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1. Introduction

1.1 Heme and heme degradation products (HHDPsnd their physiological functions

Heme is the most ubiquitoasfactor found in nature and the méasictionally diverseHeme
plays an essential role in various biologioahctions, such as oxygeramsport, respiration,
drug detoxification and signal transduction (Ponka, 19%9nteracts with various inactive
apoproteins givingrise to functional hemgroteins.The ability of hemoproteindo catalyze
extremelydiverse reactions arises largelyrir theprotein environment in which the heme
molecule resides and specifically the natusé the hemeligands (Dawson, 1988)
Structurally, heme is a metaltmmpound composedf iron atom complexesith the
tetrapyrrolering protoporphyrinthrough its4 nitrogen atoms (Kaplan, 1977)he iron cergr
of heme exists in 2 stateist the ferrous statethe complex is called ferroprotoporphyrin or
heme and themolecule is electrically neutraind the ferric statethe complex is called
ferriprotoporphyrin or hemin, and the molecule carries a upibsitive chargeand is
consequently associated wah anion(Fig. 1).

Fig. 1: Schematic representation of heme and hemin.

Threetypes of heme are known in eukaryotes: protohemehantka, b andc (Tyler, 1992)
Protoheme is a pool asdociated ar s enly hoeseledssodiate@awith i s
proteins (i.e. tryptophapyrrolase) Badawy 1978 and is the precursor for the other tyjpés

heme. Hemé andc are essentially similar to protohenwith minor modifications Tyler,

1992. Hemoglobin cytochrome P450Catalase,and mitochondrial complexes Il and Ili
consist ofhemeb, while hemec is presentn cytochromec and cytochromel of complex 111,

Hemea, is synthesized frorprotoheme by two modificatis: farnesylation and addition af

formyl group to position 8 of the protohem®ldgi et al., 1994 Weinsteinet al., 1985

Subunit | of complex IVof cytochromec oxidaseconsist of wo groups of heme and a3
(Tyler,1992.
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1.1.1 Heme synthesis

Heme synthesiis a multistep process thatainly occursin liver and erythroid tissues where
most of the hemés incorporated into cytochrome P450 and hemoglobin. dceepted that
75-80% of heme is synthesized in bone marrow cells, and theisivessponsible fol5-20%
of heme produwon (Berk et al., 1976, 1979 Heme biosynthesis involves eight enzymatic
steps in the conversiaf glycine and succinycoenzyme A (CoA) to hemig. 2). The first
and last three enzymes in the pathway are located imitbehondra, whereas the other four
are in the cytosolWoodardandDailey, 2000) Heme synthesis begins with conddisa of
glycine and succinytCoA in mitochondria a reactioncatalyzed by the first enzyme in the
pathway,5-aminolevulinate synthase (ALASIn the final step ferrous iron is inserted into
protoporphyrin 1Xto form heme, a reaction catalyzed by the eighth enzyme ipattsvay,
ferrochelatase (also known as heme synthetasprotoheme ferrolyase)Kaplan, 1977;
Woodardand Dailey, 2000) Heme syrtiesized in mitochondria igen transported intthe

cytosolto bind to apeproteins ando form hemoproteingTaketani, 2005)

Regulation of heme synthesis differstie liver and erythroid tissuefegulation imeeedto
maintainrelatively low levelsof intracellular hemel n t he | i v eegulates the e e”
synthesis ob-aminolevulinate synthase (ALA$ Heme represses the synthesisALAS1

MRNA and interferes with the transport of thezyme from the cytosol into mitochondria
(May et al., 1995) Thedifferentiating erythroid cells must produce massive amounts of heme
during a short period to satisfy the needs of hemoglobinization. In erythroid precursor cells
the erythroidspecific ALAS2 isexpressed at higher levels than the hepatic enzymealand
pathway enzymes are induced via erythwgpacificregulatoryelementdocated in the send

of the mRNA Kayaet al., 1994)

1.1.2 Physiological functions of heme

Biological systemsdependon hemeproteins toserve severalessential functions for their
suwival. Hemeis required for a variety of henpgroteins, such as hemoglobmyoglobin,
respiratory cytochromes, the cytochrome PéB@ymes (CYBs oxidases, and catalasdsl
theseproteins are vital to processes such as oxygen transpahobiotic detgification,

oxidative metabolism, and thyroid hormone synthgksiftsoglouet al., 2006).

Heme has been shown to be a keydulabr of several processes at the transcriptidenzg|.
The first evidence that heme regulates transcription came from tfiecidochromec gene

(CYC1) of the electron transport chain in yedsanscription of CYC1 was reduced 2fi)d
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in cells grown in heme deficient conditiofi&uarenteand Mason 1983) In mammals,
respiration is transcriptionally controlled by the amourdwvailable hemeThe transcriptional
regulation of globin chain by heme is mediated through Bachl, the first mammalian
transcription factor shown to bind henBachl bind DNA and repressstranscription when

it is not bound to heme. Therefore Bachmiediated repression only occurs in low heme
conditions (Taharaet al., 2004 Sinclair, 2009. Heme has also been shown to repress
transcription of tartri@-resistant phosphatase (TRAR) ironcontaining protein that may

function in iron homeostasis (Reddial., 1996.

Another family of hemproteins is the hemeased sensor familyrheseproteins are key
regulators of adaptive responses to changing levels of oxggemon monoxide, and nitric

oxide More than 100 hembased sensors have been investigatdmhateria and mammalian

cells
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Fig. 2: Schematic diagram depicting heme homeostagmrthesis, degradation and regulation.

The hemebased sensors are categorized into 6 different types of-biexieg modules: the
hemebinding PAS domain, globiouplal sensor (GCS), CooA, heaNO-binding (HNOB)
domain, hemdbinding GAF domain, and herassociated ligantlinding domains (LBD) of

the nucleatreceptor class groug&illes-GonzalezandGonzalez, 2005)
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Heme also plays a regulatory role in maniysiologi@l processes including cejrowth, cell
cycle progression, cellular differentiation, gene regulation,mamtoRNA processingHeme
promotescellular differentiation in PC12 proeuronal cells and K562 erythroid celidense
and Zhang2006).In HeLacaner cells, heme directly controls the cell cy@ad promotes
cell growth by acting on two key cettycle regulators, cyclidependent kinases (CDKs) and
p53(Ye and Zhang2004)

1.1.3 Heme degradation

Heme is essential for life, but excess heme is toxic & déll. In order to maintain
intracellular heme at low levels, multiple mechanisms exist; one of the regulatory mechanisms
is catabolism of hemwhich produces biliverdin, CO, bilirubin and boxes (Fig. Rgme
oxygenase is the first and the rtmiting enzyme of the microsomal heme degradation
pathwaythat yields biliverdin, carbon monoxide (CO), aindn (Maines,1988) There are
threeforms of heme oxygenase (HGhe 33 kDa inducibleheme oxygenasg (HO1) is a
heatshock protein that is induced hgme, iron, heat shock, free radicals, and osftienuli in

a variety of cells, includingascular smooth muscle cellmacrophagedyrain microglia, and
participates in cellular defense mechanisms and its induction in mammalian calils is
indicator of oxiditive stresgMaines, 2000 Heme oxygenase2 (HO2), a 36 kDaprotein,
constitutivelyexpressed ira variety ofcells such aseuronsand vascular endothelial cells
confers neuroprotection in the developing bi@ftaines, 200R Hemeoxygenase (HO3), a
third isoform is not catalytically active, but is thought take partin oxygen sensing
(McCoubreyet al., 1997)

1.1.3.1Carbon monoxide

The carbon monoxide (CO) released directly fimeme during HO activity may function as a
solublesecond messenger molecuteal fashion similar to thizee radical gadl O {Vermaet

al., 1993).CO is the diatomic oxide of carbaand a colorless and odorless g&0 is
considered as‘as i | e nt nircredsd ire ambier@OAevelleads to human intoxication.
ElevatedCO concatration in the bloodstrearfacilitates binding of CO to normal adult
hemoglobin (HbA), formingCOHb, whichreduce the oxygen storage function of Hbend
causeshypoxia The brain and heart are the organs magherable to C@nduced acute
hypoxia, dued theirhigh demand for oxygefStewart, 1975Wu and Wang2005. In recent
years, several studies haxeported that CO is also generated endogenqusiguced and

that under specific pathophysiological conditions CO production is greatly increased. The
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predominant biological source of CO (> 86%) is from ¢atgabolismof heme by the enzyme
heme oxygenase (HO) with minor amounts formedijog peroxidation photooxidation
andxenobiotic metabolisn\Wu and Wang 2005).The production rate of CO is 36nol/h in

the human body (Coburn, 1970) and the daily production of CO is substantial, reaching more
than 12 ml (500 pmoljCoburn et al., 1965

Thereare wide rangesf physiological effects of CO documentedhe literatureCO can act
as an antinfammatory. It attenuates endotoxahock Qtterbein et aJ] 2000 and also
reduces allergic inflammatiomy blockingeosinophil flux and IE5 production(Chapman et
al., 200). CO protects againgschemia(Amersi et al 2002 and pancreaticf cells from

apoptosis(Gunther et aJ 2009. CO alsoprotects againgtyperoxia pre-exposure of a rat to
CO gas protected its lung from oxidative injStupfel and Bouleyl1970). CO modulate

spermatogenesis under conditions of sti@sawa et a] 2009 and alsoregulates blood

pressure under stress conditightotterlini et al, 1999.
1.1.3.2Iron

Little is known about the immediate consequence$iOftmediated iron release, nor the
immediate moleculaa c c e pt or o f". Itthds ibeen réporteipae ron releasedrom
hemeis mobilized intobone marrow for reincorporation into newly synthesized heme
mitochondria and the sa&lual iron is stored intransferrin extracellularly or, ferritin
intracellularly Freeform of iron can interact with kD, and producehydraxyl free radicals

which mayoxidize bilirubin, biliverdin or hemé@\agababwandRifkind, 2004)
1.1.3.3Biliverdin and bilirubin

Biliverdin and bilirubin released by breakdown dieme possess in vitro antioxidant
properties(Stockeret al., 1987). Tie hydrophobidilirubin is produced by the reduction of
water soluble biliverdin byhe cytoplasmicNADPH biliverdin reductasenzyme Tenhunen
et al., 1970).The immediate consequences of intracellddirubin formation are poorly
understood Bilirubin is generallyregarded as a toxic compound whaocumulated at
abnormally high concentrations biological tissues and is responsilfler the clinical
symptoms of kernicteru@Heirweghand Brown, 1982)The bilirubin formed in thevarious
tissues effluxes into blood san where it formsa complex with albuminlt is taken up by
hepatocytes by facilitated diffusion, stored in hepatocytes btmughlitathioneS-transferases

and which thenundergoes phadé glucuronidationby uridine diphosphate: glucoronosyl
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transferasgforming water soluble moranddi-glucuronides, which ardiminated by the bile
and feces\Wanget al., 2006)

1.1.3.4BOXes

A recentfinding of Clark and ceworkers (Kranc et al., 2000Clark and PyneGeithman,
2005) hasfoundthe existence of bilirubin oxidatioend productsabbreviatecas BOXegsee
also Fig 2). There are twasomers of the BOXes formed from the two endshef bilirubin

molecule (differing by the position @he methyl and vinyl groupsasBOX A and BOX B
(Kranc et al, 2000), lmwever, nasignificantdifferences in thebiologic activity of BOX A and
BOX B were observe. BOXes are found in the brain aftexperimental ntracerebral
hemorrhagdgClark et al., 2008)as well as clinically possubarachnoichemorrhaggSAH)

and are known to play arole in SAHinduced vasospasrand are vasoactiven Vivo,

constricting rat cerebral vesséPyneGeithmanret al., 2005).

1.2 lon channels

lon channels play rmimportant role m a wide range ofphysiological functions such as
generationof electrical activity in nerves and muscle, control of cardiac excitability,
intracellularsignaling, hormone secretion, cell proliferation, cell volume regulation, and many
other biological processesThese pordorming proteins allow the flow of ions across the
plasma membrae and are classified according to their s&ectivity for example sodium,
potassium calcium, chloride channelsAmong the entire ion chanrslpotassium channels
represent a largest group of ion chann@&lse K channel structures fall into three major
groups:comprising eithetwo passes (2TM), four passes (4TMjsix 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 &hbkoe d , | e a k
channels, (Goldstein et.aR001) and the very large group of 6TM channels are subdivided
into the families of voltagegated delayedectifier (Kv) channels, Ga-activated K channels,

hyperpolarizationand cyclienucleotide gated channelsyténan et al 2005).
1.2.1 Kv channels

Kv channels constitute about half of the knowhdkannels in the human genome (Gutman et
al., 2005).
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Fig. 3: Phylogenetic tree for the Kvi 9 and Ca*-activated channelfamilies. The ghylogenetic tree
treegraph2
(treegraph.bioinfweb.info) The International Union of Pharmacology (IUPHARHUGO Gene
Nomenclature Committee (HGN@ndcommonly usedchames are shown togeth&AG family and

was constructed
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assembldo a functiond channel (Doyle et al., 1998Kv channet are categorized into four
groups: (a) the Shaker/Shab/Shaw/Setdted familiesKvl.x (KCNAX), Kv2.x (KCNBX),
Kv3.x (KCNCx) andKv4.x (KCNDx), (b) the KCNQ sudfamily: Kv7.x, (c) Kv modifying
subfamily: Kv5.x (KCNFx), Kv6.x (KCNGXx), Kv8.x (KCNVx) and Kv9.x(KCNSx), and (d)
the EAG sukamily: Kv10.x, Kv11l.x and Kv12.XKCNHXx) (Gutman et al., 2005Fig. 3).

1.2.2 A-type potassium channks

By using time dependence as a basis for classification, Kv cugantse classifiethto two
categori es: sl ow “del ayed-typpeti tuer e&ntcu.rr
rectifier type possessedelayed onset of activation followddy little or slow inactivation,

while, A-type possessesapid rates of inactivation. Strong steatgte, voltagelependent
inactivation is a feature typical of-#pe currents. The inactivation of-#fpe potassium
channels can be divided into fast and slow prazegbioshi et al., 1990, 1991). The fast
inactivation is initiated by thefl e r mi nu s , and wassinaditiofi whilen a me d
the slow inactivation originally was suggested to be related to ttern@nus, and was
consequent-typeinacamanteido i*"C ( Ho s hi et -typd inactivatiod 9 0
i's due -andc haai“ndalmechani sm, the plugging of
with its N-terminus (Hoshi et al., 1990; Zagotta et al., 1990; Hoshi et al., 1991 ¥&)igN-

type inactvation is abolished by deletion or enzymatic removal of therkinus, and can be
restored byntracellularapplication of peptides derived from thet&minus of one of many

N-type inactivating channel@ntz et al., 1999Zagotta eta., 1990).A single inactivation

domain is sufficient to conferpe inactivation (MacKinnon et al., 1993; Lee et al., 1996).
Inhibition by 4aminopyridine (4AP) and insensitivity to extracellular tetraethyl ammonium
(TEA) ions are considered to be pharmacological hakmaf A-type currents (Thompson et

al., 1977) The Atype potassium channels were divided into 3 major tyf®s: Kv a1l . x
Shakerrelated: Kvl1l.4 (KCNA4), (b Kv a Shawrelated: KwB.3 (KCNC3), Kv3.4
(KCNC4) and (¢ K v oShatrelated: Kv4.1 (KCND1)Kv4.2 (KCND2), Kv4.3 (KCND3)

(Fig. 3 Al t hough only a | dsubunit ehdnneis wembrestratetypé Kv a
i nactivation on t hei r-subonisnwith aasumiar Nt iea rmybalf@y t d p
domai n may al so i nisuunito treate an Mype Kactivatinga-typel v «
channel (Rettig et al1994; Heinemann et all996)(Fig. 4A).
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Fig. 4: Architectures of A-type potassium channels(A) Representation adn a-subunitof Kvl.4
channelsléft) and delayed rectifiethannelsco-assemblé with anaccessorg-subunit(right). The N-
terminuso f K v 1 -sdbuni bedira Ball domairthatis responsible for fast fype inactivation.

(B) A simplified diagram illustrateshe N-type baltchain inactivation A-type channels arusually
silent at resting mebrane potentialsOn depolarization, the channels first open by transition of the
activation gate(s) and then enter a Kintng non-conducting state, the inactivated stafbe latter
resultfrom inactivation particle (balljhat binds to its receptor, once exposed by channel activation,
and thereby physically occludes the ion pore

1.2.2.1Kv1.4 potassium channel

The Kv1.4 gene was the first mammalian gene identified that encoded rapidly inactivating or
transient K channes. Kv1.4 exhibitsr a p i dand dhad-type inactivation gatingalong

with slow Gtype inactivation gatingStihmeret al., 1989;TsengCranket al., 1990). Kv1.4
channels ar@resent imerve terminalsaxonsand in many areas of the brain, includoglls

that secretglutamate and other excitatory neurotransmit{€igng et al., 1992)t has been
reported thaKv1.4 channelspresentin axonsand nerve terminals pis a vital rolein the
regulation ofpresynapticspike duration, Ca entry, and neurotransmittezlease (Lipton and
Rosenberg, 1994)
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In the hippocampusiv1l.4 immunoreactivity is detected at greatest densitwanregions: §)
the middle molecular layer (MML), where perforgmath axons synapse with dentate granule
cells, andlf) the stratum lucidun{SL) of CA3, where the mossy fibers traueltight fasciculi
and form en passante synapses onto @wamidal cells(Cooperet al., 1998)In a recent
study Priss et al2010) found temporalagedependenexpressionof Kvl1.4 with Kv1.1,
Kv1.2, andKv3.4 channelsduring postnatal hippocampal developméiltiis agedependent
expression is thought to link neuroraadtivity with hippocampal network maturatiokvl.4
channels are also expressed in small diametdragil C fiber)dorsal root ganglio{DRG)
neuronsand a great reduction in Kv1.4 expression ¥masd after nerve injuryRasbandet
al., 2001). Furthermore,Kv1.4 is coexpessed with TRPV1, TRPVand cannabinoid
receptos 1 (CB1) innociceptive DRG neuronsnd probably playsa role in pain signaling
(Binzenet al., 2006) In addition, Kv1.4 channed may underlie the transiemutward K
current (Ito) in cardiac muscland contributeto the initial repolarization phase of cardiac

action potentiad (TsengCrank et al., 1990
1.2.3 The EAG family

The term EAG &nds forEthera goego asthe gene asriginally identified in Drosophila
melanogastemutants that exhibit leghaking behavior under ether anesthesia (Kaplan and
Trout, 1969). This shaking movement was similar to a dance performed in the late 60s at the
popular nightclub in West Hollywood, the Whiskst Go-Go. Theidentity 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, 18@®cular stidies and
sequence comparison resulted in the classificatidBAddb into a distinct potassium channel
group: the EAG family. The EAG family consisting of 3 damilies @ EAG (b) EAG-

related gene (ERG) and)(EAG-like K™ channel (ELK)(Fig. 3). The fird cloned mammalian

EAG channels were the mouBAG1 and the huma&BRG1 (HERG) channel (Warmkand
Ganetzky 1994).The EAG family comprises of 8 channelsvo EAG (EAG1: Ludwig et al.,

1994; EAG2: Saganich et al., 1999), thr&RG (ERGL: Sanguinettiet al, 19%; ERG2,

ERG3: Shi et al., 1997) and thr& K channels (Engeland et al., 1998; Shi et al., 1968).

3).

1.2.3.1EAG1 potassium channel

EAGL1 is the founding member of thEAG family, which contain a PeArnt-Sim (PAS)

domain in the Nlerminus (Morais Cabtat 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 chanrterbors3 calmodulirbinding motifs in the N and -C
terminus(Fig. 5).

Fig. 5. An overview of the EAG channel.Schematic representation@$in g | e h-BubGBILSl-a
S6represents transmembrane helices. Thardl Gtermin are believed to be located intracellularly.
Characteristic domains areAS PerArnt-Sim domaincNBD: cyclic nucleotide binding domaiBD-

N, BD-C1andBD-C2: Calmodulin linding sites, C-linker: The linker between the last transmembrane
segment (S6 gate) actiBD domain.

Mammalian EAG1 channels activate slowly and do not inactivate during a sustained
depolarization. Moreover, voltage dependent activation of EAG channektraagly
dependent on the holding potential and the time course of the activation is slowed down by
negative prepulses, an effect similar to the @dtore shift (Ludwig et al., 1994). In
addition, activation slows down further in the presence of exird@eMg’" in the millimolar

range (Terlau et al., 1996)his ColeMoore shift of EAQ currents is so distinctive that its
occurrence is a strong indication for the presence of n&A®1 channels (Meyeland
Heinemann,1998). Pharmacologically, EAG@hamels aresensitive to B& and quinidine
(Ludwig et al., 1994) anakxhibit very low sensitivity to classical channel blockers like
tetraethyl ammonium (TEA) or-dminopyridine or the HERG bloak 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 -etldeiced 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 pigisall

and behavioral defects in EAG mutaift¥armke 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 hipposampocortex,
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
hybridization studies have detect&d\G1 transdpts predominantly in the hippocampus,
cerebral cortex, olfactory bulb and granular layer of the cerebelluaduft rats (Ludwig et

al., 2000; Saganich et al.,, 2001). A study by Gorvé&rela et al has visualized the
endogenous EAGL1 channels entering Baving synapses by lateral diffusion in the plasma
membrane of rat hippocampal neurons by using a specific extracellular antibody and single
particletracking techniques with quantum dots nanocrystés provided first evidence of

the realtime visuaization of an endogems EAGL1 channels in neurons (BGezVarela et al

2010).

EAGL channels maye involved in auditory transduction in the cochlea. Rat EAGRNA

has been detected in the organ of Corti and in the fibrocytes of the spiral ligamentn(keécai

al., 1999). However, no genetic deafness or hearing impairments have yet been linked to the
human EAQ gene. EAQ also may play a role in phototransductionsitu hybridization of
bovine retinal tissue localizes tvadternatively splice@AG1 channétranscripts (EAG1 and
bEAG2) to photoreceptors and retinal ganglion cells (Frings et al., 1998y probably
contribute to aroutward K current, named IKx, which stabilizes the dark resting potential
and accelerates the voltage response to smalbghoents (Beech and Barnes, 1989). HAG
channels were described for differentiating human myoblasts. Undifferentiated myoblasts
have a resting membrane potential of abal@ mV, which upon transient expression of a
nonrinactivating K current IK(ni), caried by human EAG1 channelsauses hyperpolarizion

of the membrane of about30 mV, resulihg in induction of myoblasts differemtiion
(Occhiodoro et al., 199&auer and Schwarz, 2001).

Apart from their physiological function, EAGchannels were abnwoally upregulated in
many cancer cells while absent from the corresponding healthy tissues. These include breast
carcinoma lines (MCF7, EFM9 and BTF474), cervical carcinoma (HelLa) and

neuroblastomas (Pardo et al., 1999; Meyer and Heinemann, 1998)pmata(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 EAG channels are transfedt¢o CHO cellgheyresult in tumor growtlin
xenograft mouse modeincreasecdcell proliferation rate, and oncogenic properties such as
loss of contact inhibitiorand substrate independence (Pardo et al., 1999). The specific
blockade of hEAG1 by monoclohantibodesinhibited tumor cell growt bothin vitro andin

vivo (GomezVarela 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
diagnosisPardo et al., 2005).

1.3 Interaction of ion channets with hemeand heme degradation products

The past few years have witnessed intense researdéboological significance dfemeas
an essentiabn channemodulator.The first report came i@003whenT. Hoshi laboratory
found that heme can bind and inhibit voltegged largeconductance calciuractivated
(Slol) potassium channeldang et al., 2003)Thesechannelsare expressed in almost every
tissue in our bodyndare essential for the regulatiohseveral key physiological processes
including neuronal excitability, vascular tone regulation, and neurotransmitter ré¢léasest
al., 2009).The interactionof heme with the channelasmediated by a classiceytochromec
hemeb i ndi ng xx@eélt iedpnt ih €heinker segment betweethe regulator of K
conductancéRCK) domains(Tanget al., 2003). Mutation in thpotentialhemebinding site
(C615S or H616Rr C615S:H616Rrendered thehannel insensitive to henf€anget al.,
2003;Jaggaret al.,2005).The inhibitory effect was quite potent; thesj@alue was~70 nM

in the absence of cytoplasmic CaThe concentration dependence sugegktitat the Slol
channel is more sensitive to heme thantthascription factors HAP1 and Bacfdhangand
Hadh, 1999;0gawaet al., 2001).

The heme degradation product carbon monoxide also modulategt®lotelfunction. CO
causegelaxation of vascular smooth muscle tone by interacting with Slol chaiWiatsg

and Wu, 199Y. A recent study by bu et al reveakd the mechanism of CO modulation of
Slol channeal CO gas and the CO donor (CORM2) consistently and repeatedly increased
open probability oSlolchannels in HEK 293 cell§he stimulatory action of CO on the Slol

BK channel requires an aspartic acid awo histidine residues located in the cytoplasmic
RCK1 domainHou et al., 2008).
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Another study also revealed that tbdirubin oxidation end products (BOXesjltered
functional properties of th8lo1 channel Application of BOXes to the cytoplasmic sidéa
membrane patchontaining Slol channels progressively decreased the cufiemtchannel
sensitivity to BOXes requires two specific lysine residues located downstream of the S6
transmembrane segment in the primary sequétace et al., 2010)

1.4  Objectives

The discovery of heme modulation of Slol potassium channels opened a new age of heme
signalingand also openegotentialy hi ghl y si gni fi c a.Atthisstage afs o f
our understanding, two questionsos®. First,does heme modulate other ion channels?

Secondwhat is the mechanism of hemmdiatednodulation of ion channe?s

To addresghese questionsve sceenedseveralvoltagegated potassium channels for heme
effect using the patcitlamp technique (insideut). We found that two voltage gated
potassium channels are modulated by heme: Kv1.4 and hEAG1 potassium chéarinéls

a rapidly inactivatingA-type potassitm channel present inthe hippocampus, DRG neurons
and heartOur study indicates that heme/hemin selectively interfere the fast inactivation of
Kv1.4 channelsThe following poirts were addressed in this study: (aam@cteriation of the
hemehemineffects on th&kv1.4 channel, f) Elucidaion of the molecular loci requirecbf
thehemechannel interactiorand €) Investigaion of whether heme/hemin confers sensitivity

to otherA-type potassiunchannes.

It has been reported thegversible inding of hene to the hemeegulated initiation factor
el~2 alpha kinase (HRI) involved in genomic actions of heme, is dependent on its cysteine
residues, potentially causing their oxidation (Yang et al., 198Rylies on Kv1.4 channels
suggest that a syeine residue inside the ball domain is known to be responsible for redox
regulation of fast Nype inactivationRuppersberg et al., 1991; Stephens et al., 1996; Rettig
et al., 1994 This observatioprompted us tgtudythe role ofcysteine residues InEAG1 for

their redox modulation by sulfhydryhodifying (SH) reagents T h e-sulmunits of hEAG1
channels harbor 19 cysteine residukat are distributed throught the major cytosolic
domains such as PAS domainjifker and CNG binding domainOur study indicates that 4
critical cysteines in the N and-€@€rminus are respoitde for hEAG1 functionSubsequently

we daracteried the effects heme/hemin on the hEAG1 chasiaeld elucidaté the gating
transitions regulated by hemim addition, we analyzethe molecular loci required for the
heminhEAG1channel interaction.



