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p Abstract

Background The human ether-a-go-go-related gene (HERG) is one locus for
the hereditary long-QT syndrome. A hypothesis is that HERG produces the
repolarizing cardiac potassium current 1., with the consequence that mutations

in HERG prolong the QT interval by reducing I,.. The elementary properties of
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HERG are unknown, and as a test of the hypothesis that HERG produces I, we compared their

elementary properties.

Methods and Results We injected HERG cRNA into Xenopus oocytes and measured currents
from single channels or current variance from the noise produced by ensembles of channels
recorded from macro patches. Single-channel conductance was dependent on the extracellular
potassium concentration ([K],) At physiological [K],, it was 2 picosiemens (pS), and at 100
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mmol/L [K],, itwas 10 pS. Openings occurred in bursts with a mean duration of 26 ms at -100

mV. Mean open time was 3.2 ms and closed times were 1.0 and 26 ms. In excised macro patches,
HERG currents were blocked by the class 111 antiarrhythmic drug dofetilide, with an 1C of 35

nmol/L. Dofetilide block was slow and greatly attenuated at positive potentials at which HERG
rectifies.

Conclusions The microscopic physiology of HERG and I, is similar, consistent with HERG
being an important component of 1. The pharmacology is also similar; dofetilide appears to

primarily block activated channels and has a much lower affinity for closed and inactivated
channels.

Key Words: genes * potassium channels ¢ dofetilide * electrophysiology

» Introduction

. Dp
a Abstract

The delayed rectifier K current is responsible for repolarization of the cardiac . I'\;I‘t:ﬁdg‘?tion
. . . . w [viethods
action potential® and can be separated into two components on the basis of » Results

kinetic and pharmacological differences.2 2 4 For the latter, I, is blocked by * Discussion
w References

class 111 methanesulfonanilides and I is not. Block of 1, is clinically

important because class 11 antiarrhythmic drugs are widely used in the therapy of cardiac
arrhythmias. One dramatic side effect is torsade de pointes tachyarrhythmias, frequently in
combination with bradycardia and hypokalemia. The pathophysiology of this acquired arrhythmia
is unknown, and therefore it is of particular interest to investigate the nature of block on the
primary molecular target.

Recently, it has been proposed that I, is encoded by HERG, a gene first isolated from a human

hippocampal Iibrary.5 Two observations support this idea: First, one form of the hereditary long-
QT syndrome (LQT 2) is linked to mutations at the HERG locus 7q35-36° 7 ; second, HERG
expressed heterologously in Xenopus oocytes produces whole-cell currents with properties
similarto I, in cardiomyocytes.§ A defective 1, readily explains LQT 2.

An initial test of the relationship between HERG and I, would be a comparison of their
elementary properties. Although the elementary currents of I, have been described, elementary

currents of HERG are unknown. In the present study, we measured single-channel currents and
noise from HERG channels expressed heterologously in Xenopus oocytes in physiological and
high extracellular [K], solutions. We found that the conductance and kinetics of HERG currents

strongly resemble single-channel I, currents in cardiomyocytes.g 10 There are strong
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pharmacological similarities as well. Both HERG and I, are blocked by nanomolar

concentrations of the class 111 drug dofetilide. We concluded that HERG is a major component of
|

Kr
» Methods
a Dp
a Abstract
Electrophysiology a Introduction
= Methods

Xenopus oocyte measurements were performed by use of the standard two- + Results
microelectrode voltage clamp technique.u Macro-patch currents were recorded || « Discussion
with the use of patch pipettes made from borosilicate glass with tip openings of ||~ References
10 to 15 pm.12 After a gigaseal was achieved, patches were excised and
positioned in the stream of a large pipette (diameter, 2 mm) to achieve faster solution exchange.
Dofetilide was applied to the cytoplasmic surface of the inside-out patches by changing the
solution flowing through the application pipette. Single-channel recordings were performed by
use of pipettes pulled from hard borosilicate glass with resistances of 2 to 5 M. Pipettes were
coated with Sylgard 184 (Dow Corning) and fire-polished immediately before use.

Solutions and Drug Administration
Two-microelectrode voltage clamp measurements of Xenopus oocytes were performed in a low
K* solution containing (in mmol/L) 5 KCI, 100 NaCl, 1.5 CaCl,, 2 MgCl,, and 10 HEPES (pH

7.3). In the measurements with different [K],, equivalent amounts of NaCl were replaced by KCI.

For macro-patch and single-channel recordings, the 100 mmol/L K* pipette solution contained (in
mmol/L) 100 KCI, 2 MgCl,, and 10 HEPES (pH 7.3); the 5 mmol/L K* pipette solution

contained (in mmol/L) 5 KCI, 100 NaCl, 1.5 CaCl,, 2 MgCl,, and 10 HEPES (pH 7.3); the 300
mmol/L K* pipette solution contained (in mmol/L) 300 KCI, 1.5 CaCl,, 2 MgCl,, and 10 HEPES

(pH 7.3); and the 50 mmol/L K* pipette solution contained (in mmol/L) 50 KCI, 50 NaCl, 1.5
CaCl,, 2 MgCl,, and 10 HEPES (pH 7.3). The bath solution in all single-channel and macro-

patch measurements contained (in mmol/L) 100 KCI, 1 MgCl,, and 10 HEPES (pH 7.3).

Dofetilide (N-[4-(-{-[4-(methanesulphonamino)phenoxyl]-N-methylethylamino}ethyl) phenyl]
methanesulphonamide; Pfizer Central Research, Sandwich, Kent, England) was dissolved in
distilled water, acidified to pH 3.0 by addition of HCI to make a 10-mmol/L stock solution, and
stored at -20°C. On the day of experiments, aliquots of the stock solution were diluted to the
desired concentration. All measurements were made at room temperature (20°C).

Data Analysis
Data were low-pass filtered at 1 to 2 kHz (-3 dB, four-pole Bessel filter) before digitalization at 5
to 10 kHz. PClamp software (Axon Instruments) was used for generation of the voltage-pulse
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protocols and for data acquisition. All single-channel measurements were analyzed by use of
Transit software.12 This resulted in histograms for amplitudes, open times, closed times, and
burst duration. Probability density function parameter estimates were obtained with the maximum

likelihood method and gave values for ~ and o

open’ "closed1’ Tclosed2

For nonstationary noise analysis, data were collected in 30 traces of 2000 sample points, resulting
in 60 000 points for noise power spectrum frequency evaluation. Data were analyzed by use of
the Fourier transform. Analysis was accomplished with the Solver add-in to Microsoft Excel 7.0
and Windows NT 3.51. Spectral density analysis of HERG unitary current fluctuations was
performed with Mathematica 2.2.3. The power spectrum [S(f)] was fitted with a sum of two
Lorentzian functions!® : S(f)=81(0)/[1+(f/ fe1)*]+52(0)/[1+(f/ fe2)’], where S,(0) and S,(0) are

the low-frequency intercepts and f;, and f ., are the corner frequencies. The fitting routine was as
follows: First, the noise spectrum was fitted with a single Lorentzian function to obtain f ; and S;
(0). These values were inserted and held constant in the double Lorentzian equation to obtain f .,
and S,(0). Estimates of power and f, from the high-frequency component, S,(f), were judged

too variable for further study because of its small magnitude relative to background noise. From
the best-fit f values, we calculated the relaxation time constant (r), which is an expression of

channel kinetics, according to the following equation: 7=1/(27 fz).

Currents were fitted by a single exponential equation, I=1_.. exp[-(t-t;)/r,,]+C, where | . is the
maximum current during the test pulse, t is the start time of the test pulse, and =, is the time

constant of blocking. C is a constant, ie, an incomplete block by dofetilide during the test pulse.

The measured I1C, values were used to calculate the half-maximal blocking concentration by

fitting a dose-response curve to the normalized current values (I ). The normalized

drug/ Icontrol
current was expressed as a function of the dofetilide concentration according to the following
binding equation: Tarug/Teonerar=1/(1+X/ICs0)" where X is the dofetilide concentration and n is
the Hill coefficient. Statistical data are presented as mean+SD.

Molecular Biology

The HERG clone was a gift from M.T. Keating.ﬁ The pSP64 construct containing HERG was
linearized with EcoRI (Boehringer Mannheim) and transcribed into cRNA with the mMMESSAGE
MMACHINE in vitro transcription kit (Ambion) by use of SP6 polymerase.

RNA (50 to 500 ng/pL) was injected into Xenopus oocytes, and measurements were made 2 to 8
days after injection.

» Results
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. a To
Macroscopic Currents a ATEtract

In cell-attached macro patches, we made measurements at different - W
extracellular [K], concentrations. At a physiological [K], of 5 mmol/L, HERG N 7Reitu|ct)s :

w Discussion

showed current kinetics that resemble I,¢,.> 1° 2 From a holding potential of -
w References

70 mV, the current activated at potentials of -40 mV or above. At 20, 40, and
60 mV, the steady-state currents became progressively smaller (inward rectification) (Fig 1A+)
and were preceded by transient peaks. These transient peaks were observed in all patches and
recordings from whole oocytes. During the step back to -70 mV, outward deactivating tail

currents were preceded by an initial rising phase due to fast recovery from inactivation.2 17
e Figure 1. Macro-patch currents of HERG expressed in

— Xenopus oocytes. A, Holding potential: -70 mV; test
- ;’/ ;o= pulse: -120 to 60 mV in 20-mV steps (400 ms); return

pulse: -70 mV (400 ms). Bath: 100 mmol/L K*; pipette:

View larger version (156K): 5 mmol/L K*. B, Holding potential: -80 mV; test pulse:
[in this window] -120 to 60 mV in 20-mV steps (400 ms); return pulse: -

[in a new window] 80 mV (400 ms). Bath: 100 mmol/L K*; pipette: 100

mmol/L K*. C, Holding potential: 0 mV; test pulse: -
120 to 60 mV in 20-mV steps (400 ms); return pulse: 0

mV (400 ms). Bath: 100 mmol/L K*; pipette: 100
mmol/L K*.

At 100 mmol/L [K],, the outward currents rectified inwardly and had transient peaks at 20, 40,
and 60 mV (Fig 1B+) that inactivated more slowly than at 5 mmol/L [K] . During steps back to -

80 mV, large inward tail currents were evoked (Fig 1+B). When the same protocol with a holding
potential of 0 mV was used, only large inward tail currents were observed. Because of
inactivation at 0 mV, the outward currents at 20, 40, and 60 mV were much smaller (Fig 1C+). In
both measurements, a rising phase or "hook™ in the tail currents due to recovery from inactivation
preceded deactivation (Fig 1B and 1C++). Fig 1C+ demonstrates that the rates of recovery are
voltage dependent, with faster recovery occurring at more negative potentials. Tail current
deactivation was also voltage dependent; at -20 and -40 mV, there was virtually no deactivation,
and from -60 to -120 mV, the deactivation rate increased with hyperpolarization (Fig 1C+).

The kinetics of the macro-patch currents were identical to whole-oocyte measurements under the
same conditions (data not shown).@ When macro patches were excised into a solution containing
0 Mg2+ for 10 minutes, the current kinetics did not change (n=>5 patches; data not shown).

Single-Channel Currents
In 100 mmol/L [K],, we measured single-channel currents at hyperpolarized potentials in both

cell-attached and inside-out configurations. From a holding potential of -80 mV, channels were
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activated by a prepulse to 0 mV for 1 second before a hyperpolarizing step to -120 mV. In
excised patches, the openings had a mean amplitude of 1.1 pA (Fig 2+). Openings were more
frequent at the beginning of the steps to -120 mV and occurred in bursts. The average of 32 traces
with at least four channels had the same time course as the macroscopic tail currents at -120 mV
(Fig 2+). The hook (recovery from inactivation) is apparent in the averaged trace (Fig 2+).
Subsequent deactivation was fitted with a single exponential function that had a ~of 87 ms, which
is identical to the macro-patch tail current ~of 89+25 ms (n=6) (Fig 1C+, lowest trace). At 5
mmol/L [K],, single-channel currents were not observed.

Sl chacl strilr 3K Figure 2. Single-channel recordings of HERG expressed in
PRI T sy Xenopus oocytes. The averaged trace of 32 measurements with at
o least four channels in the patch mimics the time course of the
Wl ™" macro-patch current at -120 mV (compare with Fig 1C+) with 100

| mmol/L extracellular K*. Holding potential: -80 mV; prepulse: 0
o= mV (1000 ms); test pulse: -120 mV (400 ms). Bath: 100 mmol/L

 wmmmoaces K pipette: 1000 mmol/L K.

cuvend [ 5
| %
R

& a5

View larger version
(20K):
[in this window]
[in a new window]

We measured single-channel currents at different [K], in excised patches (Fig 3A+). From a

holding potential of -80 mV, channels were activated by a prepulse to 0 mV/1 second, and single-
channel currents were measured by hyperpolarizing to -100 mV. The amplitude of the single-
channel currents depended strongly on [K],. At-100 mV, single-channel currents were 0.55+0.02

(n=2), 0.89+0.06 (n=4), and 1.47+0.12 pA (n=3) in 50, 100, and 300 mmol/L [K], respectively.

A J— Figure 3. A, Single-channel measurements at different
Sl A [ ..« extracellular potassium concentrations: Holding
YW 1 " : s ;.:TJ potential: -80 mV; prepulse: 0 mV (1000 ms); tfst
| .77 e pulse: -100 mV (400 ms). Bath: 100 mmol/L K™;
‘“‘h(r‘“":" 7 - pipette: 100 mmol/L K*. B, Graphic display of multiple
o - | q/ measurements at different extracellular K*
- “ew ==  concentrations. Straight lines are linear fits to measured
View larger version (22K): values. C, Graphic display of the calculated single-
[in this window] channel conductance versus extracellular K*
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[in a new window] concentration. The conductance (S) versus [K], was
fitted by a Michaelis-Menten curve according to the
following equationt? ; S ([K],) =Smaz/{1+(Ky/2/[K],)}
where S ... is the saturating conductance and K, is
the potassium concentration at half-maximal

conductance. The extracellular K* concentration for
half-maximal conductance was 64 mmol/L.

In Fig 3B+, single-channel currents are plotted as functions of membrane potential at different
[K],- We calculated slope conductances by fitting straight lines to the measured values. The

single-channel conductance was 7.0, 10.1, and 13.7 pS with 50, 100, and 300 mmol/L [K],

respectively. The conductance is displayed as a function of extracellular potassium concentration
in Fig 3C«+. The value at 5 mmol/L K* was obtained from nonstationary noise analysis (Fig 5+).
To these data, we fitted a Michaelis-Menten function? (Fig 3C+). The half-maximal conductance
was reached at 64 mmol/L [K] and the conductance saturates at 16.6 pS.

Figure 5. Variance measurements to calculate the
single-channel conductance: A, Control measurement
and block of the current with 1 umol/L dofetilide in 100

mmol/L extracellular K* (5 traces are displayed). B,
Variance analysis of 48 traces and the corresponding
nonlinear least-squares fit of variance against the mean
current indicated a single-channel amplitude of 1.21 pA.
C, Control measurement and block of the current with 1

s e [

View larger version (28K):  pmol/L dofetilide in 5 mmol/L extracellular K* (5
[in this window] traces are displayed). D, Variance analysis of 36 traces

[in a new window] shows a single-channel amplitude of 0.23 pA at 5

mmol/L extracellular K*. A and B: Holding potential: -
80 mV; prepulse: 0 mV (1000 ms); test pulse: -120 mV

(400 ms). Bath: 100 mmol/L K*; pipette: 100 mmol/L
K*. C and D: Holding potential: -80 mV; test pulse: 0
mV (400 ms). Bath: 100 mmol/L K*: pipette: 5 mmol/L
K.

At -100 mV in symmetrical 100 mmol/L K* (n=3), the amplitude distribution had a peak at
0.86+0.11 pA (Fig 4A+). The open-time distribution was a monoexponential function with

ropen:B.Zﬂ.z ms (Fig 4B+). Channel closed-time distributions were biexponential, with

Telosed1=1-0 Ms+0.4 ms and 7 o0, =22.313.5 ms (Fig 4C+). The burst-duration distribution was

monoexponential, with = . =25.9+5.93 ms (Fig 4D+).
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A s g B s Figure 4. Single-channel kinetic parameters of HERG
i in a typical inside-out patch. Analysis was performed
A F L Iy with 32 traces and 590 openings at -100 mV membrane
- 1‘i il potential. A, Single-channel amplitude histogram shows
it | - a peak at 0.76 pA. B, The open-time distribution shows
G eiame e D s @Nopen time of 2.9 ms. C, Closed-time distribution was
fitted with two closed times (0.6 and 23 ms). D, Burst-
duration distribution was 32 ms.

View larger version (29K):
[in this window]
[in a new window]

Nonstationary Noise Currents at Physiological [K],
Single-channel conductance decreased as extracellular [K], was lowered (Fig 3+). In 5 mmol/L
[K],, single-channel currents could not be resolved. However, macro-patch currents became

obviously noisy at activating potentials (Fig 1A+). Therefore, we performed nonstationary noise
analysis on these currents. We first established the validity of our method with 100 mmol/L [K],

at which concentration single-channel currents were resolved. We measured 16 to 48 noise traces,
then blocked the current completely with 1 umol/L dofetilide to obtain background capacitive
and leak currents (Fig 5A+). The mean of the blocked traces was then subtracted from each noise
trace. The single-channel amplitude (i) was calculated, according to #*=il—1*/N 20 21 \yhere 52
is the variance of the currents, I is the mean current, and N is the number of channels. At 100

mmol/L [K],, the single-channel current was calculated to be 0.9+0.2 pA (n=2) and the

conductance was 9 pS (Fig 5B+), values virtually identical to those for resolved openings under
the same conditions (Fig 3+).

At 5 mmol/L [K], and 0 mV, we calculated a single-channel current of 0.2+0.1 pA (n=3) and a

single-channel conductance of 2 pS.

Block of Microscopic Currents by Dofetilide

When patches were excised into a solution containing 100 nmol/L dofetilide, single-channel
activity decreased within 2 to 3 minutes during repetitive pulsing at a frequency of 0.2 Hz. We
analyzed single-channel currents and found no significant changes in amplitude (i), open time,
closed times, and burst duration compared with control (Fig 4+). In 100 nmol/L dofetilide, the

single-channel parameters were i=0.7920.13 pA, ropen:4.512.9 ms =0.85%0.2 ms,

=25.8+5.5 ms, and r, . ,=27.1+4.5 ms (n=3).

1 Tclosedl

Tclosed2

To extend our analysis to more physiological [K],, we analyzed the power spectral density of
macro-patch steady-state currents at 0 mV in 5 mmol/L [K]. The rof the fits to the data is an
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expression of channel kinetics and was =, =8.06+1.36 ms (f.,=20.06+3.13 Hz) for control (n=3).

When dofetilide at 10 nmol/L was applied for 10 minutes to an inside-out macro patch, the noise
magnitude was greatly reduced. The rwas slightly reduced to ,=5.9+1.15 ms (f_,=27.215.14 Hz)

(Fig 6C+). Washout of the dofetilide block was extremely slow. In two patches (patches D5630
and A5630), noise frequency was partially restored after 10 to 20 minutes (r;=7.5£0.42 ms;

f.,=21.15+1.2 Hz).

contrl [J— Figure 6. Steady-state macro-patch currents in a typical

A
< | 5o inside-out macro patch in the absence (A) and presence
Em E \ (C) of 10 nmol/L dofetilide (five traces each are

“ displayed). Note that the current amplitude and noise

..........

¢ m.;:.'m O w:‘:‘;& were reduced by dofetilide. B and D show the
_" _ corresponding noise frequency spectra with a double
2 £ Lorentzian fit (thick line) and both of its components
| T %  (thin lines). The corner frequencies for the control
TUELTT T heeem  — measurements were f;=16.6 Hz (r;=9.6 ms) and
View larger version (29K):  f_,=532 Hz (v,=0.22 ms). The measurements with 10
[in this window] nmol/L dofetilide gave slightly faster values (f.;=22.5

[in a new window]

Hz [r;=7.1 ms] and f,=2142 Hz [r, =0.074 ms]).

Block of Macroscopic Currents by Dofetilide

We measured whole-oocyte currents using very long test pulses (32 seconds) to resolve the
kinetics of dofetilide block (Fig 7A+). After control currents were measured, the membrane
potential was held at -80 mV and dofetilide (10 pumol/L) was perfused into the bath for 10
minutes. The first test pulse from a holding potential of -80 to 0 mV showed the onset of block
(Fig 7+). Repetitive pulsing increased the block in a cumulative manner (first and second pulses
in Fig 7A and 7B++). The block was related to the extent of activation. At -40 mV, the control
trace showed a slow time-dependent increase in current during the entire 32-second test pulse. At
this potential, block was slower and smaller than at 0 mV.

A B . Figure 7. Slow kinetics of dofetilide (10 umol/L) block
P in double electrode measurements. A, Control
/ measurement and block by dofetilide at 0 mV in the

o = L= = first and second test pulses after wash-in of dofetilide
A /77 and holding the cell for 10 minutes at -80 mV. B,
' . Control and dofetilide block at -40 mV. Holding
- - potential: -80 mV; test pulse: 0 (A) or -40 mV (B) (32

View larger version (14K): go00n4s). Bath: 5 mmol/L K*.
[in this window]

[in a new window]
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To measure the steady-state 1C;, values for dofetilide block, we stimulated at a frequency of 1

Hz from a holding potential of -80 mV with a test pulse of 0 mV/400 ms to mimic frequency and
duration of the cardiac action potential. At each minute, currents were measured by use of a
depolarizing test pulse to 0 mV/400 ms followed by a return pulse to -70 mV/400 ms to record
tail currents. Each concentration of dofetilide was washed in for 20 minutes during continuous
pulsing. After 10 to 15 minutes, dofetilide block reached steady state. Fig 8A+ displays the
control trace and the steady-state effects of 0.1, 1, and 10 umol/L dofetilide, respectively. Fig 8B
+ displays the fitted dose-response curve at 5 mmol/L [K],. We measured dose-response curves
to the end of the 0-mV activating test pulse at different [K] and found that the 1C, was
independent of [K], in the range of 2 to 20 mmol/L (n=4 at each [K],). A similar result was
recently obtained with a dofetilide analog, MK-499.22
oocytes were 644 nmol/L at 2 mmol/L [K], 595 nmol/L at 5 mmol/L [K],, and 692 nmol/L at 20

mmol/L [K],.

Our calculated ICg, values in whole

A e B
01 i clolsiite
1 el i z;' W0 ek

Figure 8. A, Concentration dependence of steady-state
. \ dofetilide block in whole-oocyte measurements by use
e & = .f:; "7 of apulsing protocol. Holding potential: -80 mV,
f{\\* f.==\_"_ | stimulation frequency 1 Hz (0 mV/400 ms); every 60
-;f = seconds, one measurement was made. Test pulse: 0 mV

bl | Al |

£l

View larger version (19K):
[in this window]
[in a new window]

(400 ms); return pulse: -70 mV (400 ms); bath: 5

mmol/L K*. B, A dose-response curve fitted to the
normalized steady-state block currents at the end of
400-ms test pulses gave an IC;, of 595 nmol/L in

whole-oocyte measurements (n=4) and an IC; of 35
nmol/L in inside-out macro patches (n=6).

Because the 1C;,s in whole oocytes were large owing to oocyte yolk and the diffusion barrier of
the vitelline membrane, we determined the 1C., for dofetilide in inside-out macro patches in 5
mmol/L [K],. We calculated an IC of 35 nmol/L (n=6) at the end of a 400-ms/0-mV test pulse

using a continuous pulsing protocol analogous to the whole-oocyte measurements (Fig 8B+).
Thus, the 1C, for HERG in the cell membrane is similar to values reported for IKr.E

Inward Rectification Prevents Block by Dofetilide

To determine whether dofetilide blocked inactivated (rectified) channels, we took advantage of
the strong rectification of HERG at membrane potentials of 220 mV (Fig 1A+). We designed a
modified protocol with an intervening step to 80 mV to determine how much block occurred
when the current rectified strongly compared with a continuous pulse to 0 mV without
rectification (Fig 9A+). The control trace without dofetilide showed the inward rectification
during the step at 80 mV (Fig 9A+). At 80 mV, we observed small current fluctuations that were
probably due to activation of endogenous oocyte channels or transporters (Fig 9A+). Because the
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fluctuations were relatively small in amplitude, they were neglected in the analysis. During the
step back to 0 mV, the current continued its normal time course (Fig 9A+).

A control B dofetiide Figure 9. Rectification of the HERG current prevents
" [ block by dofetilide. A, Control measurement with an
intervening step to 80 mV in the middle of the

oo == measurement. B, Effect of dofetilide (10 umol/L). The

_ M = currents at the 0-mV steps before and after the 80-mV
| I 3 intervening step were fitted monoexponentially, and fits
- - were drawn into the graph. Note the gap of 6.1 seconds
. , between the fitted lines, which resulted from less block

View larger version (14K): during the 80-mV step of the measurement. Holding

[in this window] potential: -80 mV. Test pulse with three steps: step 1, 0
[in a new window] mV (10 seconds); step 2, 80 mV (10 seconds); step 3, 0

mV (12 seconds). Bath: 5 mmol/L K™.

After holding the cell at -80 mV, we added dofetilide and waited for 10 minutes to reach
equilibrium. In the first voltage step, the normal kinetics of block at 0 mV by dofetilide were seen
(Fig 9B+). The second step at 80 mV showed current fluctuations similar to control. In the third
step at 0 mV, the normal kinetics of dofetilide block were resumed, but the current amplitude in
the beginning of this third step was larger than it would have been during a continuous 0-mV step
(compare Figs 7A and 9B++). Fits to the currents before and after the intervening step show a
discontinuity in the block equivalent to a gap of 4.9+1.0 seconds (n=3). We concluded that
inward rectification prevented block by dofetilide.

p Discussion

4 Top

4 Abstract
Microscopic Properties of HERG and I a Introduction
a Methods
HERG has a single-channel conductance of 2 pS under physiological a Results

conditions. The conductance is dependent on [K], and saturates at high - Discussion
w References

concentrations. The concentration dependence of the conductance has also been
reported for other K* channel clones that have been expressed heterologously.z—4 It is consistent
with multi-ion occupancy of the ion conduction pathway as occurs in delayed rectifier K*
channels.1?

Our results demonstrate that HERG has similar elementary properties to I, In symmetrical (100

mmol/L) K* concentrations, we measured a single-channel conductance (G) of 10.1 pS, a mean
open time of 3.2 ms, and two closed times with time constants of 1.0 and 23 ms. I, (I¢,) in

sinoatrial nodal cells of the rabbit heart (150 mmol/L K*) has G=11.1 pS, r....=2.5 ms,

' open

=0.7 ms =17.6 ms’; I in atrial cardiomyocytes from guinea pig (150 mmol/L

Tclosedl ' Tclosed2
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K*) has G=10 pS, ropen:9 MS, Tojosed1=1-2 MS, Tolosed2=3 7 ms? ; I, in rabbit ventricular cells

(150 mmol/L K*) has G=13.1 pS? ; and I, in human ventricular cardiomyocytes (140 mmol/L

K*), G=14 pS.l—O The similarity of unitary conductance and kinetics is strong evidence that HERG
is a major component of I,... This conclusion is important because I,¢ in human atrium?® and

ventricle?S is the primary target for class 111 antiarrhythmic drugs such as dofetilide. Block of I,

by class I11 antiarrhythmic drugs can induce the same type of arrhythmia, torsade de pointes, as
that seen in patients with LQT 2, in which the HERG gene is mutated.®

A difference between HERG expressed in Xenopus oocytes and |, in cardiomyocytes may lie in
the kinetics of the transient peak at positive potentials. A transient peak of I, is clearly observed

in human atrial cardiomyocytes@ (measured as the E-4031-sensitive current) and ferret atrial
myocytes,ﬂ but in our recordings, the peak appeared to be more pronounced, with a faster
relaxation.

The prominent tail currents of HERG are characteristic and are also observed in I,.,.3 1> 16 The

large amplitudes of the tail currents result from the unusual kinetics of HERG. During activating
pulses, the majority of channels accumulate rapidly in inactivated states. In the return pulses, the
large number of previously inactivated channels recover from inactivation and produce the rising
phase (hook) in the tail current. In fact, the tail current amplitude may be even larger than the
current amplitude during the activating pulse, although the driving force (E -Ey., where

Eclamp
equilibrium potential) is smaller.

clamp
is the membrane potential maintained by the voltage clamp amplifier and E, is potassium

Dofetilide Block

Block of HERG by dofetilide has no effect on single-channel conductance. In addition, single-
channel current kinetics were not significantly affected during test pulses of several hundred
milliseconds. These results indicate that block, especially unblocking, is very slow. Thus, 60
minutes was required to wash out 70% of dofetilide block in the whole oocytes and 10 to 20
minutes in excised patches.

It appears that dofetilide blocks activated HERG channels with low affinity to closed and
inactivated states for the following reasons. First, the channel is not significantly blocked before
activation, because the initial depolarizing pulse to 0 mV (after holding for 10 minutes at -80 mV
in the presence of drug) reached a peak amplitude of =:75% (Fig 7A+). Second, block is
prevented when the current rectifies at very positive potentials (Fig 9+), consistent with low
affinity binding of dofetilide to inactivated states of HERG. At potentials at which HERG
rectifies, there are fewer channels in activated states, which results in lessened block.

At present, we cannot determine whether dofetilide blocks the open state, an adjacent activated
closed state, or a combination of both, because block is extremely slow. Under our experimental
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conditions, dofetilide produced no significant change in channel open time, and different
extracellular K* concentrations resulted in no significant change in the IC,- Our spectral density

measurements, however, showed a small reversible change in the low-frequency component. The
recorded spectral densities were dominated by fast transitions into and out of the open state, and
the low sensitivity of these to dofetilide is consistent with the observed lack of effect on single-
channel gating parameters. The observed increase in f ., (and reduction of ;) may be the result of

dofetilide reduction of channel open time or burst duration or a combination of both. Termination
of bursts or clusters of bursts by dofetilide binding to an activated closed state would be
consistent with our experimental data.

Recently, it has been reported@ that block of 1. in AT1 tumor cells by dofetilide is [K],

dependent with weaker block at high [K] . The reason for this difference versus our

measurements with [K] -independent block of HERG is unknown.22

It is likely that dofetilide acts intracellularly, because the onset of block in excised macro patches
was faster (2 minutes) than in whole-oocyte measurements, for which it took =10 minutes to
reach steady-state block. At physiological pH, dofetilide is 28.5% protonated and positively
charged.@ We suspect that the drug diffuses through the oocyte membrane to reach its point of
action intracellularly. This idea is further supported by whole-cell measurements in isolated
guinea pig cardiomyocytes, in which, in a rapid perfusion system, a time delay of 3 minutes was
measured from application of the drug to the steady-state block of IKr'm

The IC, for block of HERG current in inside-out macro patches was 35 nmol/L. This value is
similar to dofetilide block of 1, in guinea pig cardiomyocytes (1C,=30 nmoI/L).@ The washout

of dofetilide in HERG is very slow, and slow recovery from block has also been reported for
dofetilide in rabbit cardiomyocytes.@ Thus, dofetilide block of HERG expressed in Xenopus
oocytes and I, in cardiomyocytes is similar.

HERG is not the only molecular target for dofetilide. Recently, we demonstrated! 32 that hIRK,
a cloned inward rectifier K* channel from human atrium, is blocked by dofetilide with an ICy, of

530 nmol/L at 40 mV in inside-out patches in the absence of the physiological blockers Mg?* and
polyamines.32 34 35 Block of hIRK by dofetilide is very different, however. It is an open-channel
block that is reduced at higher [K], and has a fast on rate (hIRK: kon:3.1x106 mol/L 15" at 100

mV).Q 36

To summarize, we have shown that HERG expressed heterologously in Xenopus oocytes has
similar biophysical and pharmacological properties to 1., measured in guinea pig, rabbit, and

human cardiomyocytes. Separation of I, from other K* currents is difficult and requires drug

block and subtraction. Also, human cardiomyocytes are not generally available for the study of
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I, A practical consequence of our experiments is that heterologous expression of HERG in

Xenopus oocytes is a useful method to study I, and I blockers in human heart.

»  Selected Abbreviations and Acronyms

delayed rectifier potassium current

X_
1

lkr = rapid component of the delayed rectifier potassium current
lks = slow component of the delayed rectifier potassium current

[Kl, = extracellular potassium concentration

LQT 2 = one form of the hereditary long-QT syndrome
pA = picoampere

pS = picosiemen

' = relaxation time constant
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