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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 Kv1ï9 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 (Ad 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.  


