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ABSTRACT

The assembly of voltage-gated potassium (Kv) channels with 8
subunits modifies the electrophysiological characteristics of the
a subunits. KvB1.3 subunits shift the midpoint of the activation
curve toward more negative voltages and slow the deactivation
process. In addition, the KvB1.3 subunit converts hKv1.5 from
a delayed rectifier with a modest degree of slow inactivation to
a channel with both fast and slow components of inactivation.
In the present study, we have analyzed the effects of bupiva-
caine and a permanently charged analog [R(+)-N-methyl-bu-
pivacaine (RBT1C)] on Kval.5 and Kva1.5+KvgB1.3 channels
expressed in human embryonic kidney 293 cells using the
whole-cell configuration of the patch-clamp technique. Block

induced by RB*1C binding to its external receptor site was not
modified by the presence of this B subunit. However,
hKva1.5+KvB1.3 channels were ~4-fold less sensitive to bu-
pivacaine than hKv1.5 channels in the absence of B subunits
(ICso = 47.5 = 5.1 versus 13.1 = 0.8 uM, respectively, p <
0.01). Quinidine was also less potent to block Kva1.5+Kvp1.3
channels than Kva1.5 channels (IC5, = 49.6 uM versus 6.2 uM,
respectively). These results suggest that the Kvp1.3 subunit
does not modify the affinity of the charged bupivacaine for its
external receptor site but markedly reduces the affinity of bu-
pivacaine and quinidine for their internal receptor site in hKv1.5
channels.

Voltage-gated K* channels (Kv) are multimeric membrane
proteins composed of four « subunits that are often associ-
ated with accessory B subunits. Not only are a subunit mu-
tations responsible for human disease but also B8 subunits
(minK and MiRP1) are involved in severe pathologies, such
as the congenital long QT syndrome (Splawski et al., 1997;
Abbott et al., 1999). The hKv1.5 channel encodes the ultra-
rapid delayed rectifier K™ current present in the human
atrium but not in the ventricle (Fedida et al., 1993; Snyders
et al., 1993; Wang et al., 1993; Feng et al., 1997). It is also
widely expressed in the vascular system (Coppock and
Tamkun, 2001). Two B subunits that show overlapping ex-
pression patterns with Kv1.5, Kvp1.3, and KvB32.1 shift the
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midpoint of the activation curve toward more negative volt-
ages and slow deactivation (England et al., 1995; Uebele et
al., 1996). The KvB2.1 subunit increases the degree of slow
inactivation of the current, whereas Kv1.3 converts hKv1.5
from a delayed rectifier with a modest degree of slow inacti-
vation to a channel with both fast and slow components of
inactivation (Uebele et al., 1996; Uebele et al., 1998). The
regional distribution of KvB1.3 subunits in the myocardium
is not homogeneous, with higher expression in the ventricle
than in atria (Wang et al., 1996). If B subunits alter the
pharmacology of the Kv « subunits, the molecular targets of
local anesthetics and/or antiarrhythmic drugs will vary
greatly depending on B subunit expression. Therefore, a fur-
ther knowledge of the effects of regulatory 8 subunits present
in the human myocardium is required. Quinidine-induced
block of Kval.5 is not modified by KvB32.1 subunit (Yeola et
al., 1996). However, the possible effects of Kv31.3 on drug-
hKv1.5 channel interactions have not been yet analyzed.
This study was undertaken to determine the pharmacolog-
ical consequences of the interaction between Kval.5 and
KvB1.3 subunits. Bupivacaine, its quaternary ammonium
derivative [R(+)-N-methyl-bupivacaine (RB*1C)], and quin-
idine sensitivity were examined. Bupivacaine is a very car-
diotoxic local anesthetic that can prolong the QT interval and

ABBREVIATIONS: RB*1C, R(+)-N-methyl-bupivacaine; IV, current-voltage; HEK, human embryonic kidney.
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induce torsades de pointes (Kasten and Martin, 1985; Kasten,
1986; Covino, 1987). At the same concentrations needed to
block Na* channels, bupivacaine binds to two different re-
ceptors on hKv1.5 channels, one external and one internal
(Valenzuela et al., 1995; Longobardo et al., 2000, 2001).
Quinidine is a classic antiarrhythmic agent that has been
studied extensively (Snyders et al., 1992; Yeola et al., 1996).
The internal bupivacaine binding site is the same as that
described for quinidine (Yeola et al., 1996; Franqueza et al.,
1997). In the present study, we have analyzed the effects of
bupivacaine, RB*1C, and quinidine on hKv1.5 channels ex-
pressed alone or with Kv31.3 in 8 subunit-free HEK293 cells
(Uebele et al., 1996) and those produced by quinidine on
Kval.5+Kvp1.3. These results are in contrast to our previ-
ous studies with these three drugs using hKv1.5 channels
expressed in Ltk cells that endogenously express the Kvp2.1
subunit (Uebele et al., 1996; Longobardo et al., 2000; Gonza-
lez et al., 2001). A preliminary report of the present study has
been published in abstract form (Navarro-Polanco et al.,
2001).

Materials and Methods

Expression Systems and Transfection. Human Kv1.5 (—22—
1894 nt) and Kv1.3 (—53-1500 nt) were inserted in tandem into the
same pBK vector with the Kv1.5 subunit placed 3’ to the Kvp1.3
subunit and behind an internal ribosome entry sequence, thus gen-
erating a dual cistronic mRNA as described previously (Kwak et al.,
1999). The pBK construct used for Kv1.5 alone has been described
previously (Uebele et al., 1998). HEK293 cells were cultured in
minimal essential medium supplemented with 10% bovine fetal se-
rum, penicillin-streptomycin (Sigma, St. Louis, MO), and nonessen-
tial amino acids 1%. Transfection of hKval.5 or Kval.5+Kvp1.3
channel (0.3 pg) and reporter plasmids CD8 (1.6 ug) or green fluo-
rescent protein pCI was performed by use of Lipofect AMINE (10 ul).
Before experimental use, cells were incubated with polystyrene mi-
crobeads precoated with anti-CD8 antibody (Dynabeads M450; Dy-
nal Biotech, Oslo, Norway), as described previously (Gonzélez et al.,
2001) or viewed under fluorescence optics to identify the transfected
cells.

Electrophysiological Technique and Data Acquisition. The
intracellular pipette filling solution contained 80 mM K-aspartate,
50 mM KCIl, 3 mM phosphocreatine, 10 mM KH,PO,, 3 mM MgATP,
10 mM HEPES-K, and 5 mM EGTA, and was adjusted to pH 7.25
with KOH. The bath solution contained 130 mM NaCl, 4 mM KCl, 1.8
mM CaCl,, 1 mM MgCl,, 10 mM HEPES-Na, and 10 mM glucose, and
was adjusted to pH 7.40 with NaOH. Permanently charged R(+)-bu-
pivacaine [RB*1C ((R)-(+)-1-butyl-1-methyl-2',6'-pipecoloxylidide)]
(Astra, Sodertilje, Sweden) was dissolved in ethanol (50%). Bupiva-
caine and quinidine (Sigma) were dissolved in distilled deionized water
to yield stock solutions of 10 mM.

Recordings were made with an Axopatch 1C patch-clamp ampli-
fier (Axon Instruments, Union City, CA) using the whole-cell config-
uration of the patch-clamp technique (Hamill et al., 1981). Currents
were recorded at room temperature (21-23°C) at a stimulation fre-
quency of 0.1 Hz and sampled at 4 kHz after antialias filtering at 2
kHz. Data acquisition and command potentials were controlled with
the use of pClamp 6.0.1 (Axon Instruments). The average pipette
resistance was 2.1 = 0.5 MQ (n = 25). GigaOhm seal formation was
achieved by suction (10 = 1 G(, n = 15). Capacitive surface area and
access resistance were 9.1 + 0.4 pF (n = 15) and 3.3 = 0.4 MgQ (n =
15), respectively. Usually, 80% compensation of the effective access
resistance was obtained, which leads to a mean uncompensated
access resistance of 2.0 = 0.4 M. Because maximum hKv1.5 current
amplitudes at +60 mV averaged 4.8 * 0.8 nA, no significant voltage
errors (<5 mV) were expected with the electrodes used. Origin 6.1
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software (OriginLab Corp., Northampton, MA) and custom-made
programs were used to perform least-squares fitting and for data
presentation.

Drug-induced block was measured at the end of 200-ms depolar-
izing pulses from —80 to +60 mV. The degree of inhibition obtained
for each drug concentration was used to calculate the IC;, and ny
values from the fitting of these values to a Hill equation of the form:
1/[1 + (IC5y/[DD™H] (Valenzuela et al., 1995).

Statistical Analysis. Data are presented as mean values =*
S.E.M. Comparisons between mean values in control conditions and
mean values in the presence of drug for a single variable were
performed by use of paired Student’s ¢ test. One-way analysis of
variance was used to compare more than two groups. Statistical
significance was set at p < 0.05.

Results

Figure 1 shows original records for hKval.5 channels ex-
pressed alone (Fig. 1A) and with KvB31.3 (Fig. 1B) obtained
after applying depolarizing pulses from a holding potential of
—80 to +60 mV in 10-mV steps. Tail currents are shown after
repolarization to —40 mV. In the absence of 8 subunits, the
hKv1.5 channels inactivate by 11.6 * 0.7% (n = 40) at the
end of 200-ms depolarizing pulses to +60 mV. In the presence
of Kv31.3, this current exhibited a fast initial but incomplete
inactivation that averaged 77.6 = 4.0% (n = 12) with a time
constant of 3.7 = 0.2 ms (n = 12). In addition, the Kvp1.3
subunit slows the time course of the deactivation process that
became monoexponential (Fig. 1, bottom).

Effects of RB*1C on hKval.5 Subunits Alone and in
the Presence of Kvf31.3. RB"1C, externally applied, blocks
hKv1.5 channels expressed in Ltk~ cells that endogenously
express KvB2.1 subunits (Uebele et al., 1996) in a time- and
voltage-independent manner (Longobardo et al., 2000). How-
ever, when it is applied internally, this drug mimics bupiva-
caine effects (Valenzuela et al., 1995; Franqueza et al., 1997,
Longobardo et al., 2000). To analyze whether Kv31.3 and/or
Kvp2.1 modify the interaction between RB*1C and hKval.5
subunits, we studied its effects on hKval.5 subunits ex-
pressed alone or coexpressed with Kv1.3 in HEK293 cells.
Figure 2A shows current traces through hKval.5 channels in
the absence and in the presence of RB*1C (50 uM). RB*1C
inhibited hKv1.5 current by 22 + 9% (n = 4) in a time- and
voltage-independent manner. Figure 2B shows the effects of
RB*1C on hKval.5 coexpressed with KvB1.3 subunits. Un-
der these conditions, RB*1C blocked K" current by 16 + 2%
(n = 4). Thus, neither the KvB2.1 nor the Kv31.3 subunits
altered RB*1C block of Kv1.5 via its external receptor site
(p > 0.05).

Effects of Bupivacaine on hKval.5 Subunits. Fig. 3A
shows the effects of bupivacaine (20 uM) on hKval.5 chan-
nels expressed without a B subunit in HEK293 cells. At the
end of 200-ms depolarizing pulses to +60 mV, bupivacaine
inhibited this current by 61 * 3% (n = 8). Bupivacaine
decreased the current at all membrane potentials tested (Fig.
3B), although block increased more at positive than negative
membrane potentials, consistent with an open channel block
mechanism. All these data are similar to those found when
blocking effects of bupivacaine on hKv1.5 channels were
studied in Ltk cells (Gonzélez et al., 2001), indicating that
the KvB2.1 subunit does not modify bupivacaine affinity of
hKv1.5 channels.

Figure 3, C and D, shows superimposed current traces
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obtained in the absence and in the presence of bupivacaine.
Figure 3C shows the effects of bupivacaine (20 and 50 uM)
after applying depolarizing pulses from a holding potential of
—80 to +60 mV. Bupivacaine (20 M) induced a fast initial
decay of the current with a time constant (7g,,,) 0f 8.9 = 1.8
ms (n = 7) that decreased as the drug concentration in-
creased. From the 7, values obtained at different bupiva-
caine concentrations (from 10 to 50 uM), the association (k)
and the dissociation (/) rate constants were derived (5,00 =
k X [D] + ) (Fig. 3C). The k value was faster than that
reported previously (Gonzélez et al., 2001) in the presence of
KvB2.1 subunits (3.5 + 0.2 uM s~ !, n = 22, versus 2.2 = 0.3
uM~'s7! n = 16, p < 0.05). Similarly, the ! value was also
faster in the absence of Kv2.1(46.0 + 3.3 s~ ', n = 22, versus
176 = 25s 1, n = 16, p < 0.05). These similar changes in
the association and dissociation rate constants explain the
similar IC;, values obtained in the absence and in the pres-
ence of KvB2.1 subunits (see below). Time dependence of
bupivacaine-induced block was also observed in the deacti-
vation process (Fig. 3D). Under control conditions, the deac-
tivation of hKval.5 was fitted to a biexponential function, the

A.

fast (7o) and the slow (,) time constants averaging 12.5 + 2.1
ms and 47.9 = 7.0 ms (n = 5), respectively. Bupivacaine (20
M) slowed this process, increasing the 7 and 7, values to
29.2 + 6.0 ms (n = 5, p < 0.05) and 124.2 = 30.7 ms (n = 5,
p < 0.05), respectively. Moreover, the contribution of the fast
time constant to the total process of deactivation decreased in
the presence of bupivacaine from 0.72 = 0.09 ms to 0.37 *
0.09 ms (p < 0.05). In all these experiments, superimposed
tail currents recorded in the absence and in the presence of
bupivacaine exhibited a “crossover” phenomenon suggestive
of an open channel block mechanism and similar to that
observed in the presence of Kv32.1 subunits (Gonzalez et al.,
2001).

Effects of Bupivacaine on hKval.5 Subunits in the
Presence of Kvp1l.3. Fig. 4A shows current through
hKval.5+Kvp1.3 in the absence and in the presence of bu-
pivacaine (100 uM). Bupivacaine decreased this current at
+60 mV by 62 * 4% (n = 4); i.e., its potency was ~4-fold
lower than in hKval.5 channels expressed alone or in the
presence of KvpB2.1 subunits. Figure 4B shows the IV rela-
tionship of hKval.5 when expressed with Kv31.3. Block in-

B.
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Fig. 1. Original records obtained upon depolarization from a holding potential of —80 mV to +60 mV in 10 mV steps and upon repolarization to —40
mV. A, current records obtained from the activation of Kval.5 subunits. B, current records of hKval.5 channels in the presence of the Kv31.3 subunit.
Note that the deactivation process (bottom) is slower in the presence of Kv31.3.
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Fig. 2. Effects of RB"1C (50 uM) on hKval.5 alone (A) or in the presence
of the KvB1.3 subunit (B). RB*1C induced the same degree of block under
both experimental situations.

A.
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duced by bupivacaine was voltage dependent, achieving a
maximum value at 0 mV and decreasing at more positive
membrane potentials (74 = 2% versus 62 *= 4%, measured at
0 and +60 mV, respectively, n = 4, p < 0.05). Figure 5 shows
the concentration dependence of bupivacaine block of
hKval.5 and hKval.5+KvB1.3 channels when using as index
of block the suppression of the current at the end of 200-ms
depolarizing pulses to +60 mV. In addition, Fig. 5 shows the
concentration dependence of bupivacaine block of
hKval.5+KvB2.1 channels taken from a previous study
(dashed line) (Gonzalez et al., 2001). IC,, values for blocking
hKval.5 and hKval.5+KvB2.1 channels were similar
(13.1 = 0.8 uM, n = 25, versus 89 = 1.4 uM, n = 22,
respectively, p > 0.05), whereas the IC;, value for the block-
ade of hKval.5+KvB1.3 channels was ~4-fold higher (IC;, =
475 = 5.1 uM, p < 0.01). Under both experimental condi-
tions, the ny values were close to unity, averaging 0.96 +
0.05 and 0.74 = 0.06 for Kval.5 and Kval.5+KvB1.3 chan-
nels, respectively. When the IC;, values were calculated
fixing the ny value at 1, the obtained IC5, values were 12.7 =
1.6 uM and 47.6 = 7.8 uM for Kval.5 and Kval.5+Kvp31.3

B.

60 my 40 mv -40 mv
4.0
-80 mvV — — o — Control
— 30/ - o — Bupivacaine
Control Bupivacaine (20 uM) < (20 uM)
Kva1.5 Kval.5 Q20
g
< l = 1.0
c
s - 0.04- po?. .. SR SR o
100 ms -80 -60 -40 20 0 20 40 60 80
C Membrane potential (mV)
: D.
+60 mV
N Heomv— -40 mV
-80 mV
Control
250+
k=3.5+0.2 uM's" Control
~ 1 =46.0:335" yd .
. . L 50l Bupivacaine
Bupivacaine (20 uM) 5 < P (20 uM)
< : : £ 1001 S
S Bupivacaine (50 uM) o) S /
0 —

10

®
o

50 ms

aspet
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Bupivacaine (uM)

100 ms

Fig. 3. Effects of bupivacaine (20 uM) on hKval.5 channels. A, current records obtained in the absence and in the presence of bupivacaine. B, IV
relationships obtained in the absence (O) and in the presence of bupivacaine (@). Block induced by bupivacaine measured at +60 mV averaged 61 +
3%. Each point represents the mean = S.E.M. of seven experiments. C, original records obtained after depolarization from —80 to +60 mV in the
absence and in the presence of bupivacaine (20 and 50 uM). Note the fast initial decay of the current induced by the drug. Relationship between 1/75,,.,
and bupivacaine concentration. The fast time constant of the biexponential fit of the current traces in the presence of different bupivacaine
concentrations were considered a good approximation of 7y, values (see text). For a first-order blocking scheme, a linear relation is expected:

1/m5100c = & X [Bupivacaine] + [. The solid line represents the linear fit, from which the apparent binding and unbinding rate constants were obtained.
D, tail currents obtained upon repolarization from +60 to —40 mV in the absence and in the presence of bupivacaine. Arrow, “crossover” characteristic

of an open-channel block mechanism.
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channels, respectively; suggesting that binding of one drug
molecule was necessary to block K* channel efflux.

Block induced by bupivacaine of hKval.5 expressed with
KvB1.3 subunits was also time dependent (Fig. 6). The time
constant of the fast inactivation in the absence and in the
presence of bupivacaine (100 uM) averaged 3.40 *+ 0.02 ms
and 2.34 = 0.09 ms (n = 4, p < 0.05), respectively. This
acceleration of the fast inactivation was concentration-de-
pendent. To quantify the kinetics of block of bupivacaine on
Kval.5+KvB1.3 channels, we plotted the ratio between the
drug-sensitive current and the current in control conditions
[(Icontrot — Iprug’Icontral during the first 12 ms in the pres-
ence of 10, 30, and 100 uM bupivacaine (Fig. 6B, inset). Block
exponentially increased during depolarization and the time
constant of this process was faster at higher bupivacaine
concentrations. Thus, the time constant of this process was
considered a good index of development of block (75;,c)- From
the 75, Values obtained at different bupivacaine concentra-
tions, the &£ and [ values were derived, averaging 5.9 + 0.5
uM 1571 (n = 11) and 252.3 + 33.0 s~ 1 (n = 11), respectively.

A.

+60 mV

The IC;, value obtained from these values (42.8 uM = [/k)
was very similar to that obtained from the concentration-
response curve (47.6 pM). Time dependence of block was
again observed in the deactivating process, which was slower
in the presence than in the absence of drug. Indeed, bupiva-
caine (100 uM) increased the time constant of deactivation
from 43,5 = 1.6 ms (n = 5) to 112.7 £ 31.1ms (n = 5,p <
0.05). As in the absence of Kv31.3 subunit, superimposed tail
currents recorded in the absence and in the presence of
bupivacaine exhibited a crossover phenomenon (Fig. 6C).
Effects of Quinidine on hKval.5+Kvp1.3 Channels.
Quinidine and bupivacaine share a common receptor site at
hKv1.5 channels that is located at the S6 segment and that
involves a polar (T505) and a hydrophobic amino acid (V512)
(Yeola et al., 1996; Franqueza et al., 1997). To determine
whether quinidine block of Kv1.5 channels is modified also,
we studied the effects of this drug on Kval.5+Kv1.3 chan-
nels transiently transfected in HEK293 cells. Figure 7A
shows current traces through hKval.5+KvB1.3 in the ab-
sence and in the presence of quinidine (100 uM). Quinidine

B.

== v B W
-80 mV
91— Control
Control Bupivacaine (100 pM) < 08 *'“(51‘6%"3&?‘”3
Kva1.5 + Kvp1.3 Kva1.5 + Kvp1.3 S o) ’
E 0.4
< < 02
T o 0.04 .o- B

100 ms

-80 -60 -40 20 0 20 40 60 80
Membrane potential (mV)

Fig. 4. Effects of bupivacaine (100 uM) on hKv1.5 channels in the presence of the Kv31.3 subunit. A, original records obtained in the absence and in
the presence of bupivacaine. B, IV relationship obtained in the absence (O) and in the presence of bupivacaine (®). Block induced by bupivacaine
measured at +60 mV averaged 62 * 4%. Each point represents the mean * S.E.M. of four experiments.

Fig. 5. Concentration dependence of bupiva-
caine-induced block of hKval.5 channels in
the absence and in the presence of Kvp1.3
subunits. Dashed line represents the dose-
response curve obtained for bupivacaine
block of hKval.5 channels expressed in Ltk ™
cells that endogenously express KvB2.1 sub-
units (taken from Gonzilez et al., 2001). Re-
duction of current (relative to control) at the
end of depolarizing steps from —80 to +60
mV was used as index of block. Each point
represents the mean = S.E.M. of three to
seven experiments. The continuous line rep-
resents the fit of the experimental data to a
Hill equation. **, p < 0.01.

100 4
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o~
~ 604
Y4
O ]
O 40-
m -
20 IC,,=13.1£0.8 uM
_ - IC,= 8.9%1.4 uM
o o IC,=47.5+5.1 uM**
0.01 0.1 1 10 100 1000

Bupivacaine (uM)

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet.’

decreased this current at +60 mV by 62 + 9% (n = 5); i.e., its
potency was ~8-fold lower than in hKval.5 channels ex-
pressed alone or in the presence of Kv32.1 subunits (Snyders
et al., 1992; Yeola et al., 1996). Figure 7B shows the concen-
tration-response curve for the blocking effects of quinidine on
Kval.5+KvpB1.3 measured at the end of 200-ms depolarizing
pulses to +60 mV. The dashed line represents the concentra-
tion dependence of quinidine block of Kval.5+Kvp2.1 as
reported previously (Snyders et al., 1992), which is similar to
that observed in Kval.5 (Yeola et al., 1996). IC;, values in
the absence and in the presence of Kv31.3 averaged 6.2 uM
and 49.6 = 4.2 uM (n = 12, p < 0.05), respectively.

Discussion

Whereas KvB1.3 and KvB2.1 do not modify the effects of
RB*1C on the external binding site of bupivacaine on
hKval.5 channels, KvB1.3, but not KvB2.1, reduces bupiva-
caine and quinidine affinity for its internal receptor site on
the hKval.5 subunit. Quinidine and bupivacaine block

B Subunits Modulate Drug Block of hKvi.5 1461

hKv1.5 channels after binding to an external and to an in-
ternal receptor site (Yeola et al., 1996; Franqueza et al., 1997;
Longobardo et al., 2000, 2001). Although the molecular de-
terminants of the external binding site are unknown, quini-
dine, and bupivacaine share a common internal receptor site
located at the S6 segment that involves a polar interaction
with T505 and a hydrophobic interaction with V512 (Yeola et
al., 1996; Franqueza et al., 1997). The membrane imper-
meant form of bupivacaine, RB"1C, produced a similar de-
gree of block of hKva1.5 channels expressed in HEK293 cells
in the absence or in the presence of Kv31.3. This block was
also similar to that previously characterized in hKv1.5 chan-
nels expressed in Ltk~ cells, which endogenously express
KvB2.1 subunit (Uebele et al., 1996; Longobardo et al., 2000).
Moreover, block was time- and voltage-independent, as that
found in Kval.5 assembled with Kv32.1, indicating that the
assembly of hKval.5 subunits with Kvg1.3 or KvB2.1 sub-
units does not modify the binding of the charged form of
bupivacaine to its external receptor site in hKv1.5 channels.
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Fig. 6. Time-dependent effects of bupivacaine block of Kval.5+KvB1.3 channels. A, original records obtained upon depolarization from —80 to +60
mV in the absence and in the presence of bupivacaine. Time constant of fast inactivation induced by Kv31.3 was faster in the presence of bupivacaine.
Inset, records obtained in the absence of drug normalized to the control value. B, relationship between 1/73,,., and bupivacaine concentration. 74,
values were obtained from the fit of the sensitive current [(I¢,nto1 — InrugIcontroll during the first 12 ms (inset) at different bupivacaine concentrations
(from 10 to 100 uM). Each point represents the mean = S.E.M. of three to four experiments. For a first-order blocking scheme, a linear relation is
expected: 1/7g;, = £ X [Bupivacaine] + /. The solid line represents the linear fit, from which the apparent binding and unbinding rate constants were
obtained. C, tail currents recorded upon repolarization from +60 to —40 mV in the absence and in the presence of drug exhibited a crossover (arrow).
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end of depolarizing steps from —80 to +60 mV was used as index of block. Each point represents the mean = S.E.M. of three to five experiments. The
continuous line represents the fit of the experimental data to a Hill equation. The dashed line represents the dose-response curve obtained for
quinidine block of hKval.5 channels expressed in Ltk ™ cells that endogenously express Kvp2.1 subunits (taken from Snyders et al., 1992). ** p < 0.01.
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Bupivacaine binding to its internal site inhibited current
through hKval.5 (Fig. 3) or hKval.5+Kvp2.1 (Gonzélez et
al., 2001) channels to a similar extent (IC;, values of 13 uM
and 9 uM, respectively), and in a similar fashion. Under both
experimental conditions, bupivacaine induced an initial de-
cay of the current and block increased at positive potentials
over which channel activation occurred. Moreover, the super-
position of the tail currents recorded under control conditions
and in the presence of bupivacaine shows a ‘crossover’ be-
tween them, indicating fast recovery from block during de-
activation. All these findings are consistent with an open
channel block mechanism (Armstrong, 1971). Kinetics of
block differed mostly in the dissociation rate constant that
was faster in the absence of KvB2.1, suggesting that block
obtained with this subunit somehow stabilizes the bupiva-
caine-hKval.5 interaction. Bupivacaine blocked
hKval.5+KvB1.3 channels to a lesser extent than hKval.5
or hKval.5+Kvp2.1 channels (IC;, = 48 uM). This lower
potency to block Kval.5+KvB1.3 was accompanied by a dra-
matic increase in the dissociation rate constant (46 s~ ver-
sus 252 s~ 1), thus indicating a less stable drug-channel in-
teraction when KvpB1.3 is present. As with bupivacaine,
quinidine sensitivity of Kval.5+KvB1.3 channels increased
~8-fold in the presence of the KvB1.3 subunit (IC5, = 50
uM), suggesting a common mechanism of action for local
anesthetics and antiarrhythmic drugs, probably at their com-
mon internal receptor site at the S6 segment.

The most striking difference between current through
hKval.5 or hKval.5+Kvp2.1 and hKval.5+KvB1.3 channels
is the incomplete fast inactivation induced by Kv1.3. This
fast inactivation involves an open channel block of the
hKval.5 subunit produced by the N terminus of the Kv31.3
subunit (inactivation “ball”) (Uebele et al., 1998). These re-
sults suggest that the inactivation ball of the Kv31.3 subunit
may compete with the open channel blocking drugs at the
internal receptor site. Thus, this drug receptor site might be
the “natural” receptor site for the inactivation ball of the
KvB1.3 subunit (Yeola et al., 1996; Franqueza et al., 1997).
However, internal pore mutations involved in stereoselective
bupivacaine block of hKv1.5 channels, such as V512A or
T5051, do not affect KvB1.3-mediated inactivation (Uebele et
al., 1998). Moreover, an external pore mutation (R485Y) that
decreases the slow inactivation of hKval.5 channels and
confers sensitivity to external tetraethylammonium dramat-
ically increased the extent of KvB1.3-induced fast inactiva-
tion, suggesting that inactivation induced by KvB1.3 sub-
units involves open channel block that is allosterically linked
to the external pore (Uebele et al., 1998). Therefore, one
explanation for the present results would be that binding of
the KvB1.3 inactivation particle allosterically modifies bupiv-
acaine binding to the channel. Supporting this idea is the
finding that Kv1.3 reduced bupivacaine affinity by increas-
ing the dissociation rate constant, which could be indicative
of an allosteric change in the drug binding site. Although
recent studies suggest that the hydrophobic central cavity of
the Shaker channel inner pore forms the receptor site for
both the inactivation gate and quaternary ammonium com-
pounds (Zhou et al., 2001), there may be significant differ-
ences between this work involving Shaker and the Kval.5/
KvB1.3 studies reported here. For example, pore mutations
that modify internal tetraethylammonium block 10-fold in
Shaker have minimal effects on quinidine binding to Kv1.5

(Yeola et al., 1996). In addition, the mechanism of action of
the KvB1.3 N terminus may not be the same as that used by
the Shaker inactivation ball (Uebele et al., 1998).

Conclusions. The present study demonstrates that the
assembly of Kval.5 and KvpB1.3 subunits decreases the block
induced by bupivacaine and quinidine on hKv1.5 channels
(~4- and ~8-fold, respectively). Therefore, the sensitivity to
hKv1.5 channel-blocking drugs will vary depending on the
regional distribution of B regulatory subunits. The expres-
sion of KvB1.3 subunits in the myocardium is not homoge-
neous, for this subunit is expressed to a higher degree in the
ventricle than in atria (Wang et al., 1996). Within various
vascular beds, there are marked differences in B subunit
expression, whereas Kv1.5 levels change little (Coppock and
Tamkun, 2001). Thus, the differential assembly between the
Kva and Kv subunits present in the cardiovascular system
is another variable to be accounted for in the development of
new ion channel modifying agents.

Acknowledgments

We thank Guadalupe Pablo for excellent technical assistance.

References

Abbott GW, Sesti F, Splawski I, Buck ME, Lehmann MH, Timothy KW, Keating MT,
and Goldstein SA (1999) MiRP1 forms IKr potassium channels with HERG and is
associated with cardiac arrhythmia. Cell 97:175-187.

Armstrong CM (1971) Interaction of tetraethylammonium ion derivatives with the
potassium channels of giant axons. J Gen Physiol 58:413—437.

Coppock EA and Tamkun MM (2001) Differential expression of Ky, channel «a- and
B-subunits in the bovine pulmonary arterial circulation. Am J Physiol 281:L.1350—
L1360.

Covino BG (1987) Toxicity and systemic effects of local anesthetic agents, in Local
Anesthetics (Strichartz GR, ed) pp 187-212, Springer-Verlag, Berlin.

England SK, Uebele VN, Kodali J, Bennett PB, and Tamkun MM (1995) A novel K™
channel B-subunit (hKvpB1.3) is produced via alternative mRNA splicing. / Biol
Chem 270:28531-28534.

Fedida D, Wible B, Wang Z, Fermini B, Faust F, Nattel S, and Brown AM (1993)
Identity of a novel delayed rectifier current from human heart with a cloned K*
channel current. Circ Res 73:210-216.

Feng J, Wible B, Li GR, Wang Z, and Nattel S (1997) Antisense oligodeoxynucleoti-
des directed against Kv1.5 mRNA specifically inhibit ultrarapid delayed rectifier
K" current in cultured adult human atrial myocytes. Circ Res 80:572-579.

Franqueza L, Longobardo M, Vicente J, Delpén E, Tamkun MM, Tamargo J, Snyders
DJ, and Valenzuela C (1997) Molecular determinants of stereoselective bupiva-
caine block of hKv1.5 channels. Circ Res 81:1053-1064.

Gonzélez T, Longobardo M, Caballero R, Delpén E, Tamargo J, and Valenzuela C
(2001) Effects of bupivacaine and a novel local anesthetic, IQB-9302, on human
cardiac K* channels. J Pharmacol Exp Ther 296:573-583.

Hamill OP, Marty A, Neher E, Sakmann B, and Sigworth FJ (1981) Improved patch
clamp techniques for high-resolution current recording from cells and cell-free
membrane patches. Pflueg Arch Eur J Physiol 391:85-100.

Kasten GW (1986) Amide local anesthetic alterations of effective refractory period
temporal dispersion: relationship to ventricular arrhythmias. Anesthesiology 65:
61-66.

Kasten GW and Martin ST (1985) Bupivacaine cardiovascular toxicity: comparison of
treatment with bretylium and lidocaine. Anesth Analg 64:911-916.

Kwak YG, Navarro-Polanco R, Grobaski T, Gallagher DJ, and Tamkun MM (1999)
Phosphorylation is required for alteration of Kv1.5 K* channel function by the
Kvp1.3 subunit. J Biol Chem 274:25355-25361.

Longobardo M, Gonzélez T, Caballero R, Delpén E, Tamargo J, and Valenzuela C
(2001) Bupivacaine effects on hKv1.5 channels are dependent on extracellular pH.
Br J Pharmacol 134:359-369.

Longobardo M, Gonzalez T, Navarro-Polanco R, Caballero R, Delpén E, Tamargo J,
Snyders DJ, Tamkun MM, and Valenzuela C (2000) Effects of a quaternary
bupivacaine derivative on delayed rectifier K" currents. Br J Pharmacol 130:391—
401.

Navarro-Polanco R, Longobardo M, Gonzalez T, Caballero R, Delpén E, Tamargo J,
Tamkun MM, and Valenzuela C (2001) The KvB1.3 subunit reduces the bupiva-
caine affinity for hKv1.5 channels. Biophys J 80:441a.

Snyders DJ, Knoth KM, Roberds SL, and Tamkun MM (1992) Time-, voltage-, and
state-dependent block by quinidine of a cloned human cardiac potassium channel.
Mol Pharmacol 41:322-330.

Snyders DJ, Tamkun MM, and Bennett PB (1993) A rapidly activating and slowly
inactivating potassium channel cloned from human heart. Functional analysis
after stable mammalian cell culture expression. J Gen Physiol 101:513-543.

Splawski I, Tristani Firouzi M, Lehmann MH, Sanguinetti MC, and Keating MT
(1997) Mutations in the hminK gene cause long QT syndrome and suppress IKs
function. Nat Genet 17:338-340.

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

Uebele VN, England SK, Chaudhary A, Tamkun MM, and Snyders DJ (1996)
Functional differences in Kv1.5 currents expressed in mammalian cell lines are
due to the presence of endogenous Kvp2.1 subunits. o Biol Chem 271:2406-2412.

Uebele VN, England SK, Gallagher DJ, Snyders DdJ, Bennett PB, and Tamkun MM
(1998) Distinct domains of the voltage-gated K" channel KvB1.3 B-subunit affect
voltage-dependent gating. Am J Physiol 274:C1485-C1495.

Valenzuela C, Delpén E, Tamkun MM, Tamargo J, and Snyders DJ (1995) Stereo-
selective block of a human cardiac potassium channel (Kv1.5) by bupivacaine
enantiomers. Biophys J 69:418—427.

Wang Z, Fermini B, and Nattel S (1993) Sustained depolarization-induced outward
current in human atrial myocytes. Evidence for a novel delayed rectifier K*
current similar to Kv1.5 cloned channel currents. Circ Res 73:1061-1076.

Wang Z, Kiehn J, Yang Q, Brown AM, and Wible BA (1996) Comparison of binding

B Subunits Modulate Drug Block of hKvi.5 1463

and block produced by alternatively spliced Kvbetal subunits. J Biol Chem 271:
28311-28317.

Yeola SW, Rich TC, Uebele VN, Tamkun MM, and Snyders DJ (1996) Molecular
analysis of a binding site for quinidine in a human cardiac delayed rectifier K*
channel. Role of S6 in antiarrhythmic drug binding. Circ Res 78:1105-1114.

Zhou M, Morais-Cabral JH, Mann S, and MacKinnon R (2001) Potassium channel
receptor site for the inactivation gate and quaternary amine inhibitors. Nature
(Lond) 411:657-661.

Address correspondence to: Teresa Gonzilez, Institute of Pharmacology
and Toxicology CSIC/UCM School of Medicine, Universidad Complutense
28040 Madrid, Spain. E-mail: tgonzalez@ift.csic.es

2T0Z ‘T Jeqwadaq uo 1sanb Aq Bio sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

