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ABSTRACT

Many commonly used medications can cause long QT syndrome and thus increase the risk of life-
threatening arrhythmias. High-affinity HERG (the Human Ether-a-go-go-Related Gene) potassium
channel blockade by structurally diverse compounds is amost exclusively responsible for this sde
effect. Understanding drug-HERG channel interactions is an important step in avoiding drug-
induced long QT syndromes. Previous studies have found that disrupting HERG inactivation
reduces the degree of drug block and suggested that the inactivated state is the preferential state for
drug binding to HERG channels. However, recent studies have also shown that inactivation does
not dictate drug sensitivity of HERG channels. In the present study we have examined the effect of
Inactivation gating on cisapride block of HERG. Modulation of HERG inactivation was achieved
by either changing extracellular K™ or Cs™ concentrations or by mutations of the channel. We found
that while inactivation facilitated cisapride block of the HERG K™ current, inactivation was not
coupled with cisapride block of HERG when the Cs" current was recorded. Furthermore, cisapride
block of the HERG K" current was not linked with inactivation in the mutant HERG channels
F656V and F656M. Our results suggest that inactivation, through affecting the positioning of F656,

facilitates cisapride block of HERG channels.
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INTRODUCTION

The delayed rectifier potassium current (Ix) is the principal current responsible for cardiac
repolarization and Ik is subdivided into the rapidly and slowly activating components, Ik, and lks,
respectively (Sanguinetti and Jurkiewicz, 1990). The Human Ether-a-go-go-Related Gene, HERG,
encodes the pore-forming subunit of the I, channels (Sanguinetti et al., 1995; Trudeau et al., 1995).
Reduction of Ik, results in the prolongation of the cardiac action potential duration and causes the
human long QT syndrome (LQTS) (Keating and Sanguinetti, 2001), a disorder of myocellular
repolarization that predisposes affected individuals to life-threatening ventricular tachyarrhythmia
and sudden cardiac death (Keating and Sanguinetti, 2001). While congenital LQTS is relatively
rare, acquired LQTS is far more frequent and is a side effect of a variety of common medications.
Theoretically, a reduction of any voltage-gated K current that contributes to ventricular
repolarization could cause LQTS. However, almost all known drugs that cause LQTS preferentially
block the HERG channels (Roden et al., 1996; Mitcheson et al., 2000a). HERG blockade by
different drugs represents one of the major concerns in drug safety. Thus, it is imperative to

understand the molecular mechanisms that underlie drug-induced HERG channel block.

HERG displays a characteristic fast voltage dependent inactivation gating. When depolarized,
HERG channels open at a rate slower than that of inactivation (Smith et al., 1996; Spector et al.,
1996). Upon repolarization, inactivated channels quickly reopen and then deactivate. Hence,
depolarized HERG channels primarily exist in either the open or the inactivated state (Smith et al.,
1996; Spector et al., 1996). Previous studies have shown that for most HERG-blocking agents block

develops only when the channel is depolarized (Snyders and Chaudhary, 1996; Kiehn et al., 1996;
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Zhang et al., 1999), suggesting that one or both of the depolarization-induced states (open vs.
inactivated) represent high-affinity states for drug binding. It has been found that mutations of
HERG that disrupt the inactivation reduce HERG block by E-4031, dofetilide and verapamil
(Ficker et al., 1998; Zhang et al., 1999), suggesting that it is the inactivated state which forms the
high affinity receptor for drug binding. However, arecent study suggested that the positioning of S6
aromatic residues relative to the central cavity of the channel, not inactivation per se, determines the

drug block of HERG channels (Chen et al., 2002).

It has been reported that the elevation of extracellular K™ concentration (K*,) relieves drug block of
Ik/HERG channels (Yang and Roden, 1996; Wang et al., 1997). Because most HERG blockers
access HERG channels from the cytosolic side of the membrane (Zhang et al., 1999; Mitcheson et
al., 2000b; Zhang et al., 2001), it is of interest to know whether intracellular K* concentration (K*;)

regulates drug binding to HERG channels.

In the present study, we used a well studied HERG blocker cisapride (Mohammad et al., 1997;
Mitcheson et al., 2000a; Chen et al., 2002; Fernandez et al., 2004) to investigate the molecular
mechanisms of drug-HERG channd interactions. Whole cell patch clamp technique (Zhang et al.,
2003b) was used to record currents from the wild type (WT) and mutant HERG channels
heterologously expressed in HEK 293 cells. By using Cs" permeation and site-directed mutations
we have found that when intracellular K* was replaced by Cs" or when Phe-656 was mutated to
Valine or Methionine, the cisapride block of HERG channels was no longer dependent on

Inactivation gating. We propose that inactivation re-orientates Phe-656 to a position that favors high
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affinity binding of cisapride to HERG channels, and the presence of intracellular K* is required for

this process.
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MATERIALS AND METHODS

Molecular Biology

We made three mutations in the pore and S6 region to assess the role of inactivation in the cisapride
block of HERG channels. The S620T mutation was made to remove HERG inactivation gating
(Ficker et al., 1998; Zhang et al., 1999). The F656V and F656M mutations were made to modify
cisapride binding to HERG. The F656V and F656M mutations were selected for two reasons. First,
the Phe-656 residue of HERG has been shown to be a molecular determinant of high affinity
dofetilide and cisapride binding (Lees-Miller et al., 2000; Mitcheson et al., 2000a). Second, these
mutant channels have been shown to display properties which are similar to that of WT channels

(Lees-Miller et al., 2000; Fernandez et al., 2004).

HERG cDNA in pCDNAS3 was obtained from Dr. Gail A. Robertson (The University of Wisconsin
(Trudeau et al., 1995)). Point mutations in the P-loop and S6 of HERG were introduced via PCR

using overlap extension (Ho et al., 1989) (Table 1).

The forward and reverse flanking primers were designed to cover two unique restriction sites
(BstEIl at nucleotide 2038 and Sofl at nucleotide 3093). The first round of PCRs was performed
using the forward flanking primer-reverse mutant primer and the reverse flanking primer-forward
mutant primer. In the first round of PCRs, the total reaction volume was 50 pl including 50 pmol of
each primer, 70 ng of HERG cDNA, and 0.125 units of Vent DNA polymerase (New England
Biolabs). Reaction temperatures were varied using a thermal cycler (MyCycler, Bio-Rad): 95°C,
120 s; 94°C, 60 s, 55°C, 60 s and 72°C, 60 s for 30 cycles; 72 °C, 10 min. The resulting PCR

products were used as templates and amplified by flanking primers in a second round of PCR. The
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final PCR product was digested with BstEIl and Sbfl and ligated to HERG expression plasmid

digested with the same two restriction enzyme sites.

All mutations were verified by using a high-throughput 48 capillary ABI 3730 sequencer (UCDNA

Services, University of Calgary).

HERG S620T, F656V and F656M mutant channels were transiently expressed in HEK 293 cells
(American Type Culture Collection, Rockville, MD). HEK 293 cells were seeded at 5x10°
cells/60-mm diameter dish. The cells were transiently transfected using 10 ul Lipofectamine with 4
ug HERG mutant expression vector. After 24-48 h, at least 50% of cells expressed channels. Non-
transfected HEK 293 cells contain a small-amplitude background current that is usually less than

100 pA upon adepolarizing pulse to 50 mV. Thus, the effects of overlapping endogenous currents

of HEK 293 célls on the expressed current are minimal (Zhou et al., 1998).

A HEK 293 cdll line stably expressing HERG channels was obtained from Dr. Craig January’s lab
(The University of Wisconsin, (Zhou et al., 1998)), where the HERG cDNA ((Trudeau et al., 1995;
Trudeau et al., 1996)) was subcloned into BamHI/EcoRI sites of the pCDNA3 vector (Invitrogen).
The stably transfected cells were cultured in Minimum Essential Medium (MEM) supplemented

with 10%fetal bovine serum and contained 400 pg/ml G418 to sdect 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 for later use. Cells were studied within 8 h of

harvest.

Patch Clamp Recording Method
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The whole cell patch clamp method was used. The pipette solution contained 135 mM KCI or CsCl,
5mM EGTA, 1 mM MgCl,, 10 mM HEPES, and was adjusted to pH 7.2 with KOH or CsOH. The
bath solution contained 10 mM HEPES, 10 mM glucose, 1 mM MgCl;, 2 mM CaCl,, 135 mM
NaCl, and was adjusted to pH 7.4 with NaOH. For recordings in the presence of different external
K™ or Cs" concentrations, the concentration of Na* was reduced as the K* or Cs" concentration was
elevated to maintain a constant osmolarity, and the pH was adjusted to 7.4 with the appropriate
hydroxide solution. All chemicals were from Sigma. Throughout the text the subscripts i and o

denote, respectively, intra- and extra-cellular ion concentrations.

Aliquots of cells were allowed to settle on the bottom of a <0.5 mL cell bath mounted on an
inverted microscope (TE2000, Nikon). 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. This bath solution change took 10 s.  Patch eectrodes were
fabricated using thin-walled borosilicate glass (World Precision Instruments; FL, USA). The pipette
had inner diameters of ~1.5 um and had resistances of ~2 MQ when filled with the pipette solution.
An Axopatch 200B 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 analyze current signals. Data were filtered at 5-10 kHz and sampled at 20-50 kHz
for al protocols. Typically, 80% series resistance (Rs) compensation was used and leak subtraction
was not used. Conductance/voltage data were fitted to a single Boltzmann function, y = 1 /
(I+Exp((V12-V)/K)), where y is the current normalized with respect to the maximal tail current, Vs,
is the half-activation potential or mid-point of the activation curve, V is the voltage during the pre-

pulse and k is the slope factor, in mV, reflecting the stegpness of the voltage dependence of gating.
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Concentration  effects were quantified by fitting the data to the Hill equation
(larug/ 1 contra=1/[1+(D/ ICs0)""], where D is the drug concentration, ICs is the drug concentration for
50% block, and H is the Hill coefficient to the results. Data are given as mean * standard error of
the mean (SEM). Clampfit (Axon Instruments) and Origin (Microcal Software) were used for data
analysis. Curve fitting was done using multiple non-linear least squares regression analysis. All

experiments were performed at room temperature (23+1°C).

10
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RESULTS

External K* and inactivation gating regulate cisapride block of HERG channels

Consistent with previous studies (Mohammad et al., 1997; Mitcheson et al., 2000a; Chen et al.,
2002), we found that cisapride potently blocks HERG channels in a stably transfected HEK 293 cell
line. Fig. 1A and B show families of current traces from one cell for control conditions (Fig. 1A)
and after exposure to 100 nM cisapride (Fig. 1B). Fig. 1C shows the current-voltage (I-V)
relationships of the pulse currents measured at the end of depolarizing steps and the peak tail
current before and after exposure to 100 nM cisapride. 100 nM cisapride markedly reduced the pulse

and tail currents.

Changes in extracellular K* concentration (K*,) have been shown to influence the binding of drugs
such as dofetilide and E-4031 to Ix,/HERG channels (Y ang and Roden, 1996; Wang et al., 1997).
We found that the potency of cisapride block of the WT HERG channel was also strongly
modulated by K*, as demonstrated in Fig. 1D and E. Fig. 1D shows the superimposed currents
before and after exposure to 50 nM cisapride in bath solutions containing 0, 5 or 135 mM K* with a
pipette solution containing 135 mM K*. From a holding potential of -80 mV, HERG currents were
evoked by a depolarization to 50 mV for 4 s, followed by a step to -50 mV to record tail current.
Since it is reported that cisapride binds to HERG only after the channel opens (Mohammad et al .,
1997), a series of depolarizing pulses was delivered every 15 s until a steady-state block was
reached. The blocking effects were measured by the degree of peak tail current suppressions. The
cisapride block of HERG is strongly K*, dependent. As can be seen in Fig. 1D, 50 nM cisapride
blocked ~80% of the current in the absence of K™, ~60% at 5 mM K*,, ~20% at 135 mM K*,. To

obtain a concentration-dependent relationship for block of HERG current by cisapride, 6 to 8 cells

11
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were studied at each drug concentration. Under each K*, condition, the tail current peak amplitude
was normalized to the respective control value and was plotted as relative current amplitude against
cisapride concentration (Fig. 1E). Data points were fitted to the Hill equation. The half-maximal
inhibition concentration (ICsp) for cisapride block of HERG current was 7.5+ 0.8nM at 0 K™,
241+1.2nM a 5mM K*,, and 108.8 + 12.9 nM at 135 mM K*,. The ICs, values are significantly
different from one another (n=6-8 cells for each data point, p<0.01). The corresponding Hill
coefficients were 0.8, 1.0 and 1.0, respectively, suggesting that the occupation of a single binding

site accounts for the block by cisapride.

Since K*, regulates HERG inactivation, and inactivation has been shown to play an important role
in high affinity drug binding to HERG channels (Zhang et al., 1999; Zhang et al., 2003a), we
assessed the role of HERG inactivation in altering cisapride block at different K¥,. We constructed
an inactivation deficient mutant HERG channel, S620T (Fig. 2). The S620T mutation liesin the S5-
6 linker of the channel pore. Previous studies have shown that this mutation interferes with the C-
type inactivation and modifies the blocking of HERG channels caused by dofetilide, clofilium and
verapamil (Ficker et al., 1998; Suessbrich et al., 1997; Zhang et al., 1999). Consistent with these
previous reports, we found that the conservative substitution of serine with threonine at position 620
resulted in a complete removal of inactivation. Fig. 2A and B show families of the S620T currents
from one cell for control conditions (Fig. 2A) and after exposure to cisapride (Fig. 2B). The cell was
clamped at a holding potential of -80 mV. Depolarizing steps were applied for 4 s to voltages
between -70 and +70 mV in 10-mV increments. For control conditions, depolarizing steps activated
a time-dependent outward current that increased in amplitude as voltage steps became more

positive. The inward rectification seen in WT HERG channels was absent (Fig. 2C). In the

12
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presence of 100 nM cisapride the S620T current displayed a time dependent decay during the
depolarizing steps (Fig. 2B). Cisapride has been shown to preferentially block activated (open)
channels (Mohammad et al., 1997). Therefore, the decay reflects time dependent drug binding to
open channels. Since release of cisapride block occurs during the resting potential, the time
dependent block could be observed upon each depolarization (Mohammad et al., 1997; Zhang et
al., 1999). Fig. 2C showsthe I-V relationship of currents measured at the end of depolarizing steps

in control and in the presence of 100 nM cisapride.

The cisapride block of HERG S620T channels and its K*, dependence were studied in Fig. 2D and
E. HERG channels were activated by a depolarizing pulse to +50 mV for 4 seconds every 15
seconds. There was no clear sign of inactivation in control recordings. Unlike WT channdls, the
S620T mutant channel was blocked by cisapride in a K*s-independent manner. The steady-state
block measured at the end of a 4 s depolarizing step under each cisapride concentration was
normalized to its control value. Four to seven cells were studied at each concentration and the
blocking effects were plotted against cisapride concentrations. The data were fitted to the Hill
equation. The ICs for cisapride at K*,, of 0, 5, or 135 mM was 49.5+2.1, 77.5+6.0 and 87.7 +11.5
NnM, respectively (n = 4-7 cells). The Hill coefficients for the fits were 1.0, 1.2 and 1.0 at O, 5 or

135 mM K™, respectively.

Two observations are obvious. First, the S620T mutation reduced the sensitivity of the HERG
channél to cisapride. For example, at K, of 0, the ICsp of cisapride block of S620T was 49.5 nM,
which is sgnificantly higher than the 1Cs, (7.5 nM) for the WT channels (P<0.01). Second,

compared to WT channels the K*, dependence of cisapride block was significantly diminished in
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the S620T mutant channel. For example, whereas changing K*, from 135 mM to O increased
cisapride block in the WT channel by 14.5 fold, the same decrease in K*,, only increased cisapride
block of the S620T channel 1.8 fold (p<0.01). These results indicate that the K*, dependence of
cisapride block of the WT HERG channd is largely related to the ability of K*, to slow HERG

inactivation gating.

Cisapride block of HERG Cs' current isindependent of inactivation gating

We have found that HERG channels display a unique high permeability to Cs" (Zhang et al.,
2003a). Since cisapride blocks HERG by binding to the internal cavity of the channel (Mitcheson
et al., 2000a), we hypothesized that intracellular K* (K*;) may play a role in drug binding to the
HERG channel. We reasoned that intracellular Cs" (Cs") may differ from K% in regulating the
drug-HERG interactions, and we investigated the effects of cisapride on the HERG Cs' current. A
pipette solution containing 135 mM Cs' and a bath solution containing various Cs™ concentrations
(Na'" as substitute) were used to study the effects of extracellular Cs™ on cisapride block. The WT
HERG Cs" currents display very similar features to K* currents except there is a larger outward
current peak upon depolarization which decays quickly as channels inactivate (see Fig. 5 A for the
current voltage relationships of Cs™ current). Cisapride blocked HERG Cs' current in a
concentration dependent manner. However, as shown in Fig. 3, in contrast to that of the K™ current,
cisapride block of HERG Cs" current was entirely independent of extracellular Cs" concentration
(Cs',) which has been shown to slow HERG inactivation gating (Zhang et al., 2003a). The ICso for
cisapride at Cs', of 0, 5 or 135 mM was 173.6+12.6, 191.5+9.4 and 195.6+20.6 nM, respectively (n
= 4-7 cells). The corresponding Hill coefficients were 1.3, 0.9 and 1.0, suggesting that the

occupation of asingle binding site accounts for the block of HERG Cs" current by cisapride.

14
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To address the effect of Cs’, on the inactivation time course of the Cs" current, HERG Cs" current
was fully activated and inactivated by a depolarizing step to +40 mV for 500 ms. The cell was then
repolarized to —100 mV for 10 ms to allow recovery from inactivation but not enough to alow
significant deactivation of the HERG channels (Smith et al., 1996; Spector et al., 1996; Zhang et
al., 2003a). A test step was then applied to different voltages to observe inactivation time courses
every 15 seconds. The inactivation time constant (Tinat) Was obtained by fitting the current decay to
a single exponential function. Datain Fig. 4 A-C show HERG Cs' currents during the test steps to
voltages between +20 and 120 mV in 20 mV increments at 0 (A), 5 (B) or 135 mM Cs’, (C). The
expanded traces during the test pulses are shown in Fig. 4D-F. The averaged Tinat iN 0 (O), 5 (@)
and 135 mM Cs', (A) in five to eight cells are plotted as a function of test potential in Fig. 4G.
Elevated Cs', slowed HERG Cs' current inactivation at all voltages tested. For example, Tinat at 60
mV increased from 6.7 + 0.9 msin the absence of Cs', (n = 8)t023.2+ 5.7 msat 5 mM Cs', (n =
7, p<0.01), and to 198.7 + 23.6 ms at 135 mM Cs', (n = 5, p<0.01). Thus, elevation of Cs',
markedly slowed HERG inactivation. The effects of Cs’, on the voltage dependence of steady-state
inactivation were also studied. To construct the steady-state inactivation, ratios of the current
measured 100 ms after the onset of inactivation relative to instantaneous peak current at each test
potential were calculated. The ratios were normalized to the maximal value, plotted as a function of
the test voltage and fitted to a Boltzmann function (Fig. 4H). Data were obtained from five to eight
cells. The half-inactivation voltage and slope factor were -7.9 + 0.7 mV and 16.2 + 0.7 mV at zero
Cs',, 5.6+ 0.6mV and 16.7+0.6mV a5mM Cs’o, and 24.7 + 1.2 mV and 15.1 + 1.3 mV at 135
mM Cs',, respectively. Elevation of Cs’, significantly shifted the mid-point of the steady-state

inactivation curve to more depolarized potentials (p<0.01) without significantly affecting the slope
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factor (p>0.05). These results demonstrated that changing Cs', significantly slowed HERG
inactivation but did not affect cisapride block of the Cs' current. Therefore, cisapride block and

inactivation gating was not coupled in HERG Cs" current recordings.

To further evaluate the role of inactivation in the cisapride block of the HERG Cs" current, effects
of cisapride on the WT and S620T Cs’ currents were compared (Fig. 5). The pipette solution
contained 135 mM Cs" and the bath solution contained zero Cs™ (Na" ions as substitute). To record
current-voltage relationships, HERG Cs" current was dicited by depolarizing steps to voltages
between -70 and 70 mV for 4 seconds followed by a repolarizing step to -50 mV (Fig. 5A & B,
upper panels). The holding potential was -80 mV. Fig. 5A shows the datafrom WT channels. The
upper left panel shows a family of WT HERG Cs' currents in control, and the upper right panel
shows the currents in the presence of 1 pM cisapride. HERG Cs' currents were measured at the end
of depolarizing steps to construct the I-V relationship (the lower panel of Figure 5A, n =6 cells). In
control conditions, the HERG current was activated at voltages positive to -50 mV, and a maximum
current was reached at -10 mV. With more positive voltages the inward rectification was apparent
due to the voltage-dependent rapid inactivation. 1 uM Cisapride nearly completely blocked the
HERG Cs' current. Fig. 5B shows the recordings from the inactivation-deficient mutant channel
S620T. The upper left panel shows a family of S620T HERG Cs' currents in control. The upper
right panel shows the currents in the presence of 1 uM cisapride. The S620T Cs’ current was
measured at the end of 4 s depolarizing steps to construct the 1-V relationship (the lower panel of
Fig. 5B, n = 4 cdls). The inactivation of Cs" current has been largely removed by the S620T
mutation. The S620T Cs’ current was activated at voltages positive to -40 mV. In contrast to the

WT channel, the amplitudes of the S620T currents at the end of 4 s depolarizing pulse became
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larger as the depolarization was more positive. The inward rectification was absent. However,
similar to the WT channel, 1 uM cisapride aimost completely blocked the S620T Cs™ current. To
quantify the potency of cisapride block of HERG current, the concentrati on-dependent relationships
were constructed with four to six cells studied at each drug concentration. For WT channels,
HERG channels were activated and inactivated by a depolarization to 50 mV, the peak tail current
upon repolarization to -50 mV was recorded to measure the channel block. For S620T channels,
block was measured by current amplitudes at the end of a depolarizing step to 50 mV. The current
amplitudes in the presence of cisapride were normalized to the control and plotted against cisapride
concentration (Fig. 5C). Data points were fitted to the Hill equation. The ICs for the WT and
S620T channels were 173.6 £ 12.6 nM (n = 6) and 194.9 + 19.6 nM (n = 4) with a Hill coefficient
of 1.3 and 0.9, respectively. These concentration-dependent relationships were similar. Thus, in
contrast to the K* current, the blocking of the HERG Cs" current by cisapride is independent of the

inactivation gating.

Phe-656 of HERG isinvolved in the inactivation-facilitated cisapride block of K™ current

Our results thus far have demonstrated that when K*; is replaced by Cs';, cisapride block of HERG
is no longer affected by HERG inactivation gating. This indicates a critical role of K*; in the state-
dependence of cisgpride binding to HERG channels. Phe-656 has been shown to be critical for
cisgpride binding to HERG channels (Mitcheson et al., 2000a). We hypothesized that the
positioning of Phe-656 may differ between open and inactivated state, and this may affect the
binding of cisapride to HERG channels. The positioning of Phe-656 may be influenced by the types
of the permeating ions. Therefore, K* and Cs" will result in different Phe positioning, ultimately

affecting cisapride binding. When Cs' is permeating the channel, the optimal positioning of Phe-
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656 for cisapride binding may be less favored. To test the role of Phe-656 in the inactivation-
induced changes of drug affinity, we mutated phenylalanine at 656 to valine or methionine. Fig. 6
shows the activation properties of the HERG F656V (A-C) and F656M (D-F). The currents were
recorded in 135 mM K*; and 5 mM K*, by 4 s depolarizing steps to voltages between -70 and 70
mV. The holding potential was -80 mV. Fig 6B shows the |-V relationship of the F656V pulse
currents. The outward currents measured at the end of 4 s depolarizing pulses were plotted against
depolarizing voltages. The HERG F656V current was activated at voltages positive to -50 mV, and
the maximum current was reached at 0 mV. At more positive voltages inward rectification was
apparent due to the rapid voltage-dependent inactivation (Smith et al., 1996; Spector et al., 1996;
Zhang et al., 1999). Fig. 6C shows the activation curve for the F656V channdl. Tail current
amplitude was used to construct the activation curve (n =5 cdlls), which shows that the threshold
voltage for the F656V channel activation was close to -40 mV. The channels were fully activated at
voltages > 20 mV. When fitted to a Boltzmann function, the half-maximum activation voltage (V1/2)
and dope factor (k) were -10.1+£2.7mV and 8.7 + 0.6, respectively. These values are not
significantly different from those in WT channels (Vy2: —11.1 £ 40 mV k: 7.9 £ 0.7 mV). To
assess deactivation of the F656V channel, the decay of tail currents at -50 mV were fitted to double
exponential functions. The fast and dow components of deactivation time constants (Tge) at -50
mV were 186.1 £ 13.4 and 723.9 + 42.3 ms (n=5). The fast component accounted for 0.59 of the
current amplitude. For WT channels, the fast and slow components of Tt @ -50 mV were 370.5 £
18.9 and 1762.2 + 156.5 ms (n=6). The fast component accounted for 0.47 of the current
amplitude. Therefore, the F656V channel displayed a significantly faster deactivation than the WT

channel (n=5 or 6, p<0.01).
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Fig. 6E and F show the I-V relationship (E) and the activation curve of F656M (F). The V1, and
slope factor were -17.1+3.7mV and 7.2 + 0.4, respectively (n = 5). While the V1, of F656M
displayed a moderate but significant shift to the negative potentials (p<0.05), the slope factor of
F656M was not different from that of WT channels. The deactivation time course of F656M was
evaluated at -50 mV. The fast and slow components of Tyt a -50 mV were 385.4 + 45.1 and
2092.4 + 190.8 ms (n=5). The fast component accounted for 0.42 of the current amplitude. These

values were not significantly different from those of WT channels.

Fig. 7 compares the inactivation properties of WT channels (A), F656V (B) and F656M mutant
channels (C). Panels a show the voltage dependence of the inactivation time course of K* currents
from WT, F656V and F656M at 5 mM K*,. The inactivation time constant (Tinat) Was obtained by
fitting the currents to a single exponential function at each test voltage. The averaged Tinaet iN O, 5
and 135 mM K”, (n = 6-8 cells) are plotted against test potentials in panels b. While there was no
significant difference in the T between WT and the F656V channel, the 1. Were significantly
smaller for the F656M channel. For example, the mean time constants at 20 mV in the absence of
K’ were 9.2+09ms, 74+1.2ms and 6.3 +0.4 ms for WT, the F656V and the F656M,
respectively (n = 5~6 cell each, p>0.05 between WT and the F656V, and p<0.05 between WT and
the F656M). Despite of the small difference of Tinae between WT and the F656M channdl,
elevation of external K* caused a similar slowing of the inactivation time course in the WT, F656V
and F656M channels. Panels ¢ show the steady-state inactivation relationships at different K*, of
WT, the F656V and F656M channels. The data were fitted to a Boltzmann function. The half-
inactivation voltage (V1) and slope factor (k) were summarized in Table 2. While the inactivation

properties of F656V were similar to those of WT channels, the V1, for the F656M was significantly
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more negative than that of WT (n=5, p<0.01). However, despite of a moderately accelerated
inactivation for the F656M channel, elevation of K*, caused a similar shift of the steady-state
inactivation in the WT, F656V and F656M channels to the depolarized direction without

significantly affecting the slope factors.

Consistent with the Phe-656 being a critical site for drug binding, both F656V and F656M affected
cisapride binding to the channel (Fig. 8). While the F656V mutation significant reduced cisapride
affinity, the F656M had only a modest effect. Significantly, we found that cisapride block of both
F656V and F656M channels was not affected by changes of K*, which modulate inactivation gating
of both channels (see Fig. 7). The ICs for cisapride block of F656V at 0, 5, or 135 mM K*, was
99.9 £ 7.5 nM, 101.1 £ 5.7 nM, and 134.3 = 13.2 nM, respectively (p>0.05, n = 4-7 cdlls). The
corresponding Hill coefficients were 1.2, 1.3 and 1.0, respectively. The ICs for cisapride block of
F656M at 0, 5, or 135 mM K™, was 27.6 + 2.1 nM, 30.6 + 4.1 nM, and 34.0 + 2.8 nM, respectively

(p>0.05, n = 4). The corresponding Hill coefficientswere 1.3, 1.3 and 0.9.
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DISCUSSION

The exact role of inactivation in mediating drug block of HERG is not well understood. In the
present study, we found that cisapride block of HERG was significantly attenuated by the
impairment of inactivation gating. First, elevation of K*,, which slows inactivation, reduced the
degree of cisapride block. Second, the inactivation deficient mutant S620T had a reduced cisapride
affinity. Site-directed mutagenesis has identified aromatic residues, particularly Phe-656 in the S6
transmembrane domain of HERG subunits, to be one of the most important molecular determinants
of high affinity binding to HERG channels for many drugs such as MK-499, dofetilide, cisapride,
terfenadine, quinidine, and chloroquine (Lees-Miller et al., 2000; Mitcheson et al., 2000a). To
assess whether the facilitation of cisapride binding by inactivation gating is via the Phe-656 site, we
evaluated the effects of K*, on cisapride block of F656V and F656M channels. We reasoned that if
Phe-656 is involved in the inactivation-induced facilitation of cisapride binding to HERG channels,
changing inactivation gating by K*, might differently affect the ICso of HERG F656V and FG56M.
Indeed, we found that block of both mutant channels by cisapride was not affected by changing K™,
indicating that Phe-656 is involved in the inactivation-induced high affinity binding of cisapride to
HERG channels. The loss of K, regulation of cisapride-mediated block of F656V and F656M
channels does not result from the altered drug sensitivity of the mutant channels. In our study, the
F656V HERG mutation displayed reduced cisapride sensitivity, but the F656M mutant channel
displayed similar cisapride sengitivity to that of WT channels at 5 mM K,. The difference of the
cisapride affinity between the F656V and F656M seems to be related to the measures of
hydrophobicity at the position 656. Recently, it has been found that the potency for block of HERG
by cisapride, terfenadine, and MK-499 correlate well with measures of hydrophobicity, especially

the two-dimensional approximation of the van der Waals hydrophaobic surface area of the side chain
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of residue 656 (Fernandez et al., 2004). The van der Waals hydrophobic surface area of methionine
more closely resembles that of phenylalanine than does the hydrophobic surface area of valine
(Fernandez et al., 2004). However, athough the methionine residue mimics more closely the
phenylalanine residue in regard to the hydrophobicity, both methionine and valine lack the aromatic
ring of phenylalanine which may be important for the inactivation-facilitated cisapride binding to
the channel. Based on the crystal structure of the KcsA K* channel (Doyle et al., 1998), Phe-656 of
HERG (Thr-107 in KcsA) faces the central cavity of the intracellular mouth of the channel. The
presence of a phenylalanine at this site in HERG appears to be important in creating abinding site
for dofetilide, quinidine, MK-499, terfenadine and cisapride (Lees-Miller et al., 2000; Mitcheson et
al., 2000a). These compounds consist of an aliphatic chain with benzene rings at each end. Benzene
rings are known to stack via « bonds and it is possible that the benzene head groups of cisapride
could interact with the benzene ring of phenylalanine. Because of the structural nature, we propose
that the positioning of the benzene ring of phenylalanine is more likely to be affected by the
channels inactivation gating, which affects drug binding. On the other hand, the positioning of the
methionine residue may be less likely to be affected by the inactivation gating. Therefore, although
F656M displayed cisapride sensitivity which was similar to WT channels, it lost the K%,

dependence of the cisapride block.

The loss of K, regulation of cisapride-mediated block of F656V and F656M channels seems not
due to the altered channel gating behaviors. The inactivation properties of F656V were similar to
that of WT channels whereas the F656M displayed a slightly accelerated inactivation. Like WT
channels, elevation of K*, significantly slowed inactivation of both F656V and F656M mutant

channels. We have found that the F656M mutation moderately shifted the activation curve to
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hyperpolarized potentials. This result is consistent with a previous report (Fernandez et al., 2004).
We also found that the activation properties of F656V were not altered, but deactivation of the
F656V was significantly faster than WT channels. The finding of the accelerated deactivation of the
F656V is consistent with the previous studies (Lees-Miller et al., 2000; Fernandez et al., 2004). It
seems that the accelerated deactivation may not be the primary cause for the reduction in drug
sensitivity for the F656V. It has been shown that the F656W mutation significantly altered the
voltage dependence of activation/deactivation gating, but this mutation did not significantly alter

the ICso values for the block by MK-499, cisapride and terfenadine (Fernandez et al., 2004).

The present study also revealed that the intracellular K™ is involved in modulating cisapride binding
during inactivation gating. We found that when intracellular K* is replaced by Cs', inactivation
gating no longer affects the cisapride mediated block of HERG. With Cs' ions in the pipette
solution, the ICsy of cisapride were similar between the WT and inactivation—deficient S620T
channels. Although elevation of extracellular Cs™ concentration significantly slowed the Cs™ current
inactivation of WT HERG channels, it did not alter the cisapride block of HERG Cs' current.
Furthermore, we observed that altering inactivation affects the 1Cs of cisapride block of HERG less
than does the intracellular Cs™ replacement, and that Cs" replacement further reduced the 1Csq of
cisapride in the inactivation-deficient mutant channels. For example, whereas S620T inactivation
deficient mutation reduced the cisapride affinity by 6.6-fold in a bath solution containing 135 mM
Na’, under the same bath solution replacement of the intracellular K*, by Cs’ reduced the cisapride
affinity of WT channels by 23-fold. Replacement of intracellular K*, by Cs" also reduced the

cisapride affinity of S620T inactivation-deficient channels by 4-fold (1Cso from 49.5 nM to 194.9
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nM, Fig. 2 and Fig. 5) in a bath solution containing zero K* and Cs" (135 mM Na’). These results

argue againgt inactivation as being the sole primary determinant of drug block.

The mechanism by which Cs" replacement affects cisapride block is not known but may be related
to the postioning of the drug binding site. C-type inactivation reflects a stabilized P-type
inactivation and S5-S6 arrangements might be involved in this process to affect the selectivity filter
and adjacent structures. On the other hand, the permeant ions may modify the selectivity filter and
adjacent structure (Zhou and MacKinnon, 2004). The occupancy of the selectivity filter by
particular permeant ions might stabilize a conformation of the S5-S6 arrangement. We propose that
the S5-S6 is stabilized by K* ions to a molecular state/position in which inactivation gating can
further induce a conformational change that increases cisapride affinity to the channel. In contrast
to K*, Cs" stabilizes the S5-S6 in a different molecular state/position that inactivation gating cannot
increase cisapride affinity to the channdl. Thus, in addition to direct interactions or via changes in
channel inactivation, K* ions are also critical for maintaining a proper conformation of the channel

required for drug-channel interactions.

In summary, we have found that both intracellular K* and Phe-656 are required for inactivation-
related high affinity cisapride binding to HERG. We propose that intracellular K* ions stabilize the
HERG channd in a state in which inactivation can alter the receptor site of Phe-656 to a position
that favors high affinity cisapride binding. Our findings suggest a possible explanation for how
inactivation gating facilitates drug affinity to HERG channels. It has been shown that block of Na'

or Ca®* channels by many drugs is facilitated by channel inactivation. Whether intracellular K*
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plays arolein the state dependent block of Na' or Ca?* channels by drugs (Hille, 1977; Hondeghem

and Katzung, 1984) requires further investigation.
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LEGENDS FOR FIGURES

Fig. 1. Extracellular K™ concentration (K*,) regulates the cisapride block of HERG K*
currents. A and B: HERG currents recorded in the control condition (A) and after exposure to
100 nM cisapride (B). The pipette solution contained 135 mM K™ and the bath solution contained 5
mM K”. Voltage protocol is shown in the inset of panel B. The inter-pulse interval was 15 seconds.
C: Current-voltage plots of the pulse currents (O, @) at the end of the 4 s depolarizing steps and
the peak tail currents (A, A) before (O, A) and after exposure to 100 nM cisapride (@, A). D:
HERG K™ currents recorded in the absence and presence of 50 nM cisapride at K*,, of 0, 5, or 135
mM. The currents were elicited by repetitive depolarizing steps to +50 mV for 4 seconds followed
by a repolarization to -50 mV to record the tail current. The holding potential was -80 mV. E:

Concentration dependent block of HERG channels by cisapride at K™, of 0 (e), 5 (4) or 135 mM

(v).

Fig. 2. The S620T mutation reduces cisapride block and eliminates the K™, dependence of the
cisapride block of HERG channels. A and B: The HERG S620T currents recorded in the control
condition (A) and after exposure to 100 nM cisapride (B). The pipette solution contained 135 mM
K" and bath solution contained 5 mM K*. Voltage protocol was the same as shown in the inset of
Fig. 1B. C: The current-voltage relationship of the pulse currents at the end of 4 s depolarizing
steps before (O) and after exposure to 100 nM cisapride (@). D: The HERG S620T currents for
control and in the presence of 200 nM cisapride at K™, of 0, 5 or 135 mM. Currents were dlicited by
adepolarization to +50 mV for 4 s followed by a repolarization to -50 mV. At K*, of 135 mM, the

repolarization to -50 mV was brief (200 ms). The holding potential was -80 mV. E: Concentration

31

20z ‘ST |11dV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on June 20, 2005 as DOI: 10.1124/mol.105.012278
This article has not been copyedited and formatted. The final version may differ from this version.

MOL 12278

dependence of cisapride block of S620T channels. The current amplitude at the end of 4-s
depolarization to 50 mV was normalized to the control, plotted against cisapride concentrations, and

fitted to the Hill equation.

Fig. 3. Extracellular Cs" concentration (Cs',) does not regulate cisapride block of HERG Cs"
currents. Whole cell Cs" currents were recorded with a pipette solution containing 135 mM Cs’
and bath solutions containing 0, 5 or 135 mM Cs’. A: Cs" current recorded in absence and presence
of 200 nM cisapride a Cs', of 0, 5, and 135 mM. The currents were elicited by depolarizations to
+50 mV from a holding potential of -80 mV. The depolarization was followed by a repolarization to
-50 mV to record the tail currents. B: Concentration-dependent block of HERG Cs™ currents by
cisapride. The tail current peak amplitudes at -50 mV were normalized to the control and plotted
versus cisapride concentration. Fits to data points at O (¢), 5 (4) or 135 mM Cs’, ('¥) to the Hill

equation are shown.

Fig. 4. Effectsof Cs’, on HERG Cs' current inactivation. HERG Cs' currents were elicited by
the voltage protocol shown at the top of the figure. The pipette solution contained 135 mM Cs' and
the external solutions contained 0 (A), 5 (B) or 135 mM Cs’ (C). A 500 ms pulse to 40 mV to
activate and inactivate HERG was followed by a 10 ms pulse to -100 ms to recover inactivated
channels to open state. Test steps were then applied to voltages varying between 20 and 120 mV in
20 mV increments to record the time course of inactivation which have been expanded in D, E and
F, respectively. The current decay at test voltages was fitted to a single exponential function to
obtain the inactivation time constant (Tinaet). G: Voltage dependence of Tina iN external solutions

containing 0 (O), 5 (@) or 135 mM (4) Cs',. Each point is the mean + SEE.M. for five to eight
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cels. H: The steady-state inactivation of the Cs" current at 0 (O), 5 (@) or 135 mM (4) Cs'..
Elevation Cs', significantly slowed the inactivation time course and shifted the steady-state

Inactivation to the depolarized direction (n = 5-8 cdlls, P < 0.01).

Fig. 5. Block of the HERG Cs' current by cisaprideis not dependent on inactivation. The Cs’
currents from WT and S620T channels were recorded with a pipette solution containing 135 mM
Cs" and a bath solution containing 140 mM NaCl. A and B: The Cs’ currents recorded in absence
and presence of 1 uM cisapride in the WT (A) and S620T HERG channels (B). The upper panels
show families of currents. The current amplitudes at the end of each depolarizing pulse were
normalized to the largest amplitude and plotted against each depolarization voltage to obtain
normalized 1-V relationships which are shown in the lower panels. C: Concentration dependence of
cisapride block of HERG Cs' currents in the WT (e) and S620T channels (4). Cisapride blocked

the WT and S620T Cs' currents with a similar potency.

Fig. 6. Activation propertiesof the F656V and the F656M channel. A: A family of the F656V
K" currents (135 mM K*; and 5 mM K*,). B: |-V plot of the F656V currents measured at the end of
depolarizing steps. C: Activation curve of the F656V constructed based on the tail currents. The
activation curve was fitted to a Boltzmann relationship. D: A family of the F656M K™ currents. E:
I-V plot of the F656M currents measured at the end of depolarizing steps. C: Activation curve of

the F656M channdl.

Fig. 7. Effects of K*, on the inactivation time constants in the WT, F656V and F656M

channel. In panels a, a voltage protocol shown on the top of the panel was used to record the time
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courses of inactivation. The inactivation time constant (Tinae) Was obtained by fitting the current
decay to a mono-exponential function. Panels b: The Tina-Vvoltage relationships at 0, 5 and 135 mM
K*o. Panes c: Steady-state inactivation at 0, 5 and 135 mM K*,. The half-inactivation voltage and

slope factor were summarized in Table 2.

Fig. 8. Cisapride block of the F656V and F656M is not affected by K*o. A: The F656V K*
currents in the absence and presence of 200 nM cisapride. From a holding potential of -80 mV, the
channels were repetitively activated by a depolarization to +50 mV for 4 seconds followed by a
repolarization to -50 mV to record tail currents. The inter-pulse interval was 15 seconds. The
pipette solution contained 135 mM K™ and the bath solution contained 0, 5 or 135 mM K*. B:
Concentration dependent block of F656V currents by cisapride at K™, of 0 (4), 5 (e) or 135 mM
(m). Tail current amplitudes in the presence of cisapride were normalized to the control and
plotted versus cisapride concentration. The data were fitted to the Hill equation. C: The F656M K*
currents in the absence and presence of 30 nM cisapride. D: Concentration dependent block of the

F656M currents by cisapride at K, of O (4), 5 (¢) or 135 mM (m).
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Table1l. Primersused for PCR reactions. Mutant nucleotides are underlined.

Primers

Seguence

Flanking Primers

CCACAATGTCACTGAGAAGGTCACCCAGG

GCAGTGAGCGGTTCAGGTGCAGGCAGATGTC

S620T Primers CTACTTCACCTTCACCAGCCTCACCAGTGTGGG
CCCACACTGGTGAGGCTGGTGAAGGTGAAGTAG

FE56V Primers ATGTATGCTAGCATCGTCGGCAACGTGTCGGC
GCCGACACGTTGCCGACGATGCTAGCATACAT

F656M Primers ATGTATGCTAGCATCATGGGCAACGTGTCGGC

GCCGACACGTTGCCCATGATGCTAGCATACAT
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Table 2. The steady-state i nactivation parameters of the WT, F656V and F656M channels at 0, 5

and 135 mM K™,

0K,

5K

135 K™,

Vo k

Vo k

Vo k

n
WT -50.1+22 201+11 6
F656V -542+4.1 252+15 4
F656M -629+29 216+12 4

-294+14 206+04
-33.1+31 221+19
414+1.6° 209+18

o 01 N'S

-89 £18 192+12
97 £29 251+27
-19.1+26° 19.1+21

H» 01 015

V 12: voltage for half maximal inactivation; k: slope factor; n: number of cells tested. *, p<0.01.
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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