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Summary 

Mutations in HERG cause an inherited cardiac arrhyth- 
mia, long QT syndrome (LQT). To define the function of 
HERG, we expressed the protein in Xenopus oocytes. 
The biophysical properties of expressed HERG are 
nearly identical to the rapidly activating delayed recti- 
fier K ÷ current (IK,) in cardiac myocytes. HERG current 
is K + selective, declines with depolarizations above 0 
mV, is activated by extracellular K + , and is blocked by 
lanthanum. Interestingly, HERG current is not blocked 
by drugs that specifically block IKr in cardiac myocytes. 
These data indicate that HERG proteins form IK~ chan- 
nels, but that an additional subunit may be required 
for drug sensitivity. Since block of IK, is a known mech- 
anism for drug-induced cardiac arrhythmias, the find- 
ing that HERG encodes IKr channels provides a mecha- 
nistic link between certain forms of inherited and 
acquired LQT. 

Introduction 

Long QT syndrome (LQT) causes cardiac arrhythmias and 
sudden death, often in young, otherwise healthy individu- 
als. LQT can be inherited as an autosomal dominant trait, 
but the more common form of this disorder is acquired. 
Many different factors can interact to induce acquired 
LQT, particularly treatment with certain medications and 
reduced serum K ÷ levels (hypokalemia). Acquired and in- 
herited LQTs are both associated with a distinct arrhyth- 
mia known as torsade de pointes. Torsade de pointes is 
a polymorphic ventricular tachycardia associated with ab- 
normal cardiac repolarization, as detected by QT prolon- 
gation on the electrocardiogram, and characterized by si- 
nusoidal twisting of the QRS axis around the isoelectric 
line (Surawicz, 1989). Torsade de pointes can degenerate 
into ventricular fibrillation, leading to sudden death. 

Recently, we identified mutations in a putative K ÷ chan- 
nel gene, the human ether-a-go-go-related gene (HERG), 
in patients with the chromosome 7-1inked form of inherited 
LQT (Curran et al., 1995). HERG was initially isolated by 
Warmke and Ganetzky (1994) by screening a human hip- 
pocampal cDNA library with a mouse homolog of ether-a- 
go-go, a Drosophila K ÷ channel gene. The function of 
HERG was unknown, but it was strongly expressed in the 
heart and was hypothesized to play an important role in 

repolarization of cardiac action potentials (Curran et al., 
1995). 

Acquired LQT usually results from therapy with medica- 
tions that block cardiac K ÷ channels (Roden, 1988). The 
medications most commonly associated with LQT are anti- 
arrhythmic drugs (e.g., quinidine and sotalol) that block 
the cardiac rapidly activating delayed rectifier K ÷ current, 
IKr, as part of their spectrum of pharmacologic activity. 
IKr has been characterized in isolated cardiac myocytes 
(Balser et al., 1990; Follmer et al., 1992; Sanguinetti and 
Jurkiewicz, 1990a; Shibasaki, 1987; Yang et al., 1994) 
and is known to have an important role in initiating repolar- 
ization of action potentials. Despite extensive effort, the 
gene encoding this channel has not been identified. 

To define the physiologic role of HERG, we cloned the 
full-length cDNA and expressed the channel in Xenopus 
oocytes. Voltage clamp analyses of the resulting currents 
revealed that HERG encodes a K ÷ channel with biophysical 
characteristics nearly identical to IKr. These data suggest 
that HERG encodes the major subunit for the IKr channel 
and provide a mechanistic link between some forms of 
inherited and drug-induced LQT. 

Results 

HERG Encodes a K + Channel with Rectification 
Properties Similar to IKr 
To determine the physiologic properties of HERG, we 
cloned and characterized a full-length cDNA and prepared 
it for expression in Xenopus oocytes. The characteristics 
of the expressed channel were studied in oocytes 2-6 days 
after cRNA injection using standard two-microelectrode 
voltage clamp techniques. HERG current was activated 
in response to test potentials of > -50  mV. The magnitude 
of HERG current increased progressively with test poten- 
tials up to -10  mV (Figure 1A) and then progressively 
decreased with test potentials of/>0 mV (Figure 1 B). Deac- 
tivation of current (tail current) was assessed after return 
of the membrane to the holding potential of -70  inV. The 
amplitude of the tail currents progressively increased after 
depolarization and saturated at +10 mV. The HERG cur- 
rent-voltage (I-V) relationship determined for 10 oocytes 
is shown in Figure 1C. Peak outward current decreased 
with incremental depolarization, indicating that HERG rec- 
tifies. The voltage dependence of channel activation was 
assessed by plotting the relative amplitude of tail currents 
as a function of test potential (Figure 1D). HERG reached 
half-maximal activation at a potential of -15.1 mV. These 
data define HERG as a delayed rectifier K ÷ channel with 
a voltage dependence of activation and rectification prop- 
erties nearly identical to IK, (Sanguinetti and Jurkiewicz, 
1990a; Shibasaki, 1987; Yang et al., 1994). These proper- 
ties are unlike any other known cardiac current. 

To characterize HERG further, we determined the time 
course of current activation and deactivation. The time 
course for the onset of current (activation) was best fit 
with a single exponential function (Figure 2A). The rate 
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Figure 1. Currents Elicited by Depolarizing Voltage Steps in Xenopus 
Oocytes Injected with HERG cRNA 
(A) Currents activated by 4 s pulses, applied in 10 mV increments 
from -50 to -10 mV. Current during the pulse progressively increased 
with voltage, as did tail current upon return to the holding potential. 
Holding potential was -70 mV. The inset illustrates th e voltage pulse 
protocol. 
(B) Currents activated with test pulses of 0 to +40 mV, applied in 
10 mV increments. Current magnitude during the pulse progressively 
decreased with voltage, whereas the tail current saturated at +10 inV. 
Note that currents do not exhibit slow inactivation. 
(C) I-V relationship for peak HERG current recorded during 4 s pulses 
(n = 10). 
(D) Voltage dependence of HERG channel activation. Amplitude of 
tail currents were measured at -70 mV following 4 s pulses and then 
normalized relative to the largest current Data were fit to a Boltzmann 
function: 

I = 1i(1 + exp[(V,/, - V,)/k]), 

where I is the relative tail current, V~ is the voltage required for half 
activation of current, Vt is the test potential, and k is the slope factor 
(V,a = -15.1 _+ 0.6 mV; k = 7.85 _+ 0.2 mV; n = 10). 

of activation increased with incremental changes in test 
potentials from -40  to +50 inV. Deactivating cu rrents were 
best fit with a biexponential function (Figure 2B), similar 
to IKr (Chinn, 1993; Yang et al., 1994). The time constants 

for H ERG current activation and for the fast phase of deac- 
tivation were a bell-shaped function of test potential (Fig- 
ure 2C). The relative amplitude of the fast component of 
deactivation varied from 0.77 at -30  mV to 0.2 at -120 
mV (Figure 219). The kinetics of HERG current are slower 
than IKr (Sanguinetti and Jurkiewicz, 1990a; Shibasaki, 
1987; Yang et al., 1994), but exhibit an identical voltage 
dependence. 

HERG Current Is Activated by Extracellular K + 
The K + selectivity of HERG was determined by measuring 
the reversal potential of currents in oocytes bathed in 
ND96 solution containing different concentrations of KCI 
(0.5-20 raM). Tail currents were measured at a variable 
test potential after current activation by a pulse to +20 mV 
(Figures 3A and 3B). The voltage at which the tail current 
reversed from an inward to an outward current was defined 
as the reversal potential, Erev. This varied with extracellular 
K + concentration ([K+]e), as predicted by the Nernst equa- 
tion (58 mV change for a 10-fold increase in [K+],) for [K+]. 
at/>5 mM. E~v varied over the entire range of [K+]e in a 
manner well described by the Goldman-Hodgkin-Katz 
current equation (Figure 3C). These data indicate that 
HERG is selectively permeable to K + over Na + by a factor 
of >100. 

A hallmark feature of cardiac IKr is its modulation by [K÷]e 
(Sanguinetti and Jurkiewicz, 1992). The effect of [K+]e on 
the magnitude of HERG current is shown in Figures 4A-  
4C. HERG current increased in direct proportion to [K+]e, 
although the shape of the I-V relationship was not altered 
(Figure 4D). The [W], dependence of HERG current was 
determined by comparing the peak outward current at +20 
mV in oocytes bathed in solutions containing 0.5-20 mM 
KCI. Over this range, HERG current amplitude varied as 
a linear function of [K+], (Figure 4E). Unlike most other 
K + currents, the magnitude of outward HERG current is 
paradoxically reduced upon removal of extracellular K +, 

Rectification of HERG Current Results from Rapid 
Channel Inactivation 
Rectification of IKr is hypothesized to result from voltage- 
dependent inactivation that is more rapid than activation 
(Sanguinetti and J urkiewicz, 1990a; Shibasaki, 1987). The 
net result of these two competing processes is a reduced 
current magnitude relative to that predicted from the 
steady-state activation variable and the electrochemical 
driving force for outward K ÷ flux. It is hypothesized that 
peak tail currents do not exhibit similar rectification after 
strong depolarizations (see Figure 1) because the chan- 
nels recover from fast inactivation much more rapidly than 
the time course of deactivation. If this interpretation is cor- 
rect, it should be possible to measure the time course 
of recovery from fast inactivation during the onset of tail 
current. Figure 5 shows the results of this experiment. Tail 
currents were recorded at several test potentials, each 
preceded by a prepulse to +40 mV (Figure 5A). The voltage 
dependence of the time constant for recovery from fast 
inactivation is plotted in Figure 5B. Recovery was slowest 
a t - 30  mV (~ = 18.6 ms) and became faster with increme n- 
tal increases or decreases in test potential. The bell- 
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Figure 2. Kinetics of HERG Current Activation 
and Deactivation 
(A) Activating currents were activated by 3.25 
s pulses to test potentials ranging from -50 to 
+20 mV (10 mV steps). Currents and corre- 
sponding single exponential fits (I = A0 + 
Ale -~) are superimposed. 
(B) Deactivation of HERG currents. Current 
was activated with 1.6 s pulses to +20 mV, fol- 
lowed by a return to test potentials ranging from 
-40 to -100 mV (10 mV steps). Deactivating 
currents and corresponding biexponential fits 
(Itaif = Ao + AMPrexp ~,f + AMP,.exp -~') are 
superimposed. Currents were not leak sub- 
tracted. 
(C) Voltage-dependent kinetics of activation 
(n = 15) and rapid deactivation (n = 11). 
(D) Plot of time constants ('~f and '~s) and relative 
amplitudes of the fast (AMPf) and slow (AMPs) 
components of HERG current deactivation as 
a function of test potential (n = 11). Relative 
amplitudes were not determined at -80 and 
-90 mV owing to the small current magnitudes 
near the reversal potential. 

shaped relationship between the time constant for recov- 
ery from inactivation and membrane potential peaked at 
the same voltage (-30 mV) as the relationship describing 
the voltage dependence of HERG current activation and 
deactivation (see Figure 2C). Although the onset of fast 
inactivation could not be quantified (because it occurred 
much faster than activation), it is likely that the descending 
limb of the curve in Figure 5B (from -20  to +20 mV) also 
describes the voltage dependence of rapid inactivation. 
These data indicate that rectification of HERG current re- 
sults from an inactivation process that is much more rapid 
than the time course of activation. 

The voltage dependence of channel rectification was 
determined by comparison of the fully activated I-V rela- 
tionship for HERG current (Figure 5C) with the I-V relation- 
ship expected for an ohmic conductor. The broken line in 
Figure 5C was extrapolated from a linear fit of current 
amplitudes measured at -90  to -120 mV and describes 
the I-V relationship that would occur in the absence of 
rectification (ohmic conduction). The slope of this line de- 

fines the maximal conductance of HERG in this oocyte 
(118 I~S) and was used to calculate the voltage depen- 
dence of channel rectification (Figure 5D). Rectification 
was half-maximal at -49  mV, and the relationship had a 
slope factor of 28 inV. The half-point was very similar to 
IKr in rabbit nodal cells, and the slope factor was nearly 
identical to IKr in guinea pig myocytes (Table 1). 

Steady-state HERG current at any given test potential 
(Vt) can be defined: 

I.ERG = G-n" R'(Vt - E r e v ) ,  

where G is the maximal conductance of HERG current, 
n is the activation variable, R is the rectification variable, 
and Erev is the reversal potential. 

HERG Current  Is Blocked by Lan thanum and Cobalt ,  
but Not  Af fec ted  by Methanesu l fonan i l ides  
or Cyclic Nucleot ides  
IK, of cardiac myocytes is blocked by 10-100 I~M lantha- 



Cell 
302 

mA. 

O- 

A 2 mM K 

+201 

- 7 O  

I . . . .  I . . . .  I . . . .  ~ , 

0 msec 2500 5000 7500 ::!B 
_ 1 o ~  

C 

-60 ~ ~ 

~" -80 / "  / 

LU = -100 
e 

-120~ 

1 10 
[K] ° (mM) 

Figure 3. Reversal Potential of HERG Current Varies with [K+]., as 
Expected for a W-Selective Channel 
(A) Tail currents were elicited at potentials of -105 to -80 mV (applied 
in 5 mV steps) in an oocyte bathed in ND96 solution ([K+]. = 2 mM) 
following a pulse to +20 mV. The estimated reversal potential of tail 
currents was -97 inV. Currents were not leak subtracted. 
(B) Tail currents were elicited at potentials of -75 to -50 mV (applied 
in 5 mV steps) in the same oocyte bathed in modified ND96 solution 
([K+], = 10 mM). The reversal potential of tail currents was -65 mV. 
(C) Reversal potential (Erev) of HERG current varies as a function of 
[K÷].. E,.~ was measured for each oocyte by determining the zero inter- 
cept from a plot of tail current amplitude as a function of test potential. 
Data represent the mean of five determinations, except for 2 mM [K*], 
(n = 15). The broken line is the relationship predicted by the Nernst 
equation for a perfectly K÷-selective channel. The solid curve repre- 
sents a fit of the data to the Goldman-Hodgkin-Katz current equation 
(Goldman, 1943; Hodgkin and Katz, 1949): 

Erev = 58.1og[(p[Na+]. + [K+]~)/(p[Na+]~ + [K+]i)l. 

The relative permeability of Na + to K + (p) determined from this fit was 
0.007. 

num (Laa+), 2 mM cobalt (Co 2+) (Balser et al., 1990; San- 
guinetti and Jurkiewicz, 1990b; Sanguinetti and Jurkie- 
wicz, 1991) and by nanomolar concentrations of several 
methanesulfonanil ide antiarrhythmic drugs, such as 
E-4031 (Sanguinetti and Jurkiewicz, 1990a) and MK-499 
(Lynch et al., 1994). We determined whether HERG cur- 
rent is also blocked by these cations and drugs. At a test 
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Figure 4. Activation of HERG Current by Extracellular K ÷ 

(A-C) Currents elicited by 4 s pulses to test potentials ranging from -50 
to +20 mV in an oocyte bathed in modified ND96 solution containing 10 
mM KCI (A) or 2 mM KCI (B) or 5 min after switching to ND96 solution 
with no added KCI (C). 
(D) I-V relationship for currents shown in (A)-(C). 
(E) HERG current amplitude varies as a function of [K+],. Currents 
were measured at a test potential of +20 mV (n = 4-6). The solid line 
is a linear fit to data (IHER~ = 189 + 37.5" [K*],). Note that this relationship 
at lower and higher [K÷], would not be expected to be a linear function 
of [K÷].. 

potential of 0 mY, 10 pM La 3+ reduced HERG current by 
92% + 3% (n = 4; Figure 6). At least part of the blocking 
effect of La 3÷ resulted from screening of the negative mem- 
brane surface charge (Sanguinetti and Jurkiewicz, 1990b), 
as indicated by the 40 mV posit ive shift in both the peak 
of the I -V relationship (Figure 6C) and the isochronal acti- 
vation curve (Figure 6D). HERG was also partially blocked 

(52%) by 2 mM Co 2+ (n = 2). However, neither E-4031 
nor MK-499 at a concentration of 1 IIM blocked HERG 
current, even after the incubation of the oocytes for up to 
4 hr in these drugs. 

The HERG channel contains a segment homologous 
to a cyclic nucleotide-binding domain near its carboxyl 
terminus (Warmke and Ganetzky, 1994). To determine 
whether HERG was sensitive to cyclic nucleotides, we 
tested the effect of 8-bromoadenosine 3',5'-cyclic mono- 
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Figure 5. HERG Rectification Results from 
Rapid Inactivation 

(A) Currents recorded at test potentials of +20, 
0, -40, and -70 to -120 mV (in 10 mV steps) 
following activation with a 260 ms pulse to +40 
mV ([K*]e = 10 mM). Currents were recorded 
at a sampling rate of 10 kHz. Only the final 30 
ms of the activating pulse is shown, followed 
by the 90 ms tail current. P/3 subtraction was 
used to eliminate leak current; initial 2 ms of 
tail currents were blanked. Tail currents re- 
corded at some potentials (+20 to -60 mV) 
were fit with a single exponential function, 
since deactivation was slow enough that it did 
not to contribute significantly to net kinetics of 
tail current. At more negative potentials (-70 
to -120 mV), currents were fit with a biexponen- 
tial function to account for the fast phase of 
deactivation that overlapped recovery from in- 
activation. Fits to the data are superimposed 
over the current traces. 
(B) Time constants for recovery from fast inacti- 
vation determined from fits of tail currents as 
described above. 
(C) Fully activated HERG I-V relationship. The 
maximal conductance of HERG current (118 
I~S) was determined from the slope of a linear 
fit to current amplitudes at potentials between 
-90 and -120 inV. 
(D) Voltage dependence of rapid inactivation 

of HERG current. The rectification factor, R, at each potential was calculated using the current amplitudes plotted in (C): R = [G.n-(Vt - E,~,)]/ 
IHERG, where G is the maximal conductance of HERG (118 p,S), n is the activation variable at +40 mV (1.0), Vt is the test potential, and E,~, is the 
reversal potential (-73 mV). The data were fit with a Boltzmann equation: 1/(1 + exp[(Vt - V,,~)/k]). The value of V,,~ was -49 mV, and the slope 
factor (k) was +28 inV. 

phosphate (8-Br-cAMP) and 8-bromoguanosine 3',5'- 
cyclic monophosphate (8-Br-cGMP) on expressed HERG 
current. These membrane-permeant analogs of endoge- 
nous cyclic nucleotides have been shown to increase the 
magnitude of other channels expressed in Xenopus oo- 
cytes (Blumenthal and Kaczmarek, 1992; Bruggemann et 
al., 1993). Neither compound had a significant effect on 
current magnitude or voltage dependence of channel acti- 

vation at a concentration of 1 mM within 30 min of applica- 
tion (data not shown). 

Discussion 

HERG Encodes Subunits of Cardiac IKr Channels 
We conclude that HERG encodes the major subunit of the 
cardiac IKr channel, HERG expressed in oocytes induces 

Table 1. Comparison of Gating Properties of HERG and IKr 

I-V Relation Activation Inactivation 

Peak Full Rectification Threshold Half-Point Slope Factor Half-Point Slope Factor 
Current Rectification (mV) (mV) (mV) (mV) (mV) (mV) (mV) 

HERG a + 0 +60 -50 -15 7.9 -49 +28 
IKr (guinea pig heart) b + 0 +60 -50 -22 7.5 -9  +22 
IK, (rabbit heart) ° + ND ND -50 -25 7.4 -68 ND 
IKr (mouse AT-I cells) ~ + 10 +55 -50 +1 ND ND ND 

ND, not determined. 
a This study. 
b Jurkiewicz and Sanguinetti, 1993; Lynch et al., 1994; Sanguinetti and Jurkiewicz, 1990a, 1990b; Sanguinetti and Jurkiewicz, 1991. 
c Carmeliet, 1992; Shibasaki, 1987. 
d Yang et al., 1994. 
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Figure 6. HERG Current Is Blocked by La ~* 

(A) Control currents activated by 4 s pulses to potentials ranging from 
-50  to +50 inV. Currents were not leak subtracted. 
(B) Currents elicited with the same pulse protocol after exposure of 
oocyte to 10 I~M LaCI3. 
(C) I-V relationship of HERG currents measured at the end of 4 s test 
pulses. 
(D) Isochronal activation curves were determined from plots of tail 
current amplitudes as a funcion of test potential. Data were fitted to 
a Boltzmann function to obtain the smooth isochronal activation curve. 
La 3+ shifted the half-point of activation from -16 mV to +23 mV. 

a current that shares most of the distinguishing character- 
istics defining IKr in cardiac myocytes (Tables 1 and 2). 
These include negative slope conductance of the I-V rela- 
tionship at potentials of >0 mV, with a peak near 0 mV; 

voltage dependence of activation; paradoxical modulation 
of current by [K+]e; and block by La 3+ and Co 2+. The kinetics 
of activation and deactivation of HERG current are much 
slower than IK, in mouse AT-1 cells measured at room tem- 
perature (Yang et al., 1994). For example, activation of 
HERG is about four times slower than IKr at 0 mY. This 
difference may indicate that some other endogenous fac- 
tor or an additional channel subunit modulates the gating 
of IK, channels in cardiac cells. In addition, HERG is not 
activated by 8-Br-cAMP, consistent with the finding that 
isoproterenol does not increase IKr in cardiac myocytes 
(Sanguinetti et al., 1991). Coassembly of HERG subunits 
in oocytes, presumedly as homotetramers (MacKinnon, 
1991), therefore, can reconstitute the major biophysical 
properties of cardiac IKr. NO other known channel shares all 
these characteristics. Heterologous expression of HERG 
will permit future single-channel characterization, a diffi- 
cult task in cardiac myocytes, where many types of K ÷ 
channels are expressed. 

The only major difference between HERG current and 
IKr is that HERG is not blocked by methanesulfonanilide 
drugs (E-4031 and MK-499), potent and specific blockers 
of IK, in isolated cardiac myocytes (Lynch et al., 1994; San- 
guinetti and Jurkiewicz, 1990a). This suggests that the IK, 
channel and the methanesulfonanilide receptor are sepa- 
rate, but interacting, proteins. A similar phenomenon has 
been described for the KATP channel, recently isolated from 
mammalian heart (Ashford et al., 1994). When this channel 
(rCKATp-1) iS expressed in HEK293 cells, it has all the bio- 
physical characteristics of the native channel (Ashford et 
al., 1994), including modulation by intracellular nucleo- 
tides. However, the channel is not blocked by glibencla- 
mide, a drug that inhibits KATp channels in cardiac myo- 
cytes (Ashford et al., 1994). It may be possible to isolate the 
methanesulfonanilde receptor biochemically using known 
high affinity probes such as dofetilide or MK-499. Coex- 
pression of HERG channels with the methanesulfonanilide 
receptor will enable detailed studies of the interaction be- 
tween these two molecules. 

The Mechanism of HERG Rectification Is Rapid 
Channel Inactivation 
A unique feature of IKr is negative conductance of the 

Table 2. Modulation of HERG and IK, by [K+], and Blockers 

Blockers 

Methanesulfonanilides (IC~o) 

Modulation of 
Current Current by [K*]~ La ~- Co 2+ E-4031 MK-499 Dofetilide 

HERG a + + 1 p.M b 1 pM b ND 
IK, (guinea pig) c + + 397 nM 44 nM 32 nM 
IKr (rabbit) d ND ND <0.1 p.M ND 4 nM 
IKr (AT-1 cells) e ND + ND ND 12 nM 

ND, not determined. 
a This study. 
b No effect. 
c Jurkiewicz and Sanguinetti, 1993; Lynch et al., 1994; Sanguinetti and Jurkiewicz, 1990a, 1990b; Sanguinetti and Jurkiewicz, 1991. 
d Carmeliet, 1992; Shibasaki, 1987. 
e Yang et al., 1994. 
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I-V relationship at potentials of >0 mV. It has been postu- 
lated that rectification of IKr resu Its from voltage-dependent 
inactivation that occurs much faster than activation (Shiba- 
saki, 1987). The kinetics of fast inactivation are difficult 
to resolve in macroscopic current recordings of myocytes 
and, therefore, were calculated based on kinetics of single- 
channel activity (Shibasaki, 1987). In this study, we could 
resolve the time course for recovery from inactivation of 
macroscopic H ERG current because of the large signal-to- 
noise ratio and the relatively slow channel-gating kinetics 
at room temperature. The rapid onset of and recovery from 
fast inactivation explain the negative conductance of the 
I-V relationship for HERG at potentials of >0 mV. For ex- 
ample, at a test potential of +20 mV, HERG activates with 
a time constant of 230 ms, but simultaneously inactivates 
with a time constant of 12 ms. Thus, inactivation is com- 
plete before activation of current has reached a significant 
level, resulting in a much reduced current amplitude. Re- 
covery from inactivation occurs so fast, relative to deacti- 
vation, that tail current amplitudes are not significantly 
affected after repolarization. Our findings support the hy- 
pothesis of Shibasaki (1987) that the mechanism of recti- 
fication for IKr (and HERG) is rapid, voltage-dependent in- 
activation, but does not rule out the possibil i ty that 
rectification results from block of channels by an endoge- 
nous cytoplasmic molecule (Vandenberg, 1987; Fakler et 
al., 1995). 

Rectification of HERG current was half-maximal (V,/2) at 
-49  mV and had a slope factor of 28 inV. The slope factor 
of HERG rectification was similar to iKr measured in guinea 
pig myocytes (22 mV). The V,/~ of HERG rectification was 
more negative than that estimated in guinea pig (Table 
1). However, the voltage dependence of IK, rectification in 
guinea pig myocytes was difficult to measure because of 
overlap with a much larger iK1 at negative test potentials. 
The absence of overlapping current in rabbit nodal cells 
and in oocytes expressing HERG allowed more accurate 
measure of the voltage dependence of channel rectifica- 
tion, and these determinations were similar (Table 1). Sin- 
gle-channel analysis of expressed HERG will enable a 
more detailed description of voltage-dependent gating and 
the mechanism of negative conductance of the I-V rela- 
tionship. This type of analysis is difficult to perform in car- 
diac myocytes owing to the presence of many types of K ÷ 
channels. 

The [K+]e Dependence of HERG Current May 
Modulate Duration of Cardiac Action Potentials 
Elevation of [K+]e caused an increase in outward HERG 
current. This is a paradoxical effect, since an increase of 
[K+]e lowers the chemical driving force for outward K ÷ flux 
and therefore would be expected to decrease, rather than 
increase, outward current. The same phenomenon has 
been described for IKr (Sanguinetti and Jurkiewicz, 1992; 
Scamps and Carmeliet, 1989), but not for any other cardiac 
channel except IKI. However, IK~ is activated almost in- 
stantly with hyperpolarization, whereas HERG, like IK,, is 
relatively slowly activated by depolarization and is not acti- 
vated by hyperpolarization. 

The modulation of HERG (and IK~) by [K+]e may have 

physiologic importance. During rapid heart rates or isch- 
emia, K ÷ accumulates within intracellular clefts (Gintant 
et al., 1992). This elevation in [K+]e would increase the 
contribution of HERG (IKr) to net repolarizing current. 
HERG (IKr) may be even more important, therefore, in mod- 
ulation of action potential duration at high heart rates or 
during the initial phase of ischemia. 

The mechanism of HERG modulation by [K÷]~ is un- 
known, but the phenomenon has been observed in an- 
other cloned K + channel, RCK4. The amplitude of RCK4 
is also increased with elevation of [K+]e (Pardo et al., 1992). 
Single-channel analyses revealed that elevation of [K÷]e 
increased the number of channels available to open, but 
had no effect on single-channel conductance, mean open 
time, or gating charge (Pardo et al., 1992). Moreover, it 
was demonstrated that substitution of a single lysine, lo- 
cated near the pore of the channel, to a tyrosine residue 
(K533Y) eliminated this effect. A similar [K+]e-dependent 
increase in current was created by substitution of a single 
amino acid near the pore domain of Shaker B channels 
(Lopez-Barneo et al., 1993). Future experiments will deter- 
mine whether K ÷ modulation of single HERG channels is 
also affected by a single amino acid mutation. 

Mutation of HERG and Drug-Induced Block of IKr: 
A Mechanistic Link between Inherited 
and Acquired LQT 
Inherited LQT and the more common (drug-induced) form 
of the disorder are associated with torsade de pointes, 
a polymorphic ventricular tachyarrhythmia. We recently 
showed that mutations in HERG cause chromosome 
7-1inked LQT, likely by a dominant negative inhibition of 
HERG function (Curran et al., 1995). It should be noted that 
there are likely to be several different mechanisms that 
account for acquired and inherited LQT. For example, we 
recently demonstrated that mutations in SCNSA, the car- 
diac sodium channel gene, cause chromosome 3-1inked 
LQT (Wang et al., 1995). The discovery that HERG forms 
the IK, channel provides a logical explanation for the obser- 
vation that block of IKr by certain drugs can provoke the 
same arrhythmia (torsades de pointe) as that observed in 
familial LQT. 

Our findings may have important clinical implications. 
We found that changes in [K+]e over a physiologic range 
significantly modulated the amplitude of HERG current. 
For example, elevation of [K+]e from 2 to 5 mM increased 
HERG current by 40%. Modest hypokalemia, a common 
clinical problem, would have a significant effect on HERG 
current. This may explain the association between hypo- 
kalemia and acquired /QT (Roden, 1988). Furthermore, 
hypokalemia per se has been associated with ventricular 
arrhythmias (Curry et al., 1976). Medications (e.g., sotalol 
and dofetilide) that decrease IK, can be effective antiar- 
rhythmic agents because they modestly lengthen cardiac 
action potentials, thereby inhibiting reentrant arrhythmias. 
In the setting of hypokalemia, however, this effect would 
be exaggerated, leading to excessive action potential pro- 
longation and induction of torsade de pointes. Modest ele- 
vation of serum [K +] in patients given these antiarrhythmic 
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med ica t i ons  or  in ind iv idua ls  wi th c h r o m o s o m e  7-1 inked 

LQT  might  p reven t  t o r sade  de  po in tes.  

In summary ,  w e  have  d e m o n s t r a t e d  that  HERG e n c o d e s  

the ma jo r  subun i t  f o rm ing  IKr channe ls .  Th is  d i scove ry  sug-  

ges ts  that  the  mo lecu la r  m e c h a n i s m  o f  c h r o m o s o m e  

7-1 inked LQT and cer ta in  acqu i red  f o rms  o f  the d i so rde r  

can  resul t  f rom dys func t ion  o f  the s a m e  ion channe l .  

Experimental Procedures 

Cloning of a Full-Length HERG eDNA 
An HERG genomic clone containing domains $1-$3 and intron I (Cur- 
ran et al., 1995) was used to screen 108 recombinants of a human 
hippocampal cDNA library (Stratagene, library 936205). A single par- 
tially processed cDNA clone that contained nucleotides 32-2398 of 
the HERG coding sequence was identified. A second screen of this 
library was performed using the coding portion of this cDNA. This 
screen produced a second clone containing HERG coding sequence 
from nucleotides 1216 through the 3'-untranslated region and included 
a poly(A) ÷ region. These two cDNAs were ligated using an Xhol site 
at position 2089. To recover the 5' region of HERG, we screened 106 
clones of a human heart cDNA library (Stratagene, library 936207) 
with the composite hippocampal cDNA. A single clone containing the 
5'-untranslated region through nucleotide 2133 was isolated. This 
clone was combined with the hippocampal composite at a Bglll site 
(nucleotide 1913) to produce a full-length HERG cDNA. 

Construction of an HERG Expression Plasmid and 
Transcription of cRNA 
To facilitate HERG expression in Xenopus oocytes, the HERG cDNA 
was subcloned into a poly(A) + expression vector, and the 5'- and 3'- 
untranslated regions were reduced to minimal lengths. The final HERG 
expression construct contains cDNA sequence from nucleotides - 6  
through +3513 in the pSP64 plasmid vector (Promega). Before use 
in expression experiments, the HERG construct was characterized 
by restriction mapping and DNA sequence analyses. Complementary 
RNAs for injection into oocytes were prepared with the mCAP RNA 
capping kit (Stratagene) following linearization of the expression con- 
struct with EcoRI. 

Isolation of Oocytes and Injection of RNA 
Xenopus frogs were anesthetized by immersion in 0.2% tricaine for 
15-30 min. Ovarian lobes were digested with 2 mg/ml type 1A collagen- 
ease (Sigma) in Ca2+-free ND96 solution for 1.5 hr to remove follicle 
cells. Stage IV and V oocytes (Dumont, 1972) were injected with HERG 
cRNA (0.05 mg/ml; 50 nl) and then cultured in Barth's solution supple- 
mented with 50 I~g/ml gentamycin and 1 mM pyruvate at 18°C. Barth's 
solution contained 88 mM NaCI, 1 mM KCI, 0.4 mM CaCI2, 0.33 mM 
Ca(NO3)2, 1 mM MgSO4, 2.4 mM NaHCO3, 10 mM HEPES (pH 7.4). 

Two-Microelectrode Voltage Clamp of Oocytes 
Unless indicated, oocytes were bathed in ND96 solution. This solution 
contained 96 mM NaCI, 2 mM KCI, 1 mM MgCI2, 1.8 mM CaCI2, 5 mM 
HEPES (pH 7.6). In some experiments, KCI was varied by equimolar 
substitution with NaCI. Currents were recorded at room temperature 
(21°C-23°C) using standard two-microelectrode voltage clamp tech- 
niques. Glass microelectrodes were filled with 3 M KCI and their tips 
broken to obtain tip resistances of 1-3 MR for the voltage-recording 
electrode and 0.6-1 MQ for the currant-passing electrode. Oocytes 
were voltage clamped with a Dagan TEV-200 amplifier. Voltage com- 
mands were generated using pCLAMP software (version 6; Axon In- 
struments), a 486DX2 personal computer, and a TL-1 D/A interface 
(Axon Instruments). Current signals were digitally sampled at a rate 
equal to two to four times the low pass cutoff frequency ( -3 db) of a 
4-pole Bessel filter. Unless indicated, currents were corrected for leak 
and capacitance using standard online P/3 leak subtraction. The oo- 
cyte membrane potential was held at -70 mV between test pulses, 
applied at a rate of 1-3 pulses/min, Data analyses, including exponen- 
tial fitting of current traces, were performed using pCLAMP. Fits of 
appropriate data to a Boltzmann function or to a Goldman-Hodgkin- 
Katz constant field equation (Goldman, 1943; Hodgkin and Katz, 1949) 

were performed using Kaleidagraph (Synergy Software). Data are ex- 
pressed as the mean __. SEM (n = number of oocytes). 
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