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ABSTRACT

The inactivation gating of hERG channels is important for channel function and drug-

charurel interactions. Whereas open hERG channels are highly selective for K*, we have

found that inactivated hERG channels allow Na* to permeate in the absence of K*. this

provides a novel way to directly monitor and investigate hERG inactivation. By using the

whole cell patch clamp method with an intemal solution containing 135 mM Na* and an

external solution containing 135 mM NMG+, we recorded a robust Na+ current through

hERG channels expressed in HEK 293 cells. Kinetic analyses of the hERG Na* and K*

currents indicate that the channel experiences at least two states during the inactivation

process, an initial fast, less stable state followed by a slow, more stable state. The Na*

current reflects Na* ions permeating through the fast inactivated state but not through

either the slow inactivated state or open state. Thus, the hERG Na+ current displayed a

slow inactivation as the channels travel from the less stable, fast inactivated state into the

more stable, slow inactivated state. Removal of fast inactivation by the 56314 mutation

abolished the Na+ current. Moreover, acceleration of fast inactivation by mutations

T623A,F627Y and 5641A did not affect the hERG Na* current, but greatly diminished

the hERG K+ current. We also found that external Na* potently blocked the hERG

outward Na* current with an IC5s of 3.5 mM. Mutations in the channel pore and 56

regions, such as 5624A, F62lY, and 56414, abolished the inhibitory effects of extemal

Na* on the hERG Na+ current. Na* permeation and blockade of hERG channels provide

novel ways to extend our understanding of the hERG channel gatingmechanisms.

vlll



I. INTRODUCTION

hERG (human ether-a-go-go-related gene) encodes a voltage-gated K* channel that is

expressed in a number of cell types including neurons, cardiac myocytes and tumor cells

(Sanguinetti et al., 1995; Trudeau et a1.,1995; Faravelli et al., 1996; Bianchi et al., 1998).

In the heart, hERG channels conduct the rapidly activating delayed rectifier K* current

(I¡ç) which is important for cardiac repolarization (Sanguinetti and Jurkiewicz, I990b;

Sanguinetti et al., 1995). Reduction of I¡ç, due to mutations in hERG or drug block slows

repolarization, causing long QT syndrome (LQTS) and sudden cardiac death (Keating

and Sanguinetti, 2001).

The hERG K* channel belongs to the voltage gated K* channel superfamily. Thus, the

opening of the channel is induced by cell membrane depolarization. Once open, hERG

channel's conductance reduces even though the activating voltage is maintained. This

reduction in conductance during the maintained activating voltage is called inactivation.

The inactivation of hERG channels is fast and strongly voltage dependent. The

inactivation of hERG is of physiological and pharmacological significance.

Physiologically, the fast voltage-dependent inactivation limits outward current through

the charurel at positive voltages and thus helps maintain the action potential plateau phase

that controls contraction and prevents premature excitation. Pharmacologically, hERG

inactivation gating is involved in high affinity binding of many diverse drugs to the

channel. Despite its importance, the inactivation of hERG is currently not well

understood.



The inactivation of hERG channels resembles the C-type inactivation of Shaker K*

channels in its sensitivity to extracellular K* concentration and TEA*, and to mutations in

the P-loop (Hoshi et al., 1991; Smith et al., 1996; Schönherr and Heinemann,1996;Farr

et al., 1999). The C-type inactivation of K*channels is not well understood, and seems to

involve either multiple mechanisms or a single mechanism with multiple steps (Olcese et

al., 1997; Yang et al., I997b; Loots and Isacoff, 1998; Kiss et al., 1999; Wang and

Fedida, 2001). For example, Loots et al. has shown that C-type inactivation involves a

faster closing of the channel pore and a much slower gating charge immobilization (Loots

et aL,1998). To describe the complexity of the C-type inactivation process, the term P-

type inactivation has been used to refer to the initial closure of the channel pore, and the

term 'C-type inactivation' has been assigned to specifically mean the stabilized

inactivated conformation of the channel (De Biasi et al., 1993; Loots et al., 1998). In this

concept, P-type inactivation appears to occur in a limited region of the channel pore and

eliminate K* current without inducing substantial conformational changes in the channel.

Recently, Berneche and Roux showed that the selectivity filter of the K* channel can

undergo a transition involving two amide planes of one subunit (Val76-Gly77 and Th75-

Yal76 in KcsA), which breaks the 4-fold symmetry of the tetrameric channel and

contributes to the channel inactivation (Berneche and Roux, 2005). It has been shown

that gating charge of 'P-type inactivated' channels is not immobilized (Yang et al.,

1997b). 'C-type inactivation' *ay reflect a stabilized P-type inactivation, involving a

fuither conformational change of the channel pore that stabilizes the 54 segments in the

activated or outward position (Olcese et al., 1997; Wattg et al., 2001). Consistent with

this notion, Yang et al. presented evidence that P- and 'C-type' inactivations are different



from each other (Yang et al., I99lb). They showed that the 'non-conducting' W434F

Shaker mutant is in a permanently inactivated state (P-type) but not in a permanently

charge-immobilized ('C-type') state. However, most data of ionic current analyses from

Kv channels are not sufficient to differentiate P- from 'C-type inactivation' because both

of them are non-K* conducting states.

Studies on Shaker, Kv2.l and Kv1.5 K* channels have revealed that these channels

become Na* permeable during inactivation in the absence of K* (Kom and Ikeda, 1995;

Starkusetal., 1997b; Starkusetal., 1998;Kissetal., 1999;Wangetal.,2000). Ithas

been proposed that during C-type inactivation the channels undergo three conformational

states: an initial open state that is highly selective for K*, an intermediate inactivation

state that is less permeable to K* but more permeable to Na+, and a final more stable

inactivation state that is nonconducting (Loots et al., 1998; Starkus et al.,1997b; Kiss et

al., 1999;' Wang et al., 2000; V/attg et al., 2001). Since hERG inactivation resembles the

C-type inactivation of Shaker channels (Hoshi et a1.,1991; Smith et al., 1996; Spector et

aI., 1996; Schönhen et al., 1996), we proposed that the hERG channel allows Na* to

permeate during the inactivation process. With an intracellular solution containing 135

mM Na* and an extracellular solution containing 135 mM membrane-impermeable

NMG*, we have recorded a robust Na* current. Gating kinetic and mutational analyses

suggested that the hERG channels undergo at least two inactivation steps. The less stable,

P-type inactivated state is quickly reached upon depolarization, and is followed by a slow

entry into the more stable 'C-type' inactivated state. The P-type inactivated state is the

Na* permeating state, while the 'C-type' inactivated state is nonconducting. Since



inactivated channels are not K* permeable, directly monitoring inactivated hERG

channels by Na* permeation would provide a novel way to extend our understanding to

hERG function and drug-hERG interactions.



II. LITERATURB REVIE\il

l. Introduction

HERG (human ether-a-go-go-related gene) was cloned from human brain in 1994

(Warmke and Ganetzky,1994). This discovery can be traced back to the study of a funny

behavior of the mutant Drosophila. Flies with a K* channel mutant phenotype exhibited a

twitching behavior that resembled the action of a go-go dancer when the flies were

anaesthetized with ether. Thus the mutant phenotype was called ether-a-go-go (EAG)

(Kaplan and Trout, III, 1969). Studies of heteroexpressed EAG in frog oocytes indicated

that EAG encodes a functional K* channel (Bruggemann et al., 1993; Ludwig et a1.,

1994). Soon after, Barry Ganetzky and Jeff Warmke screened a human hippocampal

cDNA library and found an EAG-like gene expressed in human tissue, which was named

hERG, human EAG-¡elated gene (Warmke et al, 1994). It soon became the focus of

research interest since inherited mutations in hERG was found to cause chromosome-7-

associated long QT syndrome (LQTS), a disorder of myocellular repolarization that

predisposes affected persons to life-threatening ventricular tachyanhythmia and sudden

cardiac death (Cunan eI al., 1995; Keating et al., 2001). Currently, there are about 200

LQTS-associated mutations in hERG that have been reported. Approximately 1 in 5000-

10,000 people is affected by LQTS-causing mutations in hERG and another K* charurel

gene, KCNQI (Modell and Lehmann, 2006).

Soon after the protein \¡/as expressed in Xenopus oocytes, hERG was found to encode the

pore-forming subunit of the voltage gated K+ channel that conducts the rapidty activating



delayed rectifier K* current (I¡ç,) (Sanguinetti et aL,1995; Trudeau et al., 1995).I¡ç, plays

a critical role in cardiac repolarization. Reduction of Ir, due to mutations in hERG or

drug blockade of the channel causes LQTS and even sudden death (Haverkamp et al.,

2000). Compared to LQTS caused by mutations in hERG (inherited LQTS), LQTS

caused by drug block (acquired LQTS) is far more frequent and is a side effect of a

variety of common medications such as some antianh¡hmic agents, antihistamines and

antibiotics. In theory, a reduction of any voltage gated K* current that contributes to

ventricular repolarization could cause LQTS. However, almost all of drugs that are

known to cause LQTS preferentially block hERG channels (Mitcheson et al., 2000;

Roden et aI., 1996), and hERG blockade by different drugs represents a significant

problem in drug safety. Thus, it is of great interest to understand the structural

determinants for hERG channel function and drug-hERG channel interaction.

2. Role of hERG K* channels in the heart

hERG encodes a voltage gated K channel that is expressed in multiple tissues and cell

types including neural (Warmke et a1., 1994), smooth muscle (Fanelly et al., 2003),

cardiac (Sanguinetti et al., 1995; Trudeau et al., 1995; Faravelli et al., 1996) and tumor

cells (Chiesa et al., 1997; Smith et al., 2002). The role of hERG is best understood in

regulation of cardiac function. As a member of voltage gated K* channels, hERG plays

an important role in maintaining the cardiac action potential. Cardiac action potential was

originally defined as the electrical events to initiate cardiac contraction. It's a rapid

change in the membrane potential followed by a retum to the resting membrane potential.

The duration of the action potential usually parallels the duration of the cardiac



contraction. Action potentials are generated by voltage-dependent ion channels. The size

and shape of action potential are determined by the population of the channels. The

various phases of the cardiac action potential are associated with changes in the

permeability of the cell membrane, mainly to potassium, sodium, and calcium ions.

Under physiological conditions, the concentration of potassium ions inside a cardiac

muscle cell is far greater than the concentration outside the cell. The reverse

concentration gradient exists for sodium and calcium ions. Hence, K* tends to diffuse

from the inside to the outside of the cell in the direction of the K* concentration gradient.

However, many of the anions, such as proteins, inside the cell, are not free to diffuse out

with the K*. Therefore, the K* diffuses out of the cell and leaves the impermeant anions

behind. The deficiency of cations then causes the interior of the cell to become

electronegative which opposes positively charged potassium ion to flow the outside of the

cell. Therefore, two opposing forces are involved in the movement of K* across the cell

membrane. A chemical force based on the concentration gradient results in net outward

diffusion of K*. The counterforce is the electrical potential difference. When the two

forces are equal, there is no net force on the K* ion. The electrical membrane potential at

which there is no K* flow is called the potassium equilibrium potential (Er) or reversal

potential. For mammalian myocardial cells, the calculated value of Er equals about -95

mV. As for sodium ions, the intracellular Na* concentration is much lower than the

extracellular concentration. The sodium equilibrium potential, E¡u, is about 70 mV. This

is to mean that at cell membrane potentials less than 70 mV, Na* tends to flow inside the

cell from outside. At the resting membrane potential since Na* channels are not open,

diffusion of Na* is very limited. On the other hand, since one type of K* channels are



open, diffusion of K* is optimized. The major portion of the resting membrane potential

is a result of the diffusion of Na* and K* down their electrochemical potential gradients,

with each ion tending to bring the membrane potential toward its own equilibrium

potential. When the balance is reached, there is no net ion flow in the resting cell. This

equilibrium potential for resting cell is called resting membrane potential (Er). E* is

about -80 mV in myocytes. The relationship of Er, ENa and E'n is illustrated in scheme 1.

ENu +70 mV

0mV

þ.0",*,,",,""

epolarization

-80 mV

-95 mV
J 

*rrn.*o tarization

Scheme 1. The relationship of E¡¡, ENa and En'. The arrows indicate the directions of

the membrane potential changes upon depolarization or repolarization.

Whereas ions are differently distributed across the cell membrane, only ions that

membrane allows to permeate determine the membrane potential. When cell membrane is

excited and Na* channels open, a large amount of Na* ions flowing into the cell would

cause the membrane potential to increase from E. (-80 mV) toward ENu (more positive



potential). This change in potential is a depolarization because it decreases the potential

difference, or polarizafion, across the membrane. Conversely, when K* channels are

open, a large amount of K* ions flowing out of the cell would cause the membrane

potential to decrease toward E¡ç. This change in potential is a repolarization which

increases the polarization of the membrane. Any flux of K* takes place mainly through

specific K* channels. Several types of K+ channels exist in the cardiac cell membrane.

The K* current conducted by these K* channels contributes to shaping the cardiac action

potential including the transient outward current (I1o), the delayed rectifier repolarizing

current consisting of the rapidly (I¡ç, encoded by hERG) and slowly (I¡ç, encoded by

KvLQTI + minK) activating components (Sanguinetti and Jurkiewicz, 1990a) and the

inward rectifier Iç1 current. These K* currents are encoded by different genes and flow

through different types of K* channels. The sequential open of these distinct K* channels

over different time frames represents a system to control and ensure the repolarization of

the cell. For example, the class of K* channels that open first during action potential is

rapidly activating and inactivating K* channels. This type of K* channels open quickly in

response to the depolarization of the membrane potential and also close rapidly once the

channels open even though the cell maintains the positive membrane potentials. In this

case, the channel only allows a transient outward K* current (16) to flow out. This

transient efflux of K* ions causes a brief period of early repolarization of the action

potential. Then the delayed rectifuing K* channels open, which conduct two different

components of K* currents, the rapidly (I¡ç, encoded by hERG) and slowly (Irc, encoded

by KvLQTI + MinK) activating components. IKs occurs later than Iç,, but lasts longer



than I¡çr. The properties of this type channels, especially hERG channels, will be

discussed later.

There are five distinct phases (Phases 0 to 4, scheme 2) involved in the cardiac action

potential. The rapid upstroke of the action potential caused by inward sodium current is

designated phase 0. The upstroke is followed immediately by a brief period (a few

milliseconds) of partial, early repolarization caused by the transient outward K* current

(It") flowing through fast activating and inactivating K* channels. This brief

repolaÅzation is represented by a notch between the end of the upstroke and the

beginning of the plateau. During the plateau phase þhase 2), the inward Ca2* currents

acts as the depolarizing force while the outward K* currents act as the repolarizing force.

The balance between the inward and outward currents maintains the plateau phase which

persists for about 0.2 seconds. The membrane then repolarizes (phase 3) to the resting

membrane potential. The phase 3 repolarization starts when the efflux of K* begins to

exceed the influx of Ca2*. Repolarization develops more slowly than does depolarization

(phase 0), which makes the cardiac muscle refractory to prematwe excitation. The I¡ç,

conducted by hERG channel is one of the most important component of phase 3 (scheme

2) (Sanguinetti et al., 7995; Trudeau et al., 1995). In ventricular myocytes, phase 4

represents the resting membrane potential until the next action potential.

10
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HERG has unusual kinetics characterized by slow activation and deactivation, but rapid

inactivation and recovery from inactivation (Sanguinetti et al., 1995; Trudeau et aL,1995;

Zhou et al., 1998). At resting membrane potential (for example, -80 mV), hERG channels

are closed. Depolarization more positive than -60 mV in phase 0 activates hERG

channels to open state. However, the channel will also automatically close at a higher rate

than channel opening at voltages > -20 mV. This channel closing process during the

maintained depolaúzation is called inactivation. Thus, in the plateau phase when the

membrane potential is above -20mV, hERG channels are inactivated, which reduces

outward K* currents and contributes to the characteristic long plateau phase of the cardiac

action potential. When the potential progressively decreases below -20 mV, hERG

channels quickly recover from inactivation state to the open state, which induces a fast

increase of conductance of hERG charurels which effectively repolarizes the cell

membrane to the resting level. Then hERG channels slowly close from the open state due

to the membrane potential approaching to the resting level. This channel closing process

is called deactivation which is slower than hERG recovery from inactivation and voltage-

dependent.

3. Inherited LQTS caused by hERG mutations

Cardiac arrhythmias are one of the major causes of death in the developed world. They

are most commonly associated with heart disease during, for example, a myocardial

infarction or in hypertrophied and/or failing hearts. Anhythmias are also characteristic of

the relatively rare congenital long QT syndromes, which is an inherited condition

associated with prolongation of the QT interval on the surface electrocardiogram. The

t2



surface electrocardiogram is recorded by placing electrodes on the body surface. The

relative magnitude and direction of each voltage deflection is dependent on the precise

placement of the electrodes on the body. Typically, the first deflection (P wave) is

upwards and reflects atrial depolarization. The second component usually consists of a

small negative deflection (Q wave), followed by a large positive deflection (R wave) and

a small negative deflection (S wave). The QRS complex reflects ventricular

depolarization. The third major component is a broad positive deflection (T wave) that

reflects ventricular repolarization. The QT interval is defined as the time interval between

the onset of the QRS complex and the end of the T wave (scheme 3) and therefore,

includes both the ventricular depolarization and repolarization intervals. Because of

hERG's significant role in cardiac repolaÅzafion, reduction of hERG current could

prolong the ventricular action potential. Since the QT interval reflects the duration of

individual action potentials in cardiac myocytes, prolongation of the action potential

duration will result in a prolonged QT interval. One of the criteria for diagnosing long QT

syndrome is a QT >440ms. Mutations in hERG gene have been identified for congenital

long QT syndrome, which is associated with an increased risk of an unusual life-

threatening form of anhythmia known as torsade de pointes (TdP). TdP is a distinctive

polymorphic ventricular tachycardia characterized by QRS complexes of changing

amplitude and contour that appear to twist about the isoelectric line. This anythmia can

be self-limiting or can degenerate into ventricular fibrillation, which will rapidly lead to

death (Schwartz, 1997).

13
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In addition to hERG, mutations of other channel genes have also been identified for

inherited LQTS. KCNQ1 (also known as KvLQTI) (Wang et al., 1996a) encodes the a,-
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Irr. Mink is the B- subunit associated with KCNQ1 to form functional channels mediating

I¡ç, (Barhanin et al., 1996; Sanguinetti et al., 1996b). Mutations in the Na* channel gene

SCN5A can also result in inherited LQTS (Wang et al., 1995). Among all genes

associated with the inherited LQTS, mutations in hERG account for 45Yo.

Most hERG mutations disrupt the proper folding of the subunits and trafficking of the

channel to the cell surface membrane (Furutani et al., 1999; Delisle et al., 2004). Mutated

and misfolded hERG proteins usually can not be transported to the cell surface membrane

and are retained in the endoplasmic reticulum as the core-glycosylated premature form of

the protein (Roden and Balser, 1999). These premature proteins are rapidly degraded by

the ubiquitin - proteasome pathway (Gong et al., 2005). Some other mutations cause

LQTS by altering hERG gating, such as accelerating inactivation Q.üakajima et al., 1998),

or causing dominant negative suppression when mutant and wild-type subunits

coassemble (Sanguinetti et al., 1996a; Kagan et a1.,2000). In summary, all of the hERG

mutations cause inherited LQTS by reducing I¡ç, curent.

4. Acquired LQTS caused by drug-induced block of hERG channels.

While the congenital LQTS is relatively rare, acquired LQTS caused by a variety of

coÍtmon medications (Tristani-Firouzi et al., 2001) is far more frequent. It is interesting

that nearly all known drugs that cause LQTS preferentially block the hERG channel

(Roden et al., 1996; Mitcheson ef a1.,2000). However, the mechanisms of drug-hERG

interactions are not well understood and are of significant interest for drug safety. Site-

directed mutagenesis has identified residues TI'ff-623, Ser-624, andYaI-625 in the pore
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helix and aromatic residues Tyr-652 and Phe-656 in the 56 transmembrane segment of

hERG subunits to be important molecular determinants for high-affinity drug binding to

hERG channels (Lees-Miller et a1., 2000; Perry et a1.,2004).In addition to the structural

determinant residues, the inactivation gating of hERG seems also important for high-

affinity drug binding (Ficker et al., 1998; Zhang et al., 1999). For example, the

structurally related EAG channel that has the tyrosine and phenylalanine residues

equivalent to Tyr-652 and Phe-656 and has the residues equivalent to Thr-623, Ser-624,

and Yal-625 of hERG but does not inactivate, is not sensitive to the hERG blocker

dofetilide. Sensitivity to block by dofetilide was introduced when the EAG channel was

made capable of inactivating by mutations (Ficker et al., 2001). In addition, mutations

that disrupt inactivation reduce the potency of blockade by various compounds (Ficker et

al., 1998; Zhang et al., 1999). Recent studies, including ours, further suggested that it is

the positioning of the aromatic residues in the 56 segment, not inactivation per se, that

dictates the sensitivity of hERG to cisapride (Chen et a1.,2002; Lin et al., 2005). This

result is consistent with our recent study on cocaine block of hERG channels. 'We 
have

found that the inactivation gating and cocaine block are not coupled (Guo et a1.,2006).

In addition to direct block of hERG, some drugs have been recently identified to induce

LQTS by disrupting hERG traffrcking. It was reported that blockade of the ATPase

activity of Hsp90 by geldanamycin resulted in the immature, core-glycosylated form

hERG protein being retained in the endoplasmic reticulum (ER) (Ficker et al., 2003). It

was also found that geldanamycin prolongs the action potential duration and reduces Ir,

without affecting other cardiac potassium currents such as IK5 and Içu¡.
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Pentamidine, a drug used to treat leishmaniasis and trypanosomiasis, can cause QT

prolongation and TdP.It was found pentamidine disrupts hERG trafficking characteized

by the absence of the fully mature protein on Western blot (Kuryshev et al., 2005).

5. The gating properties of the hERG channel

A structural model of hERG based on crystal structures of bacterial channels KcsA,

KvAP and MthK (Doyle et a1., 1998; Jiang et al., 2002b; Jiang et a1.,2002a), indicates

that hERG is formed by the coassembly of four identical subunits, each containing of six

o, helix transmembrane domains, 51-56 (scheme 4). The 55, pore helix and 56

transmembrane domains compose the K*-selective pore domain. The S1-S4

transmembrane domains comprise the voltage-sensing component of the channel. The 54

is by far the most important part of the voltage sensor, with several positively charged

amino acids spaced three residues apart. Some of the basic residues in 54 also interact

with the few acidic residues located in the 52 and 53 transmenbrane domains. The hERG

protein is composed of 1159 amino acids with both extended N- and C- termini in the

intracellular side. Different from most other voltage-gated K* channels, hERG activates

slowly and inactivates rapidly. The regions thought to be important for slow activation

and deactivation include the N+erminal PAS domain (Scheme 4), the S4-S5 linker and

the end of the 56 domain. The structural basis for rapid inactivation is unknown, but it is

presumed to be somewhat similar to the C-type inactivation, involving residues

interactions between 55 and the pore loop.
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Inactivation

Scheme 4. Diagram of a single hERG subunit containing six o-helical

transmembrane domains, Sf-S6.

Previous studies on K" channels suggested the existence of an intracellular activation gate

whose opening allows the entry of ions or drugs into the inner channel pore (Armstrong,

1971). Similarly, hERG possesses an intracellular gate which opens in response to the

outward movement of the voltage sensor, 54 transmembrane domain (Stefani et al., 1994;

Bezanilla et a1.,1994; Stühmer et al., 1991). Based on the crystal structure of the MthK

channel, the open K* channel model, and KcsA channel, the closed K* channel model,

the activation gate of hERG channels is formed by the S4-S5 linker and the C-terminal

portions of the 56 domain which crisscross to form a narrow aperture near the

cytoplasmic interface (Holmgren et al., 1998). Splaying of the 56 helices at a conserved
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glycine (G648 in hERG) which serves as a hinge point leads to the channel opening and

the aperture expending, and therefore the ions can permeate through the channel (Jiang et

a1.,2002a; Jiang et aI., 2002b) (scheme 5). Most recent studies on chimerical constructs

of hERG and EAG channels confirmed that a direct interaction exists between the S4-S5

linker and the activation gate in the process of channel opening which is also coupled

with voltage sensing (Ferrer et a1.,2006).

Scheme 5. Crystal structures of voltage-gated K* channels

A, Structure of a KcsA K channel crystallized in the closed state. Only two of the

four subunits are shown. Black spheres are K* ions located within the selectivity

fïlter. B, Structure of the pore domain of a voltage-gated K channel crystallized in

the open state.
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The slow deactivation of the hERG channel contributes to the final repolarization of the

cardiac action potential. Some LQT2-associated mutations reduce repolarization currents

via accelerating channel deactivation and therefore prolonging the action potential

duration (Chen et a1.,1999b). It was found that the NH2-terminus of hERG plays a key

role in the deactivation process. Deletion of the first 354 amino acids (Wang et a1.,1998;

Spector et al., 1996) or the first 373 amino acids (Schönherr et al., 1996) in the NHz-

terminus causes a ten-fold acceleration of channel deactivation. It is revealed that the

hERG NH2-terminus contains a basic helix-loop-helix "Per-Arnt-Sim" (PAS) domain

which is the key component of some sensing and signal transduction proteins (Morais

Cabral et a1.,1998). The PAS domain in hERG might interact with an accessory protein

or other regions of the channel, and stabilize NH2-terminus binding to the activation gate.

However, there is no direct evidence to prove the above proposal and the role of the PAS

domain in hERG remains unclear.

The most important feature of the hERG channel is the fast, voltage-dependent

inactivation of the channel (Sanguinetti et al., i995; Trudeau et a1.,1995). As mentioned

previously, the fast inactivation limits outward current through the channel at positive

voltages and helps maintain the action potential plateau phase. However, the molecular

mechanism underlying the inactivation gate is not well understood.

There are two types of inactivation in Kv channels: fast N-type inactivation and slow C-

type inactivation. The molecular mechanism of N-type inactivation was first found in

Shaker channels and a "ball-and-chain" model was proposed (Hoshi et a1.,1990; Zagotta
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et al., 1990). It suggests thata short segment intheNHz terminus of the channel protein

binds and occludes the intracellular activation gate (Hoshi et al., 1990; Zagotta et al.,

1990; Lopez et al., 1994; Isacoff et al., l99I; Holmgren et al., 1996). The N-type

inactivation occurs in milliseconds and can be removed by NH2-terminal deletion (Hoshi

et al., 1990; Zagotta et al., 1990). Three properties distinguish N-type inactivation from

other type of inactivation. First, the rate of development of N-type inactivation is affected

by intracellular but not extracellular drug binding (Choi et al., I99l; Demo and Yellen,

1991). Second, N-type inactivation is not affected by positive potentials (Zagotta and

Aldrich, 1990). Third, N-type inactivation is not sensitive to point mutations at the outer

mouth of the channel pore and the outer region of 56 helix (Hoshi et al., 1990; Lopez-

Barneo et aI., 1993; Rasmusson et al., 1995).

In addition to N-type inactivation, there is another type of inactivation identified in

Shaker K* channels, called C-type inactivation. C-type inactivation occurs due to the

constriction of the outer mouth of the channel pore and involves multiple conformational

changes (Olcese et al., 1997; Yang et al., 1997b; Loots et al., 1998; Kiss et al., 1999;

Wang et a1.,2001). C-type inactivation occurs much slower than N-type inactivation and

usually is referred to as slow inactivation. Ctype inactivation of K* channels represents

a general mechanism of a broad number of channels including Na* channels (Balser et

al., 1996; Wang and Wang, Ig97) artd C** channels (Zhang et al., 1994). C-type

inactivation of K* channels exhibits several properties. First, C-type inactivation is not

affected by mutations or deletions of the NHz terminus (Hoshi et al., 1990). Second, C-

type inactivation exhibits a slow d"v"ìoprrr"ntal rate by elevating the extracellular K*
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(Lopez-Barneo et al., 1993). Third, C-type inactivation is sensitive to the extemal but not

intemal TEA* block (Choi et al., 1991). Fourth, C-type inactivation is sensitive to point

mutations at the external mouth of the channel pore and the outer region of 56 (Lopez-

Barneo et al., 1993). Fifth, similar to N-type inactivation, C-type inactivation is not

voltage dependent at positive potentials (Hoshi et al., 1990; Rasmusson et al., 1995).

The inactivation of hERG channels resembles the C-type inactivation of Shaker K*

channels in its sensitivity to extracellular K* concentration and TEA*, and to mutations in

the P-loop (Hoshi et al., 1991; Smith et al., 1996; Schönhen et al., 1996; Fan et al.,

1999). However, hERG inactivation also shows several unique properties that differ it

from C-type inactivation of Shaker K* channels. The onset of Sfr aker C-type inactivation

is very slow and is not obviously voltage dependent (Rasmusson et al., 1998). In contrast,

onset of inactivation of hERG is much more rapid and strongly voltage-dependent (Smith

et al., 1996; Spector et al., 1996). The difference between hERG and Shaker inactivation

may be due to the fact that hERG has a more flexible pore. There are 43 amino acids in

the hERG S5-P linker whereas there are 14 to 18 amino acids in the corresponding

region of most other Kv channels (Dun et al., 1999).In addition, the Shaker sequence has

double tryptophan residues (WW) at the N-terminal end of the pore-loop, and a tyrosine

residue (Y) in the "signature motif' (GYG) at the C-terminal end. According to the

crystal structure of KcsA, hydrogen bonds can be formed in the 3-dimensional structure

around the outer mouth between the nitrogens of 6(Wr\lr" and the hydroxyl group of "Y"

of the four subunits. These hydrogen bonds serve as "molecular springs", that pull the

pore wall radially outward to hold the outer mouth open at its proper diameter (Doyle et

al., 1998). The coresponding tryptophan and tyrosine residues are missing in hERG. The
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absence of hydrogen bonds and a longer S5-P linker segment may lead to a more flexible

pore (Tseng,200I).In terms of the voltage dependence of hERG inactivation, a recent

model presented by Berneche and Roux (Berneche et a1.,2005) may give a potential

explanation. According to the model, there is a modest rearrangement that leads to a

nonconducting conformational state of the selectivity filter, which is then effectively

acting as a gate. This structural rearrangement involves only one of the four subunits at a

time, breaking the 4-fold symmetry of the channel. The first step, which initiates the

conformational transition toward the nonconducting state, is very sensitive to the

configurations of the ion occupying the selectivity filter. Membrane depolarization

þositive voltage shift) favors a state in which the transition can take place, ffid

membrane polarization (negative voltage shift) favors a state which prevents the

transition.

Although considerable effort has been directed toward defining the structural basis of the

inactivation gate, the molecular mechanism underlying the unique hERG inactivation

remains unclear partially because of the lack of direct way to monitor the inactivation

gate since it is non-permeable to K* ions. Our most recent studies provide a direct way to

investigate the hERG inactivation process by studying Na* currents in hERG channels

(Gang and Zhang,2006). Our data suggested that the hERG channels undergo at least

two distinct inactivation steps. The initial, less stable P-type inactivated state is quickly

reached upon depolarization, and is followed by a slow entry into the more stable 'C-

type' inactivated state. V/e use "P-type inactivation" to mean that a limited

conformational change in the channel pore is sufficient to block K* permeation. We used
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"C-type inactivation" to indicate that hERG channels can experience more substantial

conformational changes which cause immobilization of the channel charge seen typically

in C-type inactivation of Shaker channels. The P-type inactivated state is the Na*

permeating state, while the 'C-type' inactivated state is nonconducting.
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III. STATEMENTS OF HYPOTHESIS

We propose that Na* ions can permeate inactivated hERG channels. This way, we will

have a direct means to "see" the inactivated channels. This new approach will facilitate

studies of hERG inactivation mechanisms and drug - channel interactions. We have

recorded a robust Na* current through hERG channels by using the whole cell patch

clamp with an intemal solution containing 135 mM Na* and an external solution

containing 135 mM NMG*. V/e used two approaches to investigate the state that Na+

permeates through: analysis of the current kinetics and mutations. Kinetic analyses of the

hERG Na* and K* currents indicate that the channel experiences at least two states during the

inactivation process, an initial fast, less stable state followed by a slow, more stable state. The

Na* current reflects Na* ions permeating through the fast inactivated state but not through the

slow inactivated state. Thus the hERG Na* current displayed a slow inactivation as the

channels travel from the less stable, fast inactivated state into the more stable, slow

inactivated state.

In the second approach, mutations were constructed to accelerate or remove hERG

inactivation. We found that T623A, F627Y and 56414 significantly accelerated hERG

inactivation to such an extent that no significant K* current could be detected in the

physiological solutions (K* ions can not permeate through inactivated channels.).

However, robust Na+ currents were recorded. These results indicate that Na+ permeation

state is the inactivated state. Consistent with this notion, we found that Na* does not

permeate through the inactivation deficient mutant channel, 56314.
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Our study represents the first study that has characterizedNa* permeation through hERG

channels. The resultant paper on this project has been published in Journal of General

Physiology (Gang and Zhang, J. Gen. Physiol. 128:55-7I,2006). The reason why such

an important issue has never been previously reported are not known, but we further

found that extemal Na* potently blocks hERG Na* current. Thus, no Na* cuffent could be

recorded in extemal solutions containing Na*. We found that point mutations in the pore

region of the channel, 5624A, F627Y and 56414, abolish the inhibitory effects of the

external Na* ions on the hERG Na* current.
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IV. MATERIALS and METHODS

l. Materials

hERG oDNA in pcDNA3 was obtained from Dr. Gail A. Robertson (University of

Wisconsin-Madison, Madison, WI, USA). The HEK 293 cell line was purchased from

American Type Culture Collection (Manassas, VA, USA). The HEK 293 cell line stably

expressing hERG channels was a gift from Dr. Craig January (University of Wisconsin-

Madison, Madison, WI, USA). Minimum essential medium (MEM), Fetal Bovine Serum,

0.05% Trypsin-EDTA and Lipofectamine 2000 were purchased from Invitrogen Life

Technologies (Carlsbad, CA, USA). G418 was from SIGMA-ALDRICH (St. Louis, MO,

USA). All the enzymes used were purchased from New England Biolabs (Beverly, MA,

USA). I kb DNA ladder, 10 mM dNTP Mix (PCR grade), Zero Blunt Kit and Subcloning

efficiency DH5o competent cells were from Invitrogen Life Technologies (Carlsbad, CA,

USA). Thin-walled borosilicate glass was from V/orld Precision Instruments (Sarasota,

FL, USA). All other chemicals were purchased from SIGMA-ALDzuCH (St. Louis, MO,

usA).

27



2. Methods

2.1. Site-directed mutagenesis

An expression plasmid of wild type (WT) hERG was constructed by inserting the full

length coding region of the hERG gene (3.9 kb) into the BamHI/ EcoRI sites of the

pcDNA3 vector as shown in scheme 6, which contains two suitable unique enzyme sites

(BstEII and Sbfl) covering the S5-P loop region we are interested in (referred to as region

of interest in the scheme). As shown in scheme 7, point mutations (BmS, r'; of hERG

were generated by PCR using the splice overlap extension technique (Ho et al., 1989).

The forward and reverse flanking primers (Pl and P4) were designed to cover two unique

restriction sites (BsrEII at nucleotide 2038 and SUJI at nucleotide 3093). The first round of

PCRs was performed using the forward flanking primer (Pl)-reverse mutant primer

(Prnr), and the reverse flanking primer (P4)-forward mutant primer (PmÐ, respectively.

Primers used for amplification were synthesized as shown in table 1. In the first round of

PCRs, the total reaction volume was 50 pl, including 50 pmol of each primer, 70 ng of

WT hERG oDNA, 0.2 mM dNTP and 0.125 units of Vent DNA polymerase.

Temperatures used for PCR were as follows: 95oC for 120 s for 1 cycle; denaturation at

94'C for 60 s, annealing at 68'C for 60 s and extension at 72"C for 60 s for 30 cycles;

and final extension at72"C for 10 min. The resulting two PCR products were then used

as templates and amplified by flanking primers (Pl and P4) in a second round of PCR.

The final PCR product was cloned into the Zero Blunt Vector. A 1055 bp fragment

containing the point mutation was excised by digestion with BstEII and Sbfl, and then

subcloned into the pcDNA3 vector containing the WT hERG at the same sites (scheme
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8). All mutations were verified using a high-throughput 48 capillary ABI 3730 sequencer

(UCDNA Services, University of Calgary, Calgary, AB, Canada).

BstEII SbfI EcoR[
lkb r l.lkb r l.8kb r

BamHI

------.- hERG gene
\¡.srul

BamHI + EcoRI

Scheme 6. Expression plasmid of wild type hERG

hERG gene was cloned into the BømHI / EcoRI

loop region is referred to as region of interest

enzyme sites, BstEII and SbfI .

sites of pcDNA3 vector. The S5'P

which is covered by two unique

BamHI EcoN

Region of interest
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Pl >
BstEII To be mutated SbfI

t-F 'P4Pm¡

| ,a* *,* Pl/Pm¡ or Pmt/P4
I

PIY
-ì-Þ pt/p., 

^
+ Pmf/P4I -"^"^' I

Scheme 7. Mutation PCR by overlap extension to introduce point mutation

The first round of PCRs was performed using fwo pairs of primers, Pland Pmr,

Pmf and P4. The resulting two PCR products were then used as templates and

amplified by Pl and P4 in a second round PCR. The final PCR product containing

the desirable mutation (BmS, a) was obtained.

Pmf

+
,P4
I Overlap extension and PCR with Pl/Æ4

+

BmS
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BstEI Sbfl
YffiJ From Muragenesis PCR

II Cloned into a blunt vectort
BstEII SblI

Digest with BstEII and SUJI

BstEII Sbfl

Ligation

Scheme 8. Construction of the mutant hERG expression plasmid

The fÏnal PCR product from mutagenesis PCR was cloned into the blunt vector and

the fragment was excised by digestion with BstEII and Sbfl. The fragment then was

cloned into the pcDNA3 vector containing the WT hERG at the same sites.

lkb

pcDNA3-hERG
9.3kb

pBlunt-BmS

pcDNA3-hERG

pcDNA3-hERGm
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Table 1

Primers used for PCR reactions

Mutant nucleotides are underlined.

Primers Sequence

Flanking Forward (Pl) CCCACAATGTCACTGAGAAGGTCACCCAGG

Reverse (P4) GCAGTGAGCGGTTCAGGTGCAGGCAGATGTC

T623A Forward ACCTTCAGCAGCCTCGCCAGTGTGGGCTTC

Reverse GAAGCCCACACTGGCGAGGCTGCTGAA

5624A Forward ACCTTCAGCAGCCTCACCGCTGTGGGCTTCGGCAA

CGTCT

Reverse AGACGTTGCCGAAGCCCACAGCGGTGAGGCTGCTG

AAGGT

F627Y Forward CACCAGTGTGGGCTACGGCAACGTCTCTCCC

Reverse GGGAGAGACGTTGC CGTAGCCCACACTGGTG

5641A Forward TCAGAGAAGATCTTCGCCATCTGCGTCATG

Reverse GAGCATGACGCAGATGGCGAAGATCTTCTCTGA
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2.2.Transient expression of hERG mutant channels in HEK 293 cells

HEK 293 cells were seeded at 5x10s cells/60-mm diameter dish. The cells were

transiently transfected using 10 pl Lipofectamine with 4 pg hERG mutant expression

plasmid. After 24-48 h, 30-80o/o of cells expressed channels. Non-transfected HEK

293 cells contain a small-amplitude background K* current that is usually less than 100

pA upon a depolarizing pulse to 50 mV. Thus, the effects of overlapping endogenous

currents of HEK 293 cells on the expressed current are minimal. The HEK 293 cell line

stably expressing hERG channels obtained from Dr. Craig January was also used. In this

cell line, the hERG cDNA (Trudeau et a1.,1995) was subcloned into BamHUEcoRI sites

of the pcDNA3 vector. The stably transfected cells were cultured in MEM supplemented

with 10% fetal bovine serum and contained 400 ¡rglml G418 to select for transfected cells.

For electrophysiological study, the cells were harvested from the culture dish by

trypsinization, and stored in standard MEM medium at room temperature. Cells were

studied within 8 h of harvest.

2.3. P atch clamp recording

The whole cell patch clamp method was used. The pipette solution contained (in mM) 135

NaCl, 5 EGTA, 1 MgCl2, 10 HEPES, and was adjusted to pH 7.2 with NaOH. The bath

solution contained (in mM) 10 HEPES, 10 glucose, I MgCl2, 2 CaCl2,135 NMG+, and

was adjusted to pH 7.4 with HCl. For recordings in the presence of different external K*

or Na* concentrations, the concentration of NMG* was proportionally reduced as the K*

or Na* concentration was elevated to maintain a constant osmolarity, and the pH was

adjusted to 7.4 with the appropriate hydroxide solution. Throughout the text the
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subscripts i artd o denote intra- and extra-cellular ion concentrations, respectively.

Aliquots of cells were allowed to settle on the bottom of a <0.5 mL cell bath mounted on

an inverted microscope (T82000, Nikon, Tokyo, Japan). Cells were superfused with

specific bath solutions. The bath solution was constantly flowing through the chamber and

the solution was changed by switching the perfusates at the inlet of the chamber, with

complete bath solution change taking 10 s. Patch electrodes were fabricated using thin-

walled borosilicate glass. The pipettes had inner diameters of -1.5 ¡rm and resistances of

-2 MO when filled with pipette solutions. An Axopatch 2008 amplifier was used to

record membrane currents. Computer software (pCLAMP9, Axon Instruments, Foster

City, CA) was used to generate voltage clamp protocols, acquire data, and arnlyze current

signals. Data were filtered at 5-10 kHz and sampled at 20-50 kllz for all protocols.

Typically, 80% series resistance (R ) compensation was used and leak subtraction was not

performed. Conductance/voltage data were fitted to a single Boltzmann function, y : I I

(l+Exp((V1¡2-Y)lk)), where y is the current normalized with respect to the maximal tail

current, Vr¡z is the half-activation potential or mid-point of the activation curve, V is the

voltage that activates the channels and k is the slope factor in mV, reflecting the

steepness of the voltage dependence of gating. Curve fitting was done using multiple

non-linear least squares regression analysis. Concentration effects of external Na* 6a*o¡

on the WT Na* current were quantified by fitting data to the Hill equation (I¡¿/Igs¡¡61 :

llLI+(DlIC56)H], where D is the Na*o concentration, IC56 is the Na*o concentration for

50% block, and H is the Hill coefficient of the results. Data are given as mean + S.E.M.

Clampfit (Axon lnstruments) and Origin (Originlab, Northampton, MA) were used for data

analysis. All experiments were performed at room temperature (23 + 1"C).
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V. RESULTS

1. Na* permeation through hERG K channels

Under conditions with an intracellular solution containing 135 mM Na* and a bath

solution containing 135 mM NMG* without K* or Na*, we have consistently recorded

robust Na* currents in hERG-expressing HEK 293 cells. The protocol in Fig. 1A above

the current traces was used to record Na* currents. Na+ currents were activated by 4-s

depolarizing pulses from a holding potential of -80 mV (resting membrane potential at

which the channels are closed) to voltages between -70 and 70 mV in 10 mV increments.

Upon depolarization, the channel is activated to open state. However, the open channels

are quickly closed when the voltages are more positive than -20 mV. This process is

called inactivation. Moreover, the stronger the depolarization, the more the channels are

inactivated. This kind of inactivation is called voltage-dependent inactivation, which is

unique to hERG channels. Thus, hERG K* currents get smaller when a bigger driving

force is applied since bigger driving forces inactivated more channels and inactivated

channels are K* impermeable. In contrast to the hERG K* current, the hERG Na* current

increased in amplitude as the depolarizing voltage increased (Fig. 1A), which means that

the more inactivated channels were available, the bigger the Na* current could be

recorded. This result indicated that Na+ may penneate through inactivated hERG

channels. The Na* current was also sensitive to specific hERG blockers. As shown in Fig.

18, the current was completely blocked by 1 ¡rM astemizole (n: 5). The current was also

sensitive to the methanesulfonanilide drug E-4031 (data not shown). In the non-

transfected HEK 293 cells, no Na+ current could be detected using a similar protocol
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(Fig. lC, n : 6). Contamination of Cl- current was ruled out because the Na* current in

hERG-HEK cells was not affected by the bath application of 100 ¡rM DIDS, a specific

Cl- channel blocker. As well, changing Cl- concentration by non-permeable glutamic

substitution had no effect on the current. The Na* current was essentially the same when

a pipette solution containing 135 mM Na-Glutamate instead of 135 NaCl was used (n :

4, data not shown). These results indicate that the Na* current reflects Na+ permeation

through hERG channels. Fig. lD shows the current-voltage (I-V) relationships of the

hERG Na* current amplitudes at peak (A) and at the end of depolarizing steps (r) in 13

cells. Notably, the I-V relationships of the hERG Na* current are nearly ohmic (the

higher the voltage, the larger the current), which are different from the inward

rectification of the I-V relationships of the hERG K* current.

To further address whether the Na* permeating hERG channels are K* selective, we

studied the effects of external K- (K.") on the Na* current. K*o inhibits the outward Na*

current with a Ko of 0.61 t 0.08 mM (n: 7,Fig.2), which means that 0.61 mM K*o can

block half of the maximum outward Na* currents. Upon repolarization, the inward K* tail

current appears and this inward current was completely abolished by 100 nM E-4031.

These results indicate that hERG channels were intact and not "defunct" when Na*

permeates since the channel still displayed K* selectivity and sensitivity to the specific

hERG channel blocker (Almers and Armstrong, 1980; Melishchuk et al., 1998).

2. Electrophysiological properties of hERG Na* current

2.1. hERG Na* current activation and deactivation
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To characterize hERG Na+ current, we examined the time courses of current activation,

deactivation, onset of inactivation and recovery from inactivation. The time courses of

the current activation are apparently sigmoidal (Fig. 3A), which referred to the S-shape of

the initial part of the current upon the depolarization. The initial sigmoidal component is

ignored and a single exponential is fit to the remaining major portion of the current to

obtain activation time constants (tu.¡) at various voltages. The voltage dependence of the

tr.l of the Na* current is summarizedinFig. 3D (4, n: 13). These data indicated that the

higher the voltage, the faster the current reached its peak.

Due to the extremely small tail current at negative voltages, deactivation properties of the

hERG Na* current were studied using a three-pulse protocol as shown in Fig. 38. In

brief, deactivation refers to the channel close from the open state upon repolarization

steps. From the holding potential of -80 mV, a depolarization to 70 mV for 250 ms (Pl

pulse) was used to maximally activate the channels (to induce the peak amplitude). The

cells were then repolarized to test potentials for various durations (P2 pulse) for channels

to deactivate. The cell membrane was then depolarized to 70 mV again for 200 ms (P3

pulse) to monitor the instantaneous current amplitudes which represent the proportion of

not-yet-deactivated channels during P2. The instantaneous current amplitudes upon P3

are plotted against the duration of P2 at -60, -80 and -100 mV (Fig. 3C). As the P2

prolongs, instantaneous current upon the P3 decreases (dotted line in Fig. 3B), reflecting

the channel deactivation (channel closes upon repolarization) during various durations

P2. The data points were fitted to a double exponential function, and the deactivation

time constants (t¿s¿ç¡) were obtained. The voltage dependence of r¿.u.1 of the hERG Na*
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culrent is shown in Fig. 3D (V, .; n : 7). These data indicated that the lower the voltage,

the faster the channel deactivated.

2.2.lnactivation of hERG Na* current

During sustained depolarizations, the hERG Na* current displayed a decay phase which

may represent a slow inactivation since the channel's conductance reduced even though

the activation voltage was maintained (Fig. 1A). To examine the voltage dependence of

the hERG Na+ current inactivation, a depolarizing step to 70 mV for 250 ms was used to

induce the peak Na* current. The cells were then clamped to various voltages for 4 s to

record the time course of the current decay which was fitted to a single exponential

function (Fig. aA). This current decay indicated that partial channels were inactivated

upon depolarization steps which resulted in the decrease of the hERG channel

conductance and reduction of currents. The time constants of the hERG Na+ current

inactivation (tinr.,) were plotted against the test voltages (Fig. aB). Two features of Na*

current inactivation are prominent; first, in contrast to the inactivation of hERG K*

currents, the inactivation of hERG Na* currents is only weakly voltage dependent.

Second, the r¡nu.1 is nearly 1000-fold slower than that of the hERG K+ current (n: 9).

Inactivation of the hERG K+ current is very fast (time constant in millisecond ranges) and

strongly voltage-dependent, leading to the characteristic inward rectification of the

current-voltage relationships (Sanguinetti et al., 1995; Trudeau et al., 1995). In other

words, hERG channels are inactivated when the membrane potential is above -20 mV.

Stronger depolarizations more than -20 mV inactivate larger population of hERG
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channels which results in the decrease of the K* currents since K* ions can not permeate

through inactivated channels. This kind of current-voltage relationship of the hERG K.

current is termed inward rectification. However, stronger depolarizing steps evoke larger

outward hERG Na* currents with a slow decay (Fig. 1A & D). One of the explanations

for this result is that the hERG Na* current represents Na* permeating through the

inactivated hERG channels since the outward Na* currents became larger when more

hERG channels were inactivated upon depolarization steps. Because we have also found

that the Na* current slowly inactivates during the prolonged depolarizations (Fig. aA &

B), which mimics the typical C-type inactivation in Shaker, we propose that inactivation

of the hERG channel involves at least two steps, the fast entry into the less stable, P{ype

inactivated state, and the slow entry into the more stable 'C-type' inactivated state. We

propose that Na+ permeates through the fast inactivated state (P-type) but not through

either open state or 'C-type' inactivated state. Since P-type inactivation of the hERG

channel occurs faster than channel opening, activation of the Na* current reflects

transition from the closed state to the P-type inactivated state through the open state. We

believe that the Na* current decay during depolarizations reflects the entry of the P-type

inactivated channels into the 'C-type' inactivated state.

The notion that Na+ permeates through the P-type inactivated state but not the open state

is supported by the data shown in Fig. 4. Careful inspection of the current traces in Fig.

4A indicated that a fast decay of the Na* current immediately upon voltage changes from

the initial depolarization of 70 mV. The portion of the Na* current traces during the 70

mV-depolarization and immediately upon voltage changes are expanded in Fig. 4C. The
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fast decay of the Na* currents upon test pulses (Fig. aC) was fitted to a single exponential

function and the time constants were plotted against the test voltages (Fig. 4D, n : 6).

We believe that the fast decay of Na* currents represents the recovery of P-type

inactivated channels (lt{a* permeable) to the "open" state which is Na* impermeable.

Consistently, the time constants of the fast Na* current decay were much smaller than for

those of the Na* current deactivation (Fig. 3) but comparable with those of recovery from

inactivation of hERG channels (Zhang et al., 2003a). Since hERG inactivation is voltage

dependent, changing the voltage step from 70 mV to less depolarizing voltages would

cause recovery of the P-type inactivated channels to the open state. In brief, at steady

state during the last pulse in Fig. 4C, the current represents the fraction of channels in the

P-type inactivated state. At the beginning of that pulse, there is a relaxation to a lower

current level, the reduction of which represents the fraction of channels exiting the

inactivated state and moving into the open state. This decrease in current indicates that

the Na* current does not permeate through the open state.

2.3. Recovery from inactivation

We have shown that Na* current displayed a slow inactivation with time constants

ranging from2.7 to 1.6 s at voltages between -20 and 70 mV (Fig. 4A A B). To evaluate

the recovery from inactivation, a 6-s depolarizing pulse to 70 mV (Pl) was used to induce

a "steady-state" inactivation at which no current decay processed. The cells were then

repolarized to -80 mV for various periods of time (P2) to recover the inactivated channels

to the open state, and then the cells were depolarized fo 70 mV for 800 ms (P3) to

activate and inactivate the channels to Na* permeable state. In this way, the channel
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recovery can be measured (Fig. 5A). The more the channels recovered from the

inactivated state, the bigger the Na* currents could be recorded during P3 pulses. The

peak amplitude of the Na* current upon P3 was plotted against the duration of P2, and the

data points were fitted to the double exponential function to obtain the time constants of

recovery from inactivation (rr"., Fig. 5B). The r,,"" at -80 mV were 0.7 + 0.1 s and 54 *

12 s (n: 13).Thus, recovery from inactivation of the Na* currents is also nearly 1000-

fold slower than that of the K* current (Zhang et al., 2003a; Lin et al., 2005). These

results again indicate that the slow Na* current decay may reflect the channel entering

into a previously unrecognized 'C-type' inactivation state from which the recovery is

slow.

3. Na* permeation through inactivated hERG channels

3.1. P-fype inactivation state is the Na* permeating state

'We have recorded robust Na* current with Na*-rich and K*-free intracellular solution.

Inactivation kinetics are very sensitive to permeating ions (Zhang et a1.,2003a; Lin et al.,

2005). Notably, a K* free, Na* rich intracellular condition is very different from

physiological conditions. To support our hypothesis that the hERG Na+ current represents

Na* permeating through the inactivated channels, it is fundamental to validate that hERG

channels still display the characteristic fast, voltage dependent inactivation under this

extreme circumstance.

To address the hERG inactivation in the absence of K* but with 135 mM Na* in the

pipette solution, the pulse protocols shown in Fig. 6 A and B were used. A bath solution
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containing 5 mM K* and 130 mM NMG. was used to study the hERG inactivation by

monitoring the inward K+ current. The hERG channels were inactivated by a holding

potential of 60 mV. Repolarization to -100 mV (P1) induced channel recovery from the

inactivated to the open state (K* permeable state) and the maximum inward K* current

could be recorded. Before deactivation, the cell membrane was depolarized to 20 mV (A)

or 60 mV (B) with various durations (P2) to induce channel inactivation (the longer the

duration, the more the channels inactivated). Since inactivation state is K* impermeable,

the more the channels are inactivated, the smaller the inward K* currents could be

recorded upon depolarization steps. The cell membrane voltage was then repolarized

back to -100 mV (P3). The instantaneous inward K+ current immediately after the

membrane capacitive current upon P3 represents the fraction of not-yet-inactivated open

channels, which decreases as the preceding depolarization to 20 or 60 mV (P2) was

prolonged (Fig. 6 A & B), reflecting the time dependent inactivation occurring at

depolarizing voltages (P2). Fitting the time course of the instantaneous current decrease

gave atime constant for channel inactivation at20 mY (Fig. 6A) or 60 mV (Fig. 68). The

time constants of inactivation at different depolarizing voltages were assessed and

summarized in Fig. 6D (O, n: 5). The voltage dependent inactivation of hERG channels

with 135 mM K* in the pipette solution (bath solution containing 5 mM K*) was also

evaluated using the standard triple pulse protocol (Fig. 6C) and also plotted in Fig. 6D

(O, n : 4). Although the onset of hERG channel inactivation with 135 mM Na* in the

pipette solution was faster than that with 135 mM I{* in the pipette solution, hERG

channels with 135 mM Na*¡ displayed unique fast, voltage dependent inactivation similar

to those with 135 mM K*¡.
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To directly address the hypothesis that the Na* permeation state is the initial P-type

inactivated state, we performed experiments with a pipette solution containing 135 mM

Na* 1135 mM Na*¡) and a bath solution containing 135 mM NMG* plus 1 mM f* 1t mtrrt

K*o;. Under these recording conditions, depolarizing step to 80 mV evoked a small

sustained outward Na* current (Fig. 7A). The small amplitude of the outward Na+ current

resulted from the blocking effects of I mM rc* in the external solution (see Fig. 2).

Repolarizing steps elicited inward rc* tail currents. Since K* only permeates through open

channels, the shape of the inward tail current upon repolarization would provide us with

critical information. If the Na* permeating state is the open state during the depolarizing

step, the repolarization would evoke an instantaneous inward K* current. On the other

hand, if the Na* permeating state is the fast P-type inactivated state, the tail current would

display a rising phase, which reflects the fast P-type inactivated channels recovering to

open state and then deactivating (recovery is faster than deactivation). The data shown in

Fig. 7A-C clearly indicate that the latter is the case. During depolarizafion to 80 mV, a

sustained Na* current was recorded. Repolarizations to various voltages induced the

inward tail currents which displayed a rising phase prior to the current deactivation. The

initial portion of the tail current is expanded in Fig. 7B to show the rising phase of the tail

currents. To obtain the recovery time constants, the rising phase of the tail current was

fitted to a single exponential function. The time constants, which were plotted against the

voltages in Fig. 7C, displayed characteristic voltage dependence (n : 6). The voltage

dependent rising phase of the tail currents is usually referred to as the "hook" which is

unique to hERG channels, and reflects the channel recovery from the inactivated state to

the open state. The recovery time constants of the hERG channel were also evaluated
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with a pipette solution containing 135 mM K* and a bath solution containing 135 mM

NMG* plus 1 mM K* (135 mM f*ùt mtr¡ K*o, Fig. 7D-F, î: 7).Although recovery

from inactivation of hERG channels is faster with 135 mM Na*¡ than that with 135 mM

K*i, it is clear that the hERG channel displayed its unique fast voltage dependent

recovery from inactivation when the 135 mM Na* containing pipette solution was used.

In summary, data in Fig. 6 &.7 indicate that the hERG channel displayed its unique fast

voltage dependent inactivation and recovery from inactivation when a K* free, 135 mM

Na* pipette solution was used. The onset of and recovery from inactivation described

here is equivalent to the gating transitions between open and P-type inactivation state.

Thus, the P-type inactivation state likely represents the Na* permeating state.

3.2. Properties of Na* current in hERG inactivation-affected mutant channels

If the Na* permeating state is the inactivated state, then accelerating inactivation would

not significantly affect the Na* current because the inactivation is faster than activation in

'WT channels, and thus the channel activation is the rate-limiting step for the appearance

of the Na* current upon depolarizations. On the other hand, disruption of the fast (P{ype)

inactivation would eliminate the Na+ permeation. These rationales were experimentally

addressed below.

The T6234 and 56414 mutations have been reported to accelerate hERG channel

inactivation (Mitcheson et a1.,2000; Bian et a1.,2004). We recently found that the F627y

mutation accelerates hERG inactivation (Guo et a1.,2006).InT623A,F627 Y or 56414
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mutant channels when a pipette solution containing 135 mM K* was used, no K* current

could be recorded with a bath solution containing 5 mM K*o, but a robust WT channel

current was recorded (Fig. 8, left panel). Since K* ions can not permeate through

inactivated channels, the accelerated inactivation in the mutant channels limited the

outward flux of K* ions. Thus, K* current could not be recorded inT623A,F627 Y or

56414 mutant channels. As has been reported (Sanguinetti et al., 1995; Yang et a1.,

I997a),we found that removal of external K* led to a drastic reduction of the WT hERG

current (Fig. 8, right panel). Please note the different scale bars for the top current traces.

Also see the bottom panels for the summarized data). Consistent with the 'C-type'

inactivation of the hERG Na* current (Fig. 4), two features of the WT K. current traces in

the absence of K* suggest the entry into 'C-type' inactivation of the channel when the

"physiological" intracellular solution (135 mM K*) was used. First, decays of the hERG

current appeff upon 4 s depolarizations (Fig. 8, right panel, top traces). Second, the tail

current in the absence of K*o is much smaller than that in the presence of K*o. Because

recovery from P-type inactivation is fast enough to generate a unique hERG tail current,

the small tail in the absence of K*o indicates that majority of hERG channels had entered

into a state from which recovery is not fast enough to generate tail current.

For the T623A, F627Y and 56414 mutant hERG channels, as we confirmed below, the

vitual absence of any detectable K* current was due to the very fast entry into the P-type

inactivated state. The absence of tail currents also suggests that either the deactivation is

accelerated, which means that channels close so fast that there is no time for K* ions to

flow out to generate tail currents, or the recovery from inactivation is decelerated. To
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directly confirm that the absence of K* current in these mutant channels is a consequence

of accelerated P+ype inactivation, we investigated the gating kinetics of these channels.

hERG K* currents were recorded under symmetrical 135 mM K* conditions under which

inward tail currents were present upon repolarization to -80 mV after channel activation

(Fig. 9, left panel). The decay of the tail currents reflecting channels closed from the open

state upon repolarization (deactivation) was fitted to a single exponential function to

estimate the deactivation time constant (t¿.urù. It was found that t¿.u.1 at -80 mV was

993.4 L 264.9 ms for WT channels (n : 5), 62.3 * 4.6 ms for T6234 (n : 7), 151.4 + 20.2

ms for F627Y (n: 10), and94.l L 17.0 ms for 564lA (n: 8). Thus, the deactivation was

significantly accelerated in all three mutant channels þ<0.01). We also analyzed the

time course of recovery from inactivation in WT and mutant channels. The rising phase

of the tail current at -80 mV reflecting channels opened from the inactivated state upon

repolarization (recovery from inactivation) was fitted to a single exponential function to

obtain the time constant of recovery from inactivation (rrr.). The ar"" at -80 mV was 7.9 +

0.8 ms (n : 5), 3.1 + 0.3 ms (n: 8), 3.0 + 0.3 ms (n: l2), and2.9 + 0.4 ms (n: 8) for

WT, T623A, F627Y and 56414 channels, respectively. Thus, the recovery from

inactivation was accelerated in the three mutant channels (p<0.01). To construct the

activation curve, the tail current peak amplitudes were plotted against the activation

voltages and the data points were fitted to the Boltzmann equation. The voltage of half-

activation of the channel (Vr¿) and the slope factor (k) were -11.6 t 1.2 mV and 6.8 +

0.4 mV for WT channels (n: 5), 2.9 L 4.1mV and 7.6 * 0.6 mV for T623A (n: l),

-18.7 + 3.9 mV and 8.7 + 0.4 mV for F627Y (n : 6), arrd -4.2 *.2.7 mY aîd 7.1 + 0.4

mV for 56414 (tr : 6). Compared to WT channels, the Ytn of F627Y was not
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significantly changed (p>0.05), and those of the T623A and 56414 were slightly shifted

to the positive direction (Fig. 9, p<0.05, bottom in the left panel). To evaluate

inactivation time course of these mutant channels, a triple-pulse protocol was used. The

hERG current decay during the test voltages was fitted to a single exponential function,

and the time constant of inactivation (tinu.,) was plotted against the test voltages (Fig. 9

right panel). Compared to WT channels, inactivation was dramatically accelerated in all

three mutants. For example, the t¡¡¿ç¡ at 50 mV was increased by 12.6 (n:7),6.1 (n: 6),

and 6.1 folds (n:7) by the T623A,F627Y and 56414 mutation, respectively. These

results indicate that the absence of hERG T623A,F627Y and 56414 K* currents at 0 or 5

mM K*o was due to an accelerated inactivation as well as an accelerated deactivation.

In contrast to K* currents, robust outward Na* currents were recorded inT623A,F627Y

and 56414 channels (Fig. 10). The relative peak current-voltage relationships are shown

in Fig. 108. The activation time courses of the Na* current in these three mutant

channels were analyzed by single exponential fitting of the final rising portion of the

current activation, a similar approach which was used in WT channels (Fig. 3). Whereas

the activation time courses were similar between V/T and 56414 mutant Na+ currents,

activation time courses of T6234 andF627Y were slower than that of WT channels (Fig.

10C). Because the mutant T623A, F627Y, 56414 channels displayed a significantly

accelerated inactivation (Fig. 9), the presence of Na* current in these mutant channels

strongly supports the notion that Na* permeating state represents the inactivated state.

To fuither address the inactivation state is the Na* permeation state, we made the 56314

47



mutation. This mutation is known to disrupt fast voltage-dependent hERG inactivation

but retains high K. selectivity (Schönhen et a1.,1996; Fan et a1.,1999). We found that no

detectable Na* current could be recorded in 56314 inactivation-deficient channels (Fig.

114). The function of 56314 channels was confirmed by adding 1 mM K* to the bath

solution, which caused an inward tail current upon repolarization to -80 mV without the

rising phase that is present in WT channels (Fig. 118). This immediate inward tail current

with a sharp decrease upon repolarization reflected the channels directly closed from the

open state. This result indicated that the 56314 channels were in the open state during the

depolarizing pulse. Since no Na* current could be recorded in 56314 channels upon

depolarization, Na* ions could not permeate through the open hERG channels.

4. Inhibition of the hERG Na* current by external Na* ions

During the course of experiments, we were never able to record inward Na* current in

WT hERG channels. We found that extemal Na* in fact potently blocks the hERG Na+

current. As shown in Fig. l2A, a family of Na* currents was recorded with a bath

solution containing 135 mM NMG* þipette solution contained 135 mM Na*). When 10

mM Na* was added to the bath solution (NMG* was proportionally reduced), the Na*

current was considerably reduced (Fig. 128). The reduction of the outward Na* current

was not simply due to the decreased driving force because the maximal current was

reduced and the inward Na* current never appeared. The concentration-dependent effects

of external Na* on hERG Na+ current were examined, and the half maximal concentration

(ICso) for external Na* to block the outward Na* current was 3.5 + 0.4 mM (Fig. l2C, n

= 8). The Hill coefficient was 0.7, suggesting that one Na* ion binding to the channel can
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cause the block.

Extemal Na* has been reported to block hERG K* current and the 5624 residue was

proposed to be involved in the block (Mullins et al., 2002). We found that the 5624A

mutation removed the inhibitory effects of Na*oon the Na* current of hERG channels. In

addition, we found that the F627Y and 56414 mutations also abolished the blocking

effects of external Na* on the hERG Na+ current. However, Na*o still blocked the T623A

Na* current with potency similar to that of WT channels (data not shown). As can be seen

in Fig. 13, in the symmetric Na* solutions (135 mM Na*), no current could be detected in

WT channels. In contrast, Na* currents were present in both inward and outward

directions in mutant channels 5624A, F627Y and 56414 (n = 4-9 cells for each

mutation). Thus, although changes of the reversal potential at varying extemal Na*

concentrations could not be determined in WT hERG channels due to the extemal Na*

blocking effect, they were examined in 56244, F627Y and 56414 mutants (Fig. 14). The

slope factor of the linear fit to the data was 39.8 t 5.3 (n: 6) for 5624A,55.7 + 3.7 (n:

4) for F627Y and 46.9 t 4.5 (n : 5) for 56414. Compared to the value (58.3) predicted

by Nernst equation for Na* permeation, the slope factor for F627Y was not different and

those for 5624A and 5641A were smaller þ<0.05). Despite the difference, the fact that

changing extemal Na* concentrations alters the reversal potentials of the Na+ currents in

these three mutant channels indicate that it is indeed Na* that permeates the mutant hERG

channels.

To directly explore the state that Na*o permeates in the 5624A,F627Y and 56414 mutant
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channels, we focused on the F627Y mutant channel to investigate the inward Na* tail

current and compared it with the K* tail current (Fig. 15). Following channel activation,

the K* tail current displayed a rising phase reflecting recovery of inactivated channels to

the open state prior to deactivation (Fig. 158). In contrast, the Na* tail current did not

display such a rising phase and reached the peak amplitude immediately upon

repolarization and then deactivated (Fig. 154). These results indicate that Na+ ions

permeate through the inactivated state of F627Y channels. To examine the voltage

dependence of the F627Y activation, the peak amplitudes of the tail currents were plotted

against the depolarizing voltages, and g-V relationships were obtained (Fig. 15C). It was

found that the g-V relationship of the Na* current was bell-shaped. The Na* tail current

increased to reach the maximal value and then decreased following stronger

depolarizations, indicating the entry into the stabilized 'C-type' inactivation, from which

recovery is slow. For K* current, the tail current reached the maximal value at 10 mV and

remained constant at more positive voltages (Fig. 15C). The g-V relations of the Na* and

K* currents were fitted to the Boltzmann function. The V¡72 and k of the K* current were

-I8.7 + 0.9 mV and 8.8 + 0.4 mV, respectively (n: 6), and the Yvz and k of the Na*

current were -30.7 + 1.6 mV and6.7 + 0.7 mV, respectively (n:6). Thus, theYy2 of the

Na* current is more negative than that of the K* current (p<0.01).
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Figure 1. Na* permeation through hERG potassium channels. A: Na* currents were

elicited by depolarizing voltage steps from hERG channels stably expressed in HEK 293

cells. The pipette solution contained 135 mM Na* and the bath solution contained 135

mM NMG* as major cations. B: Na* currents recorded from the hERG-HEK 293 cells

were completely blocked by 1 ¡rM astemizole, a specific hERG blocker. C: No Na*

cur¡ent could be detected in the non-transfected HEK 293 cells. D: Current-voltage (I-V)

relationships for the peak (A) and steady state (r) hERG Na* currents recorded during

the 4-s depolarization pulses (n: 13, data points and error bars signify mean + S. E. M.).

These results indicated that the Na* currents in A reflected Na* ions permeation

through hERG channels.
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Figure 2. Inhibition of hERG Na* currents by extracellular K* (K"). A:

Superimposed current traces with constant 135 mM Na*¡ and varying K*o. B:

Concentration dependent inhibition of outward Na* currents by K*o (n:7). The outward

currents in A were Na* currents while the inward currents were generated by influx

of external K ions. The appearance of the inward X* tait currents suggests that

hERG channels are intact when Na* permeates.
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Figure 3. Time courses of hERG Na* current activation and deactivation. A: The

initial phase of the Na* currents during the depolarizing pulses ranging from -70 to 70

mV in 10 mV increments. The activation time constants were estimated by fitting the

rising phase of each current trace to a single exponential function with the initial

sigmoidal component ignored (n : 13). B: A three-pulse protocol was used to study the

hERG Na* current deactivation. After a peak current was reached by the initial

depolarizing pulse to 70 mV (P1), the cell was clamped to -80 mV (P2) for different

periods of time before it was depolarized to 70 mV (P3) to monitor the channel

deactivation. The dotted line indicates the double exponential fit to the instantaneous

current amplitudes upon P3. C: The amplitude of the initial current during P3 was

plotted against the time periods of P2 at -60, -80 and -100 mV, fiued to double

exponential functions to obtain time constants of deactivation at -60 (r),-80 (o) and -100

mV (Ä) (n: 7). D: Voltage dependence of the time constants of activation (A), and fast

(V) and slow (r) components of deactivation. Two of the basic electrophysiological

properties of hERG Na* current were shown, activation and deactivation.
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Figure 4. Voltage dependent fast and slow decay of the hERG Na* current. A: Cells

were held at -80 mV and depolarized to 70 mV for 250 ms to induce the maximal hERG

Na* currents. Test pulses were followed at potentials ranging from -20 to 70 mV in 10

mV increments. Current decays during 5-s test pulses were f,rtted to a single exponential

function to obtain the time constants. B: Voltage dependence of the averaged slow decay

time constants from 9 cells. C: hERG Na* current during the voltage changes from 70

mV to various test potentials. hERG Na* current was evoked by a depolarizing step to 70

mV for 250 ms, immediately followed by test potentials between -20 and 60 mV. The

rapid decay of the Na* current upon various test potentials was fitted to a single

exponential function to obtain time constants. D: The voltage dependence of the time

constants of the rapid Na* current decay (n : 6 cells for each voltage). hERG currents

were recorded with a pipette solution containing 135 mM Na* and a bath solution
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containing 135 mM NMG*. The slow current decay in A represents the slow

inactivation of hERG Na* current while the fast current decay in C represents the

recovery of P-type inactivated channels (Na* permeable) to the "open" state which is

Na* impermeable.
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Figure 5. Time course of recovery from inactivation of the hERG Na* current. A:

Voltage protocol and the Na* currents for studying recovery from inactivation. From a

holding potential of -80 mV, the cell was depolarized to 70 mV for 6 s until steady state

inactivation was reached. The cell was then clamped to -80 mV for different periods of

time before it was depolarized to 70 mV for 800 ms to observe channel recovery. The

inter-pulse interval was 120 s. B: Time dependent recovery of the Na* current. The

superimposed line represents the best fit of the averaged data from 13 cells to double

exponential functions. This result indicated that recovery from inactivation of the

Na* currents is very slow.
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Figure 6. Voltage dependent inactivation of hERG channels in the presence of 135

Na*¡(4, B & D) or 135 mM K*i (C & D). A & B: hERG currents evoked by the voltage

protocol shown above the traces to monitor the time dependent channel inactivation at 20

(A) or 60 mV (B). hERG channels were inactivated at the holding potential of 60 mV.

Repolarization to -100 mV (Pl) caused channel recovery from inactivation. The

membrane was depolarized to 20 or 60 mV with increasing durations (P2) to induce the

voltage dependent inactivation which was judged by the instantaneous currents upon

repolarization to -100 mV (P3) after P2. The instantaneous currents immediately after the

cell capacitive current upon P3 were fitted to the single exponential function (dotted lines)

to obtain the inactivation time constants. C: Inactivation time courses of the hERG

outward K* current at 20 or 60 mV. hERG channels were inactivated at the holding

potential of 60 mV. Repolarization to -100 mV induced channel recovery from

10 ms

10 ms
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inactivation. The membrane was then depolarized to 20 or 60 mV to induce current

inactivation which was fitted to a single exponential function. D: Inactivation time

constant-voltage relationships of hERG channels under 135 Na*¡/ 5 mM K*o (O, n:5)

or 135 mM K*i / 5 mM K*o (O, n : 4). hERG inactivation in the absence of K but

with 135 mM Na* in the intracellular solution is similar to the characteristic fast,

voltage-dependent inactivation under the physiological solution.
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Figure 7. Recovery from inactivation of hERG channels under conditions of 135

mM Na*i \ I mM K" 1,L-C¡ or L35 mM K¡ \ I mM If" p-f¡. hERG currents were

recorded with a bath solution containing 1 mM K* plus i35 mM NMG* and a pipette

solution containing either i35 mM Na* (A-C) or 135 mM K* (D-F). A: hERG outward

Na* currents and the inward K* currents elicited by the voltage protocol above the current

traces. B: The expansion of initial phase of the tail currents. The rising phase of the tail

current upon repolarization reflects the fast recovery of the inactivated channels to the

open state before deactivation. The rising phase of the tail current was fitted to a single

exponential function to obtain the time constant of recovery from inactivation (t,..) at

each voltage. C: The tr..-voltage relationships under 135 mM Na*i\ I mM K*o (n:6). D:

hERG outward and inward K* currents elicited by the same voltage protocol shown at the

top of panel A. E: The expansion of initial phase of the tail currents. The rising phase of

the tail current was fitted to a single exponential function to obtain the time constant of

recovery from inactivation (tr.r) at each voltage. F: The rr..-voltage relationships under

135 mM f*it t mM K*o (n: 7). The tait current in B displayed a rising phase, which

reflected Na* permeating through the fast P-type inactivated state.
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Figure 8. Families of WT, T623A,F627Y and 56414 hERG K* currents recorded in

the presence of 5 mM Ko fleft panel) or in the absence of Ko (NMG* as substitute,



right panet). The pipette solution contained 135 mM K*. In both panels, the voltage

protocols are shown at the top and the current-voltage relationships are shown at the

bottom. Changing external K* from 5 mM to 0 significantly reduced the WT hERG

current (note the different bar scales in WT current traces in 0 and 5 mM K). In both 5

mM and 0 Ko conditions, no significant current could be recorded in the T623A,

ß627Y and 56414 mutant hERG channels (n = 4-7 cells), which was due to the

acceleration of hERG inactivation by these three mutant channels.
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K*. The voltage protocols are shown at the top of each panel. Left panel: Activation

properties of various hERG channels. Note that only a portion of the tail currents

corresponding to the boxed area in the voltage protocol is shown. Peak tail currents were

plotted against the test voltages and fitted to a Boltzmann function to obtain the activation

curves. The rising and the decay phases of the tail currents were fitted to the single

exponential function, respectively, to obtain the time constant of recovery from

inactivation and to estimate the deactivation time course. Compared to WT channels, the

deactivation of all three mutant channels was signif,rcantly faster. Right panel:

Inactivation properties of various hERG channels. The current decay upon each test

voltage was fitted to a single exponential function to obtain the inactivation time

constants (t¡nu.r) which are plotted against the depolarizing voltages at the bottom of the

panel. The T623 A, F627Y and 56414 mutations drastically accelerated hERG

inactivation at all tested voltages.

63



B

ål

ål

ål

-uu r I I v------------:=-

lowr q

5 0.81 ^ 1623A Ç 
t

; i:53?1X,,rio

E,,].*rrl"l
-60 -30 0 30 60

Voltage (mV)

C
-,ol T I owr
:L ll Ò A T623AË ll + . F627y

Ë ^^lT I 
,l r s641A

o "'"1 ' | ö? lç r¡
Ë ooj , iIiÊgm*,

-20 0 20 40 60
Voltage (mV)

Figure 10. Na* currents recorded from the T623A.F627Y and 56414 mutant hERG

channels. A: Families of Na* currents from T6234,F627Y and 56414. B: The relative

current-voltage relationships of Na* currents recorded from WT, T623A, F627Y and

56414 channels (n: 5-9 cells). C: The activation time constant-voltage relationships of

the T623A, F627Y and 56414 Na* currents (n : 5-9 cells), data for WT channels were

also shown for comparison (n:13). In contrast to If currents, robust outward Na*

currents lilere recorded in T623A,F627Y and 56414 channels, which demonstrated

that Na* permeates through the inactivation state.
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Figure 11. Absence of Na* current in the inactivation-deficient mutant hERG

channel, 56314. A: Current recorded with the pipette solution containing 135 mM Na+

and the bath solution containing 135 mM NMG+. B: Current recorded with the similar

condition but with I mM K+ added to the bath solution (n : 4). The portion of the tail

current in the dotted box is expanded in the inset to show the absence of the rising phase

of the 56314 t<* tait current. No Na* current could be recorded in 56314

inactivation-defTcient mutant channels, which further confirmed that Na*

permeation state is the inactivation state.
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Figure 12. Inhibition of hERG Na* currents by external Na* ions (Na*o). A & B:

hERG Na* currents in the absence (A) and presence of 10 mM Na*o (B). The pipette

solution contained 135 mM Na*. C: The concentration-dependent block of hERG Na*

current by Na*o. The outward Na* cur¡ents at 50 mV at each Na*o relative to the control

value were plotted against the Na*o concentration, and the data were fitted to the Hill

equation (n : 8). These data reveated that external Na* blocked the hERG Na+

current.
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Figure 13. The 5624A, F627Y and 56414 mutations eliminated Na"o induced

blockade of the hERG Na* current. Families of Na* currents from the WT, 56244,

F627Y and 56414 channels in the symmetric Na* solutions (135 mM Na* in the pipette

and bath solutions). The channels were activated by voltage steps from -70 to 70 mV in

10 mV increments from the holding potential of -80 mV. The cell was then clamped to -

80 mV to elicit the tail currents. In contrast to WT channels, 135 mM Na*o did not

block the 5624A rF627Y and 564lA Na* currents which were present in both inward

and outward directions.
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Figure 14. The reversal potentials of the 5624A,F627Y and 56414 hERG channels

under 135 mM intracellular Na* and varying external Na* concentrations. For each

mutation, 4-6 cells were tested. The predicted reversal potential values (calculated Vp)

were also shown. The overlap of sodium reversal potentials of the 5624A,F627Y and

56414 hERG channels with the calculated sodium reversal potential indicated that

it is indeed Na* that permeates through the mutant hERG channels.
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Figure 15. Comparison of the F627Y Na* and K* currents. Families of the Na+

culïents Q.üa*¡\l.la*o 135 mM, A) and K* currents (K*¡V(+6 135 mM, B) from F627y

mutant channels. The channels were activated by voltage steps from -70 to 70 mV in 10

mV increments from the holding potential of -80 mV. The cell was then clamped to -80

mV to elicit the tail currents. The portions of the tail currents in the dotted box were

expanded in the inset of A and B, respectively. The tail current-activation voltage

relationships (g-V) were shown in C. The data points of K* currents at all tested voltages

as well as those of Na* currents between -70 and -10 mV were fitted to the Boltzmann

equation. By comparing and analyzing of the F627Y Na* and K* currents, we

conclude that Na* ions permeate through the inactivated state of F627Y channels.
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VI. DISCUSSION

In the present study, we have demonstrated the existence of a robust Na* current in WT

hERG channels. It is well known that hERG inactivation is voltage dependent; stronger

depolaÅzations inactivate more channels. However, we found that stronger depolarization

induced a larger outward Na* current in WT hERG channels. In the mutant T623A,

F627Y and 56414 channels, the inactivation was accelerated to such an extent that

outward K+ current was not detectable under 0 or 5 mM K*o condition (Fig. S). However,

robust Na* currents were recorded in these mutant channels (Fig. 10). These results

indicate that Na* permeates through an inactivated state of the hERG channel. Our data

further showed that the hERG Na* current displayed an inactivation which is different

from the well documented fast voltage-dependent hERG inactivation. This inactivation

was slow (t in a range of seconds) and displayed very weak voltage dependence.

Recovery from this slow inactivation was also much slower than that of hERG K*

current.

We propose that the hERG inactivation involves at least two steps, the P-type inactivation

(tP) and the 'C-type' inactivation (Ic, Fig. 16). The well documented fast voltage-

dependent inactivation of the hERG K* current may represent the IP, but Ic has not been

described possibly because it is prevented by external K* ions. As previously reported,

K*o also slows the entry into IP (Zhang et al., 2003a). We propose that IP involves a

constriction of the channel pore in a limited region, and that this local conformational

change excludes K* permeation. However, such peø;tially constricted pore mouth still
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allows passage of smaller Na* ions. IP state is less stable and does not involve charge

immobilization. The onset and recovery from IP are fast. In our Na+ current recording, IP

is manifested by the appearance of the Na* current. The slow inactivation of the Na*

current represents transition from IP to Ic, a stabilized state causing charge

immobilization and involving a more substantial conformational change of the channel

that locks the voltage sensor in an outward position. Ic is Na* impermeable. The onset

and recovery from Ic are slow.
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Figure 16. Proposed hERG gating scheme. IP is the only state that conducts Na*

hERG gating scheme in Fig. 16 is supported by our experiments performed by using a

pipette solution containing 135 mM Na* and a bath solution containing I mM K* þlus

135 mM NMG*, Fig. 7). We have demonstrated that the hERG channel displayed its

unique fast voltage dependent inactivation and recovery from inactivation when a K*

free, Na* rich intracellular solution was used (Fig. 6 and 7). During the depolarizing step

in Fig. 7 A, an outward Na* current was observed. Upon repolarization, the inward K*

currents were initially small and then increased in amplitude prior to deactivation. The
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rising phase of the hERG rc* tail current reflects the fast inactivated (IP) channels quickly

recovering to the open state and then deactivating (recovery from IP is faster than

deactivation). This result indicates that the Na* permeating state during depolarizing steps

is the IP. We have also demonstrated that the Na* current decays during prolonged

depolarizing steps. This current decay may reflect the slow entry into the more stable

inactivated state Ic from which recovery is slow (Fig. a and 5). Further insight regarding

the Na* permeation state was also obtained from the F627Y mutant channel. Since the

F627Y mutation removed the extemal Na* blocking effect, the inward Nan tail current

could be recorded (Fig. 13 and 15). The F627Y Na* tail current upon repolarization did

not display a rising phase (Fig. l5A). Yet, during repolarization, the lP-inactivated,F62TY

channels recover to open before deactivation as evidenced by the rising phase of the

inward K* tail current (Fig. 158). Thus, the absence of the rising phase of the Na* current

indicates that the Na* permeating state is not the open state. The absence of Na*

permeation through the open hERG channels is also supported by the experiments shown

in Fig. 4 C&D. After a large outward Na* current was induced by a depolarization to 70

mV, changing depolarizing voltage to less positive voltages induces a quick decay of the

Na+ currents, reflecting the fact that some channels are exiting the inactivated state and

are transitioning into the open state. Consistently, the time constants of this fast decay are

in millisecond ranges similar to the time constants of recovery from inactivation shown in

Fig. 7. As well, in the 56314 inactivation-deficient channels, depolarization failed to

evoke anyNa* current. However, the 56314 channels were apparently in the open state

during the depolarizing pulse since adding I mM K* to the bath solution caused a [arge

inward tail current which occurred immediately upon repolarization without a rising
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phase (Fig. 11). These results suggest that Na* does not significantly permeate through

open channels.

We conclude that Na* permeates through the lP-inactivated channels but not through the

closed (resting), open or lc-inactivated channels. We have found that the channel

inactivation rate has been accelerated by 6.1-12.6 folds in T623^, F627Y and 56414

mutations (Fig. 9). We have also found that the activation time course of the 56414 Na+

current was not different from that of WT currents, and the activation time courses of the

T623A and F627Y Na* currents were slower than that of WT Na* currents (Fig. 10C).

The slowed activation rate in T623A and F62lY mutants, which displayed accelerated

inactivation, indicates that hERG channel does not directly enter into the inactivated state

from the closed state. Instead, hERG channel must go through the open state to enter into

inactivation states. Consistently, because onset of hERG P-type inactivation is much

faster than for channel activation (Fig. 3, 7,9 and 10), the rate-limit step of activation

rates of the Na* currents are likely determined by the closed to open transition.

The concept that the lP-inactivated state is the Na+ permeating state is consistent with the

data from Shaker channels. It was reported that the permeability of Na+ ions through the

open K* channel is negligible. However, the permeation properties change during

inactivation and favor Na* permeation (Starkus et al., 1997a; Wang et al., 2000; Zhang et

a1.,2003b). It has been shown that the high Na* permeability state is an intermediate state

between the open and deep 'C-type' inactivated states in Kv1.5 channels (Wang et al.,

2000).
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There are some differences between Shaker and hERG K* current inactivation. The onset

of Shaker C-type inactivation is slower than that of hERG and is not obviously voltage

dependent (Rasmusson et al., 1998). In contrast, the onset of inactivation of hERG is very

fast and strongly voltage-dependent (Smith et al., t996; Spector et al., 1996). The

difference between hERG and Shaker inactivation may be due to the fact that hERG has a

more flexible pore. There are 43 amino acids in hERG S5-P linker whereas there are only

14 to 18 amino acids in the corresponding region of most other Kv channels (Dun et al.,

1999).In addition, the Shaker sequence has double tryptophans (WW) at the N-terminal

end of the pore-loop, and a tyrosine (Y) in the "signature motif' (GYG) at the C-terminal

end. According to the crystal structure of KcsA, a model K* channel, hydrogen bonds can

be formed in the 3-dimensional structure around the outer mouth between the nitrogens

of "'W'W" and the hydroxyl group of "Y" of the four subunits. These hydrogen bonds

serve as "molecular springs", that pull the pore wall radially outward to hold the outer

mouth open at its proper diameter (Doyle et al., 1998). Such hydrogen bonds seem so

important that a single mutation of tryptophan to phenylalanine in Shaker (ShH4-IR

W434F) or Kvl .5 (W472F) makes these channels nonconductive to K+ due to the

extremely fast entry into an inactivated state perhaps equivalent to IP (Perozo et al., 1993;

Chen et al., 1997; Yang et al., 1997b). Whereas no K* current would be detected, Na+

current was present in the W434F Shaker andW472F Kv1.5 channels (Starkus et al.,

1998; Wang and Fedida, 2002). As mentioned, the W434F Shaker andW472F Kv1.5 are

not in a charge-immobilized Ic equivalent state. The corresponding tryptophans and

tyrosine are missing in hERG. The absence of hydrogen bonds and long S5-P linker may

lead to a more flexible pore (Tseng,200l). Consequently, hERG channels are more prone
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to enter into the less stable P-type inactivated state IP. Recently, Bemeche and Roux

presented a model which couples the rate of inactivation with ion occupancy of the

selectivity filter (Berneche et al., 2005). According to the model, there is a modest

rearangement that leads to a nonconducting conformational state of the selectivity filter,

which is then effectively acting as a gate. This structural rearrangement involves only one

of the four subunits at a time, breaking the 4-fold symmetry of the channel. The first step,

which initiates the conformational transition toward the nonconducting state, is very

sensitive to the configurations of the ion occupying the selectivity filter. Membrane

depolarization þositive voltage shift) favors a state in which the transition can take place,

and membrane polarization (negative voltage shift) favors a state which prevents the

transition. This model could potentially explain the voltage dependence of hERG

inactivation (Berneche et a1.,2005). However, the voltage dependence of inactivation is

not generally obvious in Shqker-related K* channels (Rasmusson et al., 199S). The lack

of strong voltage dependence of the typical C-type inactivation of Shaker channels may

be due to the hydrogen bonds between the tyrosine from the GYG moiety and a

tryptophan from an adjacent subunit, corresponding to Tyr78 and Trp68 in KcsA, which

offset the voltage dependence of the structural rearrangement leading to the

nonconducting conformation state.

V/hile the IP inactivation may corïespond to the fast inactivation in K* current recordings,

Ic inactivation of hERG has not been described in the K* current recordings. It is known

that external K* inhibits P/C-type inactivation (Zhang et al., 2003b; Zhang et al., 2003a;

Zhang et al., 2005). It has been reported (Sanguinetti et a1.,1995; Yang et al.,I997a) and
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we have conf,irmed (Fig. 8) that reduction of K*o significantly decreases hERG current

amplitude. Atthough lowering K*o accelerates the fast inactivation of hERG channels

(Wang et al., I996b; Wang et al., 1997; Zhang et a1.,2003a), and this effect was initially

thought to be responsible for the effect of K*o on the hERG current magnitude (Yang et

al., 1997a), a quantitative analysis by 'Wang et al. suggested that the changed fast-

inactivation rate is not responsible for the altered cur¡ent amplitude (Wang et al., 1997).

Presently, the mechanism of K*o-dependent changes of the hERG current amplitude is

not known, and we believe that the entry into the slow 'C-type' inactivation at low K*o is

responsible for this phenomenon as supported by our data shown in Fig. 8.

The reason why fast inactivated hERG channels are not permeable to K* but permeable to

Na* is not known. It seems that the conformational change of the Serine side chain at 63I

during inactivation is involved. Previously, Ulens and colleagues have reported that 250

pM norpropoxyphene, the major metabolite of propoxyphene, increased Na*/K*

permeability ratio by 30 folds in WT hERG channels but not in 563lC mutant channels

(Ulens et al., 1999), suggesting that norpropoxyphene may interact with 5631 to increase

the permeability ration of Na* over K*. Fan et al. reported that S631K and S631E

mutations significantly increased the hERG Na./K* permeability ratio (Fan et a1.,1999).

Therefore, we believe that the inactivation-associated conformational change of the Ser-

631 may contribute to the increased Na* permeability during the inactivation process.

This notion is also consistent with our data that there is no detectable Na* current in the

563lA mutant channel (Fig. i 1).
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In WT hERG channels, while robust outward Na* current was recorded with a pipette

solution containing 135 mM Na* and a bath solution containing 135 mM NMG* (Fig. 1-

5), no Na* current could be detected when a 135 mM Na*-containing bath solution was

used. We found that external Na* potently blocks the Na* current in a concentration

dependent manner (ICso : 3.5 mM, Fig. 12). The Na*o block of hERG K* currents has

been reported previously (Multins et al., 2002), and the IC5¡ value for Na*o to block the

hERG Na* current is close to that for Na*o to block hERG K* currents (Mullins et al.,

2002). It was also reported that the 56244 and 5624T mutations removed the Na*o

blocking effect on the hERG K* current (Mullins et al., 2002).It was proposed that Na*o

induced block resulted from the competition between extracellular sodium and potassium

for binding to the hERG channel pore, and that mutations of 5624A and 5624T increased

the K* occupancy of the most outer pore site which resulted in both impaired inactivation

and decreased sensitivity to inhibition by Na*o in the two mutant channels (Mullins et a1.,

2002). In the present study, we found that the S624Lmutation also removed Na*o block

of the hERG Na* current. Further, we found that the F627Y and 56414 removed Na*o

blocking effects on the hERG Na* current as well. Since theF627Y and 5641A mutations

significantly accelerated hERG inactivation, whereas 5624A slightly decelerated it (data

not shown, also see (Mullins et al., 2002)), inactivation gating seems not involved in the

Na*o block of hERG channels. Also, since our experiments were performed in the

absence of K*, it ruled out any potential competition between Na*o and K*o for the

binding to the hERG channel pore as a mechanism for Na*o induced hERG block. In the

paper published by Mullins et al, it was also mentioned that Na+ current through hERG

channels could not be detected (Mullins et al., 2002). The reason for the discrepancy is
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not known but may be related to the Na*o blocking effect. The exact mechanism of Na*o

block of hERG Na* current is not known. It seems that the binding domain is located in

the outer mouth of the channel pore since only external Na* can produce blocking effects.

Mutations at the 5624, F627 or 5641 position of hERG may induce a conformational

change that disrupts the binding domain for Na*o.

Although Na*o blocked hERG Na* current, a robust outward hERG Na+ current indicates

that intracellular Na+ Otra*i) does not block the channels. This is in contrast to the effects

of Na* ions on other voltage gated K* channels. Na*¡ is known to block several voltage-

gated K* channels including rat ether-a-go-go (rEAG K* channel) (Pardo et al., 1998;

Yellen, 1984; Pusch et a1.,2001). on the other hand, Na*o generally does not block

voltage-gated K* channels (Hille, 2001). Similarly, Na*¡ but not Na*o blocks the bacterial

channel KcsA in lipid bilayers and the K*-selective prokaryotic glutamate receptor

GluR0. Sidedness of Na*block in these channels have been used to determine the channel

topology (Heginbotham et al., 7999; Chen et al., 1999a). Clearly, Na* block of hERG

channels displayed a sidedness opposite to that of most K* channels. The mechanisms of

Na* block of hERG channels need further investigation.

In conclusion, by studying the Na* currents in hERG channels, we propose that there are

at least two distinct inactivated states in hERG channels, the initial P-type and the more

stable 'C-type' inactivated state. The Na* permeation and block of hERG channels

provide a novel way to extend our understanding of hERG channel gating and

modulation.
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VII. CONCLUSION

We have discovered that Na* permeates through hERG K* channels.

We have identified that an inactivated state of the hERG channel is the only state that

permeates Na+.

Using the Na* permeation property, we have found that inactivation of the hERG

channel involves at least two steps, the fast entry into the less stable; P-type

inactivated state, and the slow entry into the more stable 'C-type' inactivated state.

Na* permeates through the fast inactivated state (P-type) but not through either open

state or 'C-type' inactivated state. The onset and recovery from P-type inactivation is

fast, while the onset and recovery from 'C-type' inactivation is slow. The Na* current

decay during depolarizations reflects the entry of the P+ype inactivated channels into

the 'C-type' inactivated state.

We also found that external Na* blocks the hERG Na* current with an IC56 of 3.5

mM.

Characteization of Na* permeation and block of hERG channels not only extends our

understanding of hERG channel function and regulation but also provides a powerful

tool for further investigation of hERG function and drug-hERG interactions.

3.

4.

5.
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VIII. FUTURE DIRECTIONS and CLINICAL RELEVANCE

hERG has received tremendous attention since its discovery in 1994 because inherited

mutations or drug-induced blockade of channels increases the risk of lethal anh¡hmia.

Despite intense scrutiny, many issues regarding the physiological functions and

mechanisms of gating, especially inactivation gating, of hERG channels remain

unresolved.

Using the Na* permeation property, we have found that hERG channel inactivation

involves at least two steps, the fast entry into the P-type inactivated state, and the slow

entry into the stable 'C-type' inactivated state. The existence of 'C-type' inactivated state

of the hERG channel provides us with valuable clues to investigate the physiological

functions of the channel. We found that reduction of extemal concentration of K* (tK."])

signif,rcantly decreases hERG K* current amplitude. Although the mechanism of K*o-

dependent changes of the hERG current amplitude is not known, we believe that the entry

into the slow 'C-type' inactivation at low K*o is responsible for this phenomenon. These

studies suggested that changes in hERG K* current amplitude may occur in vivo as a

result of small changes in [K*"] asscociated with pathological (and perhaps physiological)

conditions. In other wotds, [K*o] controls the population of functional hERG channels

which does not reside in the 'C-type' inactivated state. Studies on K* channel blockers,

such as class III antianhythmia agents (hERG channel blockers), revealed that these

intracellular channel blockers reduce K* occupancy of the channel pore (Valenzuela et al.,

1995; Choi et aI., 1999). V/hether the reduction of K* occupancy induced by the channel
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blockers leads to the channel to enter into the 'C-type' inactivation state needs to be

fuither investigated. With the wide variety of drug blockers of the hERG channel being

discovered, it will be of great interest to determine whether any of these drugs block the

char¡rel via modulation of K*-sensitivity conformational changes.
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