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Abstract The rapid delayed rectifier, IKE, is believed to have 
h-tprg (&man &her-&go-go related gene) as its molecular basis. 
A recent study has shown that rectirication of h-erg involves a 
rapid inactivation process that involves rapid closure of the 
external mouth of the pore or C-type inactivation. We measured 
the instantaneous current to voltage relationship for h-erg 
channels using the saponln permeabllized variation of the cut- 
open oocyte clamp technique. In contrast to C-type inactivation 
in other voltage-gated K+ channels, the rate of inactivation was 
strongly voltage dependent at depolarized potentials. This 
voltage dependence could be modulated independently of 
activation by increasing [K+], from 2 to 98 mM. These results 
suggest that inactivation of h-erg has its own intrinsic voltage 
sensor. 

Kc y words: Potassium; Delayed rectifier; Repolarization; 
C; rdiac myocyte 

1. Introduction 

in cardiac myocytes, at least two types of K+ channels have 
be.:n demonstrated to contribute to delayed rectification and 
the, development of repolarization in cardiac muscle [I]. One 
of these activates slowly (I& and the other activates much 
ml Ire rapidly and shows strong inward rectification (1~~ ) [2,3]. 
In particular, 1~~ is believed to have h-erg (human ether-g- 
go .go related gene) as its molecular basis [4,5] because it ex- 
presses a current with characteristics similar to native 1~~ ob- 
se1 ved in myocytes. Furthermore, mutations in the h-erg gene 
ha de been linked to a familial form of long QT Syndrome [6] 
which emphasizes the physiological importance of this gene 
pm pduct. 

i<ectification in ion channels can result from asymmetries in 
tb permeation pathway, block due to asymmetric distribu- 
tions of permeant ions and impermeant blocking ions or par- 
tic es, or intrinsic gating properties [7]. The strong inward 
ret tification of h-erg and 1~~ has recently been proposed to 
result from a time-dependent inactivation-like process 
[2, $,5,8]. This inactivation process has recently been shown 
to result from closure of the external mouth of the pore, or 
C- ype inactivation [9]. However, the time and voltage depen- 
derlce of the putative inactivation process has yet to be quan- 
tit. tively described for the positive potentials where rectifica- 
tic 1 is observed. In this study, we demonstrate that 
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inactivation of h-erg has a strong voltage dependence at pos- 
itive potentials. This potential dependence is shifted strongly 
(-40 mV) by elevation of extracellular [K+10 independently 
of shifts in the threshold for activation. C-type inactivation in 
other voltage-gated K+ channels is voltage insensitive at pos- 
itive potentials, with voltage dependence at intermediate po- 
tentials reflecting a strong coupling between activation and 
inactivation. Our results suggest that inactivation of h-erg 
has a unique intrinsic voltage sensor which differentiates in- 
activation of this channel from previously described mechan- 
isms of C-type inactivation. 

2. Materials and methods 

Defolliculated Xenopus laevis oocytes (stage V-VI) were injected 
with 50 nl cRNA solution prepared as described [lo], containing up 
to 50 ng h-erg cRNA made from cRNA kindly provided by G. Ro- 
bertson at the University of Wisconsin [5]. This clone contained two 
point mutations in the 5’ end: T595A, yielding V198E, and C607T, 
yielding P202L (G. Robertson, personal communication, see also [9]). 
Voltage-clamp experiments were performed at room temperature, 
within 3-6 days of injection, using a cut-open oocyte clamp amplifier 
(CA-la, Dagan Corp.) [ll] as described previously [lo]. Extracellular 
solution (ND-96) contained: (in mM) 96 NaCl, 2 KCl. 1 MgC12, 1.8 
CaC12, 5 HEPES-NaOH, pH 7.4, high K+ extracellular solution con- 
tained: (in mM) 98 KCI, 1 MgCl2, 1.8 CaCl2, 5 HEPES-NaOH, pH 
7.4, and intracellular solution contained: (in mM) 98 KCl, 1.8 MgCl2, 
1 EGTA, 5 HEPES-NaOH, pH 7.4. Current traces were leakage and 
capacitive subtracted using a P/4 pulse protocol, unless otherwise 
noted. Data was filtered at 5 kHz. Data are shown as mean + S.E.M. 
Confidence levels were calculated using a paired t-test. 

3. Results 

Fig. 1A shows typical h-erg currents recorded in response to 
a series of depolarizing Pl pulses for 1000 ms to potentials 
ranging between -80 and +50 mV followed by a 200 ms P2 
pulse t0 -40 mV (Vholding=- 80 mV). The final current meas- 
ured at the end of the Pl pulse shows the typical [4] inward 
rectification observed for h-erg (Fig. 1B). This inward rectifi- 
cation can be seen much more clearly in the fully activated tail 
currents. As shown in Fig. 1C h-erg channels were depolarized 
with a PI pulse from a holding potential of -80 to +50 mV 
for 600 ms to fully activate the channel, which was followed 
by a P2 pulse to different potentials ranging between - 110 
and +40 ms to elicit tail currents. Note that there is a time- 
dependent lag between the onset of the P2 pulse and the peak 
of the P2 tail current. This time-dependent delay has been 
previously described [4,5] and interpreted to be recovery 
from an inactivation-like process which mediates rectification. 
This rectification can be seen more clearly in the Z-V relation- 
ship of the peak tail currents shown in Fig. 1D. 

The fully activated peak current to voltage relationship 
measured above reflects both time-dependent and instanta- 

001 J-5793/96/$12.00 0 1996 Federation of European Biochemical Societies. All rights reserved. 
PI/ SOOl4-5793(96)00570-4 



168 

A 
S. Wang et al.lFEBS Letters 389 (1996) 167-173 

B 

f 
1 , 

i 

c !-----m 

1.2 - 

z 1.0 - 

$ 0.8 - 

s 0.6 - 
ii 
s 0.4 - 
a 
z$ 0.2 - 

is o.o- 

-0.2 /, 

-60 -40 -20 0 20 40 60 

POTENTlAL(mV) 

D 

1.2 1 

!? 0.8 - 

2 0.4 - 

2 0.0 - 

fi -0.4 - 

: -0.8 - 
$ i5 -1.2 - 

= -1.6 
id 

-2.0 1 -I- 1 I I I I I 
-120 -90 -60 -30 0 30 60 

POTENTlAL(mV) 
Fig. 1. Properties of the h-erg current measured using the cut-open oocyte clamp technique. (A) Typical h-erg currents recorded in response to 
a series of depolarizing Pl pulses for 1000 ms to potentials ranging between -80 and +60 mV followed by a 200 ms P2 pulse to -40 mV 
(&,lding=-80 mV; normal extra- and intracellular solutions, no P/4 subtraction was applied in this record). (B) Steady-state current measured 
at the end of the PI pulse. Data were normalized by the maximal outward current and averaged (n=4). (C) Fully activated peak tail current. 
Typical currents recorded from a Pl pulse to +50 mV for 600 ms to fully activate the channel, followed by a P2 pulse to different potentials 
ranging between -I 10 and +40 ms to elicit tail currents (HP=-80 mv). (D) Average fully activated peak tail currents. Data obtained using 
the protocol shown in (C) were normalized by the maximal outward current (-50 mV) and averaged (n=4). Calibration bars: 40 nA, 200 ms 
for (A) and 50 nA, 200 ms for (C). 
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Fig 2. Instantaneous and time-dependent components of rectification. (A) Currents elicited during a three-pulse protocol. A 600 ms Pl pulse 
to .-50 mV was applied, followed by a P2 pulse to -80 mV for 60 ms to remove inactivation without allowing deactivation to occur, followed 
by i P3 pulse to potentials from -100 to +50 mV. (B) Currents during the P3 pulse of (A) expanded to show the instantaneous peak currents 
ano the time-dependent on rate of inactivation. (C) Average instantaneous current to voltage relationship for h-erg. The instantaneous currents 
obt,dned during P3 were normalized to maximum outward current and averaged (n=13). (D) Voltage dependence of time constants of inactiva- 
tion of h-erg. Time constants of inactivation were estimated from the P3 current traces by fitting either single or double exponentials to the 
time. course of decay. In ranges where a double exponential fit was required because of the overlap of other processes (e.g. residual capacitative 
cur”ent or deactivation) only the dominant component was plotted. Calibration bars: 400 nA, 200 ms for (A) and 400 nA, 25 ms for (B). 

neous processes. Previous analysis of this current has assumed 
that the instantaneous current to voltage relationship for this 
channel is linear [4]. We sought to address this assumption by 

measuring the instantaneous current to voltage relationship 
directly using a three-pulse protocol. A Pl pulse to +50 mV 
was initially applied for 600 ms to fully activate h-erg, which 
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was followed by a P2 pulse to -80 mV for 60 ms to remove 
inactivation without allowing sufficient time for deactivation 
to occur. A final P3 pulse was then applied to different po- 
tentials from -100 to +50 mV. An example of currents re- 
corded using this protocol for a P3 pulse to +50 mV is shown 
in Fig. 2A. Representative currents (for potentials of -100 to 
+50 mV) during P3 are shown on an expanded scale in Fig. 
2B. Instantaneous currents at the beginning of the P3 pulse 
were measured for 13 oocytes and resulted in the average 
instantaneous current to voltage relationship shown in Fig. 
2C. Inward rectification of the instantaneous Z-V relationship 
was clearly evident for potentials positive to -20 mV. The 
time constants of development of inactivation during P3 
from the same voltage-clamp protocol were measured directly 
by fitting single exponential curves to current decay in the 
range -60 to +20 mV. The average time constants of devel- 
opment of inactivation are shown in Fig. 2D and show that 
inactivation of h-erg is strongly voltage dependent, becoming 
increasingly faster with increasing depolarization. This is in 
marked contrast to the voltage insensitvity of both N- and 
C-type inactivation in other voltage-gated K+ channels 
[12,13). 

Increased external K+ concentration has been previously 
shown to strongly increase the magnitude of h-erg, particu- 
larly with respect to the size of inward tail currents [4,5]. 
Therefore, we examined the effects of [K+10 concentration 
on the instantaneous current voltage relationship and the 
time-dependent development of inactivation of h-erg. Fig. 
3A shows the changes in instantaneous current to voltage 
relationship for h-erg when the oocyte is exposed to 2, 25, 
50 and 98 mM [K+],,. Currents were normalized relative to 
the amount of current measured at +20 mV in 2 mM [K+lO. 
Clearly, increasing [K+],, increases the magnitude of the in- 
stantaneous current. We also examined if the degree of in- 
stantaneous rectification was sensitive to [K+], in doubly nor- 
malized data from Fig. 3A (normalized for both peak and 
final current) where the relative shapes of the rectification 
curves could be observed (Fig. 3B). These curves show a 
weak dependence of instantaneous inward rectification on 
[K+],. This relative insensitivity to [K’10 is in marked contrast 
to the [K+10 sensitivity of 1~1 or IRK1 where rectification due 
to Mg ‘+ is strongly sensitive to [Kf10 and the direction of 
current flow[7,14]. 

An important, but untested, consequence of the finding of 
Smith et al. [9] that inactivation is mediated through a C-type 
inactivation mechanism is that it will be strongly sensitive to 
extracellular K+ concentration. Therefore, we examined the 
effects of [K’],, on the time-dependent inactivation rate at 
positive potentials. As shown in Fig. 3C the rate of inactiva- 
tion was strongly dependent on [K+lO, becoming much slower 
when [K+]” was increased from 2 to 98 mM and resulting in 
an approximate 40 mV shift of voltage dependence to more 
depolarized potentials (from -64 f 9 to -23 f 5 mV, n=3). 
This increase in [K+10 also resulted in a parallel approximate 
40 mV shift of steady-state inactivation. Thus, when one ex- 
amines the changes in steady-state currents that accompany 
an increase in [K+],, the change in magnitude is due to in- 
creased instantaneous conductance and time-dependent 
changes in gating, while the apparent depolarizing shift of 
the negative slope of steady-state rectification (Fig. 3D) is 
due to changes in time-dependent inactivation. 

Intracellular Mg 2i has been shown to produce inward rec- 

tification in 1~1 [14] and to produce a much weaker inward 
rectification in Ik,~rr channels [ 151. Our standard intracellular 
solution contained 1.8 mM MgCl2. However, because our 
intracellular solution did not contain anything which might 
bind Mg2+ (e.g. ATP or creatine phosphate) this may have 
resulted in an abnormally high free intracellular Mg2+ con- 
centration which might give rise to a non-physiological recti- 
fication of the instantaneous current. We examined this pos- 
sibility by exchanging the contents of the intracellular 
compartment with solution in which either Mg 2+ was re- 
placed with 10 mM EDTA or Mg2+ was elevated to 10 mM 
for 15 min. As shown in Fig. 4, there was a small but sig- 
nificant effect of Mg2+ on the instantaneous current to voltage 
relationship, with increased rectification in 10 mM Mg2+ and 
decreased but did not abolish rectification in 10 mM EDTA. 
The time constants of inactivation were completely insensitive 
to manipulations of intracellular Mg2+ (Fig. 4C). These re- 
sults suggest that while intracellular Mg2+ causes some vol- 
tage-dependent block of the h-erg channel, Mg2+ block may 
not necessarily account for all of the observed rectification of 
the instantaneous current. More importantly, the instanta- 
neous inward rectification observed is not an artifact of the 
intracellular solutions employed in this study. 

4. Discussion 

The time-dependent component of inactivation displayed 
some interesting properties in this study which will aid in 
our understanding of the biophysical basis of inactivation in 
h-erg channels. Time-dependent inactivation of h-erg has been 
previously demonstrated to be strongly voltage dependent in 
the hyperpolarized range of potentials with recovery from 
inactivation becoming stronger with increasing hyperpolariza- 
tion [4]. We also found that inactivation of h-erg was strongly 
voltage dependent in the positive range of potentials with the 
on-rate becoming faster at depolarized potentials. Thus the 
time constant of inactivation of h-erg has a classical ‘bell’ 
shaped voltage dependence. 

This bell-shaped voltage dependence is distinct from C-type 
inactivation mechanisms described for voltage-gated K+ chan- 
nels. In both Shaker and Kv1.4 channels C-type inactivation 
is a voltage-insensitive process at positive potentials. Any vol- 
tage dependence arises from direct coupling to activation. 
Such a coupling-type mechanism is unlikely to explain the 
voltage dependence noted here; inactivation continues to be 
voltage dependent at potentials where activation is essentially 
complete. Similarly, the slopes of steady-state activation and 
inactivation relationships differ by more than a factor of 2 
[4,9]. In contrast, the slope factor of steady-state inactivation 
of other K+ channels roughly mirrors steady-state activation 
[13]. Similarly, the threshold for activation of h-erg is largely 
insensitive to increased extracellular K+ (Fig. 3D) while the 
inactivation rate (Fig. 3C) and VI/, of inactivation are shifted 
positive by approx. 40 mV. These non-parallel shifts of acti- 
vation and inactivation also indicate that the voltage depen- 
dence of inactivation is independent of the voltage dependence 
of activation. Thus, it seems likely that inactivation of h-erg 
has its own intrinsic voltage sensitivity. 

Our analysis of the rectification process of h-erg expressed 
in Xenopus oocytes indicates that the net rectification of this 
channel results from two processes, one time-independent and 
the other time-dependent. Of these two components, it is clear 
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Fig 3. Effects of extracellular K+ on rectification. (A) Instantaneous current to voltage relationship for h-erg channels exposed to varying 
[K- JO. The instantaneous current to voltage relationship was estimated using the protocol described in Fig. 2A and currents were normalized to 
the peak outward current obtained under control (2 mM) [K+lO. Increasing K+ concentration from 2 to 25, 50 and 98 mM increased the aver- 
age conductance of the current but inward rectification remained (n=3, 4 and 3). (B) Comparison of the shape of the current voltage relation- 
shil of instantaneous h-erg current, The data from (A) were renormalized so that current at -100 mV equals 0 and current at +50 mV equals 
1 and then averaged. This double normalization showed that increasing [K+10 altered rectification slightly, with 2 mM K+ showing more rectifi- 
cation and a more negative slope region than 98 mM K+. (C). Increasing extracellular K + from 2 to 98 mM strongly slowed the rate of inac- 
tivation (n=3). (D) Steady-state current in 2 and 98 mM extracellular K+. Data obtained using a similar protocol to that shown in Fig. 1A 
were normalized to peak outward current and averaged (n=4). Note that the negative slope region of rectification is shifted towards positive 
potentials. 

that the time-dependent component causes much more of the taneous component. This time-independent component of rec- 
inward rectification at positive potentials than does the instan- tification has not been reported previously. Studies on intact 
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oocytes using two-electrode voltage clamp would lack the 
rapid voltage-clamp response time necessary to effectively se- 
parate the inactivation at positive potentials from the capaci- 
tance current. A rapid method of voltage clamp such as cut- 
open oocyte clamp or torn-off patch clamp technique is re- 
quired to resolve the instantaneous Z-V relationship. The 
study of Smith et al. [9] examined the current to voltage re- 

lationship of h-erg expressed in HEK293 cells using torn-off 
macropatches, with an intracellular solution containing 0.5 
mM Mg2+ and 150 mM K+. These conditions may tend to 
linearize the current due to competition between intracellular 
Mg2+ and K+ at an internal site. The use of the torn-off patch 
technique will also eliminate the contribution of any endogen- 
ous lipophilic cellular components (e.g. polyamines, [16,17]) 
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Fig. 4. Effects of intracellular chamber M2’ and EDTA on instantaneous rectification. (A) Effects of 10 mM Mg2+ in the intracellular cham- 
ber. Instantaneous currents were obtained using the protocol described in Fig. 2 in control intracellular solution. The intracellular chamber was 
then washed with approx. 30 ml of intracellular solution containing 10 mM Mg2+ and was allowed to equilibrate for 15 min and the instanta- 
neous current to voltage relationship was obtained again. (B) Effects of 10 mM EDTA in the intracellular chamber. Instantaneous currents 
were obtained using the protocol described in Fig. 2 in control intracellular solution. The intracellular chamber was then washed with approx. 
30 ml of intracellular solution containing 10 mM EDTA and was allowed to equilibrate for 15 min and the instantaneous current to voltage re- 
lalionship was obtained again using the same protocol. (C) Elevation of intracellular Mg 2+ has no effect on the time constants of inactivation. 
Tlie time constants of inactivation were measured from the same data as in (A). No change in inactivation rate or in the voltage dependence 
of inactivation was observed. 
+ 
- 

wGch may also be acting to block the channel from an in- 
tr.icellular site. Thus, the choice of expression system or the 
choice of measurement conditions may be of consequence to 
th : linearity of the instantaneous Z-V relationship. This in- 
st,intaneous component is unlikely to be of important physio- 
lo$cal consequence given the dominance of the time-depen- 
dent component. However, care should be taken in 
in’ erpreting data concerning steady-state inactivation from 
sti,ady-state Z-V relationships at positive potentials from intact 
o( cytes. 

AI knowledgements: We thank M. Trudeau and G. Robertson for 
pr.)viding the h-erg clone. We also thank A. Crews and D. Opel for 
tet hnical assistance. Supported in part by NIH grant HL-19216 and a 
Bi.)medical Engineering Research Grant from the Whitaker Founda- 
tic n. 

References 

1 1 

L 1 

[. 1 

Sanguinetti, M.C. and Jurkiewicz, N.K. (1991) Am. J. Physiol. [15] Horie, M., Irisawa, H. and Noma, A. (1987) J. Physiol. 387, 251- 
260, H393-H399. 272. 
Sanguinetti, M.C. and Jurkiewicz, N.K. (1990) J. Gen. Physiol. 
96, 195-215. 

1161 Lopatin, A.N., Makhina, E.N. and Nichols, C.G. (1994) Nature 
375, 366369. 

Wang, Z., Fermini, B. and Nattel, S. (1994) Cardiovasc. Res. 28, 
1540-1546. 

[17] Fakler, B., Brandle, U., Glowatzki, E., Weidemann, S., Zenner, 
H.P. and Ruppersberg, J.P. (1995) Cell 80, 149-154. 

[4] Sanguinetti, M.C., Jiang, C., Curran, M.E. and Keating, M.T. 
(1995) Cell 81, 299-307. 

[5] Trudeau, M.C., Warmke, J.W., Ganetzky, B. and Robertson, 
G.A. (1995) Science 269, 92-95. 

[6] Curran, M.E., Splawski, I., Timothy, K.W., Vincent, G.M., 
Green, E.D. and Keating, M.T. (1995) Cell 80, 795-803. 

171 Hille. B. (1992) in: Ionic Channels of Excitable Membranes. 
L > 

Sinauer A&.ociates, Sunderland, MA. 
[8] Shibasaki, T. (1987) J. Physiol. 387, 2277250. 
[9] Smith, P.L., Baukrowitz, T. and Yellen, G. (1996) Nature 379, 

833-836. 
[IO] Comer, M.B., Campbell, D.L., Rasmusson, R.L., Lamson, D.R., 

Morales, M.J., Zhang, Y. and Strauss, H.C. (1994) Am. J. Phy- 
siol. 267, H1383-H1395. 

[l l] Taglialatela, M., Toro, L. and Stefani, E. (1992) Biophys. J. 61, 
78-82. 

[12] Aldrich, R.W. (1994) J. Gen. Physiol. 104, 2a. 
[13] Rasmusson, R.L., Morales, M.J., Castellino, R.C., Zhang, Y., 

Campbell, D.L. and Strauss, H.C. (1996) J. Physiol. 489, 709- 
721. 

[14] Vandenberg, CA. (1987) Proc. Natl. Acad. Sci. USA 84, 256& 
2564. 


