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SUMMARY

Verapamil is an antagonist of L-type Ca?* channels, and part of
its binding site is located in the sixth transmembrane segment
(Se) in the fourth repeat of the protein. Verapamil also blocks K*
channels, which are members of the same supergene family as
Ca?* channels. We examined the effects of verapamil on a rapidly
activating delayed rectifier K* channel (designated fHK) cloned
from human heart. Verapamil inhibited *Rb* efflux from fHK-
transfected human embryonic kidney cells with an EC5, of 4.5 X
10~% M. Whole-cell patch-clamp experiments revealed that vera-
pamil induced a rapid component of fHK current inactivation but

was without effect on activation. The effect was concentration
and voltage dependent and was attributed to open channel
blockade. The apparent association and dissociation rate con-
stants measured at +50 mV were about 1.65 x 10° m~' sec™
and 3.48 sec™’, respectively. Sg of fHK has significant hornology
to that portion of the verapamil binding site identified in Ca**
channels, and Sg is thought to form part of the inner mouth of
K* channel pores. The data support a role for verapamil as a
blocker of the inner pore of voitage-dependent K* channels in
human myocardium.

Voltage-dependent K* channels are important in controlling
electrical activity in a wide variety of excitable cells. In the
heart, these channels play a major role in determining the
duration of the cardiac action potential. For this reason, volt-
age-dependent K* channels are currently being examined as
targets for antiarrhythmic drug therapy (1, 2). However, phar-
macological studies of voltage-dependent K* channels are com-
plicated by the existence of multiple channel types. Further-
more, these channels may be regionally distributed within the
heart and show species specificity (for review, see Ref. 3).

In an attempt to overcome some of these difficulties we have
cloned a rapidly activating delayed rectifier K* channel (des-
ignated fHK) from human heart and expressed this channel in
a human embryonic kidney cell line (4). This channel is highly
homologous to hPCN1, originally cloned from a human insulin-
oma (5), and to HK2, a delayed rectifier channel cloned from
human ventricle (6).

Voltage-dependent K* channels belong to the same gene
family as Ca’* and Na* channels (7, 8). Certain K* channels
have been reported to be sensitive to verapamil, a Ca®>* channel
antagonist (9). The present study was undertaken to examine
the effects of verapamil on fHK and to explore its mechanism
of action. We established that verapamil blocks open fHK
channels from the cytoplasmic surface in a manner similar to
its blockade of Ca?* channels; in addition, fHK channels con-

tain a sequence that is homologous to the sequence of a vera-
pamil binding site in Ca®* channels (10). The locations of these
sequences in topographical models of K* and Ca?* channels are
similar (10), and in K* channels S¢ may line the inner mouth
of the ion conduction pathway or pore (11, 12).

Materials and Methods

Cell culture. The human embryonic kidney cell line HEK was used
for all experiments. These cells were transfected with a human fetal
heart K* channel cDNA as described previously (4). Cells were grown
in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal
bovine serum (GIBCO BRL, Grand Island, NY), in an atmosphere of
95% air/5% CO,. This medium also contained penicillin-streptomycin-
fungizone and G418 (0.5 mg/ml; GIBCO BRL).

SRb* efflux assays. *Rb* efflux experiments were carried out
essentially as described previously (13). Briefly, transfected and un-
transfected HEK cells were grown to confluency in 35-mm culture
dishes and were incubated with 2-5 uCi of *RbCl (New England
Nuclear, Boston, MA) for 18-20 hr. After this time the cells were
removed from the incubator and washed three times with PSS contain-
ing the following (in mM): NaCl, 140; KCl, 2.5; MgCl;, 1.0; CaCl,, 1.8;
and glucose, 10; pH 7.4 with Tris base. After this wash 3 ml of PSS
were added to the dishes, and the cells were allowed to equilibrate at
room temperature for 4 min. After this time two 100-ul aliquots were
taken from each dish (time 0). After this, 60 ul of PSS (final KCl
concentration, 2.5 mM) or 60 ul of 2.5 M KCl (final KCI concentration,

ABBREVIATIONS: S,, sixth transmembrane segment; HEK, HEK-293; PSS, physiological saline solution; HEPES, 4-(2-hydroxyethyi)-1-piperazine-

ethanesulfonic acid.
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55 mM) were added to the dishes. After 1 min, four 100-ul aliquots were
taken and the remaining solution was suctioned off. The cells were
then digested with 0.5% NaOH to determine the amount of radioactiv-
ity associated with the cells at the end of the flux experiments. Radio-
activity was quantitated using liquid scintillation counting. *Rb* efflux
was expressed as the percentage of radioactivity released during the 1-
min flux period. The ICy, value for verapamil was obtained by nonlinear
least-squares fit of the data (GraphPAD Software, San Diego, CA).

Electrophysiological experiments. HEK cells (J10 subclone)
transfected with fHK were seeded on glass coverslips 2448 hr before
electrophysiological recording. Whole-cell ion currents were recorded
at room temperature via the gigaseal patch-clamp technique, as de-
scribed by Hamill et al. (14), using an Axopatch-1D amplifier (Axon
Instruments, Burlingame, CA). Electrodes were fashioned from TW150
glass capillary tubes (World Precision Instruments, New Haven, CT)
and had resistances of 2-3 MQ when filled with internal solution.
Pipettes used for intracellular recording were filled with the following
solution (in mM): potassium aspartate, 120; KCl, 20; Na,ATP, 4.0;
HEPES, 5.0; MgCl,, 1.0; pH 7.2 with KOH. The external recording
solution contained the following (in mM): NaCl, 130; KCl, 5.0; sodium
acetate, 2.8; MgCl;, 1.0; HEPES, 10; glucose, 10; and CaCl,, 1.0; pH 7.4
with 1 N NaOH. Series resistance was compensated after rupture of
the seal, to provide the fastest possible capacity transient without
ringing. Cell currents were conditioned by a four-pole low-pass filter
with a cutoff frequency of 1 kHz. Currents were stored and analyzed
using a Compaq Deskpro computer and pCLAMP software (Axon
Instruments). '

Resulits

Fig. 1A shows the effects of K* stimulation on %Rb* efflux
in HEK cells. %¥Rb* efflux in untransfected cells averaged about
1% of total and, furthermore, was not enhanced when cells
were stimulated for 1 min with high (55 mM) extracellular K*.
In contrast, HEK cells that were transfected with fHK released
55.7 + 4.3% (four experiments) of their total **Rb* upon ex-
posure to 55 mM extracellular K*. We found that this *Rb*
efflux could be inhibited by verapamil at concentrations of =3
uM (Fig. 1B). The ICs value for verapamil inhibition of K*-
stimulated *Rb* efflux in these cells was 4.5 X 10~ M.

We next turned to the whole-cell patch-clamp technique to
directly assess the effects of verapamil on fHK current. Fig. 2
shows the effects of 50 uM verapamil on fHK current induced
by a 1-sec depolarizing pulse to +30 mV from a holding poten-
tial of —80 mV. As can be seen, the decay rate of fHK was
accelerated in the presence of verapamil. When measured at
the end of a 1-sec pulse (steady state) to +30 mV, 50 uMm
verapamil inhibited fHK current by 63 + 6% (five experiments).
These effects took approximately 2 min to reach equilibrium
and were reversible upon washing of the cell with drug-free
solution.

Fig. 3 shows the effects of verapamil on fHK current inacti-
vation at +30 mV during a prolonged (10-sec) pulse. Under
control conditions, inactivation was well fitted to a single-
exponential function, with a time constant of 3386 + 278 msec
(four experiments). After verapamil (50 uM) treatment, inacti-
vation was clearly a biexponential process, with fast and slow
time constants of 204 + 31 msec and 3817 + 426 msec (four
experiments), respectively. The fast, drug-induced component
of inactivation comprised 77% of the total current under these
conditions. Although verapamil accelerated inactivation, it had
no apparent effect on current activation. Fig. 4 shows the effects
of verapamil on fHK current activation. At a test potential of
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Fig. 1. Effects of verapamil on *Rb* efflux in HEK celis. A, Effects of
extracellular K* levels on *Rb* efflux from control HEK celis and those
transfected with fHK. The percentage of ®Rb* efflux from the cells was
measured over a 1-min time interval, as described in Materials and
Methods, and is plotted on a scale. B, Dose-response rela-
tionship for verapamil inhibition of ®*Rb* efflux from fHK-transfected HEK
cells stimulated with 55 mm extracellular K*. *, different from
efflux in the absence of verapamil (p < 0.02, t test). Error bars, standard
errors (four experiments). The ICs, value for verapamil was 4.5 x 10~°
M.

+50 mV, fHK current activated with a time constant of 2.03 +
0.14 msec (four experiments). After the addition of 50 uM
verapamil this value was not significantly changed and aver-
aged 1.95 + 0.11 msec.

Fig. 5 illustrates the effects of verapamil on the fHK current-
voltage (I-V) relationship. Verapamil (20 uM) reduced current
throughout the I-V curve, when measured at steady state (Fig.
5C). This steady state block exhibited a shallow voltage de-
pendence at test potentials of +30 mV and higher (Fig. 5D).
Inhibition of fHK current by verapamil was significantly (p <
0.01, ¢ test) greater at +60 mV than at +30 mV (nine experi-
ments).

We next examined whether verapamil displayed any fre-
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Fig. 2. Effects of verapamil on whole-cell K* currents in fHK-transfected HEK cells. Currents were elicited by a 1-sec test puise to +30 mV from a
holding potential of ~80 mV. Control current, current in the presence of 50 um verapamil, and current after washout are indicated. Washout took
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by 63 + 6% (five experiments).
A
Control
i \ Verapamil, 50 uM \
g I
300 pA
1000 ms

Control T = 3143 msec

Verapamil, 50 pyM 1, = 188 msec

1, = 3251 msec

|100pA"

1000 ms

Fig. 3. Effects of verapamil on fHK inactivation kinetics. A, Whole-cell
currents were elicited by a 10-sec depolarizing puise to +30 mV from a
hoiding potential of —~80 mV under control conditions and after the
addition of 50 um verapamil. B, Inactivation under control conditions was
well fitted by a single-exponential decay with a time constant of approx-
imately 3 sec. C, After verapamil treatment current inactivation was
greatly enhanced and could be fit as the sum of two exponentials, a fast
drug-induced component and a much slower component similar to
control. '

2 min (chamber volume, 500 wl; fiow rate, 3 mi/min). When measured at the end of the 1-sec pulse, verapamil (50 um) inhibited current

Control
A
Verapamil, 50 uM
|1000 pA
20 ms B

Control T =2.05 msec

“"Verapamil, 50uM Control T = 2.03 msec

ims

Fig. 4. Effects of verapamil on fHK current activation. A, Currents were
induced by 100-msec clamp pulses to +50 mV in the presence or
absence of 50 um verapamil. B and C, Current activations in the absence
(B) and presence (C) of 50 um verapamil were fit to single exponentials.

quency-dependent effects on fHK current. Fig. 6A shows con-
trol currents elicited by 100-msec test pulses to +50 mV from
a holding potential of —80 mV at a frequency of 10 Hz. At this
frequency, control currents decreased by 4.0 + 1.4% between
pulses 1 and 20 (five experiments). After an approximately 2-

2T0Z ‘S Jaqwadaq uo Alsianiun pesewwey ye Bio sjeuinofiadse wareydjow woly papeojumoq


http://molpharm.aspetjournals.org/

PHARM

aspet

Verapamil Blocks Human K* Channels 645

M
"lWO oA IXOW oA
;XOO L Lﬁgi
nA 1.04
24 « 0.8
o
3 % —s
0 - T
4 2 .4 *
1 g 0
€ 0.2
. . 0.0

30 10 0 10 20 30 40 50 60
mV

30 40 50 60 70
Test Potential (mV)

Fig. 5. Effects of verapamil on fHK current-voitage (I-V) relationship. A and B, Currents elicited by 1-sec test pulses to potentials between —20 and
+60 mV under control conditions (A) and after the addition of 20 um verapamil (B). C, Resultant |-V relationships taken at the end of the test pulses.
@, Control data; O, current after addition of verapamil. D, Inhibition of fHK current by verapamil at test potentials of +30 mV to +60 mV. Error bars,

standard errors (nine experiments).

min exposure to 10 uM verapamil, we repeated this pulse
protocol. When measured at the end of pulse 1, verapamil
decreased current by 24.0 + 4.4%, compared with control.
Furthermore, an additional 23.6 + 1.9% decrease in current
was observed by the end of pulse 20. Most of this additional
block was apparent within the first four or five pulses (Fig. 6,
B and C) and was due to equilibration of verapamil with the
open state during the train of pulses.

The rapid component of inactivation induced by verapamil
(10-100 M) was much faster (approximately 10-fold or more)
than that observed in the absence of drug. Therefore, we used
this drug-induced time constant (rp) as an approximation of
the drug-channel interaction kinetics, as described previously
(15) and as calculated according to the equation 1/7p = k[D] +
L, where [D] is the concentration of verapamil and k and L are
the apparent association and dissociation rates, respectively,
for the drug. A plot of 1/7p versus verapamil concentration at
a test potential of +50 mV is shown in Fig. 7. The slope and
intercept of the least squares fit to the data resulted in an
apparent association rate k of 1.65 X 10° M~! sec™® and an
apparent dissociation rate L of 3.48 sec™. The apparent K,
value, L/k, was 21.1 uM. The k&, L, and K, values obtained at a
test potential of +40 mV were 1.02 X 10° M~ sec™’, 3.33 sec”?,
and 32.6 uM, respectively. Finally, these values were 4.87 X 10*
M !sec™?, 3.13 sec™?, and 64.3 uM, respectively, when examined
at a test potential of +30 mV.

We evaluated the effects of 50 uM verapamil at +50 mV with
a simple three-state Markov model (16), ignoring the slower
inactivation present in control currents. Fig. 8 shows fHK
current before and after the addition of 50 uM verapamil

overlaid on the corresponding computer-derived model. The
values obtained with the model gave rate constants similar to
those measured experimentally.

Discussion

Verapamil is widely used clinically to control a number of
arrhythmias, especially those of supraventricular origin (17).
This antiarrhythmic property undoubtedly arises mainly from
the ability of verapamil to block L-type Ca?* channels in
specialized areas like the atrioventricular node. However, ver-
apamil blockade of other cardiac ion channels, including de-
layed rectifier K* channels, has been reported. In calf Purkinje
fibers, verapamil (10 uM) has been shown to partially block
delayed outward currents (18). The verapamil analogue D600
(2 uM) produced a modest block of outward K* currents in cat
ventricular muscle preparations (19). In frog atrial cells, K*
currents were blocked by D600 but only at high (10~ M to 1073
M) concentrations (9). The existence of multiple classes of K*
channels within a preparation and possible species-dependent
variations in K* channel types complicate such studies. For
these reasons, we have examined the effects of verapamil on a
rapidly activating delayed rectifier K* channel cloned from
human heart.

Both #Rb* efflux studies and whole-cell patch-clamp exper-
iments confirmed an inhibitory action of verapamil on fHK
over the concentration range of 3-100 uM. Verapamil did not
alter fHK current activation but dramatically accelerated in-
activation. The data indicate that verapamil acts as an open
channel blocker of fHK, and the Markov model presented in
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Fig. 8. Frequency-dependent effects of verapamil on fHK. A, Whole-cell
current was induced by test puises to +50 mV from a holding potential
of —80 mV at a frequency of 10 Hz. A, Train of 20 pulses; current relative

to puise 1 is piotted (@) in C. B, After equilibration of the cell with 10 um
verapamil (a process that took approximately 2 min and was monitored
at a puise frequency of 0.05 Hz) the pulse train was repeated as
described for A; curentrelatlvetocomrolpmseﬁsplotted(A)inc All
currents were measured at the end of the 100-msec pulse

Fig. 8 supports this interpretation. Open channel block of K*
currents by verapamil has been reported in human lung carci-
noma cells (20) and human tracheal cells (21). Because vera-
pamil is membrane permeable and is positively charged at
intracellular pH values (22), we feel that access to the channel
is gained from the cytoplasm. The voltage dependence of the
actions of verapamil and the enhancement of its association
rate constant (k) with increasing membrane potential are con-
sistent with this notion.

The effects of verapamil and other phenylalkylamines on L-
type Ca** channels have been extensively studied. In heart cells
D600 has been shown to have no effect on Ca®* current acti-
vation but to accelerate its decay rate (23). These observations,
combined with the ability of D600 to decrease the mean open
time of single Ca** channels (24), demonstrate the ability of
the phenylalkylamines to block the open state of the Ca®*
channel. The phenylalkylamines have also been shown to block
L-type Ca®* channels in a use-dependent manner (22, 25). The

50 mV

1/t (sec’™)
3

5x 10 1x104

[Verapamil], M

Fig. 7. Kinetics of verapamil block of fHK. The reciprocal of the fast drug-
induced time constant (1/7,) is plotted against verapamil concentration,
according to the equation given in the text. The data shown are for
currents induced by a 1-sec test puise to +50 mV. Least squares fit of
the data resulted in an apparent association rate constant (k) of 1.65 x
10° m~' sec™' and an apparent dissociation rate constant (L) of 3.48
sec™'. The Kp value (k/L) was 21.1 um. Error bars, standard error (four
or five experiments).

1x10°%

effects of permanently charged analogues of verapamil suggest
an association of these compounds with the intracellular face
of the channel (24). Finally, the association rate constant for
D600 with the open state of the Ca?* channel (6.16 X 10* M™!
sec™?) is close to the values reported here for the fHK channel
(26). Thus, in a number of respects the interactions of verapa-
mil and related compounds with Ca?* channels are similar to
those observed here with fHK.

Because a region of the verapamil binding site has been
localized to Sg in Ca’* channels and because Sg may form part
of the inner mouth of K* pores (11, 12), we searched fHK for
the verapamil sequence. A sequence of significant homology
(27) was identified at the carboxyl-terminal end of Sg of fHK,
the same region as identified in Ca®>* channels (8) (Fig. 9). We
therefore suggest that this region may form part of the vera-
pamil binding site in the pore of fHK. However, this sequence
cannot by itself form the verapamil binding site. Thus, N-type
Ca?* channels are highly homologous to L-type Ca?* channels
in Sg but cannot be blocked by verapamil. Moreover, another
cardiac K* channel, KV2-1, has no significant homology in S
but is blocked by verapamil with the same potency as fHK.’

In humans, verapamil is infused in doses of 5-10 mg, intra-
venously, to control supraventricular tachyarrhythmias. After
infusion, plasma levels of verapamil can reach into the low
micromolar range (28, 29), and it is likely that localized levels
in the heart during infusion are even higher. Still higher levels
can be seen upon oral dosing in patients with liver disease (30)
or in cases of overdose (31). Thus, plasma concentrations
similar to those needed to block fHK are observed in a variety
of clinical settings. Furthermore, block of cardiac K* channels
by verapamil is likely to be enhanced during tachyarrhythmias
due to the frequency dependence of its action. Speculatively,
blockade of delayed rectifier K* currents in the human heart
could attenuate the shortening of the action potential duration

!D. J. Amold, W. J. Crumb, B. Wible, and A. M. Brown. Pharmacological
properties of human cardiac K* channels. Manuscript in preparation.
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caused by the inhibition of L-type Ca** channels by verapamil
9).

To our knowledge, this report is the first to examine the
effects of verapamil on a delayed rectifier K* channel cloned
from human heart. We find that verapamil inhibits this channel
in a manner consistent with blockade of open channels. The
results suggest that under certain clinical circumstances vera-
pamil can act as a K* channel antagonist in human heart. The
study of ion channels cloned from human cardiac tissue prom-
ises to aid in the development of new antiarrhythmic agents.
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