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ABSTRACT A clone encoding the guinea pig (gp) min K
potassium channel was isolated and expressed in Xenopus
oocytes. The currents, gplk, exhibit many of the electrophys-
iological and pharmacological properties characteristic of
gplks, the slow component of the delayed rectifier potassium
conductance in guinea pig cardiac myocytes. Depolarizing
commands evoke outward potassium currents that activate
slowly, with time constants on the order of seconds. The
currents are blocked by the class III antiarrhythmic compound
clofilium but not by the sotalol derivative E4031 or low
concentrations of lanthanum. Like Ik, in guinea pig myocytes,
gplik is modulated by stimulation of protein kinase A and
protein kinase C (PKC). In contrast to rat and mouse /,x, which
are decreased upon stimulation of PKC, myocyte Ik and gpl,x
in oocytes are increased after PKC stimulation. Substitution of
an asparagine residue at position 102 by serine (N102S), the
residue found in the analogous position of the mouse and rat
min K proteins, results in decreased gpl,x in response to PKC
stimulation. These results support the hypothesis that the min
K protein underlies the slow component of the delayed rectifier
potassium current in ventricular myocytes and account for the
species-specific responses to stimulation of PKC.

The delayed rectifier K* current, I, is vitally important for
initiation of repolarization of cardiac action potentials (1). Ix
and its relationship to cardiac function have been extensively
studied in guinea pig myocytes (2-5). This current exhibits
complex Kinetics with very slow activation rates and does not
inactivate (3, 6). Drugs that inhibit this outward potassium
current also extend action potential duration (APD) and are
effective class III antiarrhythmic agents (7). Noble and Tsien
(8) proposed that in sheep Purkinje fibers Ik consists of more
than one component. This hypothesis was later substantiated
in guinea pig myocytes by use of the class III antiarrhythmic
sotalol derivative E4031, which demonstrated that Ix con-
sists of a fast activating, inwardly rectifying component, Ix,,
and a slowly activating component, Ik (9). Ixs comprises the
major component of Ix and, due to its slow kinetics of
deactivation, represents the predominant repolarizing cur-
rent during increased heart rate. Until recently, the most
potent class III compounds have been specific for Ix., with
the exception of clofilium, which appears to block both Ik,
and Ik; (7). However, under conditions such as tachycardia,
class III agents that only block Ik, are significantly less
effective (10). Recently, a novel class III agent (NE10064) has
been described (11); this compound possesses potent antiar-
rhythmic activity, prolongs APD, and specifically blocks Ik
(12). In addition, Ik is modulated by the second messengers
protein kinase C (PKC), protein kinase A (PKA), and relative
levels of intracellular calcium (13-16). PKC has species-
specific effects, decreasing mouse Ik but increasing guinea
pig Ix (14, 17).
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Takumi et al. (18) used expression cloning to isolate a
c¢DNA clone from rat kidney that encodes a 130-amino acid
peptide; the sequence predicts a single transmembrane do-
main and lacks significant homology to other cloned potas-
sium channels. However, when in vitro synthesized mRNA
derived from this clone is injected into Xenopus oocytes,
depolarizing commands give rise to outward potassium cur-
rents (I;x) with properties similar to I in cardiac myocytes.
The mRNA encoding the min K channel has been detected in
several tissues, including neonatal rat and mouse heart and
human heart (17, 19, 20).

We now report the cloning and expression in Xenopus
oocytes of the guinea pig (gp) min K protein. The mRNA
encoding gpmin K is present in heart, and the expressed
channels exhibit electrophysiological, pharmacological, and
regulatory properties similar to Ixs recorded in guinea pig
ventricular myocytes. The results strongly suggest that the
cloned guinea pig min K protein is responsible for the slowly
activating cardiac potassium current Ixs and account for the
species-specific responses to PKC stimulation.

MATERIALS AND METHODS

Isolation of gpmin K Coding Sequence, PCR, and RNA
Extraction. A guinea pig genomic DNA library constructed in
AEMBL3 was purchased from Clontech. A PCR fragment
encompassing the entire rat min K coding sequence (18) was
radiolabeled by random priming and used as probe to screen
750,000 guinea pig genomic DNA clones (Colony/Plaque
Screen; NEN). Hybridization was in 1 M NaCl/1% SDS/50%
formamide/100 ug of yeast tRNA per ml at 37°C; filters were
washed in 0.2x SSC/0.1% SDS (1x SSC = 0.15 M NaCl/15
mM sodium citrate) at 42°C and exposed to Kodak x-ray film.
Positively hybridizing phage were purified by repeated
screenings at reduced density. Restriction analysis revealed
an =~650-bp hybridizing HindIII-EcoRI restriction fragment,
which was subcloned into M13 phage, and the nucleotide
sequence of the insert was determined as described (17). This
same fragment was subcloned into pS— and used as substrate
for in vitro mRNA synthesis. Site-directed mutagenesis was
performed using the altered sites method (Promega). Oligo-
nucleotides were synthesized on an Applied Biosystems 391
DNA synthesizer; PCRs were performed with AmpliTaq
DNA polymerase on a Perkin-Elmer 9600 thermocycler
(Perkin—Elmer/Cetus). RNA was isolated as described (21).

Oocyte Expression and Electrophysiology. In vitro synthesis
of mRNA and oocyte injection and handling have been
described (22). Two-electrode voltage clamp recordings were
made from oocytes 2-5 days after RNA injection with a
TEV-200 or CA-1 amplifier (Dagan Instruments, Minneapo-

Abbreviations: PKC, protein kinase C; PKA, protein kinase A; I,

current; V, voltage; PDD, phorbol 12,13-didecanoate; RT, reverse

transcription; CPT-cAMP, 8-(4-chlorophenylthio)adenosine 3',5'-
cyclic monophosphate.
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Fi1G.1. Primary structure and expression pattern of gpmin K. (4)
Amino acid sequences of cloned min K proteins. The predicted
transmembrane domains are in bold type, as are residues in the
guinea pig and rat sequences that mediate species-specific responses
to PKC (see text). GP, guinea pig; Hu, human; Mu, mouse. (B) Tissue
distribution of guinea pig min K mRNA. Reverse transcribed RNA
from the indicated tissues was used in the PCR with oligonucleotides
specific for sequences within the coding region of the min K mRNA.
Reaction products were separated through an agarose gel (Left),
prepared as a Southern blot and probed with a radiolabeled oligo-
nucleotide directed to an internal sequence (Right). A weak signal
was consistently detected from brain. From left: heart, brain, skeletal
muscle, uterus, kidney. Control lanes show PCRs that used a mock
RT reaction, without added RNA, as substrate (Blank R.T.), and in
which no substrate was added (No DNA).

lis) interfaced to an LSI 1173 computer. Oocytes were
continuously superfused with a solution containing (mM)
NacCl, 96; KCl, 2; CaCl,, 1.8; MgCl,, 1; Hepes, 5; pH 7.6 at
room temperature (21-23°C). All experiments were per-
formed with the oocyte membrane held at —80 mV. The
voltage dependence of I;x was determined from measure-
ments of tail currents following repolarization to —60 mV.
The baseline for the tail currents was obtained from a 1-s
prepulse to —60 mV preceding each test pulse. Activation
curves were fitted by a Boltzmann relation with a Levenberg-
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Marquardt algorithm to minimize the sum of squares. Values
from experiments with multiple data points are presented as
mean + SEM. The following chemicals were used. phorbol
12,13-didecanoate (PDD), 4-a-phorbol 12,13-didecanoate,
staurosporine, and 8-(4-chlorophenylthio)adenosine 3',5'-
cyclic monophosphate (CPT-cAMP) (Sigma); isoproterenol
(Winthrop Pharmaceuticals, New York); clofilium (Research
Biochemicals, Natick, MA); E-4031 (Eisae Co., Tsukuba
Research Laboratories, Ibaraki, Japan); N-[2-(p-bromocin-
namylamino)ethyl]-5-isoquinolinesulfonamide (H89) and
cherlerythrine (LC Laboratories, Woburn, MA).

RESULTS

A guinea pig genomic DNA clone encoding the min K protein
was isolated using the rat min K coding sequence as probe.
Although the predicted protein is highly homologous to min
K proteins from other species, the open reading frame is five
residues shorter than rat min K and four shorter than mouse
or human min K. To determine whether this C-terminal
truncation reflects the sequence encoded in the guinea pig
min K mRNA or resulted from the presence of an intron in
the genomic DNA, mRNA was isolated from guinea pig heart
tissue and converted to single-stranded cDNA by reverse
transcription (RT). This cDNA was used as substrate for
PCRs using oligonucleotides that flank the predicted stop
codon. The nucleotide and predicted amino acid sequences
derived from the reaction products confirmed the presence of
a stop codon at the position indicated in Fig. 1A. The tissue
distribution of guinea pig min K mRNA was determined using
RT-PCR. The results shown in Fig. 1B demonstrate expres-
sion in heart, skeletal muscle, uterus, and kidney; a weak
signal was consistently detected from brain.

Expression of Guinea Pig I;x. In oocytes expressing the
cloned gpmin K, depolarizations to potentials positive to —50
mV evoked a slowly activating outward current, after an
initial delay in onset, which failed to reach steady state during
30-s steps (Fig. 2A). The kinetics of activation following the
initial delay were described by a sum of two exponentials plus
a constant, a fast component that decreased from 3.4 = 1.2
sat =20 mV to 1.6 = 0.4 s at 40 mV and a slow component
that decreased from 32 = 8 sat —20 mV to 12.8 = 1.3 s at 40
mV (n = 3). The relative amplitude of the fast component was
0.25 at —20 mV and 0.31 at 40 mV. Applying a third
exponential to Ik, to account for the delay in onset, yields a
time constant that decreases from =1.5s at —20mV t0 0.5 s
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FiG. 2. Expression of gpmin K clone in Xenopus oocytes. (A) Currents elicited by 30-s depolarizing pulses from —40 to 40 mV in 20-mV
steps. (B) Outward current-voltage (I-V) relation of I;x (@) measured as the difference between the final and initial current during 30-s
depolarizing pulses. The continuous curve was drawn according to the product of a linear /-V relation and a Boltzmann function representing
8max(Vn — Erev)/(1 + e~ Va=V12/k); gy = 21.7 uS, Erev = —101 mV, Vy2 = —9.8 mV, k = 11.6 mV. Voltage dependence of activation of Isx
(0) was determined from measurements of tail currents as described in the text. The continuous curve was drawn according to a Boltzmann
function, Imax/(1 + e~ Ve=V12/k); [y = 1037 nA, Vi2 = —9.5 mV, k& = 11.8 mV. (C) The open channel I-V relation of guinea pig min K in
2 (@) and 100 mM (0) external K* (substituted for Na*). ‘‘Instantaneous’’ tail currents were determined after the capacity transient following
repolarization to potentials between —120 and 60 mV from a fixed test potential of 20 mV.
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F1G. 3. Dose-response relationship for inhibition of gpmin K tail
currents by clofilium. Data represent mean + SEM, n = 4. The
continuous curve was drawn according to the Michaelis-Menten
equation (K; = 92.7 uM). (Inset) Current traces elicited by 10-s steps
to +20 mV before (upper trace) and after (lower trace) application of
100 uM clofilium.

at 40 mV. The delay in onset is more prominent at lower test
pulse potentials and is exaggerated if the prepulse duration is
made shorter or the prepulse potential is more negative. This
dependence on previous potential (23, 24) suggests that the
delay is due to a shift in equilibrium between multiple closed
states toward the open state.

The voltage dependence of I;k can be approximated by the
product of a linear I-V relation and a Boltzmann function
representing the voltage dependence of channel activation
(Fig. 2B). However, since the open channel conductance
may rectify, measurement of tail currents yields a better
estimate of the voltage dependence of activation of Ik.
Because currents through min K channels fail to reach steady
state even with long depolarizing commands, analysis of tail
currents provides a ‘‘quasi’’ steady-state voltage dependence
profile. Fig. 2B shows tail current amplitudes with a fitted
Boltzmann function. The voltage for half-maximal activation,
V12, and maximally activated tail current, Imax, varied be-
tween different batches of oocytes; the average values for
Vi/2 and Inax Were —4.3 £ 1.4 mV and 1327 £ 129nA (n =
16), respectively. The effect of stimulation of PKA and PKC
on Vy,; and I,y are therefore expressed as changes relative
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to control values in the same oocyte. The slope factor was
less variable and was 11.2 + 0.1 mV (» = 16).

Consistent with min K channels cloned from other species,
gpmin K is selective for potassium ions. The reversal poten-
tial of Ik in 2, 20, or 100 mM external K+ (substituted for
sodium) followed a slope of 58.4 mV per decade change in
K*, consistent with a channel selective for K+ over Na* and
Cl~ (n = 4, data not shown). In guinea pig myocytes, Ik
exhibits only slight rectification in comparison to the strong
rectification of Ik, (9). Measurement of instantaneous tail
currents at various potentials following a fixed test pulse
revealed a small degree of rectification that increased slightly
when extracellular K* was increased from 2 to 100 mM (Fig.
20).

The sensitivity of guinea pig I;x to compounds known to
block Ik, Iks, and Ik in guinea pig myocytes was tested. The
class III antiarrhythmic E4031, which blocks Ik, but not Ik
in myocytes (ICso = 400 nM; ref. 6), had no effect on gplx
at concentrations as high as 5 uM (102.8% = 2.6% of control,
n = 6). Lanthanum, which at low concentrations (1 uM) also
blocks Ik, (25), did not reduce gpIsk (1 uM La3*, 102.9% =+
1.7% of control, n = 4). Higher concentrations of La3* (100
pM) did induce a slight reduction (not shown), consistent
with results reported for myocytes (25). The class III anti-
arrhythmic clofilium, which blocks both components of myo-
cyte Ik (7, 26), inhibited gplk with a K; of 92.7 uM (Fig. 3).
This is comparable to the reduction of myocyte Ix by
clofilium, in which 100 uM blocked 56.7% (26).

Regulation by PKA and PKC. Guinea pig ventricular Ix is
increased following (i) stimulation of B-adrenergic receptors
by isoproterenol, (ii) addition of cAMP analogs to permeabi-
lized guinea pig myocytes, or (iii) application of PKA cata-
lytic subunit to the intracellular face of excised membrane
patches (13, 27-29). In oocytes expressing gpmin K, the
membrane-permeable cAMP analog CPT-cAMP increased
gp Ik 32.3% = 3.0% (n = 6) (Fig. 4 A and B). CPT-cAMP
treatment slightly shifted the voltage dependence of activa-
tion to more negative potentials and increased its voltage
sensitivity (Fig. 4C; Table 1). Comparable effects were seen
when endogenous oocyte B-adrenergic receptors (30) were
stimulated by 2 uM isoproterenol (Table 1). Oocyte mem-
brane capacitance was unaffected by either CPT-cAMP or
isoproterenol (=0.1% * 0.5%, n = 6; —3.2% * 1.2%,n = §,
respectively). The selective PKA inhibitor H89 (31) de-
creased I;x when applied alone and attenuated the effect of
concomitantly applied CPT-cAMP (n = 3) (Fig. 4A).
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FiG. 4. PKA regulation of gpmin K. (A) Time course of CPT-cAMP effect (1 mM applied for 20 min) with (4) and without (e) prior and
concomitant application of H89 (30 uM). Ten-second steps to +20 mV were made every 2 min; tail currents were measured at —60 mV and
normalized to control values (before CPT-cAMP application). (B) Leak-subtracted current traces elicited by 30-s steps to +20 mV before and
after application of CPT-cAMP. (C) Effects of PKA stimulation on activation of Ik, determined from tail current measurements at —-60 mV,
following 30-s depolarizations to test potentials shown, before (@) and after (0) application of CPT-cAMP. Continuous curves were drawn
according to a Boltzmann function (as in Fig. 2B). Control: Imax = 1813 nA, V12 = —=7.2 mV, k = 11.7 mV. Treated: Imax = 2181 nA, Vi2 =

—18.5mV, k = 11.0 mV.
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Table 1. Regulation of gpmin K by PKA and PKC

Boltzmann parameter
Group Laii, % control n Imax, % control AVy2, mV k, mV n
Wild type
Control 100 100 — 11.2 £ 0.1 16
CPT-cAMP 132 + 3* 6 110 + 2% -4.1+19* 10.3 + 0.3* 6
ISO 147 = 7* 7 113 + 6* -6.1 £ 1.9* 10.5 = 0.3* 5
PDD 133 + 4* 11 118 + 5* -0.7x1.1 11.2 £ 0.2 5
N102S
Control 100 100 — 10.2 + 0.3** 7
PDD 72 + 6* 8 86 + 4* 9.9 + 0.9* 12.8 + 0.3* 5

Values represent mean + SEM. I, tail current at —60 mV following 10-s depolarization to 20 mV; n, number of oocytes;
IS0, isproterenol. Boltzmann parameters were determined from tail currents following a 30-s test pulse. *, P < 0.05 for
respective paired control values determined by a ¢ test; **, P < 0.05 for N102S control compared to wild-type control
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determined by an unpaired 1 test.

Stimulation of PKC increases Ik in guinea pig myocytes (14,
28). Application of PDD to oocytes expressing gpmin K
induced an increase of the current (Fig. 5A and B Inset). After
phorbol application, the tail current was increased by 33.2% +
3.7% (n = 11). The inactive enantiomer a-PDD had no effect
(Fig. 6). The increase of I;x by PDD was blocked in oocytes
treated with the PKC inhibitor cherlerythrine (ref. 32; Figs. SA
and 6); inhibitor alone had no effect. Similar effects were seen
with the less selective inhibitor staurosporine (data not
shown). The effects of PKC on the voltage dependence of
gpmin K (Fig. 5B) differ from those seen following PKA
stimulation. Although PKC stimulation increased Ipmax, the V1,2
and the slope factor, k, were unchanged (Table 1).

The increase in gpl;x following stimulation of PKC is
similar to the effects of PKC stimulation in guinea pig
myocytes but contrasts with results in mouse myocytes (17)
and in oocytes expressing cloned mouse or rat Ik (17, 33),
where the currents are decreased after PKC stimulation. In
the latter case, we have previously demonstrated that sub-
stitution of the serine residue at position 103 by alanine
(S103A) eliminated the current decrease by PKC stimulation
(34). The analogous residue in gpmin K is an asparagine
(N102; see Fig. 14). To determine whether this difference
underlies the species-specific response to PKC, N102 was
altered by site-directed mutagenesis to serine (N102S). Ex-
pression of gpminK (N102S) in oocytes resulted in voltage-
dependent potassium channels indistinguishable from wild
type, except in the response to PKC stimulation. Application
of phorbol ester induced a significant decrease in the current
amplitude (at 40 min, —28.0% = 6.3%; n = 8) (Fig. 5 A and
C Inset), comparable to that seen with rat I;x expressed in

Xenopus oocytes (34). The voltage dependence of activation
of gpmin K(N102S) (Fig. 5C) was positively shifted and its
voltage sensitivity reduced by PDD (Table 1).

DISCUSSION

Several pieces of evidence support the hypothesis that the
min K potassium channel underlies the slow component of
the delayed rectifier potassium conductance in cardiac myo-
cytes. (i) Ixs and I,k demonstrate similar kinetic character-
istics, distinct from other potassium currents. Both show a
prolonged lag following membrane depolarization and slow
activation with time constants on the order of seconds.
Neither inactivates, and both are increased in amplitude with
trains of pulses (9, 14, 18, 33). (ii) Ixs and I,k share pharma-
cological profiles, being blocked with similar potency by
clofilium but not by the sotalol derivative E4031. Low
concentrations of La3*, which block Ik, had no effect. In
addition, Ixs and Ik are blocked with equal potency by
NE10064 (12). (iii) Ixs and I ;g show similar responses to
changes in [Ca2*); (15, 16, 33) and stimulation of PKA and
PKC (13, 14). Indeed, the species-specific responses to PKC
are now understood at the structural level, being due to single
amino acid differences between min K proteins (34). (iv) The
mRNA encoding the min K protein is expressed in heart.
Although application of PKA catalytic subunit to excised
membrane patches increases myocyte Ik (13), reports of the
effects of PKA stimulation on cloned min K channels ex-
pressed in oocytes have differed. Honoré et al. (17) reported
that 1 mM 8-bromoadenosine 3',5'-cyclic monophosphate
had no effect on mouse Ik in oocytes. In contrast, although
Blumenthal and Kaczmarek (35) reported that elevated levels
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Fi1G. 5. PKC regulation of gpmin K. (4) Time course of PDD effect (50 nM, 20 min) on tail currents (see legend to Fig. 44) for oocytes
expressing wild-type gpmin K (@), wild-type gpmin K with prior and concomitant application of 5 uM cherlerythrine (4), and gpmin K N102S
(0). (B) Voltage dependence of activation of wild-type I;x, before (@) and after (O) 20-min application of 50 nM PDD. Continuous curves were
drawn according to a Boltzmann function (as in Fig. 2B). Control: Imax = 1917 nA, V2 = =3.3 mV, k& = 10.1 mV. Treated: Imax = 2429 nA,
Vy, = =5.1mV, k = 10.9 mV. (Inset) Current traces elicited by 30-s steps to +20 mV (scale bars: 5 s, 500 nA). (C) gpmin K N102S. Control:
Imax = 1036 nA, Vy/2 = 5.3 mV, k = 10.6 mV. Treated: Imax = 900 nA, V12 = 16.5mV, k = 12.6 mV.
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Fic. 6. Effect of PKC stimulation on wild-type (open bars) and
mutant N102S (shaded bars) gpmin K. Conditions were as follows:
50 nM PDD, 20 min (n = 11, 8); 50 nM PDD in the presence of 5 uM
cherlerythrine (n = 3, 3); 100 nM a-PDD, 20 min (n = 4, 4). Values
represent maximum changes in tail currents observed during and 20
min after PDD application. Tail currents were measured at —60 mV
after 10-s depolarizations to +20 mV. Cherlerythrine (cherl) pre-
vented the PDD-mediated increase of wild-type gpmin K currents (P
< 0.005) and the decrease of N102S gpmin K currents (P < 0.02).

of cAMP increased rat I;x in oocytes, the increased current
amplitudes correlated with increased membrane capacitance,
suggesting that regulation involves selective insertion and
deletion of channels from the plasma membrane. In addition,
these authors reported that increased I;x was not due to
changes in voltage dependence or kinetics. We found no
change in membrane capacitance as a result of either CPT-
cAMP or isoproterenol application. Furthermore, these
agents increased current amplitude, shifted the V;/, to more
negative potentials, and steepened the response to voltage,
consistent with the effects of PKA stimulation on Ik and Iks
in guinea pig ventricular myocytes (28, 36, 37).

Stimulation of PKC also increased gplsk; however, volt-
age-dependent parameters were not changed. This is consis-
tent with results obtained for PKC stimulation of guinea pig
myocyte Ixs (14, 28) and indicate that PKA and PKC affect
min K channels through different mechanisms. Site-directed
mutagenesis has identified residues responsible for the spe-
cies-specific effects of PKC stimulation on Iik. It is possible
that the min K channel activates in response to voltage by
subunit aggregation (ref. 38; M.D.V., J.M., and J.P.A.,
unpublished data). PKC-mediated phosphorylation of S103 in
rat min K might present an electrostatic hinderance to
subunit interactions, effectively limiting the number of avail-
able channels. However, in the absence of a serine residue at
the analogous position, PKC stimulation increases guinea pig
Ix. In this case, PKC may affect an intermediary protein,
which, in turn, acts to modulate the channel. We have
previously shown that rat Ik is increased by elevation of
[CaZ*]; and decreased by cytochalasin D, presumably
through inhibiting changes in the cytoskeletal actin network
(33, 39). Either of these processes may be affected by
PKC-mediated phosphorylation.

Min K subunits have a molecular architecture so far unique
among potassium channels. It is interesting that a protein
with an architecture similar to min K, also expressed in
cardiac cells, has been shown to function as a chloride
channel (40). This 72-amino acid protein, phospholemman,
was originally characterized for its propensity to serve as a
substrate for phosphorylation (41). Indeed, currents through
phospholemman channels share the distinct slow activation
and sigmoidal delay properties with Ik and I;x; they are also
increased by trains of pulses (40). Thus, it appears that
cardiac cells express at least two members of a structurally
and functionally distinct class of voltage-dependent ion chan-
nels that operate on a relatively slow time scale and are
modulated by a variety of intracellular second messengers.
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