 0.79 ± 0.05; Kv1.5, control, 0.89 ± 0.02 and hemin, 0.90 ± 0.02 (P = 0.7) and Kv1.5/ Kvβ1.3, 

control, 0.32 ± 0.04 and hemin, 0.35 ± 0.04. 

Therefore, experiments were designed to test whether hemin would remove fast inactivation 

of A-type potassium channels induced by Kvβ subunits. When expressed alone in Xenopus 

oocytes, Kv1.1α subunits produce non-inactivating voltage-activated K
+
 currents (black trace, 

Fig. 17A, top left), while co-injection of Kvβ1.1 with Kv1.1 results in a rapidly inactivating 

current (black trace, Fig. 17A, top right). Application of 200 nM hemin to delayed rectifier 

Kv1.1 channels from the intracellular side did not show any effect, while hemin potently 
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removed the fast inactivation of Kv1.1/Kvβ1.1 channels. Hemin (200 nM) significantly 

increased RInact from 0.36 ± 0.05 to 0.79 ± 0.05 (Fig. 17, P < 0.001). Comparison of the hemin 

effect on Kv1.4 channels suggests that cysteine and histidine residues in the ball domain of 

Kvβ1.1 would probably be responsible for hemin-mediated removal of Kv1.1 inactivation. 

The effect of hemin was also explored on the fast N-type inactivation induced by Kvβ1.3, not 

harboring CxxH in the ball domain. Kvβ1.3 is known to induce fast inactivation in Kv1.5 

potassium channels (Kwak et al., 1999). Co-expression of Kv1.5 with Kvβ1.3 subunits 

introduces rapid N-type inactivation (Fig. 17A, lower right). Application of 200 nM hemin to 

delayed rectifier Kv1.5 channels from the intracellular side did not affect the current. 

Interestingly, the RInact of Kv1.5/Kvβ1.3 channels was not affected by hemin either (Fig. 17, P 

= 0.5). This finding indicates that the hemin sensitivity on fast inactivation of A-type channels 

induced by Kvβ subunits probably relies on the presence of cysteine or histidine residues in 

the ball domain.  
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3.2  Oxidative modification of EAG1 potassium channels 

The activity of several ion channels is known to be modulated by oxidation of certain amino 

acid residues such as cysteines (Ruppersberg et al., 1991; Duprat et al., 1995; Stephens et al., 

1996; Rozanski et al., 2002). The α-subunits of hEAG1 channels harbor 19 cysteine residues 

and are distributed throughout the major cytosolic domains such as the PAS domain, the C-

linker and the CNG-binding domain. To probe the role of critical cysteines responsible for 

hEAG1 function, we used cysteine-modifying reagents. 

3.2.1 Cytosolic cysteines are responsible for hEAG1 channel function 

To test whether the important cysteines for channel function reside at the extracellular side or 

cytosolic side, we used the thiol-modifying reagent DTNB, a hydrophilic membrane 

impermeable agent that modifies proteins based on the principle of thiol-disulfide exchange 

reaction. Extracellular application of 100 µM DTNB to the hEAG1 channels expressed in 

HEK 293 cells and activated by repeated depolarization to +40 mV showed a slight increase 

of hEAG1 current (Fig. 18A). On the contrary, extracellular application of 25 µM DTNP, a 

lipophilic membrane permeable thiol-modifying reagent, caused a complete inhibition of 

macroscopic hEAG1 current (Fig. 18B). Treatment with H2O2 (1 mM), a slowly membrane 

permeable physiological oxidant, also inhibited hEAG1 current (59 ± 4% remaining current 

after exposure for 200 s) (Fig. 18C). These results suggest that intracellular cysteines are 

responsible for the profound alteration of the hEAG1 channel activity by DTNP and H2O2.  

To study the effect of thiol-modifying reagents from the intracellular side, membrane patches 

expressing hEAG1 channels were excised from Xenopus oocytes in the inside-out 

configuration and the thiol-reactive reagents DTNB, MTSES, or MTSET were applied by 

exchanging the bath solution. MTSES (−) and MTSET (+) are charged and presumably 

modify cysteines only accessible from the intracellular side. During reagent application, the 

membrane was held at −80 mV, and macroscopic hEAG1 currents were evoked by 50 ms test 

pulses to +40 mV every 10 s. As shown in Fig. 19A, 160 s intracellular application of 100 µM 

DTNB, 300 µM MTSET, and 100 µM MTSES inhibited hEAG1 current by 72 ± 3% (n = 9), 

90 ± 1% (n = 6), and 82 ± 1% (n = 6), respectively. These results suggest that various 

sulfhydryl-modifying reagents cause rundown of hEAG1 currents. 
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Fig. 18: Intracellular cysteines are susceptible to oxidative modification. Pulse protocol (top). (A) 

hEAG1 channels were transiently expressed in HEK 293 cells. (left) Superposition of two current 

traces measured in the whole-cell patch-clamp configuration under control condition (black) and 200 s 

after application of 100 µM DTNB (red). (right) Time course of normalized current at +40 mV with 

application of 100 µM DTNB (n = 5). (B, C) Similar experiments with 20 µM DTNP (B, n = 5) and 1 

mM H2O2 (C, n = 6).  

To keep the possibility that hEAG1 channel inhibition was caused by sulfhydryl modification 

and not due to an unspecific effect on ion channels, we analyzed the action of DTNB on 

delayed rectifier potassium channels. Fig. 19B & C illustrates the effect of 100 µM DTNB on 

Kv1.5 and Kv1.1 channels. We found that Kv1.5 and Kv1.1 channels were insensitive to 

cysteine modification, demonstrating that the DTNB effect is specific for the hEAG1 channel.  
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Fig. 19: Effect of sulfhydryl modifying reagents on potassium channels. (A) Current responses of 

hEAG1 channels recorded from inside-out patches before (black) and 160 s after (red) application of 

100 µM DTNB (left), 300 µM MTSET (middle), and 100 µM MTSES (right). Depolarization steps 

were applied to +40 mV. (B) Current traces of the indicated channel types recorded at +40 mV from 

inside-out patches before (black) and 160 s after (red) application of 100 µM DTNB. (C) Mean current 

at the end of the test depolarizations to +40 mV as a function of time. Relative remaining currents after 

160 s were: hEAG1, 28 ± 3% (n = 9), Kv1.5, 90 ± 3% (n = 5), and Kv1.1, 86 ± 6% (n = 5). Solution: 

standard K-Asp. 

3.2.2 Time course of DTNB effect on hEAG1 potassium channels  

To characterize the effect of DTNB on hEAG1 current in detail, we measured hEAG1 

channels in symmetrical potassium solutions. At +40 mV, application of 20 µM DTNB from 

the cytosolic side produced a biphasic current reduction: a fast decrease of hEAG1 current 

with a time constant (τfast) of 12 ± 2 s and block of 62 ± 6% (n = 5) and a slow component that 

gradually blocked the rest of the hEAG1 current with a time constant (τslow) of 370 ± 91 s (n = 

5). Fig. 20A & B shows the effect of DTNB on hEAG1 current at −40, +40 and +100 mV. 

The inhibitory effect was only partially reversible by the application of DTT. Given the lack 

of complete reversibility under DTT application suggests that either the fast or the slow 

component of the DTNB effect is irreversible.  
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Fig. 20: DTNB inhibits hEAG1 currents via at least two processes. (A) Pulse protocols (top) with 

current traces before (black) and after 40 s (red) and 360 s (blue) of DTNB (20 µM) application. (B) 

Time course of DTNB-mediated current rundown with superimposed double-exponential fit function 

(Eq. 5), followed by wash and partial reversibility by 3 mM DTT, at 3 voltages (open circle, +100 mV, 

dense circle, +40 mV and triangle, −40 mV) of a single experiment. (C, D) Analysis of inhibitory 

kinetics: time constants (C) and relative fast fraction (D) at 3 voltages and with 2 different 

concentrations (dense, 20 µM and open, 100 µM). There were two time constants: fast time constant 

(rectangle) and slow time constant (circle), obtained by fitting the data with double-exponential fit 

function (n = 5). 

From the analysis of inhibitory kinetics, we observed two interesting facts: first, the time 

constant of current reduction becomes faster at negative voltages. Fig. 20C demonstrates the 

time course of inhibition at 20 µM and 100 µM DTNB (dense and open) at three different 

voltages. τfast of the rapid decrease (rectangle) was 9 ± 2 s (20 µM) and 5 ± 1 s (100 µM) s at 

–40 mV and it became slower at depolarizing voltages 12 ± 2 , 14 ± 2 s (20 µM) and 8 ± 3, 10 

± 4 s (100 µM) at +40 and +100 mV, respectively. τslow of the slow effect (circle) were (187 ± 

34, 370 ± 91, 462 ± 144 s (20 µM) and 166 ± 50, 138 ± 39, 184 ± 86 s (100 µM) at –40, +40 

and +100 mV, respectively). Second, from the relative fast fraction of the DTNB effect (Fig. 

20D), it is evident that the inhibitory effect becomes weaker at negative voltages (80 ± 4% (20 
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µM) and 93 ± 4% (100 µM) at –40 mV), whereas the effect becomes stronger at depolarizing 

voltages (62 ± 6, 55 ± 6% (20 µM) and 79 ± 4, 72 ± 7% (100 µM) at +40 and +100 mV). This 

observation implies that there is a voltage dependence of the DTNB effect on hEAG1 

potassium channels.  

3.2.3 DTNB alters the gating of hEAG1 potassium channels 

The observation that DTNB decreases hEAG1 currents could be interpreted to indicate that 

DTNB is a simple pore blocker of the hEAG1 channel.  

 

Fig. 21: Voltage dependence of DTNB-induced hEAG1 inhibition. (A) DTNB slows the activation 

kinetics at +40 mV and accelerates the deactivation kinetics at −120 mV (rectangle and oval). 

Superposition of current traces recorded from inside-out patches, before (black) and after (red) 

application of 20 µM DTNB. The gray circles are scaled DTNB traces to match the maximal control 

current. (B) Mean current measured at the end of the test depolarizations (top) and tail currents at −120 

mV (bottom) as a function of voltage, before (black) and after (red) application of 20 µM DTNB. The 

gray circles are normalized to maximum current (n = 5). (C) Time constant of channel activation at 

and deactivation, before (black) and 200 s after (red) application of 20 µM DTNB. (D) Half-activation 
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voltage (Vm) and slope factor (km) before (black) and 200 s after (red) application of 20 µM DTNB. 

Data were obtained by fitting the current-voltage relationships (as in panel B) curve with the 

Goldman-Hodgkin-Katz equation (Eq. 7). 

However, several lines of evidence collectively show that DTNB is a gating modifier of the 

hEAG1 channel. For example, DTNB modifies the activation and deactivation kinetics of the 

hEAG1 channel (Fig. 21A). Intracellular application of 20 µM DTNB slows the activation 

kinetics at +40 mV (rectangle) and accelerates the deactivation kinetics at −120 mV (oval). 

Quantitatively, the activation time constant significantly slowed down from 4.9 ± 0.7 to 11.5 

± 1.0 ms (Fig. 21C, P < 0.01) and the deactivation time constant significantly accelerated 

from 1.9 ± 0.1 to 1.0 ± 0.06 ms (Fig. 21C, P < 0.01). From the current-voltage relationship it 

was evident that DTNB shifts the voltage dependence of activation towards the right (Fig. 

21B). The half-activation voltage (Vm) was shifted from −66 ± 3 to −49 ± 0.8 mV (Fig. 21D, 

P < 0.01) and the slope factor (km) from 29 ± 2 to 40 ± 5 mV (Fig. 21D). These results show 

that the voltage-sensitivity of the channel was markedly altered by DTNB. 

3.2.4 Effects of DTNB on single-channel activity  

Macroscopic hEAG1 currents are a function of the number of functional hEAG1 molecules in 

the membrane (N), the hEAG1 unitary current (i), and the open probability (Popen) of the 

channels. In principle, a change in any of these three components could account for the effect 

of thiol reagents on the macroscopic hEAG1 current.  

 

Fig. 22: DTNB modifies hEAG1 channel at single channel level. (A) Single-channel current and (B) 

open probability of hEAG1 channels were extracted via non-stationary noise analysis (Eq. 9), from 

inside-out recording at five different voltages, before (black) and after (red) application of 20 µM 

DTNB (n = 3). The number of channels was kept constant. 
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Therefore, non-stationary noise analysis was performed in the inside-out configuration. 

Ensemble current and ensemble variance were measured for five different 50-ms 

depolarization voltages in parallel.  From the analysis of the mean current and the variance 

(
2
) of 200 consecutive traces, we found that there is a small reduction in single-channel 

current, while the channel open-probability potently reduced upon application of 20 µM 

DTNB (Fig. 22). At +40 mV, the single-channel current was reduced by 14% and the Popen 

by 83%. This observation indicates that cysteine modification induced by DTNB alters the 

gating properties of the channel.  

3.2.5 Critical cysteines responsible for thiol-dependent modulation of hEAG1 channels 

To further explore the mechanisms underlying the inhibition of hEAG1 by thiol-reactive 

agents, we used a site-directed mutagenesis approach to identify critical cysteine residues. As 

already pointed out, 19 cysteine residues in the hEAG1 sequence are located in the predicted 

transmembrane segments or cytosolic amino and carboxyl terminal parts of the channel and 

16 cysteine residues are potentially facing the intracellular side (Fig. 23A). We examined the 

effects of DTNB on mutant constructs of hEAG1 that lacked one or more cysteines. Initially, 

we screened several constructs in which multiple cysteines were replaced by alanine. When 

all 19 cysteines were replaced, channels expressed poorly and were impossible to study. 

However constructs lacking 5 cysteines in the N terminus (Cysless-N) or lacking 11 cysteines 

in the C-terminus (Cysless-C) or lacking 16 cysteines in both N and C- terminus (Cysless-

NC) expressed macroscopic currents. Testing the effects of DTNB on these constructs, we 

found that Cysless-N does not show the fast component of the DTNB effect and was slowly 

blocked (80 ± 5% remaining current after 200 s) with slow of 404 ± 73 s, whereas Cysless-C 

did not exhibit the slow component of the DTNB effect and was rapidly blocked (32 ± 3% 

remaining current after 200 s) with fast of 20 ± 7 s. Removing 16 cysteines together (Cysless-

NC) produced a completely DTNB insensitive channel (Fig. 23B & C). The membrane-

spanning S1-S6 domain possesses 3 cysteine residues but they are unlikely to be accessible 

from the cytosolic side and the mutant Cysless-T (C303A-C357V-C368V) showed sensitivity 

towards DTNB which was indistinguishable from that of the wild type (not shown).  

From this observation, it is clear that N-terminal cysteines play a major role in DTNB-

mediated hEAG1 inhibition. To assess the functional importance of the 5 cysteine residues in 

the N-terminus, each cysteine was mutated to alanine and assayed for DTNB effect. Fig. 24 

describes the effect of 100 µM DTNB on the individual cysteine mutants. Mutants C145A 
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and C214A showed the least DTNB sensitivity with ~66% of the remaining current. 

Mutations C50A, C67A and C128A showed ~ 28, 48 and 52% of the remaining current (Fig. 

24). This result indicates that C145 and C214 are probably the major targets of DTNB-

mediated inhibition.  

 

Fig. 23: Identification of critical cysteines responsible for the DTNB effect. (A) Topological model 

of an hEAG1 subunit indicating cysteine residues (yellow). (B) Time course of current reduction 

induced by intracellular application of 20 μM DTNB to hEAG1 channels and the indicated mutants (n 

= 4-5). (C) (left) Relative remaining currents (I200) 200 s after 20 µM DTNB application to indicated 

channels (n = 4-5). (right) Time constants of onset of DTNB mediated current reduction at +40 mV 

were derived from Fig. 23B by fitting with double exponential fit functions (Eq. 5). Solution: 

symmetrical high K-Asp. 
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Fig. 24: Effect of DTNB on the individual cysteine mutants in the N-terminus: Relative remaining 

currents 200 s after 100 µM DTNB application to individual cysteine mutants in the N-terminus. 

Solution: standard K-Asp. 

3.2.5.1 Concurrent mutation of C145, C214, C532 and C562A removes the oxidative 

sensitivity 

The major cytosolic domains of hEAG1 channels such as the C-linker and CNG-binding 

domain are conserved in the EAG family. A study from our group (Kolbe et al., 2010) has 

found that C723 and C740 of hERG1 channels are responsible for oxidative modification and 

mutation of these cysteine residues rendered the hERG1 channel less sensitive to reactive 

oxygen species. The homologous position in hEAG1 channels are C532 and C562. When we 

combined these two cysteines with the two critical cysteines in the N-terminus C145 and 

C214, DTNB (20 µM) had least effect on hEAG1 current (76 ± 6% current remaining after 

200 s) (n = 6, Fig. 25A & B). To assess the relative contributions of N-terminal and C-

terminal critical cysteines in DTNB-mediated current rundown, we assayed the effect of the 

DTNB on the double mutants C145-214A of the N-terminus and C532-C562A of the C-

terminus. We found that mutant C145-214A removed the fast component and decreases 

current (43 ± 2% remaining current after 200 s) with a time constant of 175 ± 20 s (n = 7), 

while the mutant C532-562A abolished the slow component and decreases current (24 ± 2% 

remaining current after 200 s) with a time constant of 15 ± 2 s (n = 5) (Fig. 25A & B).  

Furthermore, we analyzed at the impact of DTNB on the gating of these mutant channels and 

found that the mutant C145-214A of the N-terminus exhibited no shift in Vm and a small 

change in km ~5 mV (Fig. 24C), whereas mutant C532-562A of the C-terminus shifted Vm by 

~20 mV and changed in km by ~15 mV (Fig. 24B). The combination mutant C145-214-532-
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562A of the N- and C-terminus has no shift in Vm and a slight change in km by ~2 mV (Fig. 

24C). From this experiment, it appears that the Vm of mutants C145-214A and C145-214-532-

562A were significantly right shifted in comparison to hEAG1 wt (P < 0.01) but the km was 

not significantly affected. This might be the reason for the mutants being insensitive to DTNB 

modification. However, this finding reveals that DTNB inhibits hEAG1 channels via two 

distinct processes: first, DTNB changes the gating property of the hEAG1 by interacting with 

cysteines C145 and C214 of the N-terminus and, second, DTNB inhibits hEAG1 current by 

interacting with cysteines of C532 and C562 of the C-linker region of the C-terminus. 

 

Fig. 25: Four cysteines in the N- and C-terminus of hEAG1 channels are susceptible to 

oxidation. (A) Time course of current rundown induced by intracellular application of 20 μM DTNB 

to hEAG1 channels and the indicated mutants at +40 mV(n = 5-7). (B) (left) Relative remaining 

currents 200 s after 20 µM DTNB application to indicated channels (n = 5-7). (right) Time constants 

of onset of DTNB mediated current reduction were derived from Fig. 25A by fitting with double 

exponential fit functions (Eq. 5). (C) Half-activation voltage (Vm) and slope factor (km) before (black) 

and after (red) application of 20 µM DTNB of indicated channels. Solution: symmetrical high K-Asp. 

3.2.5.2 Evaluation of critical cysteines via a knock-in approach 

To further evaluate the role of four critical cysteines in DTNB-mediated hEAG1 modulation, 

we used a knock-in approach where the critical cysteines were reintroduced in the background 
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of Cysless N- and C-terminus (Cysless-NC) and assayed for the DTNB effect. This approach 

is particularly interesting because we can assign the role of critical cysteines in DTNB-

mediated current rundown of the hEAG1 channel.  

 

 Fig. 26: Impact of DTNB on the critical cysteine knock-in mutants in the N-terminus. (A) Time 

course of current reduction at +40 mV, induced by application of 20 µM DTNB to indicated knock-in 

mutants (n = 4-5). (B) (left) Relative remaining currents 200 s after 20 µM DTNB application to 

knock-in mutants in the N-terminus. (right) Time constants (fast) of onset of DTNB mediated current 

reduction, were derived from Fig. 26A by fitting with double exponential fit functions (n = 4-5). 

 

Fig. 27: Impact of DTNB on the critical cysteine knock-in mutants in the C-terminus. (A) Time 

course of current reduction at +40 mV, induced by application of 20 µM DTNB to indicated knock-in 

mutants. (B) (left) Relative remaining currents 200 s after 20 µM DTNB application to knock-in 

mutants in the C-terminus. (right) Time constants (slow) of onset of DTNB mediated current reduction, 

were derived from fig. 27A by fitting with double exponential fit functions (n = 4-5). 

Reintroduction of cysteine at position C214 and C145 gained the fast DTNB effect. Fig. 26A 

displays the effect of 20 µM DTNB on the knock-in NC-A214C and NC-A145C mutants. 

DTNB inhibited these channels (~39 and 63% of the remaining current after 200 s) with a 

time constant of fast of 15 ± 4 and 5 ± 1 s, respectively (Fig 26B & C). However, no DTNB 

effect was observed in case of NC-A128C knock-in mutants. These results provide evidence 
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that the fast component of DTNB effect is mediated by two critical cysteines C145 and C214 

in the N-terminus. Furthermore, we performed a similar study with knock-in mutants in the C-

linker region of the C-terminus. Fig. 27A displays the effect of DTNB on knock-in NC-

A532C and NC-A562C mutants. Reintroduction of cysteine at position C532 and C562 

gained the slow DTNB effect (Fig. 27A), ~86 and 51% of the remaining current after 200 s 

with a time constant of fast of 507 ± 36 and 150 ± 15 s, respectively (Fig 27B & C). These 

results provide evidence that C-linker cysteines contribute to the slow DTNB effect. 
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3.3  Heme is a potent inhibitor of EAG potassium channels 

3.3.1 Effect of hemin on delayed rectifier potassium channels 

From the preceding study we found that A-type potassium channels with heme binding motifs 

(CxxH) in the N-terminal ball-domain are modulated by heme. This observation raised the 

logical question whether other channels are similarly regulated by heme/hemin. Therefore, we 

studied the impact of hemin on delayed rectifier potassium channels.  

 

Fig. 28: Effect of hemin on voltage-gated potassium channels. (A) Current responses of the 

indicated channel types expressed in Xenopus oocytes, recorded from inside-out patches before (black) 

and 200 s after (red) application of 200 nM hemin. (B) Maximal currents measured at +40 mV as a 

function of time. The application of 200 nM hemin is indicated. (C) Relative remaining current upon 

application of 200 nM hemin after 200 s for the indicated channel types. 
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Fig. 28 shows the effect hemin on delayed rectifier potassium channels Kv1.1, Kv1.5 and 

hEAG1, expressed in Xenopus oocytes. To assay the action of hemin, repetitive 50-ms 

depolarizations to +40 mV were applied and currents were measured at the end of the test 

pulses. Intracellular application of 200 nM hemin caused a slight increase in Kv1.1 and Kv1.5 

current. On the contrary, hemin efficiently inhibited hEAG1 channels to 0.8 ± 0.5% remaining 

current after 200 s (Fig. 28). This observation implies that hemin is an inhibitor of hEAG1 

channels. However, hemin did not have any noticeable effect when applied to the channels 

from the extracellular side (data not shown), suggesting that the intracellular side of the 

channel is responsible for the hemin effect. 

3.3.2 Hemin reduces K
+
 currents through hEAG1 potassium channels 

In order to understand the effect of hemin on hEAG1 current in detail, we measured hEAG1 

channels in symmetrical potassium solutions.  

 

Fig. 29: Concentration dependence of hEAG1 inhibition by hemin. (A) Time course of hemin 

effect on hEAG1 channels in an inside-out patch. Currents were elicited by +40 mV depolarization at 

an interval of 10 s. Upon equilibration of the hemin effect, control solutions were applied (wash); 

finally, the inside-out patch was exposed to control solution with 3 mM DTT. The continuous curve is 

a single-exponential data fit to characterize the onset of current inhibition. (B) Example of onset of 

hemin-induced current inhibition for the indicated hemin concentrations at +40 mV with superimposed 

single-exponential fits. (C) Concentration dependence of the equilibrium current inhibition at –40, 

+40, and +100 mV. The continuous curves represent fits with a Hill equation (Eq. 6). (D) Inverse of 

the time constant of hemin-induced current inhibition (1/on) as a function of hemin concentration. The 

continuous line is the result of a data fit assuming a single molecular reaction (blue and red lines are 

fits without and with 1 nM data, respectively), i.e.     
 

[     ]        
 and Kd = koff / kon. 
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Application of 10 nM hemin from the cytosolic side consistently and markedly reduced the 

macroscopic hEAG1 K
+
 current amplitude to ~15% of the control, following an exponential 

time course (Fig. 29A). This potent inhibitory action of hemin was direct because the 

inhibition occurred spontaneously without any exogenously added enzyme or cofactor; and 

the effect of hemin significantly outlasted its application duration and was only very slowly 

and partially reversed by wash, indicative of a very stable physical interaction between hemin 

and the channel protein. The reversibility was accelerated by the application of DTT.  

Hemin decreases hEAG1 currents in a concentration dependent manner. A lower 

concentration of hemin, 1 nM, was also effective (Fig. 29B) but the time course of 

development of the inhibition was slower. The observation that 1 nM hemin progressively 

decreased current suggests that even picomolar concentrations of hemin, given enough time, 

are effective. Fig. 29B shows the impact of hemin on hEAG1 at 3 different concentrations. 

The magnitude of the responses was dependent on [hemin]i with half-maximal inhibitory 

concentration of 1.7 ± 0.3 nM, 3.3 ± 0.5 nM and 3.4 ± 0.5 nM at −40, +40 and +100 mV, and 

a Hill coefficient of 1 (Fig. 29C). However, data for 1 nM did not fit to a Hill function; it can 

be interpreted such that the slow inhibitory effect of 1 nM hemin might be the mixture of the 

current rundown and hemin effect or the hEAG1 channel may harbor more than one hemin 

binding site.  

We determined the kinetics of the inhibitory interaction between the hEAG1 channel and 

hemin at various hemin concentrations. Our results suggest that the “on” kinetics (rate of 

association) follows a single exponential time course, consistent with the idea that binding of 

one hemin molecule to the channel is sufficient to alter the characteristic of the channel. The 

“on” kinetics appears concentration dependent, becoming faster with increasing 

concentrations of hemin (Fig. 29D). The rate of association kon = ~4.3 x 10
5
 s

-1
 M

-1
. The “off” 

kinetics (rate of dissociation) is more difficult to measure because washout does not rapidly 

restore the current size (Fig. 29A). Nevertheless, our results appear to suggest that the “off” 

kinetics is very slow and independent of hemin concentration, rate of dissociation koff = ~0.01 

s
-1

. The apparent dissociation constant (Kd) was 24 nM. When we included the 1 nM hemin 

data, the kon became ~6.2 x 10
5
 s

-1
 M

-1
 and koff became extremely slow ~0.002 s

-1
, suggesting 

that hemin might be interacting with more than one binding site; therefore, hemin dissociation 

from the channel became slower. The apparent Kd became 3 nM which was approximately 

the same as the IC50 value at +40 mV. This observation indicates that the effect of 1 nM 

hemin on hEAG1 channel is not the combined effect of hemin and rundown. However, the 

tentative findings that rate of dissociation << rate of association and the half-effective 
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concentration is on the range of 1 nM may have the consequence that every channel is 

essentially fully bound with hemin at ≥ 10 nM. 

3.3.3 Hemin inhibits hEAG1 channels in a voltage-dependent manner 

The fact that hemin decreases hEAG1 currents could be annotated to indicate that hemin is a 

simple pore blocker of the hEAG1 channel.  

 

Fig. 30: Voltage dependence of hemin-induced hEAG1 inhibition. (A, left) Superposition of 

current traces recorded from inside-out patches according to the indicated pulse protocol in which 

depolarizations range from −110 to +120 mV before (black) and after (red) application of 10 nM 

hemin. (A, right) Sample current traces from the experiment shown on the left for the indicated 

voltages before (black) and after (red) hemin application. The gray traces are scaled hemin traces to 

match the maximal control current. Scale factors applied: −40 mV: 10.7; +40 mV: 5.2; +100 mV: 

3.92. (B) (top) Mean current measured at the end of test depolarizations, (bottom) tail currents at −140 

mV as a function of test voltage with superimposed data fits according to Eq. 7 (n = 6). (C) Voltage 

dependence of relative current remaining after application of 10 nM hemin determined from test 

currents (B, top) (circles) and from tail currents (B, bottom) (squares) indicating an almost linear 

voltage dependence of the hemin-mediated current reduction. (D) Half-activation voltage (Vm) and 

slope factor (km) before (black) and 200 s after (red) application of 10 nM hemin. Data were obtained 

by fitting I−V curves with the Goldman-Hodgkin-Katz equation (Eq. 7).  
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However, our results collectively show that hemin is a gating modifier of the hEAG1 channel. 

For example, hemin slows the activation kinetics at positive voltages and accelerates the 

deactivation kinetics (Fig. 30A, right). Additionally, hemin shifts the half-activation voltage 

(Vm) to the positive direction from −67 ± 3 mV to −52 ± 4 mV (P = 0.02) and the slope factor 

(km) from 22 ± 1 to 43 ± 3 mV (P < 0.001) (Fig. 30B & D). From the relative fraction of the 

hemin effect it is evident that the inhibitory effect becomes stronger at negative voltages and 

the effect becomes weaker at depolarizing voltages (Fig. 30C). This observation implies that 

hemin modifies the voltage dependence of hEAG1 channels. 

3.3.4 Effects of heme and heme-related chemicals on hEAG1 channels 

In order to unravel whether the inhibitory effect of hemin is specific or due to components of 

hemin, we tested the impact of Fe
3+ 

(FeSO4) and protoporphyrin IX (pp-IX) on hEAG1 

channels. Fig. 31 describes the averaged relative remaining hEAG1 current after 200 s. FeSO4 

(1 µM) and pp-IX (50 nM) had no impact on the hEAG1 current, indicating the specificity of 

hemin-induced hEAG1 current reduction (Fig. 31).  

 

Fig. 31: Specificity of hemin effect on hEAG1 channels. Effects of heme and heme-related 

chemicals on hEAG1 currents in inside-out patches, measured at +40 mV. Averaged relative 

remaining current upon application of hemin (Fe
2+

), heme (Fe
3+

), pp-IX (50 nM), as well as for FeSO4 

(1 µM), MP-11 (2 µM), and Zn-pp-IX (50 nM).  

 

We tested microperoxidase MP-11, a small peptide isolated from horse cytochrome c in 

which heme remains incorporated. When applied to hEAG1 channels at a concentration of 2 

µM, no alteration of channel current was observed, indicating that the bound form of heme 

does not affect hEAG1 channels. Reduction of the heme iron to the reduced ferrous form 

(Fe
2+

) by sodium dithionite (1 mM) did not alter the current inhibition efficacy, indicating that 

the electronic state of the iron center is not crucial. Another type of metal protoporphyrin IX, 
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Znic protoporphyrin IX, also inhibited the hEAG1 channel, although it was less effective than 

hemin (Fig. 31).  

3.3.5 Pull-down assay for hemin binding to hEAG1 channels  

To evaluate whether hemin can directly interact with hEAG1, hemin-agarose pull-down 

assays, essentially as described by Lee (1992), were performed. We prepared crude cell 

lysates containing hEAG1 from HEK 293 cells heterologously expressing human EAG1 

channels and tested the ability of the hemin-agarose affinity resin to precipitate the plasma 

membranes by binding to hEAG1 in them.  

 

 

Fig. 32: Hemin pull-down assay.   

1-6: probed with polyclonal hEAG antibodies.   

7-12: probed with pre-immune serum.   

1, 7: hEAG1 cell sample.   

2, 8: hEAG1 cell sample and hemin-agarose beads.   

3, 9: first wash flow through of hEAG1 lysate + hemin beads.  

4, 10: pcDNA3 only cell sample.   

5, 11: pcDNA3 only cell sample and hemin-agarose beads.   

6, 12:  first wash flow through of pcDNA3 only cell sample and hemin-agarose beads.   

The hEAG1 bands are boxed. The polyclonal antibodies may recognize other proteins, one of which is 

around ~150 kD.   

 

Essentially the same purification protocol was successfully used in our previous studies 

examining the direct physical interaction between the channel and calmodulin (Schönherr et 

al., 2000; Ziechner et al., 2006) and S100B (Sahoo et al., 2010). hEAG1 antibodies against 

the distal C-terminus sequence (
805

AKRKSWARFKDACGK
819

) of hEAG1, prepared by a 

commercial service (Antagene), was used to recognize hEAG1. A representative data set is 

shown in Fig. 32. The antibodies recognize hEAG1 (~110 kD in size; lane 1) in the hEAG1-

expressing cell lysate and the sample containing hemin agarose beads pre-incubated with 

hEAG1-expressing cell lysate (lane 2 vs. 3). However no non-specific bands appeared when 
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hemin agarose beads were pre-incubated with cell lysate containing mock pcDNA3.1 vector 

(lane 4-6). Similar experiments were carried out with pre-immune serum and also no 

nonspecific bands appeared, indicating the specificity of the hEAG1 antibody (lane 7-12) 

(Fig. 32). This result suggests that hemin directly interacts with the hEAG1 channel.  

 

3.3.6 Annotation of the molecular loci required for the hemin-channel interaction 

We hypothesize that the hEAG1 channel has heme binding pockets, into which heme can fit 

and remain bound in a stable manner in part by the ligation of the iron center with the channel 

protein.  

 

Fig. 33: Schematic illustration of an hEAG1 subunit. Topological model indicating cysteine and 

histidine residues and the deletion of N-terminus (dashed rectangle) introduced to hEAG1. Cysteine 

and histidine residues of particular importance are highlighted (red). Characteristic domains are: PAS: 

Per-Arnt-Sim domain; cNBD: cyclic nucleotide binding domain; BD-N, BD-C1 and BD-C2: 

calmodulin binding sites. 

 

In order to reveal the molecular loci within hEAG1 required for the hemin effects, we used 

multiple approaches: deletion mutagenesis, systematic cysteine mutagenesis, histidine 

mutagenesis, and chimeric approaches. The hEAG1 channel has large N and C termini (Fig. 

33). The N-terminus of hEAG1 channels bears a PAS domain and it has been reported that 
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heme can bind to the PAS domain of many proteins (Gilles-Gonzalez and Gonzalez, 2004). In 

order to reveal whether the PAS domain of hEAG1 channels plays a role in heme sensitivity, 

we used a deletion construct that lacks the PAS domain, 189-residues of the N-terminus 

(hEAG1∆N), and tested for hemin effect. It has been shown that the activation threshold of 

the hEAG1∆N channel was shifted by about 75 mV and the deactivation was slow. As a 

result, these channels were constitutively open around the normal resting potential of an 

excitable cell and Ca
2+

/calmodulin insensitive (Ziechner et al., 2006). However, our result 

show that 200 nM hemin completely inhibited hEAG1∆N channels (Fig. 34). This finding 

demonstrates that the PAS domain of the hEAG1 channel is not responsible for the hemin 

effect. 

 
Fig. 34: hEAG1 N-terminus is not responsible for hemin sensitivity. (A) Superposition of current 

traces recorded from inside-out patches of indicated channel types at +40 mV before (black) and 150 s 

(wt), 90 s (∆N) after (red) application of 200 nM hemin. (B) Time course of current reduction upon 

application of 200 nM hemin for the indicated channel types: hEAG1 wt (n = 8) and hEAG1∆N (n = 

4), holding potential for hEAG1 was −80 mV and for hEAG1∆N −120 mV.  

 

Our previous studies on heme modulation of Kv1.4 channels and the studies about the heme 

regulation of BK channels (Tang et al., 2003) suggest that heme is dependent on cysteine 

residues. Following this example, it may be hypothesized that hemin binding to the hEAG1 

channel would require cysteine in the channel as a potential target for heme-mediated 

oxidation. This hypothesis is particularly attractive because we observed that the hEAG1 

channel activity is inhibited by treatment with select cysteine modifiers. The possible 

involvement of cysteine oxidation is also suggested by our finding that the reducing agent 

DTT accelerates recovery from the hemin effect (Fig. 29A). We tested the hypothesis that 

hemin binding promotes cysteine oxidation, which in turn leads to the observed 

electrophysiological consequences, using mutant hEAG1 channels wherein one or more 

cysteine residues are replaced with alanine. As mentioned in Section 3.2, an hEAG1 subunit 

possesses 19 cysteine residues and a construct lacking 16 cysteines in both N- and C terminus 

(Cysless-NC) produced oxidation insensitive channels. We tested this constructs for the 

hemin effect. Our results show that the hEAG1 Cysless-NC channel remains sensitive to 
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intracellular hemin (200 nM). The membrane-spanning S1–S6 domain possesses three 

cysteine residues but they are unlikely to be accessible from the cytosolic side. Our results 

indicate that mutation of cysteines in the S5 transmembrane region (C357V and C368V) 

retains sensitivity to hemin (Fig. 35). Replacement of cysteines in the S3 transmembrane 

region (C303A) showed hemin sensitivity but the time course of development of the 

inhibition was slower. The impact of hemin on C303A was significantly less (53 ± 4% 

remaining current after 50 s, P < 0.001, n = 3) than the wild-type (12 ± 5% remaining current 

after 50 s, n = 8) (Fig. 35). This result suggests that C303 could play a role in hemin-induced 

hEAG1 channel inhibition.  

 
Fig. 35: Impact of hemin on cysteine residues on hEAG1 channels. (A) Superposition of current 

traces recorded from inside-out patches of the indicated channel variants at +40 mV before (black) and 

150 s after (red) application of 200 nM hemin. (B) Time course of current reduction upon application 

of 200 nM hemin for the indicated channel types: hEAG1 wt (n = 8); Cysless-NC (n = 5); C303A (n = 

3); C357V (n = 2); C368V (n = 5).  

 

Our next strategy was to systematically mutate histidine residues in the hEAG1 channel. In 

numerous heme proteins, histidine acts as an important axial ligand to the heme iron center 

(Reedy and Gibney, 2004), suggesting that histidine in hEAG1 may be also important. 

Accordingly, we systematically mutated each histidine to arginine in hEAG1 and assessed 

whether any of the mutations alters the hemin sensitivity. hEAG1 contains 21 histidine 

residues: 5 in the N terminus, 3 in the transmembrane segments and 13 in the C terminus (Fig. 

33). Initially, we screened several constructs in which multiple histidines were replaced by 

arginine. A simultaneous replacement of all 21 histidines and 13 histidines of the C-terminus 
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yielded an electrophysiologically non-functional protein. Furthermore, analysis of each 

individual histidine mutant revealed that H364R in the S5 region and H543R and H552R in 

the C-linker region produced non-functional channels. However, constructs lacking 2 

histidines in transmembrane region (H270-343R), 6 histidines in the distal C-terminus (H708-

904R), and individual histidine mutants in the cNBD segment (H486R, H574R, H583R, 

H640R, and H662R) expressed macroscopic currents. These constructs were assayed for the 

hemin sensitivity.  

 

Fig. 36: Impact of hemin on histidine mutants of hEAG1 channels. (A) Superposition of current 

traces recorded from inside-out patches of indicated channel types at +40 mV before (black) and 150 s 

after (red) application of 200 nM hemin. (B) Time course of current reduction upon application of 200 

nM hemin for the indicated channel types: hEAG1 wt (n = 8); H270-343R (n = 4); H486R (n = 3); 

H574R (n = 4); H583R (n = 3); H643R (n = 3); H662R (n = 3); H708-904R (n = 4). Mutant label 
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“H708-904R” denotes the combination of 6 histidine mutants: H708R-H748R-H753R-H784R-H885R-

H904R. 

 

Our result shows that none of the histidine mutants abolished hemin sensitivity (Fig. 36). In 

order to unravel the importance of histidine residues in channel function, we used histidine 

modifying reagents. Intracellular application of histidine modifier diethyl pyrocarbonate 

(DEPC, 7 mM), which reacts with the histidine nitrogen atoms, caused a complete inhibition 

of hEAG1-mediated current (data not shown). This observation indicates that histidines are 

essential for channel function and raised the possibility that the 3 histidines (H364 in the S5 

region and H543 and H552 in the C-linker region) could play a role in hemin-mediated 

sensitivity.  

 

3.3.6.1 Histidine 364 in the S5 region and histidine 543 and 552 in the C-linker region 

may represent heme binding sites in hEAG1 channels 

From the preceding results we speculated that two areas of the hEAG1 channel may be 

particularly critical for the hemin sensitivity: the S5 segment and the C-linker segment of the 

cytoplasmic domain connecting to the S6 segment.  

 

Fig. 37: Representation of S5 histidines. (A) Multiple sequence alignment of S5 segment of cNBD 

family of channels. Red box indicates the H364 of hEAG1 channels, might be responsible for hemin 

binding. (B) Mean current measured at the end of test depolarizations +40 mV, measured in two-

electrode voltage clamp configuration. hEAG1 wt was co-expressed with four different histidine 

substituted mutants in 1:1 ratio and measured after 4
th
 day of mRNA injection. 
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The S5 segment of hEAG1 channels has a histidine at position 364 and is conserved 

throughout the hEAG1 family and cNBD family of channels. Alignment of the S5 region also 

revealed that the plant potassium channels KAT1 and AKT1 harbor a classical cytochrome c 

heme binding motif but in opposite order HCxxC (Fig. 37A). A synthetic peptide consisting 

of 5 amino residues (HCAAC) of the S5 region of AKT1 potassium channels functionally 

interacts with hemin, as reveled by UV-Vis spectroscopy method. Mutant peptides where 

histidine is replaced by arginine (RCAAC), did not interact with hemin, suggesting that 

histidine of S5 region could contribute in hemin mediated sensitivity of hEAG1 channels (this 

study was performed by Dr. Diana Imhof, University of Jena, Germany).  

H364 of hEAG1 channel was mutated to 4 different amino acids alanine, arginine, glutamine, 

and valine. All of the mutants produced an electrophysiologically non-functional protein. In 

addition, these mutants were found to function as a dominant negative mutation when 

coexpressed with wild-type (Fig. 37B), indicating that H364 is a key player in channel 

function.  

The C-linker segment is one of the high-priority target areas because in the previous section 

we found that cysteines at position C532 and C562 of hEAG1 channels and C723 and C740 

of hERG1 channels (Kolbe et al., 2010) in the C-linker region confer oxidation sensitivity to 

the channels. 

 

Fig. 38: EPR measurements using a model channel peptide in the presence of hemin. Equal 

concentrations of the peptides and hemin were subjected to EPR at 15 K. hSlo1: a heme binding 

peptide (23 residues) derived from the Slo1 BK channel (Tang et al., 2003), hEAG1: “C-linker 

peptide”, hEAG1 mutant: a “C-linker” peptide in which two histidine residues (H543R/H552R) are 

replaced with arginine. The Landé factors calculated are shown (experiment was carried out by Prof. 

S.H. Heinemann and Dr. R. Kappl, Universität des Saarlandes, Homburg). 

 

Here we showed that mutation of H543 and H552 of C-linker region to arginine or alanine 

resulted non-functional channels indicating the functional importance area. Based on this 

observation, we speculate that the C-linker segment may be critical for hemin regulation of 
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the hEAG1 channel. Therefore, we synthesized a 22-mer peptide with a sequence 

corresponding to the C-linker segment and subjected it to EPR measurements (Fig. 38). When 

incubated with hemin, the C-linker hEAG1 peptide showed a rhombic signal typical for low-

spin Fe
3+

 and the signal closely resembled that obtained with the Slo1 hemin binding protein 

used in study by Tang et al. (2003). Importantly, mutation of the two histidine residues in the 

peptide (equivalent to H543 and H552 in the channel) to arginine abolished the rhombic 

signal (Fig. 38). This observation demonstrates that hemin interacts with hEAG1 channels via 

C-linker histidines H543 and/or H552.  

 

3.3.6.2 Chimeric approach to identify molecular loci required for the hemin-channel 

interaction 

The result presented above suggests that the C-linker peptide consisting of relevant histidines 

interact with hemin and the S5 region histidine may functionally interact with hemin. 

However, it was not possible to show the interaction by the patch-clamp method, because the 

mutants produced an electrophysiologically non-functional protein. A chimeric approach 

could be a strategy of choice for solving this problem. 

 

Fig. 39: Chimeric constructs involving hEAG1 (hemin inhibits the channel), Kv1.1 (hemin 

insensitive) and Kv2.1 (hemin opens the channel). Each construct is named for its N terminus, 

transmembrane area, and C terminus. For example, “E-E-E” represents wild type hEAG1 and “11-E-E 

has a Kv1.1 N-terminus, an hEAG1 transmembrane domain, and an hEAG1 C-terminus. hEAG1 parts 

are shown in red, Kv1.1 in violet, and Kv2.1 in blue. The orange box indicates the only functional 

chimera “E-E-21” that produced macroscopic current and was suitable for inside-out patch-clamp 

measurements. 



Results | 67 

 

 

 

Fig. 40: Effect of hemin on E-E-21 chimera. (A) Superposition of current traces recorded from 

inside-out patches of indicated channel types at +40 mV before (black) and 150 s after (red) 

application of 200 nM hemin. (B) Time course of current reduction upon application of 200 nM hemin 

for the indicated channel types: hEAG1 wt (n = 8), Kv2.1 (n = 5), and E-E-21 (n = 4).  

 

We found that hemin opens Kv2.1 channels. As shown in Fig. 40, intracellular application of 

200 nM hemin increased Kv2.1 currents of about 2-fold. Following this observation, we 

constructed chimeric channels involving 3 genes: hEAG1 (hemin inhibits the channel), Kv1.1 

(hemin remains insensitive), and Kv2.1 (hemin opens the channel) (see Fig. 39; red – EAG, 

violet – Kv1.1, and blue – Kv2.1). In this chimeric strategy, we have initially divided each 

channel into three areas: N-terminus, transmembrane area, and C-terminus. We produced a set 

of 6 chimeric constructs (Fig. 39). Out of 6 constructs only 2 chimeras “E-E-21” (i.e., hEAG1 

N-terminus, hEAG1 transmembrane area, and Kv2.1 C-terminus), and “E-E-11” (i.e., hEAG1 

N-terminus, hEAG1 transmembrane area, and Kv1.1 C-terminus) were functional. However, 

only for chimera “E-E-21” it was possible to measure current in the inside-out patch-clamp 

configuration. E-E-21 lacks the C-linker histidines (H543 and H552) but still harbors the S5 

histidine (H364). Our results show that intracellular application of 200 nM hemin completely 

inhibited E-E-21 channels (Fig. 40). This finding demonstrates that C-linker histidine may 

play a minor role in the hemin sensitivity of hEAG1 channels. Likewise, it argues for an 

involvement of the S5 segment as a potential functional heme binding site.  
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4. Discussion 

4.1 Heme is a potent non-genomic modulator of ion channels 

 Conventionally, heme was viewed as a stable protein cofactor, often conferring gas 

sensitivity as exemplified in cytochromes, hemoglobin, myoglobin, and soluble guanylyl 

cyclase (sGC). Emerging evidence, however, suggests a new paradigm of heme function; 

intracellular free heme may be a potent non-genomic acute signaling molecule capable of 

directly regulating membrane proteins such as ion channels. The large-conductance Ca
2+

- and 

voltage-gated (Slo1 BK) K
+
 channels inaugurated the role of heme as an acute non-genomic 

regulator of ion channel function (Tang et al., 2003). Heme applied to the cytoplasmic side 

acutely and dramatically decreased Slo1 BK current in cell-free membrane patches with a 

high affinity (IC50 ~70 nM). Detailed analysis of the biophysical action of hemin on the Slo1 

BK channel demonstrated that hemin is a potent modulator of the allosteric gating mechanism 

of the channel (Horrigan et al., 2005). Mutagenesis studies identified the sequence CKACH 

located in the cytoplasmic C-terminus to play a critical role (Tang et al., 2003; Jaggar et al., 

2005). It was also observed that heme oxygenase-2 (HO2) modulates calcium-sensitive BK 

channels. In normoxia, the BK channel activity was enhanced (Williams et al., 2004) while in 

hypoxia, the BK channel activity was inhibited, suggesting that HO2 acts as an oxygen sensor 

for BK channels (Hoshi & Lahiri, 2004) and heme in direct regulation of BK channels acts as 

a signaling molecule at the level of the plasma membrane.  

Another study by Wang et al. (2008) showed that epithelial sodium channels (ENaCs) in 

mouse cortical-collecting duct cells were inhibited by application of nanomolar 

concentrations of hemin to the cytoplasmic surface of the membrane (IC50 ~24 nM). 

However, when hemin was co-applied with NADPH (permitting activity of hemeoxygenase), 

the activity of ENaC was stimulated under normoxic conditions (when hemeoxygenase would 

be active) but was inhibited under conditions of hypoxia. Furthermore, application of CO, a 

product of hemoxygenase activity, stimulated ENaC activity, mimicking the effects of hemin 

when co-applied with NADPH under normoxic conditions. These findings demonstrated a 

potent, O2-sensitive mechanism for regulation of ENaC, in which hemeoxygenase acts as the 

O2 sensor, its substrate, heme and its degradation product, CO inhibiting and stimulating the 

activity of ENaC.  

This observation, however, raised the logical question whether other channels are similarly 

regulated by heme. This is an important question because free heme and heme degradation 
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products, many of which are putative signaling molecules themselves, are now implicated in 

multiple diseases, such as delayed cerebral vasospasm following brain hemorrhage (Clark and 

Sharp, 2006) and cerebral malaria (Hunt and Stocker, 2007; Pamplona et al., 2007). In these 

devastating disorders, the exact effectors of heme and heme degradation products are not 

known and it is plausible that ion channels could be affected. Yet, no information exists 

whether ion channels other than Slo1 BK channels and ENaC channels are regulated by heme 

and heme degradation products. In this study we identified two additional classes of 

potassium channels to be modulated by heme: A-type and EAG potassium channels.  

We found that heme/hemin removes fast inactivation of A-type channels. A-type potassium 

currents (e.g. mediated by Kv1.1/Kvβ1.1 or Kv1.4) are quickly inactivating with importance 

in the initial notch of repolarization in cardiac cells and the fast-spiking behavior of some 

neurons (Connor and Stevens, 1971). For detailed characterization of hemin modulation we 

used Kv1.4 potassium channels. Hemin applied to the cytoplasmic side potently inhibited N-

type inactivation of Kv1.4 channels. Hemin strongly slowed down channel inactivation with a 

half-maximal effect at ~24 nM and we found that this effect was mediated by hemin binding 

to C13 and H16 in the ball domain of the Kv1.4 channel protein.  

hEAG1 voltage-gated K
+
 channels are even more sensitive to hemin. EAG channels are 

depolarization-activated K
+
 channels expressed abundantly in neuronal tissues, including the 

cerebral cortex and the hippocampus, and contributing to modulation of action potential firing 

pattern. We found that application of hemin to the intracellular side profoundly inhibited K
+
 

currents through hEAG1 elicited by depolarization. Only a few nanomolar of hemin were 

sufficient to exert a full inhibition. The hEAG1 channel is in fact far more sensitive to hemin 

than epithelial sodium channels (ENaCs), Kv1.4, and Slo1 Ca
2+

-dependent K
+
 channels, by 

10-40 folds (IC50 ~2 nM).  

The high sensitivity to hemin found in hEAG1 and Kv1.4 channels is not shared by all other 

voltage-gated K
+
 channels. We found that Kv1.1, Kv1.3, and Kv1.5 channels are essentially 

unaffected by hemin. The insensitivity of the Kv channels suggests that the presence of a 

functional voltage sensor domain alone is not sufficient to confer heme sensitivity.  

4.2  Free heme concentration inside the cell 

As discussed above, intracellular free heme acts as a potent non-genomic acute signaling 

molecule, capable of directly regulating ion channels. In this context, one of the open 

questions to be addressed, what is the exact concentration of intracellular free heme? The 
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major portion of all heme in a cell is generally bound to hemoproteins, but it would be 

reasonable to assume that there exists a modest amount of free heme, which may have 

regulatory functions (Ponka, 1999). 

 

Fig. 41: “Free heme” concentrations in the cell. Free heme exerts distinctive regulatory functions at 

low and high concentrations. At submicromolar concentrations such as < 0.001–0.03 µM, it is 

involved in modulation of ion channel function, as well as in controlling gene expression for both 

heme metabolism and biosynthesis. At high concentration such as > 1 µM, heme is degraded by HO to 

release three metabolites: iron, bilirubin and CO. Free heme > 10 µM was found only in abnormal 

cells e.g. in inherited HO1 deficiency, sickle cell disease, malaria, and ischemia reperfusion (adopted 

from Sassa, 2004). 

Exact concentrations of heme in the cytoplasm are not known, as technical limitations 

preclude high-resolution measurements of free intracellular heme concentrations. One study 

suggests that the concentration may reach at least ~100 nM in reticulocytes (Garrick et al., 

1999). This estimate is in line with the presence of heme-sensitive transcription factors such 

as Bach1 that respond to hemin in the 100 nM range in vitro (Ogawa et al., 2001). However, 

reported values for total cellular heme vary considerably. For spleen cells the reported value is 

13 nmol/mg protein (equivalent to 163 µM), whereas, in olfactory receptor neurons 1.5 

nmol/mg protein (18.8 µM) (Ingi et al., 1996; Wang et al., 2009) was reported. Another 
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study by Trakshel et al. (1986) reported that the Km values for heme of HO1 and HO2 are 1 

µM and 0.4 µM. These observations suggest that the physiologically important concentration 

of free heme in the cell must be below 1 µM (Fig. 41). The comparison of these values in the 

low nanomolar range hemin sensitivity of hEAG1 and Kv1.4 channels suggests that heme 

could be sufficient to regulate native hEAG1 and A-type K
+
 channels. 

4.3  Physiological and pathophysiological role of free heme  

For heme to have a regulatory role in cells, it should occur in the cell in a “free” form. Once 

free heme is released to both intra- and extracellular milieu, it may work as a double-edged 

sword, displaying both protective and deleterious actions. Among the protective effects, free 

heme can influence the expression of several genes, including enzymes involved in its own 

synthesis (Arruda et al., 2005). Through this ability, free heme regulates neuronal 

differentiation in rat pheo-chromocytoma (PC12) cells, a model system for studying neuronal 

differentiation (Zhu et al., 2002). Heme deficiency induced by succinyl acetone, a potent 

inhibitor of ALA dehydratase and the second enzyme involved in heme synthesis, potently 

reduces the number and length of NGF-induced neurites (Zhu et al., 2002). The effect of 

succinyl acetone on neurite outgrowth is reversed by the addition of heme, suggesting that 

heme deficiency is responsible for the effect of succinyl acetone on neurite outgrowth. Heme 

deficiency appeared to have a less severe effect on uninduced than on differentiated PC12 

cells (Sengupta et al., 2005). Moreover, heme shortage interferes with neuronal gene 

expression. Under normal heme concentrations, NGF induces the expression of neuron-

specific genes in PC12 cells, many of which encode signal transducers and important 

structural functions (Gage et al., 1990). Upon inhibition of heme synthesis, the induction of 

these genes is abolished, which may explain why heme deficiency interferes with neuronal 

differentiation. Microarray gene expression analysis showed that more than 20 neuronal key 

genes that were induced by NGF were suppressed by succinyl acetone. Such genes with 

important structural functions in neurons, whose expression is modulated by heme, include 

survival motor neuron protein, synaptic vesicle protein (SVOP), nicotinic acetylcholine 

receptor, dopadecarboxylase, neural adhesion molecule, neuropeptide Y precursor, and 

neurofilament protein (Zhu et al., 2002; Sengupta et al., 2005). 

Heme deficiency may be a factor in the mitochondrial and neuronal decay observed in aging 

and Alzheimer’s disease (Atamna et al., 2002). Heme deficiency induced with N-methyl 

protoporphyrin IX, a selective inhibitor of ferrochelatase, in two human brain cell lines, SH-

SY5Y (neuroblastoma) and U373 (astrocytoma), as well as in rat primary hippocampal 
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neurons, markedly decreases mitochondrial complex IV, activates nitric oxide synthase, alters 

amyloid precursor protein, and corrupts iron and zinc homeostasis. The metabolic 

consequences resulting from heme deficiency seem similar to dysfunctional neurons in 

patients with Alzheimer’s disease (Atamna et al., 2002). 

Heme deficiency or imbalance in free heme homeostasis may also influence ion channel 

function. A recent study suggests that heme deficiency induced by succinyl acetone and N-

methyl protoporphyrin IX in cortical neurons from mice resulted in the lowered expression of 

NMDA receptor (NMDAR), a non-selective cation channel which allows Ca
2+

, Na
+
, and K

+
 to 

pass into the cell, and neurofilament light peptide (NF-L). In heme depleted cells exogenous 

application of 100 nM heme rescued the expression of these neuron-specific genes, suggesting 

a protective action of free heme (Chernova et al., 2006). The same group also reported that 

inhibition of heme synthesis causes neurodegeneration via NMDAR-dependent suppression of 

the ERK1/2 pathway (Chernova et al., 2007). Electrophysiological recordings of NMDAR 

showed that the neurodegeneration is accompanied by reduced NMDAR currents and Ca
2+

 

influx, as well as reduced voltage-gated sodium currents. However, the Ca
2+

 influx through 

NMDAR was entirely reestablished by exogenous heme. The electrophysiological data also 

suggested that heme replacement caused very significant increases in Na
+
i. It is currently 

unclear whether this is attributable to a direct effect of heme signaling or secondary to 

NMDAR signaling (Chernova et al., 2007).  

While heme deficiency has deleterious consequences, also high amounts of free heme can be 

extremely dangerous to the organism, catalyzing non-enzymatic generation of reactive oxygen 

species (ROS), and leading to oxidative stress. ROS created in the presence of heme are 

capable of damaging proteins, lipids and DNA (Vercellotti et al. 1994). Free heme can also 

intercalate in membranes and alter the dynamics of cellular structures (Ryter & Tyrrel, 2000). 

High levels of free heme (up to 20 µM) are found in pathological states of increased 

hemolysis, such as sickle cell disease, malaria, and ischemia reperfusion. Under these 

conditions, the physiological mechanisms of removing free heme from the circulation 

collapse, especially its binding to hemopexin, thereby allowing nonspecific heme uptake and 

heme-catalyzed oxidation reactions (Muller-Eberhard and Fraig, 1993). Heme is a lipophilic 

molecule that can easily cross cell membranes and gain entry to cells (Kumar and 

Bandyopadhyay, 2005). In vitro and in vivo, cells accumulate exogenous heme which results 

in the synergistic amplification of damage and cytotoxicity of oxidants present in the cell 

(Balla et al., 1991). Heme-mediated inflammation has been implicated in the pathogenesis of 
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several diseases, including arteriosclerosis, renal failure, and heart transplant failure (Kumar 

and Bandyopadhyay, 2005). The oxidative potential of heme is neutralized by heme 

detoxification systems. Several detoxification–defense mechanisms exist in humans. They 

consist of heme oxygenase systems (HO1, HO2, HO3) (Castellani et al., 2000) and extra-HO 

systems (hemopexin, albumin, etc.). HO is a heme-degrading enzyme that plays a significant 

role in protecting cells from heme-induced oxidative stress. It breaks down the porphyrin ring 

to yield equimolar amounts of biliverdin, free iron (Fe
2+

), and carbon monoxide (CO) (Fig. 2). 

There is a wide range of physiological functions attributed to the heme oxygenase system (see 

review, Maines, 1997, 2000, 2005). 

4.4  Mechanism of heme modulation of A-type potassium channels 

Our experiments demonstrate that the inactivation gate of a mammalian A-type K
+
 channel is 

regulated by direct action of heme/hemin. The main findings are: hemin specifically inhibits 

N-type inactivation of K
+
 channels encoded by Kv1.4; a peptide corresponding to the 

inactivation ball domain of the N-terminus of Kv1.4 interacts with hemin in vitro; specific 

cysteine and histidine residues within this region are important hemin targets, mediating 

removal of N-type inactivation; and concurrent substitution of these residues abolishes hemin-

mediated removal of N-type inactivation; differential hemin sensitivities of Kvβ1.1 and 

Kvβ1.3. 

4.4.1 The effect of hemin on N-type inactivation is specific 

In the present study, we have provided evidence to suggest that hemin selectively disrupts the 

N-type inactivation of Kv1.4 and Kv1.1/Kvβ1 channels. The N-type inactivation utilizes the 

so-called ball-and-chain mechanism. The ball-chain N-type inactivation of A-type potassium 

channels is the best understood inactivation mechanism, which occurs on the order of 

milliseconds to tens of milliseconds (Zagotta et al., 1990). From the observed removal of the 

fast N-type inactivation by hemin, we propose that hemin binds to the channel inactivation 

machinery directly. Our results strongly suggest that hemin binds to the inactivation ball. The 

concept for this result is based upon two observations. First, hemin remained ineffective to the 

deletion construct Kv1.41-110, which lacks the inactivation ball domain. Second, hemin-

mediated removal of inactivation was abolished by mutating cysteine 13 and histidine 16 

residue of the Kv1.4 ball domain. This observation clearly indicates that the hemin effect is 

mediated by the ball domain of the channel. 
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4.4.2 Identification of hemin target sites that regulate N-type inactivation 

Mutagenesis experiments on Kv1.4 channels provided evidence in favor of a direct action of 

hemin. The regulation of N-type inactivation of Kv1.4 channels was sensitive to mutations 

that affected cysteine and histidine at positions 13 and 16, respectively. When cysteine 13 was 

mutated to serine (C13S) the effect of hemin was significantly less. In contrast, the effect on 

the histidine mutant (H16A) was not significantly reduced, suggesting that hemin may also 

act through additional auxiliary sites in the absence of H16. The ball domain of Kv1.4 

channels harbor another histidine at position 35 (H35) and we suppose that in the absence of 

H16, H35 may serve as an axial ligand to hemin. However, the double mutation (C13S/H16A) 

completely abolished hemin-mediated removal of Kv1.4 fast N-type inactivation.  

Hemin binding sequences are diverse, and a broad range of specificities has been reported 

(see review, Schneider et al., 2007). The heme-binding site has the consensus of c-type 

cytochromes, CxxCH (where x represents any amino acid). Previous work on BK channels 

has demonstrated a c-type cytochromes motif CxxCH located between the 2 putative RCK 

domains (Tang et al., 2003). However, our study revealed another class of motif: CxxH 

present in α-subunits of Kv1.4. This type of motif is also present in known hemo-proteins 

such as soluble guanylate cyclases (GCs) and Rieske-type ferredoxin. Soluble guanylate 

cyclases (GCs) act as a heme sensor that selectively binds nitric oxide (NO) (Boon and 

Marletta, 2005), triggering reactions essential for animal physiology. Soluble guanylate 

cyclases were placed in the H-NOX (heme nitric oxide and/or oxygen-binding domain) family 

that also includes bacterial proteins from aerobic and anaerobic organisms. H-NOX proteins 

possess either a distal pocket tyrosine required for O2 binding or a very conserved CxxH motif 

in the heme-binding domain that is responsible for NO binding (Boon and Marletta, 2005). 

Rieske ferredoxin is an iron-sulfur protein (ISP) component of cytochrome bc1 complex and 

the cytochrome b6f complex. Rieske ferredoxins are involved in a wide variety of biological 

functions. They typically act as electron carriers between different redox partners. Membrane-

bound Rieske ferredoxins are found as covalent domains in the cytochrome bc1, b6f and bc 

respiratory complexes in mitochondria, chloroplasts and bacterial cell walls (Trumpower and 

Gennis, 1994), as well as in the respiratory chains of archaeal organisms (Schafer et al., 

1996). These proteins harbor a CxH and CxxH metal-binding motif. The cysteine and 

histidine residues in this sequence motif are responsible for liganding the Rieske iron–sulfur 

center (Schmidt and Shaw, 2001). 
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Spectroscopic experiments on Kv1.4 channels provided further evidence in favor of a direct 

action of hemin. The UV-Vis spectrum of the Kv1.4 inactivation ball peptide (Kv1.4-IP)-

hemin complex has a single Soret peak centered at 410 nm, while the EPR spectrum showed a 

signal characteristic of low spin state of ferric iron with g-values of 2.43, 2.26 and 1.87. 

Kv1.4-IP-hemin complex shares nearly similar g-values as Slo1 BK channels heme binding 

peptide (HBP23) (Tang et al., 2003) and P. falciparum histidine-rich protein 2 (PfHRP2) 

(Choi et al., 1999), suggesting that one of the axial ligands might be a histidine nitrogen 

(Brautigan et al., 1977). Mutant peptides where cysteine and histidine residues were replaced 

(Kv1.4-IP-mt) showed no binding to hemin in spectroscopic experiments.  

4.4.3 Different hemin sensitivities of Kvβ1.1 and Kvβ1.3 

Although Kvβ isoforms introduce N-type inactivation, they differ in intracellular modulation 

by heme and expression pattern. The variation in the amino-acid sequence of the proximal N 

termini determines the different hemin sensitivities of Kvβ1.1 and Kvβ1.3. Our results 

indicate that the Kv1.5/Kvβ1.1 channel was sensitive to hemin, while the Kv1.5/Kvβ1.3 

channel was insensitive. Given the fact that there is very little homology between the Kv1.4 

N-terminal ball structure and different Kvβ ball structures, the hemin sensitivity probably 

relies on the presence of cysteine and histidine residues in the ball domain. It has been shown 

that Kvβ1 and Kvβ2 subunits bind to Kv1α subunits. Kvβ1.1 harbors a cysteine at position 7 

and a histidine at position 10, while Kvβ1.3 does not contain any cysteine or histidine in the 

ball-domain. As pointed out in the alignment (Fig. 16), N-terminal splicing of Kvβ1 produces 

the Ca
2+

-insensitive Kvβ1.3 isoform that retains the ability to induce Kv1 channel inactivation 

(Decher et al., 2008). Thus, an important physiological consequence of N-terminal splicing of 

the Kvβ1 gene might be the generation of rapidly inactivating channel complexes with 

different sensitivities to hemin and intracellular Ca
2+

. Kvβ1.1 is known to be abundantly 

expressed in the hippocampal CA1 region and in the striatum (Rettig et al., 1994; Rhodes et 

al., 1996) and to confer fast inactivation to the otherwise noninactivating delayed rectifier 

potassium channels such as Kv1.1, Kv1.2, Kv1.3, Kv1.4, and Kv1.5 (Rettig et al., 1994; 

Bähring et al., 2001; Heinemann et al., 1994, 1996). The loss of Kvβ1.1 caused a reduction in 

K
+
 current inactivation in hippocampal CA1 pyramidal neurons. This change in K

+
 current 

inactivation was accompanied by a reduction of frequency-dependent spike broadening and 

attenuation of the slow afterhyperpolarization (sAHP), without any obvious change in 

synaptic plasticity (Giese et al., 1998). While, Kvβ1.3 is preferentially expressed in heart 

(England et al., 1995a, b) and confer fast inactivation to delayed rectifier potassium channels 
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Kv1.5 (Decher et al., 2008). Apart from Kvβ1.1, other Kvβ subunits such as Kvβ1.2 and 

Kvβ3.1 harbor cysteine and histidine residues inside the ball domain (Fig. 16). It would be 

interesting to see whether these subunits confer hemin sensitivity; further work is needed to 

resolve this issue.  

4.4.4 A model for hemin action on A-type channels 

In a general model of A-type K
+
 channel gating (Zagotta and Aldrich, 1990; Hoshi et al., 

1994), voltage-dependent activation is followed by a voltage-independent transition that 

opens the channel, and subsequent inactivation. According to the “ball and chain” hypothesis 

(Bezanilla and Armstrong, 1977; Zagotta et al., 1990; Hoshi et al., 1990), the cytoplasmic N-

terminus of the channel polypeptide is the inactivation gate (“ball” domain) tethered to the 

rest of the molecule by a hydrophilic arm. The inactivation ball domains of A-type channels 

are highly flexible and have no classical secondary structure backbone characteristics in 

aqueous solution (Antz et al., 1997; Abbott et al., 1998; Wissmann et al., 1999, 2003; Schott 

et al., 2006). As determined from NMR experiments, Kv1.4 harbors two inactivation ball 

domains at its N-terminus. Inactivation domain 1 (ID1, residues 1–38) consists of a flexible 

N-terminus anchored at a 5-turn helix, whereas ID2 (residues 40–50) is a 2.5-turn helix made 

up of small hydrophobic amino acids (Fig. 42C). Functional analysis suggests that only ID1 

may work as a pore-occluding ball domain, whereas ID2 most likely acts as a “docking 

domain” that attaches ID1 to the cytoplasmic face of the channel (Wissmann et al., 2003). The 

ID of Kv3.4 was found to exhibit well-defined and compact folding although the backbone 

lacks secondary structural elements (Antz et al., 1997). In contrast, the ID from Shaker B and 

the inactivating N-terminus of Kvβ1.1 (amino acids 1-62) showed no unique, folded structure, 

but rather behaved like random-coil peptides (Abbott et al., 1998; Wissmann et al., 1999). 

Heme is known to induce protein folding. Heme incorporation is integral to the protein 

folding process. Thermodynamically, heme binding provides additional free energy for 

protein folding. In apo-proteins of low stability, heme incorporation is a major contributor to 

protein folding, and heme-protein interactions can trigger events such as the condensation of 

the unfolded state (cyt c) or nucleation of secondary structure elements (cyt b562) (Feng et al., 

1994). The interactions of the protein at the iron via ligation as well as at the porphyrin 

macrocycle by hydrophobic contacts are critical to the structural uniqueness of the 

hemoprotein native state, regardless of protein fold (Lu et al., 2001). 
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Fig. 42: Proposed model depicting the hemin action on A-type potassium channels. (A) Swiss 

model homology structures of Kv1.4 channels, aligned to full-length shaker potassium channel Kv1.2 

(3LUT) and PDB structure of Kvβ-subunit (KCNAB2, 1ZSX). Cartoons of ball domains are 

superimposed to the N-terminus of Kv1.4 and Kvβ-subunits structures. (B) Simplified model of 

hemin-mediated removal of A-type channel fast inactivation. Following membrane depolarization, the 

flexible ball domain in the N-terminus plugs the pore of the channel which causing fast inactivation. In 

the presence of hemin, the ball domain probably adopts a partial secondary structure and restricts the 

mobility of the ball domain which in turn relieves from inactivation. (C) NMR structure of the Kv1.4 

ball domain (1KN7) with hypothetical structural representation of heme binding to cysteine (C13, 

yellow) and histidine (H16, green). 

A study by Abbott et al. (1998) found that the synthetic Kv3.4 channel ball peptide adopts a 

partial β-sheet structure in the presence of the anionic lipids phosphatidylglycerol (PG). In 

contrast to the wild-type Kv3.4 ball peptide, substitution of the hydrophobic valine residue at 

position 7 for a negatively charged glutamate residue ablates the ability of the ball peptide to 

adopt ordered β-structure, regardless of anionic lipids (Abbott et al., 1998). Our results of 

Kv1.4 ball domain interaction with hemin may be consistent with this model. Binding of 

hemin to the ball peptides might reduce the flexibility of the ball-and-chain machinery and 

induce a partial secondary structure of the ball-and-chain machinery, which makes it 

impossible for the ball peptides to reach their binding sites (Fig. 42).  



Discussion | 78 

 

4.5  Possible physiological role of heme modulation of A-type potassium channels 

One of the major features of A-type potassium channels is their fast inactivation, which tends 

to accelerate repolarization and forces a delay between successive action potentials, thereby 

shortening the action potential duration and limiting the firing rate. However, during high 

frequency trains of action potentials, the A-type channel’s effects are overcome, since they do 

not have time to recover from inactivation between spikes. As a result, the presynaptic action 

potentials widen, allowing more Ca
2+

 influx per spike and potentiating neurotransmitter 

release (Dodson and Forsythe, 2004). This feature of A-type potassium channels may 

contribute to hyperexcitability of neurons and could be associated to pathophysiological 

conditions such as epilepsy or pain. The importance of this activity has recently been 

demonstrated by Schulte et al. where they reported that, in the hippocampal formation, Lgi1 

(leucine-rich glioma inactivated gene 1 protein) and Kv1.1 co-assembled with Kv1.4 and 

Kvβ1.1 in axonal terminals. Lgi1 selectively prevents N-type inactivation mediated by the 

Kvβ1.1subunit. Mutation in the Lgi1 gene results in a protein that is defective in preventing 

Kvβ1.1-mediated inactivation and is the cause of autosomal dominant lateral temporal lobe 

epilepsy (ADLTE) (Schulte et al., 2006). From this observation they hypothesized that the 

Lgi1-mediated removal of fast inactivation of A-type Kv channels associated with the 

presynaptic bouton causes prolongation of presynaptic action potential (AP) up to 3-fold at 

high-frequency excitation, a phenomenon known as AP broadening. In the trisynaptic 

hippocampal network, increased EPSPs in granule and pyramidal cells may lead to an 

imbalance between excitation and inhibition (McNamara, 1999) that triggers focal epileptic 

activity in particular in response to high-frequency stimulations such as the “theta-burst 

activity” or other high-frequency excitations (Geiger and Jonas, 2000). Our studies show that 

hemin efficiently modulates N-type inactivation in Kv1.4 and Kv1.1/ Kvβ1.1 channels. This 

modulation may be an alternative mechanism in controlling hyperexcitability of neurons and 

probably maintains the balance between excitation and inhibition that triggers focal epileptic 

activity in particular in response to high-frequency stimulations such as the “theta-burst 

activity” or other high-frequency excitations. 

The observation that N-type inactivation induced by the ball domain can be competed off the 

channel with the small-molecule hemin suggests that the Kv1-ball domain complex of A-type 

channels may not be permanent. As a recent study has pointed out (Wells and McClendon, 

2007), it is in general very difficult to obtain small-molecule compounds that interfere with 

protein-protein interactions because the interfaces are usually large and extensive. Small 
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molecule Kv channel disinactivators (compounds that disrupt N-type inactivation) thus 

represent a new class of potential anticonvulsant drugs, and as such they may have unique 

properties and usefulness in multiple diseases of hyperexcitability. Lu et al. (2008) screened 

for compounds that prevent inactivation of Kv1.1/Kvβ1.1 channels by using a yeast two-

hybrid screen. They found a variety of compounds that act as disinactivators and also 

inhibited pentylenetetrazole-induced seizures in mice. Hemin modulation of Kv1.1/Kvβ1.1 

channels could be useful for reducing neuronal hyperexcitability in diseases such as epilepsy 

and neuropathic pain.  

It has been reported that the neuroprotective substance riluzole prolongs the activation of 

Kv1.4 by slowing its N-type inactivation dramatically. This leads to a cAMP-independent 

inhibition of glutamate release in nerve terminals by a reduced depolarization-dependent Ca
2+

 

influx (Xu et al., 2001). Riluzole has been used for the therapy of the degenerative motor 

neuron disease amyotrophic lateral sclerosis ALS. This substance may also exert beneficial 

effects in the treatment of pain. 

A recent study reported that over 90% of the Kv1.4-positive neurons expresses cannabinoid 

receptor (CB1) and transient receptor potential channel of the vanilloid receptor type, subtype 

1 (TRPV1) (Binzen et al., 2006). The metabotropic CB1 is known to play an important role in 

anti-nociception (Pertwee, 2001) and TRPV1 is essential for selective modulation of pain 

sensation and for tissue injury-induced thermal hyperalgesia (Caterina et al., 2000). Since 

CB1 and TRPV1 are highly co-localized with Kv1.4 and are expressed in nociceptive 

neurons, an anatomical basis for regulation of nociceptive transmission by cannabinoids and 

involvement of Kv1.4 as downstream of the CB1 and a possible implication in pain signaling 

can be suggested (Binzen et al., 2006). Kv1.4 channels of rat brain are concentrated in axons 

and presynaptic terminals of neurons in the cerebral cortex, hippocampus, thalamus, and basal 

ganglia (Sheng et al., 1992). Their presence in nerve terminals places Kv1.4 channels in a 

strategic position where they may regulate presynaptic spike duration, Ca
2+

 entry, and 

neurotransmitter release. Glutamate is a neurotransmitter at several of the synaptic sites where 

Kv1.4 channels are also expressed (Lipton and Rosenberg, 1994). The marked slowing of 

Kv1.4 channel inactivation by hemin could contribute to inhibition of transmitter release by 

any of several different mechanisms. At the nerve terminal, enhanced current flowing through 

the more slowly inactivating Kv1.4 channels would shorten the action potential, thereby 

reducing depolarization-dependent Ca
2+

 entry and transmitter release. At the cell body, 
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enhanced K
+
 efflux would contribute to membrane hyperpolarization and a decrease in 

excitability (Fig. 43).  

In summary, the pronounced slowing of Kv1.4 inactivation by hemin identifies a specific 

mechanism by which hemin may inhibit the release of glutamate, reducing excitotoxicity and 

producing neuroprotection in various neuropathological conditions. 

Fig. 43: Probable functional role of hemin modulation of Kv1.4 channels. Functional coupling of 

TRPV1, Kv1.4 and CB1 in nociceptive DRG neurons. Proposed interaction of the ion channels and 

receptors in the transduction process for noxious stimuli and heme in the periphery of primary 

nociceptive neurons (left). Mechanisms contributing to neurotransmitter release at the central synapse 

of nociceptors are shown on the right. Heme is probably controlling the glutamate release at the 

synapse (see text for further details). AP, action potential; CaVy, diverse voltage-gated calcium 

channels; CB1, cannabinoid receptor 1; DRG, dorsal root ganglion; Glu, glutamate; Kv1.4, voltage-

gated potassium channel subtype 1.4; NaVx, diverse voltage-gated sodium channels; TRPV1, transient 

receptor potential channel of the vanilloid receptor type, subtype 1. (Source: adopted and modified 

from Binzen et al., 2006) 

4.6 Mechanism of heme modulation of EAG1 potassium channels 

We found that ether-à-go-go voltage-dependent potassium channels (EAG1, KCNH1, 

Kv10.1) expressed in Xenopus oocytes are sensitive to nanomolar concentrations of hemin. 

The half-maximal inhibitory concentration is about 2 nM, indicating that the hemin effect on 

hEAG1 channel is 10-40 fold stronger than hemin effect on Kv1.4, Slo1, and ENaC channels. 

Kinetic analysis of the inhibitory interaction between the hEAG1 channel and hemin at 

multiple voltages and multiple hemin concentrations revealed that the “on” kinetics is 

concentration dependent, becoming faster with greater concentrations of hemin and the “off” 

kinetics is very slow and independent of the hemin concentration. Analysis of the kinetic data 
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at the lower concentration limit of 1 nM hemin were hampered by the slow current rundown 

that was found in all measurements. Apparent Kd values determined in the lower 

concentration range or, excluding the lowest concentration differed and that the existence of 

more than one hemin binding site appeared very likely. 

For BK channels, it was described that hemin acts as a modulator, not a simple inhibitor, of 

the BK channel function, such that it increases the open probability (Po) at negative voltages 

and decreases Po at more positive voltages. Interaction of hemin with the RCK1-RCK2 linker 

segment was proposed to expand the gating ring and to impede the gating ring-voltage 

sensing domain (VSD) interaction that normally accompanies activation of the channel 

(Horrigan et al., 2005) In case of ENaC channels, hemin also consistently and significantly 

reduced the Po (Wang et al., 2008). Our result also suggests that hemin alters the gating 

properties of hEAG1 channels. Hemin caused a positive shift of 15 mV in the voltage of 

half-maximal activation. The inhibitory effect of hemin becomes stronger at negative voltages 

and the effect becomes weaker at depolarizing voltages. Furthermore, hemin slowed the 

activation kinetics at positive voltages and accelerated the deactivation kinetics. The kinetics 

at extreme positive and negative voltages is particularly important as one-step opening and 

closing transitions may largely determine the current relaxation kinetics.  

4.6.1 Identification of hemin target sites that regulate hEAG1 channel function 

From the observation of high sensitivity of the hemin effect, we predicted that hEAG1 

channels harbor at least one hemin binding site. In fact, we could confirm a direct interaction 

between hemin and hEAG1 channels, as revealed by a hemin-agarose pull-down assay. To 

find the hemin target site on hEAG1 channels we used several approaches such as deletion 

mutagenesis, systematic cysteine mutagenesis, histidine mutagenesis, and chimeric 

approaches. The hEAG1 channel harbors a PAS domain in the N-terminus and it has been 

also reported that PAS domains can bind to heme and regulates protein function (Gilles-

Gonzalez and Gonzalez, 2004). However, our study showed that deletion of the PAS domain 

of hEAG1 channels still retains hemin sensitivity, indicating that the PAS domain is not 

responsible for the hemin-mediated hEAG1 current inhibition. 

4.6.1.1  Evaluation of critical cysteine residues responsible for hEAG1 channel function  

Our studies on hemin modulation of Kv1.4 channels suggest that a cysteine residue inside the 

ball domain plays a critical role for hemin binding. The same cysteine residue is known to be 
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responsible for redox regulation of fast N-type inactivation (Ruppersberg et al., 1991; 

Stephens et al., 1996; Rettig et al., 1994). Another study reported that reversible binding of 

hemin to the heme-regulated initiation factor eIF-2 alpha kinase (HRI) involved in genomic 

actions of heme, is dependent on its cysteine residues, potentially causing their oxidation 

(Yang et al., 1992). Following this observation, we analyzed cysteine residues in hEAG1 for 

their redox modulation by sulfhydryl-modifying reagents.  

Our study indicates that the hEAG1 channel activity is indeed altered by treatment with select 

cysteine modifiers such as DTNB. Intracellular application of DTNB inhibited hEAG1 

channels in a biphasic manner. Our study provides evidence that DTNB is a gating modifier. 

It shifts the voltage of half-activation towards right. Our systematic cysteine mutagenesis 

result suggested that four critical cysteines are responsible for DTNB-mediated hEAG1 

current inhibition. The fast component was contributed by two cysteine residues (C145 and 

C214) in the N-terminus, close to the transmembrane segment S1 and also responsible for 

positive shift of half-maximal activation, while the slow component was contributed by two 

cysteine residues (C532 and C562) in the C-linker region of the C-terminus of hEAG1 

channels. A recent study by Kolbe et al. (2010) showed that C723 and C740 in the C-linker 

region of hERG1 channels are responsible for oxidative modification, and mutation of these 

cysteine residues rendered the hERG1 channel less sensitive to reactive oxygen species. The 

corresponding position in hEAG1 channels are C532 and C562. This observation provided an 

insight about the importance of the C-linker region for hEAG1 channel function. However, it 

was not clear how cysteine residues in the N-terminus and C-terminus of hEAG1 channels 

contribute oxidation sensitivity.  

A recent study by Stevens et al. (2009) has shown that on the surface of both the PAS and 

cNBD domains of EAG1 channels, there are bands of residues that contribute to determining 

the activation kinetics of the channel. These surface bands of residues correspond to bands of 

conserved residues within the EAG family, as well as including many hydrophobic residues, 

suggestive of regions of domain–domain interaction via these surfaces. DTNB might induce 

its inhibitory effect by interfering with the cross talk between PAS and cNBD domain. An 

interaction between the N-terminal and the C-linker regions of CNGA1 channels has been 

previously demonstrated using electrophysiological and biochemical methods (Gordon et al., 

1997). It was shown that a disulfide bond between a cysteine residue at position 35 of the N-

terminal region and a cysteine residue at position 481 of the C-linker region can be induced 

by mild oxidizing conditions. Formation of this disulfide bond alters channel function, giving 
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a left shift of the dose-response curve for activation by cGMP and an increase in the fractional 

current activated by the partial agonist cAMP (Gordon et al., 1997). These data suggest that 

the N-terminal and the C linker regions lie in close proximity in the tertiary structure. Such a 

mechanism may also explain cysteine-mediated regulation of hEAG1 channels. 

Based on our initial hypothesis whether redox-sensitive cysteines take part in hemin 

sensitivity in hEAG1 channels, we analyzed the impact of hemin on oxidation insensitive 

cysteine-less NC channels. We found that intracellular hemin efficiently inhibited the 

cysteine-less NC channels. This observation suggests that hemin-mediated hEAG1 current 

inhibition is not mediated by redox-sensitive cysteine residues. Analysis of transmembrane 

segment critical cysteines for their impact on hemin sensitivity revealed that the mutant 

C303A showed hemin sensitivity but the time course of development of the inhibition was 

slower. This finding suggests that C303 may take part in hemin binding. 

4.6.1.2  Hemin interacts with the histidine residues of hEAG1 channels 

From the analysis of scanning histidine mutagenesis, we found that none of the functional 

histidine mutants abolished hemin sensitivity, as observed from patch-clamp experiments. 

However, histidine mutations in the S5 region (H364) and histidines in the C-linker region 

(H543 and H552) produced non-functional channels. Our observations from spectroscopic 

experiments indicate that hemin interacts with peptides corresponding to the C-linker regions 

and mutation of these histidine residues abolishes the interaction.  

hEAG1 is a member of the cyclic nucleotide binding domain (cNBD) family of channels, 

which includes hyperpolarization activated channels, cyclic nucleotide gated channels, and 

numerous plant and bacterial channels (Yu et al., 2005). Alignment of cNBD channels from 

bacteria, plants, and animals revealed a conserved sequence HwX(A/G)C in the S5 

transmembrane domain (Fig. 37A). The evolutionary conservation of this region suggests that 

it could play an important, but as yet unknown role in the functional activity of cNBD family 

of channels. hERG1 channels, important members of the EAG family and responsible for 

repolarization of the heart action potential also contain histidine (H562) in the S5 region. 

H562 is known to form hydrogen bonds with threonine (T618) and serine (S621) in the pore 

helix and plays a critical role in stabilizing the structure and function of the S5-pore helix. 

This interaction is functionally important for deactivation, Vm of activation, and, to a lesser 

extent, ion selectivity (Lees-Miller et al., 2009). Unfortunately, hERG current rundown from 

excised inside-out patches is too rapid to test the impact of hemin from the intracellular side 
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of the channels. Alignment of the S5-region also revealed that the plant potassium channels 

KAT1 and AKT1 harbor a classical cytochrome c heme binding motif but in opposite order 

HCxxC (Fig. 37A). S5 peptide comprising of 5 amino acids (HCAAC) of AKT1 channels 

binds hemin and mutation of histidine residue abolishes the interaction, as revealed by UV-

Vis spectroscopic method. From this observation we can speculate that H364 of hEAG1 

channel may play a role in hemin-mediated sensitivity.  

 

Fig. 44: Proposed heme binding sites in the cNBD family of channels. Multiple sequence alignment 

of the C-linker region of the cNBD family of channels. Red box indicates the relevant histidine 

residues presumably responsible for hemin binding to hEAG1 channels. Alignments were performed 

using Clustal W (Thompson et al., 1994), protein-domain homologies and motifs predicted using the 

Prosite database (Bairoch et al., 1996). 

Alignment of the C-linker region of the cNBD family of channels also revealed conserved 

histidines in hERG1 channels corresponding to position H543 and H552 of hEAG1 channels. 

KAT1, AKT1, and CNGA1 channels harbor only one histidine and HCN1 does not any 

contain histidine in the C-linker region (Fig. 44). The histidine residue in the C-linker region 

of CNGA1 channels is known bind Ni
2+

 to potentiate channel activation. Ni
2+ 

has no 

potentiating effect on CNGA2 channels because the histidine residue is substituted to a 

glutamine residue in CNGA2 (Gordon and Zagotta, 1995). It would be interesting to see 

whether these channels functionally interact with hemin, further work is needed to resolve this 

issue.  

4.6.1.3  A chimeric approach narrowed down the hemin binding site on hEAG1 channels 

We used a chimeric approach to map the regions that are critical for hemin binding on hEAG1 

channels. Chimeras were engineered between hEAG1 where hemin inhibits the channel, 

Kv1.5 where hemin is without effect, and Kv2.1 where hemin opens the channel. Only one 

chimera “E-E-21” (i.e., hEAG1 N-terminus, hEAG1 transmembrane area and Kv2.1 C-

terminus), was functional and produced macroscopic current. It has been reported that a small 

tetramerizing coiled coil (TCC) domain at the C-terminus is required for correct tetrameric 
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assembly of EAG family of channels. Disruption of the TCC domain leads to non-functional 

channels, and introduction of a heterologous domain (EAG1 TCC) rescues the function, 

indicating that the presence of a TCC is enough to drive the formation of functional channels 

(Jenke et al., 2003). In case of Kv2.1 channels, the tetramerization assembly (T1) domain is 

present in the N-terminus (Bocksteins et al., 2009). However, our result suggests that this 

TCC domain is not necessary for functional expression of hEAG1 channels. The C-terminus 

of hEAG1 channels harbor two calmodulin binding motifs which are responsible for binding 

of calmodulin (Schönherr et al., 2000; Ziechner et al., 2006) and S100B (Sahoo et al., 2010). 

The E-E-21 chimera lacks these sites and consistently we found that this chimera was 

insensitive to calmodulin (data not shown). In respect to hemin binding, the E-E-21 chimera 

lacks the C-linker histidines (H543 and H552) but still retains the S5 histidine (H364). We 

found that E-E-21 chimera remained sensitive to hemin like wild-type, suggesting that the S5 

region histidine is probably the major target of hemin-mediated hEAG1 current inhibition. 

 

Fig. 45: Representation of hemin binding sites on hEAG1 potassium channels. (A) Swiss model 

homology structures of hEAG1 channels, aligned to Kv1.2/Kv2.1 (2R9R, transmembrane domain, 4-

subunit), HCN1 (1Q3E, C-terminal domain, 4-subunit) and hERG1 (1BYW, N-terminal PAS domain, 

1-subunit). Cysteine residues relevant for oxidation sensitivity and histidine residues presumably 

responsible for hemin regulation are indicated. (B) Hypothetical structural representation of heme 

binding to histidine residues (H364) at S5 segment (2R9R, S5-S6 segment, 2-subunits) and histidine 

residues (H543 and H552) in the C-linker region (1Q3E, C-linker region, 1-subunit). 
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Based on this finding, we propose that hEAG1 channels harbor a high affinity and a low 

affinity hemin binding site (Fig. 45B). High affinity hemin binding histidine (H364) in the S5 

region is probably responsible for alteration of channel function. As described earlier 

(4.7.1.2), histidine H562 in the S5 region of hERG channel is known to form hydrogen 

bonding with threonine (T618) and serine (S621) in the pore helix. If we consider a similar 

mechanism existing in hEAG1 channels, hemin may interfere with the hydrogen bonding and 

alter the channel function. The low affinity binding site may include histidine H543 and H552 

in the C-linker region where heme probably binds but due to the presence of high affinity site 

we could not see functional role of these two histidines in patch-clamp method.  

It has been shown that the cNBD domain of CooA, a transcription factor from Rhodospirillum 

rubrum binds heme. This binding is mediated by cysteine (C75) and histidine (H77) residues 

and induces dimerization of 2 subunits. Carbon monoxide can bind to the heme site and 

known to activate the transcription factor (Lanzilotta et al., 2000). The mechanism of CO 

sensing is quite interesting. CooA is an equilibrium mix between the off- and on-states. In the 

off-state the N-terminus of one monomer coordinates the heme iron of another monomer. In 

the on-state the N-terminus dissociates thus enabling CO to bind. The freed N-terminus 

undergoes a large repositioning that facilitates the N-terminal segment to provide a bridge 

between the heme- and cNBD domains effectively holding the DNA-binding domain in the 

orientation required for DNA binding. These changes allow the movement of the C-helical 

interface and heme which triggers the tight CO binding (Poulos, 2007). A similar mechanism 

would be possible in case of hEAG1 channels. Our preliminary results on the effect of carbon 

monoxide on hEAG1 channels suggest that CO gas inhibits hEAG1 channels in excised cell 

free patches (data not shown).  

 

Fig. 46: Proposed model of action hemin on hEAG1 channels. (See text for details).  
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Based on this observation we propose a model that channels are probably inactive in the 

absence of heme and an active channel is produced when heme is bound to C-linker histidines 

(H543 and H552) which connects subunits. When excess heme is present, it probably targets 

S5 histidine (H364) which in turn alters the function probably by separation of the subunits. 

CO could bind to the heme which in turn makes channel inactive (Fig. 46). 

4.7  Possible physiological role of heme modulation of hEAG1 potassium channels 

As described in Section 1.2.3.1, EAG channels are predominantly expressed in neuronal 

tissues and probably play an essential role in neuronal signaling (Frings et al., 1998; Lecain et 

al., 1999; Ludwig et al., 1994; Occhiodoro et al., 1998). However, there are no reports about 

EAG-mediated currents in normal mammalian neuronal tissue and the physiological role of 

EAG in the central nervous system of mammals has still to be elucidated. The importance of 

EAG1 channel has been studied in other species. A role for EAG1 in neuronal function was 

first suggested by an ether-induced leg shaking phenotype associated with EAG, as well as Sh 

and Hk, mutants (Kaplan and Trout, 1969; Warmke et al., 1991). This observation showing 

physiological and behavioral defects in EAG mutants, demonstrates that the EAG channel is 

essential for neuronal function. A series of observations strongly implicate EAG channel 

involvement in learning and memory and mutation in EAG causes learning defects in 

Drosophila melanogaster (Griffith et al., 1993, 1994; Siegel and Hall, 1979).  

 

Fig. 47: Proposed heme binding sites in EAG channels of different species. Multiple sequence 

alignment of S5 segment (A) and C-linker region (B) of EAG channels of different species: hEAG1-

human EAG1; dEAG1-drosophila melanogaster EAG1; egl-2-caenorhabditis elegans EAG1 and 

zEAG1-zebrafish EAG1. Conserved histidines presumably responsible for hemin binding are marked 

green and cysteines are marked yellow. Alignments were performed using Clustal W (Thompson et 

al., 1994), protein-domain homologies and motifs predicted using the Prosite database (Bairoch et al., 

1996). 
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A study from our group provided evidence for the first time the role of EAG channels in zebra 

fish (Danio rerio) development. The functional properties of zebra fish EAG1 (zEAG1) in 

respect to Cole-Moore shift and Ca
2+

/ CaM sensitivity are essentially the same as human 

EAG1. We also found that zEAG1 is sensitive to hemin (not shown). Morpholino knock-

down of the EAG genes caused abnormal development, suggesting that EAG channels are 

essential for the development (Stengel et al. Unpublished).  

A study has identified behavioral phenotypes associated with EAG in other species. The C. 

elegans homolog of EAG, called egl-2, is necessary for proper egg-laying and muscle 

contraction as well as chemotaxic behavior to volatile odorants (Weinshenker et al., 1999). C. 

elegans is a heme auxotroph and known to be used as an excellent genetic model to identify 

the regulatory molecules and dissect the cellular pathways that modulate heme homeostasis 

(Rao et al., 2005; Rajagopal et al., 2008) There are 370 genes in C. elegans transcriptionally 

responsive to environmental heme (Rajagopal et al., 2008). Analysis of alignment of EAG 

channels from different species revealed that the S5 histidine and C-linker histidines are 

conserved (Fig. 47). It would be interesting in exploring the role of EAG channels in response 

to heme in these animal models. 

It has been described that under pathophysiological conditions, such as subarachnoid 

haemorrhage (SAH) and brain trauma, results in death or severe disability of 50-70% of 

victims. Delayed cerebral vasospasm, is the most critical clinical complication that occurs 

after SAH, known to be associated with both impaired dilator and increased constrictor 

mechanisms in cerebral arteries (Sobey and Faraci, 1998). Mechanisms contributing to 

development of vasospasm and abnormal reactivity of cerebral arteries after SAH have been 

intensively investigated in recent years. One of the major mechanisms that may contribute to 

vasospasm after SAH involves changes in activity of potassium channels in cerebral vessels. 

Cerebral vascular muscle is depolarized after SAH and this depolarization is probably 

contributes to vasoconstriction and, perhaps, vasospasm (Zuccarello et al., 1996; Harder et al., 

1987). Consistent with this, haemolysate extracted from isolated erythrocytes induces both 

depolarizations and contraction of the basilar artery (Fujiwara and Kuriyama, 1984). 

Depolarization of vascular muscle after SAH is most likely due to inhibition of potassium 

channels (Harder et al., 1987). From this observation we can speculate that heme mediated 

inhibition of EAG channels would contribute the severity associated with SAH. 
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The electrophysiological properties of EAG1 can control cell-cycle processes. Conversely, 

cell-cycle progression also affects EAG current. When EAG is heterologously expressed in 

Xenopus oocytes, which are physiologically arrested in the G2 phase during the first meiotic 

division, subsequent activation of mitosis-promoting factor (MPF) both relieves this arrest 

and reverses the rectification properties of EAG currents (Bruggemann et al., 1997). The cell 

cycle-related changes of EAG channels are presumably due to a reorganization of the 

cytoskeleton during the G2/M transition (Camacho et al., 2000). It has been described that 

heme controls the expression of cell cycle regulators and cell growth of human epithelial 

cervix carcinoma HeLa cells. Inhibition of heme synthesis by succinyl acetone caused cell 

cycle arrest and induced the expression of molecular markers associated with senescence and 

apoptosis, such as increased formation of PML nuclear bodies. More than 60% of the succinyl 

acetone-treated HeLa cells accumulated in the S phase of the cell cycle (Ye and Zhang, 2004). 

From this observation we can speculate that there may be a link between the heme deficiency 

and hEAG1 channel function and a possible involvement in cell cycle progression. 

5. Outlook 

Acute modulation of the A-type and hEAG1 potassium channels by heme greatly expands 

their functional repertories, allowing the channels to contribute to multitudes of physiological 

and pathophysiological phenomena. The knowledge obtained from studies of the modulator 

action of heme could contribute to rational design of therapeutically useful low-molecular-

weight compounds targeting pathophysiological states such as epilepsy and pain. Future 

studies should investigate the physiological significance of heme regulation of these channels 

in vivo.  
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7. Appendix 

Abbreviation 

wt    Wild type 

mt    Mutant 

pp-IX    Protoporphyrin IX 

GSH    Reduced Glutathione 

SEM    Standard Error of the Mean 

EGTA    Glycol-bis (2-aminoethylether)-N, N, N′, N′-tetraacetic acid 

Kv channel   Voltage-gated potassium channel 

EC50    Half-maximal Effective Concentration 

IC50    Half-maximal Inhibitory Concentration 

MP-11    Microperoxidase-11 

ROS    Reactive Oxygen Species 

HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HEK293   Human Embryonic Kidney 293 cells 

DTT    Dithiothreitol 

DTNB    5, 5′- dithiobis[2-nitrobenzoic acid] 

DTNP     2, 2′-dithio-bis [5-nitropyridine] 

Kv1.4-IP   Kv1.4 Inactivation Peptide 

PAS domain   Per-Arnt-Sim domain 

cNBD    Cyclic Nucleotide-Binding Domain 

MTSET    [2-(trimethylammonium)ethyl] methane thiosulfonate bromide 

MTSES    2-sulfonatoethyl methanethiosulfonate sodium salt 

CaM    Calmodulin 

ID    Inactivation domain 

EPR    Electron Paramagnetic Resonance 
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