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Abstract Human ether-a-go-go-related gene (HERG)
potassium channels are expressed in multiple tissues in-
cluding the heart and adenocarcinomas. In cardiomyo-
cytes, HERG encodes the o-subunit underlying the rapid
component of the delayed rectifier potassium current, I,,
and pharmacological reduction of HERG currents may
cause acquired long QT syndrome. In addition, HERG
currents have been shown to be involved in the regulation
of cell proliferation and apoptosis. Selective o1-adreno-
ceptor antagonists are commonly used in the treatment of
hypertension and benign prostatic hyperplasia. Recently,
doxazosin has been associated with an increased risk of
heart failure. Moreover, quinazoline-derived o1-inhibitors
induce apoptosis in cardiomyocytes and prostate tumor
cells independently of ol-adrenoceptor blockade. To as-
sess the action of the effects of prazosin, doxazosin, and
terazosin on HERG currents, we investigated their acute
electrophysiological effects on cloned HERG potassium
channels heterologously expressed in Xenopus oocytes
and HEK 293 cells.

Prazosin, doxazosin, and terazosin blocked HERG cur-
rents in Xenopus oocytes with ICs, values of 10.1, 18.2,
and 113.2uM respectively, whereas the ICs, values for
HERG channel inhibition in human HEK 293 cells were
1.57uM, 585.1nM, and 17.7 uM. Detailed biophysical
studies revealed that inhibition by the prototype o.1-block-
er prazosin occurred in closed, open, and inactivated
channels. Analysis of the voltage-dependence of block
displayed a reduction of inhibition at positive membrane
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potentials. Frequency-dependence was not observed. Pra-
zosin caused a negative shift in the voltage-dependence of
both activation (—3.8 mV) and inactivation (-9.4 mV). The
S6 mutations Y652A and F656A partially attenuated
(Y652A) or abolished (F656A) HERG current blockade,
indicating that prazosin binds to a common drug receptor
within the pore-S6 region.

In conclusion, this study demonstrates that HERG potas-
sium channels are blocked by prazosin, doxazosin, and
terazosin. These data may provide a hypothetical molecu-
lar explanation for the apoptotic effect of quinazoline-de-
rived ol-adrenoceptor antagonists.
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Introduction

Selective ol-adrenoceptor antagonists such as prazosin,
doxazosin, and terazosin are established antihypertensive
agents, lowering blood pressure by reducing vascular tone
in resistance and capacitance vessels (Grimm 1989). Sev-
eral studies have shown that they may improve other car-
diovascular risk factors as well, including lipid profile, in-
sulin sensitivity, left ventricular hypertrophy, platelet ag-
gregation and fibrinolysis (Pool 1996). Moreover, o.1-in-
hibitors are generally associated with a reasonably low in-
cidence of serious adverse effects (Grimm 1989). The
short-acting ol-antagonist prazosin, and the long-acting
compounds terazosin and doxazosin are members of the
quinazoline chemical class. Recently, serious concerns
have been raised by data from the Antihypertensive and
Lipid Lowering Treatment to Prevent Heart Attack Trial
(ALLHAT 2000). The risk of congestive heart failure (CHF)
was twice as high with doxazosin as with chlorthalidone,
forcing discontinuation of the doxazosin arm of ALLHAT
and suggesting that doxazosin or even all o-blockers
should no longer be used as first-line antihypertensive
therapy. Doxazosin and prazosin have been shown to in-



duce apoptosis in cultured cardiomyocytes at concentra-
tions of 1 to 40 uM (Gonzalez-Juanatey et al. 2003). This
might explain the adverse cardiovascular effect observed
in the ALLHAT study, since apoptosis is known to occur
in myocardial dysfunction and heart failure (Kang and
Izumo 2000).

Alphal-inhibitors are also widely used in the treatment
of symptomatic benign prostatic hyperplasia (BPH), where
al-receptors mediate increased tension in prostatic
smooth muscle, thereby producing lower urinary tract
symptoms. Selective o1-adrenoceptor antagonists relax pro-
static smooth muscle, relieve bladder outlet obstruction,
and enhance urine flow (Akduman and Crawford 2001).
Interestingly, quinazoline-derived ol-adrenoceptor antag-
onists exert long-term clinical responses that are not fully
explained by relaxation of prostate smooth muscle. It has
been demonstrated that doxazosin (15 uM) and terazosin
(25 uM) induce apoptosis in prostate tumor epithelial cells
and prostate tissue obtained from patients with benign
prostatic hyperplasia, while the structurally unrelated, sul-
fonamide-based o1-blocker tamsulosin was ineffective
(Kyprianou and Benning 2000; Benning and Kyprianou
2002; Kyprianou 2003).

This apoptotic effect of oil-blockers on cardiomyocytes
and prostate cells was independent of antiadrenergic ac-
tion (Benning and Kyprianou 2002; Gonzalez-Juanatey et
al. 2003; Kyprianou 2003). The exact molecular mecha-
nism, however, remains to be investigated. Considering
the clinical significance of quinazoline-induced apoptosis
in CHF, benign prostatic hyperplasia and prostate cancer,
elucidation of the underlying molecular mechanism is of
particular interest.

Voltage-gated potassium channels are increasingly rec-
ognized as modulators of cell proliferation and apoptosis
(Wonderlin and Strobl 1996). In particular, human ether-
a-go-go-related gene (HERG) potassium channels (Warm-
ke and Genetzky 1994) are expressed in a variety of tumor
cells including adenocarcinoma (Bianchi et al. 1998; Cheru-
bini et al. 2000; Crociani et al. 2003). In heart tissue, the
HERG channel is the molecular counterpart of the rapid
component of the repolarizing delayed rectifier potassium
current, Ix, (Sanguinetti et al. 1995). Mutations in HERG
account for chromosome 7-linked inherited long QT syn-
drome (LQT-2), a potentially lethal cardiac repolarization
disorder (Viskin 1999; Thomas et al. 2003a). Pharmaco-
logical blockade of Ik, causes lengthening of the cardiac
action potential, which may produce a beneficial class III
antiarrhythmic effect (Kiehn et al. 1999; Thomas et al.
2001). On the other hand, excessive prolongation of the
cardiac action potential may lead to acquired long QT
syndrome and life-threatening “torsade de pointes” ar-
rhythmias (Napolitano et al. 1994; Thomas et al. 2002,
2003b). In tumor cells, HERG expression facilitates cell
proliferation (Wang et al. 2002), and inhibition of HERG
currents has been shown to reduce proliferation (Smith et
al. 2002). Furthermore, HERG channels are involved in
the regulation of tumor cell apoptosis (Wang et al. 2002).

These findings prompted the hypothesis that quinazo-
line-derived otl-adrenoceptor antagonists cause direct block

463

of HERG potassium channels. To assess the pharmaco-
logical action of these drugs on HERG currents, the in-
hibitory effects of the prototype al1-blocker prazosin on
HERG currents were elucidated in detail in the present
study. In addition, HERG current block by doxazosin and
terazosin was investigated.

Materials and methods

Molecular biology. The HERG cDNA clone was generously do-
nated by Dr. M.T. Keating, and the hMiRP1 clone was kindly pro-
vided by Dr. S.A. Goldstein. Procedures for in vitro transcription
and oocyte injection have been published previously (Kiehn et al.
1999). Briefly, HERG wild type (Warmke and Ganetzky 1994),
hMiRP1 (Abbott et al. 1999), HERG Y652A, and HERG F656A
(Scholz et al. 2003) cRNAs were prepared with the mMESSAGE
mMACHINE kit (Ambion, Austin, TX, USA) using SP6 RNA
polymerase after linearization with EcoRI (Roche Diagnostics,
Mannheim, Germany). Stage V-VI defolliculated Xenopus oocytes
were injected with 46 nl of cRNA per oocyte.

The cDNA encoding the HERG potassium channel cloned in
pCDNA3 was stably transfected into the human embryonic kidney
cell line HEK 293 as described previously (Thomas et al. 2001).
Cells were cultured in Dulbecco’s Modified Eagle Medium/Nutri-
ent Mixture F-12 (D-MEM/F12, Gibco BRL, Rockville, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco BRL),
100 U/ml penicillin G sodium, 100 pg/ml streptomycin sulphate
and 500 pg/ml geneticin (G418, Gibco BRL) in an atmosphere of
95% humidified air and 5% CO, at 37°C.

The investigation conforms to the Guide for the Care and Use
of Laboratory Animals published by the US National Institute of
Health (NIH Publication No. 85-23, revised 1996). All experi-
ments followed the European Community guidelines for the use of
experimental animals.

Electrophysiology and statistics. Two-microelectrode voltage-
clamp recordings from Xenopus laevis oocytes were carried out as
published previously (Thomas et al. 1999). In brief, recordings
were performed using a Warner OC-725A amplifier (Warner In-
struments, Hamden, CT, USA) and pClamp software (Axon In-
struments, Foster City, CA, USA) for data acquisition and analy-
sis. Microelectrodes had tip resistances ranging from 1 to 5 MQ.
The recording chamber was continually perfused. All experiments
were carried out at room temperature (20—22°C), and no leak sub-
traction was done during the experiments. HERG current record-
ings from HEK 293 cells were performed by use of the whole-cell
patch clamp configuration (Hamill et al. 1981) as previously re-
ported (Thomas et al. 2001). All experiments were carried out at
room temperature (22-25°C).

Concentration-response relationships for drug-induced block
were fit with a Hill equation of the following form: I/ conro=
1/[1+(D/ICsy)"H] where I indicates current, D is the drug concen-
tration, nH is the Hill coefficient, and ICj is the concentration nec-
essary for 50% block. Activation curves were fit with a single-
power Boltzmann distribution of the form 7,,;=I,,;; ma/[1+€ V;,,7V4]
where V is the test pulse potential, V, is the half-maximal activa-
tion potential, and k is the slope of the activation curve. Inactiva-
tion curves were fit to the following single-power Boltzmann
equation: I=1,,,/[1+e V-V, K]

All data are expressed as mean * standard deviation, unless
otherwise specified. We used paired and unpaired Student’s #-tests
(two-tailed tests) to compare the statistical significance of the re-
sults: p<0.05 was considered statistically significant. Multiple
comparisons were performed using one-way ANOVA. If the hy-
pothesis of equal means could be rejected at the 0.05-level, pair-
wise comparisons of groups were made and the probability values
were adjusted for multiple comparisons using the Bonferroni cor-
rection.
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Fig.1A-F Inhibition of HERG channels by prazosin. A Repre-
sentative current traces recorded from the same cell under control
conditions and after superfusion with prazosin (10 uM and 100 uM).
Current amplitudes were monitored during control periods and
during 10 min of drug application at 0.1 Hz pulsing frequency.
B concentration-response relationship for the effect of prazosin
on HERG peak tail currents (n=6—10 oocytes). The ICs, yielded
10.1 uM. C Time course of HERG tail current inhibition by 100 uM
prazosin (n=5). For simplicity, not all current measurements are
displayed. After a control period of 20 min, currents decreased
rapidly upon perfusion with the drug solution within 5 min. Subse-
quent 15min of drug application caused weak additional block
(<9%). D, E Original current traces illustrating the effects of 100 uM
prazosin on mutant HERG Y652A and HERG F656A currents.
F Mean relative tail current amplitudes after application of 100 uM
prazosin (10 min) are shown for HERG wild type (n=10), HERG
Y652A (n=7), and HERG F656A currents (n=7) respectively. The
inhibitory effects of prazosin were attenuated (Y652A) or com-
pletely abolished (F656A) (***p<0.001; see text for voltage proto-
cols)

Solutions and drug administration. Voltage clamp measurements of
Xenopus oocytes were performed in a solution containing (in mM):
5KCl, 100 NaCl, 1.5 CaCl,, 2 MgCl,, and 10 HEPES (pH 7.4 with
NaOH). Current and voltage electrodes were filled with 3M KCl
solution. For whole-cell patch clamp recordings from HEK 293 cells
electrodes were filled with the following solution (in mM): 130 K-
aspartate, 5.0 MgCl,, SEGTA, 4 ATP, 10 HEPES, (pH adjusted to
7.2 with KOH). The external solution for these experiments con-
tained (in mM): 137 NaCl, 4.0 KCl, 1.0 MgCl,, 1.8 CaCl,, 10 HEPES,
10 glucose (pH adjusted to 7.4 with NaOH). Prazosin (Sigma) was
prepared as 10 mM stock solution in methanol and stored at —20°C.
Doxazosin (Sigma) was prepared as 10mM stock solution in
DMSO and stored at —20°C. Terazosin (Sigma) was prepared as
10mM stock solution in water and stored at —20°C. To prepare a
1 mM solution, terazosin was dissolved directly with the bath solu-
tion. On the day of experiments, aliquots of the stock solutions
were diluted to the desired concentrations with the bath solution.
HERG current amplitudes recorded from Xenopus oocytes, as well

as the half-maximal voltages for activation and inactivation were
not significantly altered during a control period of 10 min (n=8-9;
data not shown) or upon application of 1% (v/v) methanol (maxi-
mum bath concentration; n=5; data not shown). In addition, super-
fusion with 1% (v/v) DMSO (maximum bath concentration) for
10 min did not significantly affect HERG current amplitudes (n=8;
data not shown).

Results
Prazosin blocks HERG potassium currents

Prazosin blocked HERG potassium channels expressed in
Xenopus laevis oocytes in a concentration-dependent
manner, as displayed in Fig. 1. Currents were elicited by a
2 s depolarizing step to +20mV followed by a repolariz-
ing step to -40mV for 1.6 to produce large, slowly de-
caying outward tail currents which are a characteristic of
HERG potassium channels (Sanguinetti et al. 1995). The
holding potential was —80 mV in all experiments performed
in this study, unless indicated otherwise. Pulses were ap-
plied at a frequency of 0.1 Hz during superfusion with the
drug solution for 10 min. After the monitoring period, pulses
were applied to determine the degree of block (Fig. 1A).
To study the concentration dependence of HERG current
block by prazosin, HERG peak tail currents were normal-
ized to the respective control values and plotted as relative
current amplitudes in Fig. 1B (n=6-10 oocytes were in-
vestigated at each concentration). The half-maximal inhi-
bition concentration (ICs,) for block of tail currents was
10.1 uM with a Hill coefficient ny of 1.12.

The time course of block is shown in Fig. 1C (n=5).
The onset of block was fast. After a control period of
20 min, HERG channel block by 100 uM prazosin occurred
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Fig.2A-F Effects of prazosin on the voltage dependence of
HERG activation. A Control measurement and B the inhibitory ef-
fects of 20 UM prazosin (10 min) are shown in one representative
oocyte. C, D Resulting current amplitudes at the end of the test
pulse as a function of the preceding test pulse potential under con-
trol conditions and after incubation with prazosin (C, original cur-
rent amplitudes; D, values normalized to peak step currents;
n=12). E, F Activation curves, i.e., the peak tail current amplitudes
as function of the preceding test pulse potential during the first
step of the voltage protocol, recorded under isochronal conditions
(E, original current amplitudes; F, values normalized to peak tail
currents; n=9). The half-maximal activation potential V,, was
shifted by —3.8 mV (¥**p<0.001; **p<0.01; *p<0.05; see text for
voltage protocols)

rapidly within approximately 5 min. During the following
15 min of drug application a slight increase in the degree
of block (less than 9%) could be observed. Upon washout,
the blocking effects on HERG were partially reversible
within 20 min (Fig. 1C).

Incomplete attenuation of prazosin block
by Y652A mutation

It has been demonstrated that the aromatic residues Y652
and F656 located in the S6 domain are key determinants
of drug binding to HERG channels (Mitcheson et al. 2000a).
Thus, the effect of prazosin on mutant HERG Y652A and
HERG F656A channels was investigated to assess the sig-
nificance of these residues in prazosin blockade of HERG
currents. Voltage protocols were applied as described

Test pulse potential [ mV ]

Test pulse potential [ mV ]

above to record currents under control conditions and af-
ter application of 100 uM prazosin, reducing HERG wild
type currents to 16.1£5.6% (n=10; Fig. 1F). As illustrated
in Fig. 1F, the inhibitory effect of prazosin was signifi-
cantly attenuated (Y652A) or even abolished (F656A) by
replacement of aromatic channel pore residues. Mean rel-
ative current amplitudes measured after prazosin applica-
tion yielded 71.94£3.0% (Y652A; n=7) and 120.9£5.1%
(F656A; n=T7) of control currents, respectively.

Effects of prazosin on HERG current activation

The effect of prazosin on HERG current voltage (I-V) re-
lationship was investigated under isochronal recording con-
ditions. Depolarizing pulses were applied for 2 s to voltages
between —80 and +70mV in 10 mV increments (0.2 Hz),
and tail currents were recorded during a constant repolar-
izing step to —60mV for 1.6s. Families of current traces
from one cell are shown for control conditions and after
exposure to 20 UM prazosin (10 min) in Fig.2A, B. The
currents activated at potentials greater than -50mV,
reached a peak at 0mV and then decreased at more posi-
tive potentials due to inactivation (Sanguinetti et al.
1995), giving the I-V relationship its typical bell-shaped
appearance (Fig.2C, D). Figure2E, F display peak tail
currents as a function of the preceding test pulse potential,
resulting in activation curves. The peak tail current, mea-
sured during the repolarizing second step of the voltage
protocol, increased with voltage steps from —40mV to
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Fig.3A-C Effects of prazosin on HERG current inactivation.
A, B Measurements of the steady-state inactivation at constant
20mV after various potentials from —120 to 30 mV (increment
10 mV). Note that, for clarity, not all original current traces are dis-
played. C The normalized mean inactivating current amplitudes at
20 mV, giving the steady-state inactivation curves. The mean half-
maximal inactivation voltage was shifted by 9.4 mV towards more
negative potentials (n=6; see text for voltage protocols)

+20mV and then plateaued for test pulse potentials posi-
tive to +20mV (Fig. 2E). HERG currents at the end of the
test pulse to 0mV were reduced by 53.3+£11.3%, and peak
tail currents were blocked by 40.2+£12.5% (n=12). The
half-maximal activation voltage V,, (Fig. 2F) was shifted
by —3.8+£3.1 mV from —20.9+3.9 mV under control condi-
tions to —24.7+4.5mV after prazosin incubation (n=9).
This difference was also statistically significant when com-
pared with time and solvent controls.

Effects of prazosin on HERG channel inactivation

To measure steady-state inactivation relationships, chan-
nels were inactivated at a holding potential of 20 mV, be-
fore being recovered from inactivation at various poten-
tials from —120 to 30mV (increment 10 mV) for 20 ms.
Finally, the resulting peak outward currents at constant 20 mV
as a measure of steady-state inactivation were recorded. Af-
ter having obtained the control measurements (Fig.3A),
we applied 20 uM prazosin to the oocytes. The holding
potential was —80mV during the monitoring period of
10 min to avoid destruction of the cell, as it would occur
when holding the cell at 20mV. One typical recording in
the presence of the drug is displayed in Fig. 3B. The inac-
tivating outward current amplitude measured at 20 mV
was normalized and plotted against the test pulse poten-
tial, giving the steady-state inactivation curve (Fig.3C).
Mean values for the half-maximal inactivation voltage
yielded —58.3+6.8 mV for control and —67.8£3.9mV for
prazosin measurements (n=6), displaying a shift of —9.4+
6.4mV. This difference was also statistically significant
when compared with time and solvent controls.

The biophysical mechanism of HERG current inhibition
by prazosin

To investigate whether the channel is blocked in the
closed or activated (i.e., open and/or inactivated) state, we
activated currents using a protocol with a single depolar-
izing step to OmV for 7.5s. After having obtained the
control measurement, we allowed 100 UM of the drug to
wash in for 10min while holding all channels in the
closed state at —-80 mV. Then, measurements with prazosin
were performed (Fig.4A). The degree of inhibition, i.e.,
((1—current in the presence of prazosin/control current)
x100) after the incubation period is displayed in Fig.4B.
Analysis of the test pulse after prazosin application re-
vealed a time-dependent increase of block to 87.5% at
500 ms (Fig.4B), which is consistent with block of acti-
vated HERG potassium channels. Some degree of closed
state block cannot be ruled out by this protocol. In this se-
ries of experiments, prazosin reduced HERG outward cur-
rents at the end of the O-mV pulse by 78.5£15.7% (n=8).

To address the question whether HERG channels are
blocked by prazosin in the inactivated state, a long test
pulse to +80mV (4 s) was applied to inactivate the chan-
nels, followed by a second voltage step (OmV, 3.55s) to
open HERG channels (n=8). Typical current traces under
control conditions and after application of 100 UM pra-
zosin for 10 min while holding the cell at —-80 mV are dis-
played in Fig. 4C. Figure 4D depicts the normalized rela-
tive block upon channel opening during the second volt-
age pulse (OmV), illustrating that pronounced inhibition
of HERG channels had already been obtained during the
preceding inactivating +80-mV pulse, and virtually no ad-
ditional time-dependent block of open channels was ob-
served during the O-mV pulse. It is concluded from these
experiments that prazosin inhibits HERG channels pre-
dominantly in the open and inactivated state.

Voltage-dependence of HERG channel block by prazosin

To determine the voltage-dependence of HERG channel
block, we applied the following methodical approach. Since
unblocking was slow, only one experiment at each poten-
tial could be carried out with one individual oocyte. Cur-
rents were elicited by 34s depolarizing pulses ranging
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versus time (Fig. 5B), with the resulting level of steady-
state block being a measure of the frequency-dependence
of block. There were no pronounced changes in the amount
of steady-state block at both rates. Thus, block was not
frequency-dependent.

Inhibition of HERG currents by the ol-adrenoceptor
antagonists doxazosin and terazosin

HERG channel blockade by terazosin and doxazosin was
investigated using the Xenopus oocyte system as described
above for prazosin (Fig. 1). Both drugs inhibited HERG
currents in a concentration-dependent manner (Fig. 6A, C),
revealing ICs, values of 18.2 uM (doxazosin; n=4—8 cells;
Fig.6B) and 113.2 uM (terazosin; n=4-11 cells; Fig. 6D)
with respective Hill coefficients ny of 1.11 (doxazosin)
and 0.94 (terazosin).

Quinazoline-derived ol-adrenoceptor antagonists block
HERG channels in a human cell line

To demonstrate block of HERG by prazosin, doxazosin,
and terazosin in human cells, we expressed HERG potas-
sium channels heterologously in human embryonic kid-
ney (HEK 293) cells. Channels were activated by a 2s de-
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polarization to +20mV, and outward tail currents were
recorded during a step to —-50mV for 2s (Fig. 7A-C).
During the wash-in of the drug we applied the protocol as
described above (frequency 0.1 Hz), until a steady state
block was maintained for at least 30s. HERG currents
were blocked by quinazoline-derived al1-adrenoceptor an-
tagonists in a concentration-dependant manner. The ICs,
values for block of HERG tail currents were 1.57 uM
(prazosin; n=3), 585.1 nM (doxazosin; n=3 cells (10 uM:
2 cells) studied at each concentration), and 17.7 UM (tera-
zosin; n=3), with Hill coefficients ny of 1.00, 1.12, and
0.95 respectively (Fig. 7D-F).

Terazosin [ uM ]

Discussion

Acute effects of prazosin, doxazosin, and terazosin
on HERG currents

Our results indicate that quinazoline-derived o1-blockers
inhibit HERG potassium channels in Xenopus oocytes and
human HEK 293 cells. Application of prazosin resulted
in a concentration-dependent HERG current decrease at
moderate drug concentrations (IC5;=10.1 uM), and block-
ade of HERG channels by doxazosin and terazosin dis-
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Fig.7A-F Blockade of HERG channels expressed in human
HEK 293 cells by prazosin, doxazosin and terazosin. A—C Typical
whole cell patch clamp recordings from single HEK cells under
control conditions and after application of prazosin (A), doxazosin
(B), and terazosin (C). D-F Concentration-response curves for in-
hibition of HERG peak tail currents in HEK 293 cells, yielding
ICs, values of 1.57 uM (prazosin, n=3 cells), 585.1 nM (doxazosin;
n=2-3 cells) and 17.7 uM (terazosin; n=3 cells). Error bars denote
SD (see text for voltage protocols)

played ICs, values of 18.2uM and 113.2 uM in Xenopus
oocytes. HERG currents recorded from HEK 293 cells
were inhibited with ICs, values of 1.57 UM (prazosin),
585.1 nM (doxazosin) and 17.7 uM (terazosin). This 6.4
to 31.1-fold difference corresponds to previous reports
comparing drug block of HERG currents in different ex-
pression systems. 1Cs, values for HERG channel block
have been shown to be approximately 10 to 20-fold higher
when the drug is applied to the extracellular surface of
Xenopus oocytes compared to patch clamp experiments us-
ing mammalian cells (Thomas et al. 2001, 2003b, 2003c),
which is due to specific properties of the Xenopus oocyte
expression system (e.g., the vitelline membrane and the
yolk) that reduce the actual concentration of drugs at the
cell membrane.

Therapeutic plasma concentrations in humans yield
58-98 nM for prazosin (Chaignon et al. 1981; Pitterman
et al. 1981), 42—177nM for doxazosin (Shionoiri et al.
1987; Fawzy et al. 1999), and 44-235nM for terazosin
(Patterson 1985; Taguchi et al. 1998), respectively. Pro-
tein binding has been reported to be 92-97% (prazosin;
Jaillon 1980), 98.3% (doxazosin; Elliott et al. 1987), and

Doxazosin [ nM ]

Terazosin [ uM ]

90-94% (terazosin; Sonders 1986). In conclusion, taking
into consideration that the ICs, values for block of HERG
in human cells are close to the range of therapeutic plasma
concentrations, it is reasonable to assume that HERG cur-
rent inhibition by prazosin, terazosin, and particularly doxa-
zosin may be of physiological relevance. In the present
study, Xenopus oocytes, which do not express endogenous
adrenoceptors, were used to further assess the inhibitory
effects of the prototype quinazoline-derived ol-blocker
prazosin on HERG potassium currents. This approach al-
lowed detailed pharmacological and biophysical studies,
without the necessity to discriminate between different na-
tive ion currents on the basis of kinetics or pharmacology.

It has been suggested that co-assembly of the regula-
tory B-subunit MiRP1 with HERG is required in order to
reconstitute native I, (Abbott et al. 1999). This hypothe-
sis has been investigated by Weerapura et al. (2002) in de-
tail, revealing that co-expression of HERG with wild type
MiRP1 (in contrast to long QT syndrome-linked mutant
MiRP1; Abbott et al. 1999) does not alter its sensitivity to
HERG-blocking drugs. In the present study, the ICs, value
for HERG channel inhibition by prazosin in Xenopus
oocytes (10.1 uM) did not markedly differ from the value
obtained from HERG coexpressed with MiRP1 under
similar experimental conditions (12.4 uM; n=7 cells stud-
ied at each concentration; data not shown). This is in line
with other reports, where drug effects on HERG currents
were not altered by co-expression with MiRP1 WT (for
summary, see Thomas et al. 2003c). Thus, it is suggested
that co-expression with MiRP1 does not provide addi-
tional information about the pharmacological and bio-
physical mechanisms of HERG channel block.
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The biophysical mechanism of HERG channel blockade
by prazosin

The inhibitory effects of the prototype al-blocker pra-
zosin were investigated in detail. One important finding
of this study is that prazosin blocks HERG channels pre-
dominantly in the open and inactivated state. In addition,
the pronounced block at negative membrane potentials
supports the hypothesis that prazosin binding to closed
channels occurs as well. Prazosin application caused a
—3.8 mV shift in the HERG activation curve and a -9.4 mV
shift in the half-maximal inactivation voltage, which may
cause a net increase of current if other biophysical param-
eters remained unchanged. However, due to pronounced
pharmacological HERG channel block, current increase
could not be detected in our study.

HERG channel block by prazosin was reduced at posi-
tive membrane potentials, probably due to channel inacti-
vation. This observation could be explained by the fol-
lowing mechanism: The drug binding site is more likely
to be accessible for prazosin when the channel is in the
open (in contrast to inactivated) state, similar to the block
of HERG potassium channels by BRL-32872 and fluoxe-
tine (Thomas et al. 2001, 2002). This suggests that prefer-
entially open channels are blocked by prazosin, although
the voltage protocols do not clearly distinguish between
open and inactivated states. Unblocking upon repolariza-
tion, which allows HERG channels to become available
for opening, occurred rather slowly, and a complete
washout could not be achieved. The lack of frequency-de-
pendence can be interpreted as the result of fast blocking
and slow unblocking kinetics, possibly due to a trapping
mechanism of the drug at its binding site (Mitcheson et al.
2000b).

The structural requirements for the drug binding site in
HERG as a basis for the unusual susceptibility of this
potassium channel to block by structurally diverse drugs
have recently been studied in detail. It has been demon-
strated that the aromatic rings of Y652 and particularly
F656 located in the S6 domain are key determinants of
drug binding (Mitcheson et al. 2000a), since mutation of
these residues to alanine dramatically reduced the potency
of most drugs tested to date (Mitcheson 2003). The lack
of HERG F656A current inhibition clearly shows that pra-
zosin predominantly binds to a drug receptor within the
pore-S6 region. However, few drugs including prazosin
are relatively insensitive to mutation of Y652, indicating
that additional mechanisms of HERG channel block exist
(Mitcheson 2003).

Physiological and clinical significance
of HERG current inhibition by quinazoline-derived
al-adrenoceptor antagonists

In comparison to other HERG channel inhibitors that cause
acquired long QT-syndrome, quinazoline-derived ot1-an-
tagonists seem to have virtually no proarrhythmic poten-
tial, suggesting that HERG current block does not neces-

sarily lead to severe cardiac arrhythmias. Similar observa-
tions have been made during clinical or experimental ap-
plication of several antiarrhythmic drugs which are known
to block HERG potassium channels, such as amiodarone,
verapamil, BRL-32872, and carvedilol, suggesting that
HERG current block does not generally lead to severe car-
diac arrhythmias with the risk of sudden cardiac death
(Kiehn et al. 1999; Zhang et al. 1999; Thomas et al. 2001;
Karle et al. 2001). The relatively mild proarrhythmic po-
tential might be due to additional pharmacological effects
on ion currents and adrenergic receptors, as suggested ear-
lier (Bril et al. 1996; Chouabe et al. 1998; Zhang et al.
1999; Thomas et al. 2001, 2002). In particular, the possi-
ble proarrhythmic action of HERG current inhibition
might be counteracted by the prevention of arrhythmias
via olA-adrenoceptor blockade, since o1A-adrenergic
stimulation may induce arrhythmias through modification
of HERG channel activation (Jiang et al. 1999; Bian et al.
2001; Thomas et al. 2003d).

Taking into consideration the antiproliferative effect of
HERG channel inhibition observed in tumor cells (Smith
et al. 2002), it is reasonable to hypothesize that HERG
current block by quinazoline-derived o1-antagonists might
lead to apoptosis in cardiomyocytes, in prostate tissue ob-
tained from patients with benign prostatic hyperplasia,
and in prostate tumor epithelial cells (Kyprianou and Ben-
ning 2000; Benning and Kyprianou 2002; Gonzalez-Jua-
natey et al. 2003; Kyprianou 2003). The selective estro-
gen modulator tamoxifen, which is widely used in the
treatment of breast cancer, has been shown to block HERG
currents as well (Thomas et al. 2003c), which might con-
tribute to the antiproliferative action of tamoxifen. Con-
sidering this evidence, it is tempting to speculate on a
general, clinically relevant concept that quinazoline-de-
rived ol-antagonists exert apoptotic effects via inhibition
of HERG potassium currents.

Conclusion

Our results demonstrate that prazosin, doxazosin, and ter-
azosin are inhibitors of cloned HERG potassium chan-
nels. We speculate that these data might provide a possi-
ble molecular explanation for the apoptotic effect of quina-
zoline-derived al-adrenoceptor antagonists. Furthermore,
this mechanism might represent an exciting starting point
for future development of novel compounds targeting
cancer cell apoptosis.
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