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Enhancement of cardiac L-type Ca2* channel activity by norepinephrine via phosphorylation
by protein kinase A (PKA) underlies the positive inotropic effect of this transmitter and is a
classical example of an ion channel modulation. However, it is not clear whether the channel
protein itself (and which subunit) is a substrate for PKA. We have expressed various combi-
nations of the cardiac Ca?* channel subunits in Xenopus oocytes by injecting subunit mR-
NAs. Expression of  or a,/3+B subunits potentiated the native (endogenous) Ca?* channel
currents in the oocyte (similar to T or N but not L-type). This potentiated endogenous cur-
rent was enhanced by intracellular injection of cAMP or of the catalytic subunit of PKA, and
this effect was reversed by the injection of a PKA inhibitor suggesting the presence of basal
phosphatase activity. When a cardiac channel of o+, oj+a,/8 or a;+a,/8+B composition was
expressed at levels high enough that the contribution of the endogenous current became neg-
ligible, cCAMP and PKA failed to increase the Ca?* channel current, whereas PKA inhibitors
and the catalytic subunit of protein phosphatase 1 reduced the amplitude of the current. Re-
duction of the current by PKA inhibitors was observed regardless of the presence of the B
subunit, suggesting a major role for the a; subunit in this process. These results suggest that,
like in the heart, when expressed in Xenopus oocytes, the cardiac L-type Ca?* channels are
phosphorylated in basal state and dephosphorylation reduces their activity. However, unlike
the situation in the heart, the activity of the channel cannot be enhanced by PKA-catalyzed
phosphorylation, suggesting that the channel is already fully phosphorylated in its basal state.
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phosphorylation phosphatase Xenopus oocyte expres-

INTRODUCTION

Adrenaline (epinephrine) and noradrenaline (norep-
inephrine) increase the force of contraction of the
heart primarily by enhancing the opening of the L-
type voltage-dependent Ca?* channels (see Reuter,
1983). Besides its obvious physiological importance,
this phenomenon presents a classical example of
modulation of a voltage-dependent ion channel by a
neurotransmitter or hormone. There is ample evi-
dence suggesting that this modulation occurs mainly
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via the cAMP-protein kinase A (PKA) pathway (re-
views: Reuter 1983, Tsien 1983, Trautwein and Hes-
cheler 1990), although a direct effect of G may con-
tribute a fast component to the enhancement (Yatani
et al, 1987, Yatani and Brown 1989, Shuba et al, 1990;
but see Hartzell et al, 1991). The skeletal muscle
(SkM) L-type Ca?* channel is modulated in a similar
way (Flockerzi et al, 1986; Arreola et al, 1987).

It is widely believed that direct phosphorylation of
SKM and cardiac Ca?* L-type channels by PKA me-
diates this modulation. This belief is based mainly on
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the results of biochemical studies of SkM Ca2* chan-
nel. Cardiac and SkM L-type Ca?* channels consist
of a main, pore-forming subunit o, and several aux-
iliary subunits (0,/8, B and y: see Catterall 1988;
Campbell et al, 1988; Glossmann and Striessnig 1990;
Hofmann et al, 1993) that modulate the channel’s ex-
pression and biophysical properties (Mikami et al,
1989; Mori et al, 1991; Singer et al, 1991; Varadi et al,
1991; Lacerda et al, 1991). The a; subunits of heart
and SkM are non-identical (though homologous)
products of separate genes (Mikami et al, 1989). The
same applies to B subunits; SKM B is of B1 type,
whereas the most abundant cardiac B is of the B2
type (Ruth et al, 1989; Hullin et al, 1992; Pragnell et
al, 1991; Perez-Reyes et al, 1992). The y subunit has
not been found in the heart (Jay et al, 1990; Bosse et
al, 1990). The o subunits of the SkM Ca?* channel is
a good substrate for PKA phosphorylation; 1 is
phosphorylated to a lesser extent, and o,/6 and y are
not PKA substrates; the target serines phosphory-
lated in vitro by PKA on the SkM ¢, subunit have
been identified (Nastainszyk et al, 1987; Rohrkasten
et al, 1988; Jahn et al, 1988; Mundina-Weilenmann et
al, 1991; Rotman et al, 1992). When the purified
channel is reconstituted in artificial membranes, its
activity is enhanced by PKA (Flockerzi et al, 1986;
Nunoki et al, 1989). Thus, it is highly probable that,
in the skeletal muscle, the enhancing effect of
cAMP-elevating agents is mediated by direct phos-
phorylation of the SkM Ca?* channel o subunit by
PKA. However, it is not clear yet to what extent this
conclusion applies to the cardiac channel, because:

i) Biochemical studies of cardiac Ca2* channels
have been hampered by the low abundance of the
protein; the available data suggest that cardiac o, pu-
rified from the heart is a surprisingly poor substrate
for PKA-catalyzed phosphorylation (Chang and
Hosey 1988; Schneider and Hofmann 1988).

ii) A cloned smooth muscle Ca?* channel o sub-
unit is a splice variant of the same RNA as the car-
diac o; and contains all the same putative phospho-
rylation sites (Biel et al, 1990). The smooth muscle L-
type Ca2* channel activity is enhanced by noradrena-
line, but this effect is not mediated by cAMP, and
cAMP does not enhance smooth muscle Ca?* cur-
rents (Weiling et al, 1992). Although other, yet un-
cloned, gene products may constitute a significant
portion of smooth muscle Ca?* channel population,
these finding do call for caution in extrapolating con-
clusion reached in work with SkM L-type channels
to other tissues.

iii) Recent work on PKA modulation of cardiac
Ca?* channels in heterologous expression systems
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yielded conflicting results. Klockner et al. (1992) did
not observe any cAMP effects on cardiac Ca2* chan-
nels expressed in Xenopus oocytes unless they also
expressed the B subunit and concluded that the en-
hancing effect of PKA is due to phosphorylation of
the B subunit. In contrast, Yoshida et al. (1992) and
Sculptoreanu et al. (1993) expressed the cardiac Ca2*
channel o, subunit in a mammalian cell line (CHO)
and were able to demonstrate phosphorylation of
the expressed protein and the enhancement of the
Ca?+ current by cAMP analogs and by PKA. These
results strongly suggest a major role for o, in the ef-
fect of PKA on cardiac Ca?* channel; however, they
still do not rule out the possibility of involvement of
auxiliary proteins (present in heart an/or CHO cells).

It seems, therefore, that it still remains an open
question whether the positive inotropic effect of
adrenaline is mediated by PKA-catalyzed phospho-
rylation of the ¢; or P subunit of the cardiac CaZ*
channel, or by phosphorylation of another auxiliary
protein that is not an integral part of the channel. We
studied the effects of PKA, PKA inhibitors, and pro-
tein phosphatases in Xenopus oocytes expressing
various combinations of cardiac Ca?* channel sub-
units. The activity of native oocyte’s Ca?+ channels
(that resemble T- or N-type and are insensitive of di-
hydropyridines (DHPs)) was markedly potentiated
by the expression of cardiac B subunit, and was up-
regulated by cAMP and by PKA, suggesting that this
pathway is activatable and effective in the oocytes.
However, the activity of the expressed cardiac chan-
nel, whatever the subunit combination, was not af-
fected by PKA but could be reduced by PKA in-
hibitors (PKI) and protein phosphatase type 1 (PP1),
suggesting that in this particular expression system
PKA-catalyzed phosphorylation either does not oc-
cur or does not affect the activity of the channel,
whereas dephosphorylation does reduce the channel
activity as expected. The PKI-induced reduction of
channel activity was observed regardless of the pres-
ence of the B subunit, suggesting a major role for o
in this effect.

RESULTS

The native (endogenous) CaZ+ channel activity in
the oocytes is potentiated by expression of the
cardiac 2A subunit and is modulated by PKA

To avoid activation of Ca?* -dependent Cl- channels
residing in Xenopus oocyte membrane (Miledi 1982;
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Table 1 Summary of the effects of phosphorylating and dephosphorylating agents on Ig, in oocytes injected with various combina-

tions of cRNAs of Ca?* channel subunits

Subunit Amplitude#

combination nA

% change in Ig, caused by:

cAMP PKA PPI PP2A PKI vehicle
B2A -127+35 (4) +42+7 (4)
a+p -194+25 (17) +93+7 (17) +41x12 (15) +13£2 (3) +5;+21 (2) +1+2 (3)
o +005 -100;-165 (2) 242 (2) -37+4 (10) -1146 (11)
o+ -139+16 (9) +24+10 (9) +12+11 (7) -29;-30 (2) 0;-14 (2)
0 +0,/8+P -520+86 (14) +33+9 (14) -22+6 (5) +7+8 (3)
0y +0,/8+B* -1024+33 (4)*  +5£2(4) -37+4 (12) -2+4 (5)

All data were obtained in 40 mM [Ba?*],,, except when denoted by asterisk. 3 stands for any one of the three subtypes of B subunit used in this

study (81, B2A, B3). Data with all subtypes of

were pooled since no significant differences have been found in effects of cAMP, PP1 and

PP2A on channels containing these subunits. The effects of PKI were tested only in combinations containing $2A.

*Recorded in 2 mM [Ba2*],,,

#The numbers in this column refer only to cells in which the effect of cAMP injection has been tested.

native
A

cAMP

17 s 4 control
a,/6+p1
B
cAMP

control

L

300 ms

200 nA

Figure 1 The effect of intracellular injection of 50-80 pmole of
cAMP on endogenous (native or potentiated) Icyca) Ipa, and
IciBa)- (A) The effect of CAMP on Igyc,) recorded in a native (not
injected with any RNA) oocyte in normal ND 96 solution with 1.8
mM Ca?* (same as NDE but without pyruvate and antibiotics; see
Methods) by stepping the voltage from -100 to 0 mV. Correction
for leak current was made by scaling and digitally subtracting cur-
rents evoked by steps from -100 to -50 mV. (B) The effect of
cAMP on Iy, (inward) and I,y (outward) in an oocyte injected
with RNAs of a,/3 and B1 subunits. The oocyte was not injected
with EGTA before the experiment. The current was measured in
40 mM BaCl, (see Methods) by stepping the voltage from -100 to
20 mV. No leak subtraction was done.

Barish 1983), the recording of macroscopic Ca%*
channel current in the oocytes is usually performed
in Ca?*-free solutions with Ba?+ as the charge carrier
(Dascal et al, 1986). The endogenous voltage-depen-
dent Ca?* channel in the oocytes is not sensitive to
dihydropyridines; the macroscopic Ba?* current (Ig,)
rarely exceeds 10-20 nA in 40 mM [Ba?*],,, (Dascal
et al, 1986, 1992; Umbach and Gundersen, 1987) and
is practically indistinguishable in 2 mM [Ba?*],y,
(Lory et al, 1990). The native Ig, can be potentiated
by the concomitant expression of the auxiliary
0»/8+f subunits (Singer et al, 1991; Williams et al,
1992; Table 1), presumably due to an assembly of the
newly synthesized auxiliary subunits with the en-
dogenous a;. We found that expression of the cRNA
of the o,/d subunit alone did not potentiate the en-
dogenous current (data not shown, see also Mori et
al, 1991; Singer et al, 1991), whereas expression of
the B2A subunit alone gave rise to Iz, of 2100 nA
(Table 1) which was insensitive to dihydropyridines
(data not shown), suggesting that it represented a
potentiated endogenous Ca?* channel.

Intracellular cAMP injection enhances the native
Ig, in Xenopus oocytes (Dascal et al, 1992; Bourinet
et al, 1992). Expectedly, when recorded in a normal
Ca?*-containing ND96 solution, the Ca?* -dependent
CI current (I¢yca) of the native oocytes was also in-
creased by 79+18% (n=4) by the injection of 40-80
pmoles of cAMP (Fig. 1A). This enhancement might
present a source of artifact if the currents recorded
in high Ba?* solutions were contaminated by I¢y(ca)-
Fig 1B shows that this is indeed the case when I, is
measured in a solution containing 40 mM BaCl, and
no Ca?*, in an oocyte injected with o,,/6+B1 cRNAs.
The already potentiated (due to the presence of the
auxiliary subunits) native Ig, is further increased by
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the injection of cAMP (by 93+7% on the average,
see Table 1). However, the inward Ba?* current is
followed by a CI- (outward) current which is also en-
hanced by cAMP (termed Iy, in the following).
This current was strongly inhibited (though not com-
pletely abolished) by intracellular injection of EGTA
(E. Shistik and N. Dascal, unpublished observations;
cf Singer et al, 1991), suggesting that Ba?* might acti-
vate the Cl' channel by releasing Ca?* from intracel-
lular stores. To avoid this artifact, further experi-
ments have been done on oocytes injected with
EGTA.

Like the native endogenous current, the potenti-
ated I, in oocytes expressing the auxiliary subunits
(B2A or o,/6+p) was increased by 40-100% by the
intracellular injection of 40-80 pmol cAMP (Fig. 1B,
2A, and Table 1). Endogenous Ig, in oocytes ex-
pressing o,,/3+f subunits was also enhanced by the
injection of 0.1-0.4 units of the catalytic subunit of
PKA by about 40% (Table 1), suggesting that the
cAMP effect was mediated by PKA-catalyzed phos-

a,/6+BRa

control

cAMP +PKI

I}3 , % of control
a

15
time, min
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phorylation. In two oocytes, we have injected a
PKA-specific protein kinase inhibitor (PKI) peptide
after cAMP and observed a clear reduction in Ig,, to
a level that was still above the control (Fig. 2A, B).
Thus, cAMP activates the endogenous PKA that en-
hances Ip,, and the endogenous phosphatases de-
phosphorylate the protein phosphorylated by PKA
(possibly the channel itself) once the excessive PKA
activity is inhibited. However, the various PKI pro-
teins and peptide used in this study (see Methods;
collectively called PKI) had no effect on basal level
of I, in 0,/8+P expressing oocytes (Fig. 2C and
Table 1). Injection of the catalytic subunits of protein
phosphatases 1 and 2A (PP1 and PP2A; see Cohen,
1989) did not decrease but rather slightly increased
Iz, by 5-21% (Table 1 and Fig. 2D). Thus, the PKA
substrate whose phosphorylation enhances the en-
dogenous Iy, (possibly the native Ca?* channel itself)
does not appear to be basally phosphorylated by
PKA.

250
200
150
100 jom
50

IB , 7% of control
a

20 25
250
200

150
100

[, % of control
Ba

15
time, min

Figure 2 Effects of phosphorylation and dephosphorylation on the potentiated endogenous Ig, in oocytes injected with RNAs of
0,/8+P2A subunits. Currents were evoked by steps from -80 to 0 mV in the 40 mM BaCl, solution; all cells were injected with EGTA.
(A) Effect of cAMP injection, followed by injection of PKI peptide, on Ig,. Calibration: 250 nA, 40 ms. (B) The time course of the exper-
iment shown in (A). (C) Injection of PKI peptide does not alter Ig,. (D) Injection of PP1 does not decrease Ig,.
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Ba?* current via cardiac Ca2* channel is not
enhanced by PKA activation

In agreement with Klockner et al (1992), I, in
oocytes expressing o, +0, subunits was not affected
by cAMP injection (Fig. 3A and Table 1). (Ig, in
oocytes expressing 04 alone was too small to study
using the intracellular injection methods). In oocytes
expressing cardiac a; together with a B subunit, Ig,
was usually slightly increased (~24% or 12% on the
average) by cAMP or PKA injection, respectively
(Table 1). However, in many oocyte batches, expres-
sion of cardiac o;+f often gave rise to Ba?* currents
that were only slightly larger than in oocytes express-
ing B2A alone, and the observed cAMP-evoked in-
crease might be contributed by the endogenous cur-
rent (potentiated by the coexpressed B). Indeed, in
o +B-expressing cells with large Ig,, the enhance-
ment caused by cAMP was not observed (Fig. 3B).
The test quantitatively for the possible contribu-
tion of the endogenous channel to the cAMP-evoked
enhancement of Ig,, we used oocytes expressing all

A B

a1+a2/6 - a1+32a
b
\ cAMP
control
control
cAMP

C o, ta,/6+pRa D

control e
ne———
l cAMP ’ control
cAMP

subunits found in the heart (o +0a,/8+8). Such ex-
pression easily gives rise to currents of several A in
40 mM [Ba?*],, and several hundreds to 2,000 nA in
2 mM [Ba?*], ensuring that the contribution of the
endogenous current to total macroscopic Iy, is mini-
mal. The oocytes were injected with different
amounts of cCRNAs of a, 0/, and B1 or B2A sub-
units (the ratio of the cRNAs was kept 1:1:1 by
weight). When the resulting Iy, was measured 3-5
days later, a phenomenon similar to that observed in
oocytes expressing o+p was observed: small Ba?*
currents were enhanced by cAMP injection (Fig.
3C), large currents were unaffected (Fig. 3D). In this
series of experiments, in 40 mM [Ba?*}, there was a
negative correlation between the amplitude of Ig,
and the extent of cAMP-induced enhancement (Fig.
3E). Furthermore, with the highest expression levels
of cardiac a, used in this study, when~1000 nA cur-
rents were recorded in 2 mM [Ba?*],,,, C(AMP had
practically no effect on Iy, (Table 1, last row). Thus,
although when all the data obtained in 40 mM
[BaZ*],,, are summarized, an average cAMP-induced

% increase by cAMP

Figure 3 cAMP injection increases Ig, when the B subunit is present, but this may be due to an effect on the endogenous Ca2* channel.
The currents were recorded in the 40 mM BacCl, solution by steps from -80 to 0 mV. Vertical calibration: 75 nA (A, B); 440 nA (C, D).
Horizontal calibration: 31 ms (A), 75 ms (B), 128 ms (C, D). (A) cAMP does not alter Ig, in an oocyte expressing cardiac o; and 0/8
subunits. (B) Ig, in an oocyte with a high level of expression of cardiac o,;+B2A subunits is not enhanced by cAMP. (C) Apparent
increase of I, in an oocyte injected with cardiac a;, 0/8 and B2A subunits’ RNA but expressing a small I, (D) No effect of cAMP on
Ig, in an oocyte injected with cardiac oy, 0,/3 and B2A subunits’ RNA and expressing a large Ig,. (E) Inverse correlation between the
amplitude of I, and the magnitude of cAMP effect in oocytes injected with varying concentrations of RNAs coding for cardiac o, 0/8
and B2A subunits. The straight line is a linear least square fit to the data points; the coefficient of correlation (r) is 0.74.
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increase of 33% in Ig, amplitude is apparent, we
conclude that it was an artifact caused by the contri-
bution of the endogenous (cAMP-sensitive) current
in oocytes with low total macroscopic Ig,. Further
experiments on cardiac Ca?* channel of the full com-
position (0;+0,/8+p) were performed in oocytes with
high levels of expression of Ig, (>500 nA in 40 mM
[Ba2*]ou). In separate experiments, using oocytes
that were not injected with EGTA, we have verified
that lack of cAMP effect was not due to the presence
of intracellular Ca?* chelator (data not shown).

PKA inhibitors and protein phosphatase 1 reduce
the current via the cardiac Ca?* channel by acting
mainly on the ol subunit

Injection of PKI caused a ~37% decrease in the am-
plitude of I, in oocytes expressing the cardiac chan-
nel with the complete subunit composition,
0;+0,/6+p, whereas the injection of vehicle was with-
out a significant effect (Fig. 4A, B and Table 1). In-
jection of PP1 reduced the current by 22%, whereas
PP2A caused no significant changes (Fig. 4C, D, and
Table 1). There was no need to test the effect of vehi-
cle in this case, because both phosphatases were dis-
solved in the same buffer and similar volumes were
injected, thus PP2A could serve as a control for PP1
and vice versa. The transient decrease in Ig, ob-
served after the injection of PP2A (Fig. 4D) was in-
terpreted as an injection artifact, since it was also
sometimes observed upon injection of cAMP or PKI
vehicle. PP1 also reduced Ig, (by~30%) in two
oocytes expressing o+ subunits, whereas PP2A had
little effect in other two oocytes (Table 1). These
data indicate that, in contrast to the native Ca?+
channels, cardiac L-type channels expressed in
oocytes (or an associated regulatory protein) are
phosphorylated in their basal state, and that dephos-
phorylation reduces their activity.

To study the possible involvement of the B subunit
in the current decrease caused by dephosphoryla-
tion, PKI was injected into oocytes expressing only
o;+0, subunits. These experiments were complicated
by the fact that this combination of subunits usually
gives rise to relatively small currents (100-200 nA).
Although the contribution of the endogenous cur-
rent in this case is usually negligible, non-specific
current changes caused by the injection could intro-
duce an error into the estimate of changes of Iz,. On
the average, injection of PKI reduced Ig, in these
oocytes by 37+4%, i.e. by the same extent as in chan-
nels composed of o+0a,/3+p; the injection of vehicle
caused a 11+6% reduction in Ig, (Table 1). The dif-

D. SINGER-LAHAT et al.

ference between these two values is statistically sig-
nificant (P<0.01). In one of the oocyte batches, the
Ba?* currents in o +0,-expressing oocytes were large
and did not show injection artifacts; in these oocytes,
injection of the PKI peptide reduced Ig, by 37+5%
(Fig. 4E; n=3), whereas the change produced by the
injection of the vehicle was 0+2% (Fig. 4F; n=3;
P<0.01). Thus, PKI was able to reduce the cardiac Iy,
regardless of the presence of the B subunit.

DISCUSSION

In this study we examined how the cardiac Ca?*
channels expressed in Xenopus oocytes are modu-
lated by PKA phosphorylation and by dephosphory-
lation, and what are the relative roles of a; and
subunits in these modulations. The main finding of
this study is an unexpected lack of effect of cAMP
and PKA on the expressed channel, even when all
the known subunits are present. In contrast, the na-
tive (endogenous) DHP-insensitive Ca2* channel ac-
tivity is enhanced by PKA. However, the expressed
cardiac Ca?* channel is down-regulated by dephos-
phorylation by protein phosphatase 1 or by an en-
dogenous phosphatase following inhibition of PKA,
regardless of the presence of the B subunit.

Sources of artifact in the study of modulation of
Ca?* channels in Xenopus oocytes

In agreement with previous reports (Singer er al,
1991; Williams et al, 1992), we found that the ampli-
tude of the endogenous I, (Ba2* current flows via
Ca?* channels) is increased by the expression of the
B subunit and even more by the simultaneous ex-
pression of a,/8 and B subunits. Expression of the
0,,/0 subunit alone does not potentiate the endoge-
nous current. cCAMP- or PKA-induced increase of
the endogenous Ig, can be mistaken for an increase
in Ba?* current flowing via the expressed cardiac
channel if the endogenous current constitutes a sig-
nificant portion of total I,. Artifacts of this kind can
be minimized by working with oocytes that display
high levels of expression of the exogenous Ca?*
channels.

An additional artifact arises from the activation of
the Ca?*-dependent Cl' channel by Ba?* influx, prob-
ably due to Ba?*-induced increase in intracellular
Ca?* concentration. When present, Iy(g,) contributes
a slow component to the total measured current in
high-Ba?* solutions. If the external cation is
methanesulfonate, the I¢yg,) component has the
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Figure 4 PKI and PPI reduce I, in oocytes expressing the cardiac Ca?* channel of the full subunit composition (A-D) and of the o +0,/8
composition (E, F). (A) PKI peptide reduces Ig,; (B) the buffer used to dissolve the PKI peptide does not reduce Ig,. Records shown
in (A) and (B) were made in oocytes of the same frog, on the same day, in 2 mM [Ba?*],,,. (C) PP1 reduces Ig,; (D) PP2A does not sig-
nificantly affect Ig,. Records in (C) and (D) were made in oocytes of the same batch, on the same day, in 40 mM [Ba?*],,,. (E, F) PKI
peptide (E), but not the buffer (F), reduces Ig, in oocytes expressing cardiac o;+0,/8. Records in (E) and (F) were made in oocytes of
the same batch, on the same day, in 2 mM [Ba?*],y,.
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same direction as Ig,; any increase in Iz, would also
increase Iy(ga), leading to overestimation of the ac-
tual increase in Ig,. To avoid this artifact, in this
study we have used EGTA-injected oocytes and Cl-
as the extracellular anion.

The endogenous Ca?* channels are up-regulated
by PKA

cAMP has been shown to enhance the endogenous
Ca?+ channel current in the oocytes (Dascal et al,
1992; Bourinet et al, 1992). We have extended this
finding and demonstrated that the endogenous cur-
rent potentiated by coexpression of the auxiliary
subunits (f or 0,/8+p) is also enhanced by the in-
jected cAMP or catalytic subunit of PKA, and this
effect is partially reversed by a specific peptide in-
hibitor of PKA. Thus, PKA-catalyzed phosphoryla-
tion of the endogenous Ca2* channel or of an associ-
ated protein enhances the activity of the channel. It
is important to note that these results rule out the
possibility that the endogenous PKA in the oocytes
is permanently and fully activated. The oocyte’s
PKA is activatable by cAMP, like in most other cell
types, and its activation can be mimicked by the in-
jected exogenous catalytic subunit of PKA. This con-
clusion is supported by our previous findings con-
cerning modulation of the neuronal NaZ* channels
expressed in the oocytes (Gershon et al, 1992). Fur-
thermore, neither the phosphatases tested by us
(PP1 and PP2A) nor protein kinase A inhibitors
were able to reduce the endogenous Ig,, suggesting
that the channel was not substantially phosphory-
lated by PKA in its basal state (dephosphorylation of
PKA sites might be expected to produce an effect
opposite to that of PKA, i.e. to reduce the current).
The slight increase in the endogenous Ig, by both
phosphatases may be the result of dephosphoryla-
tion of sites basally phosphorylated by some other
protein kinase(s). The reversal of the cAMP-induced
increase in the endogenous Ig, by PKI indicates that
some endogenous phosphatase(s) in the oocyte is
permanently active and is able of dephosphorylating
the protein involved in the regulation of the endoge-
nous Ca?* channel (possibly the channel itself) at the
PKA sites(s).

The activity of the cardiac L-channel expressed in
the oocytes is not enhanced by PKA

Contrary to expectations and to the results of Klock-
ner et al (1992), we did not find evidence for an in-
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crease in Ig, in oocytes expressing the cardiac o sub-
unit and any of the tested B subunits (B1, B2A, B3)
upon intracellular injection of cAMP or of catalytic
subunit of PKA. The increase often observed in
oocytes expressing B-containing subunit combina-
tions (either o+ or oy+0/3+p) with relatively small
Ba?* currents (100400 nA in 40 mM [Ba2*],) could
not be reproduced when the level of expression of
the cardiac channel was high. We cannot rule out the
possibility that at high levels of expression of cardiac
Ca?* channels the modulation by PKA becomes im-
possible for some unknown reason. However, we
consider this possibility as highly unlikely: even with
high expression levels attainable in the oocytes, the
density of the expressed cardiac channels in the
membrane certainly does not exceed that in cardiac
cells (cf. Sather er al, 1993). We have adapted the
simplest interpretation for these results: when the
level of expression of the cardiac o is low, a signifi-
cant portion of the auxiliary subunits, especially f,
associate with the endogenous o, the contribution
of the potentiated endogenous current to total Iy, is
substantial, hence the observed cAMP effect. The
potentiated endogenous current rarely exceeds 300
nA, even when large amounts of RNAs of /3 and
subunits are injected; when cardiac o is also ex-
pressed, it is expected to compete with the endoge-
nous o for the auxiliary subunits. Suppose that the
total I, is 300 nA in 40 mM [Ba?*],, and 100 nA is
the contribution of the endogenous current. cAMP
may increase the endogenous current to 200 nA, re-
sulting in an overall 33% increase in total Igz,. When
more RNA of the CaZ* channel subunits is injected,
larger Ba?* currents are observed; if the total Ig, is
4000 nA (this would correspond to about 1000 nA in
2 mM [Ba%*],,,), and the endogenous current con-
tributes 200 nA, only a 5% increase in total Ig, will
occur after cAMP injection. These numeric exam-
ples are reasonable and fit very well the observed re-
sults, supporting the view that all of the observed
cAMP-induced increase in our experiments (and
possibly in those of Klockner et al, 1992) is due to
the change in the endogenous current, while the car-
diac channel activity is not affected by cAMP or
PKA.

The current via the cardiac L-channel expressed in
the oocytes is decreased by dephosphorylation

The activity of the cardiac Ca?* channel is believed
to be under a dynamic control of a phosphoryla-
tion/dephosphorylation cycle, dephosphorylation be-
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ing catalyzed by PP1 and possibly additional phos-
phatases (Kameyama et al, 1986a, b; Hescheler et al,
1988). In accord with this, we find that the catalytic
subunit of PP1, but not of PP2A, decreases the Ba?*
current via the cardiac Ca?* channel expressed in the
oocyte. Interestingly, using the same batches and in-
jected amounts of PP1 and PP2A, we have observed
opposite effects on a neuronal Na* channel ex-
pressed in the oocytes: an increase by PP2A, no ef-
fect of PP1 (Gershon et al, 1992). These observations
rule out the possibility that one of the phosphatase
batches was inactive. Furthermore, because of the
limitations of the injection methodology, the calcu-
lated increase of phosphatase activity achieved in
these experiments was only 20-60% above the basal
level (see Gershon er al, 1992). It is quite possible
that higher doses of PP1 would reduce I, by more
than 22-30% observed in the present study. The PP1
effect clearly suggests that, unlike the endogenous
Ca?* channel(s), the cardiac L-type Ca?* channel ex-
pressed in the oocyte is basally phosphorylated by a
protein kinase, and that dephosphorylation by PP1
reduces the channel’s activity. In addition, these re-
sults support the view (Armstrong and White, 1992;
Gershon et al, 1992) that modulation of ion channels
by dephosphorylation may be phosphatase-specific.
However, at present, we cannot rule out the possibil-
ity that higher doses of PP2A could also reduce Ig,;
further experiments are needed to explore the ques-
tion of phosphatase specificity in regulation of Ca2*
channel function.

The reduction of the cardiac channel activity by
PKI supports and extends the conclusions drawn
from the phosphatase effects. The finding that PKA-
specific inhibitors reduce the L-type Ca?* channel
current suggests that the channel is phosphorylated
by PKA in its basal state. Once PKA is inhibited by
the injected PKI, the dephosphorylation of amino
acid residues previously phosphorylated by PKA is
probably catalyzed by a constantly active endoge-
nous phosphatase. Thus, at least to some extent,
there is a dynamic phosphorylation/dephosphoryla-
tion control of the channel activity; however, it is
clearly different from that in the heart, where activa-
tion of PKA causes a several fold increase in Ca?*
current.

The presence of the § subunit is not required for
the inhibitory effect of PKI. 0,/8 subunit is not a sub-
strate for PKA (e.g. Hosey and Lazdunsky, 1988).
Thus, o is the main target of the putative endoge-
nous phosphatase that dephosphorylates the PKA
site(s) causing the reduction of Ig,. This is in line
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with the suggestion that o is the main target for
PKA phosphorylation (Yoshida et al, 1992; Sculp-
toreanu et al, 1993). However, on the average, the in-
hibitory effect of PKI was smaller when the 8 sub-
unit was “omitted” (a net decrease of 37-11=26%,
taking into account the 11% average decrease
caused by the injection of the vehicle) than when the
channel had the full o;+0,/8+p composition (~37%).
Thus, at present we cannot exclude that the f subunit
may play a modulatory role in PKA-related dephos-
phorylation in cardiac Ca?* channels.

Possible explanations and hypotheses

Why is the expressed L-type cardiac Ca?* channel
unaffected by PKA? In the following, we discuss sev-
eral possibilities.

i) The channel expressed in the oocyte may be
fully phosphorylated at all PKA sites. This possibility
is supported by the inhibitory effects of PP1 and
PKI. It is unlikely that a full phosphorylation of the
channel would be a result of an excessive activity of
PKA: like in other tissues, the PKA in the oocyte can
be activated by cAMP and can further exert modula-
tory effects on voltage-dependent channels (e.g. the
endogenous Ca?* channels, the expressed neuronal
Na* channel). However, the oocyte may be missing a
specific phosphatase present in the heart that de-
phosphorylates PKA sites of the L-type Ca2* chan-
nel; in this case the phosphorylation/dephosphoryla-
tion equilibrium may be deregulated, and a high
level of basal phosphorylation may be expected.

ii) The o subunit of the cardiac L-type Ca?* chan-
nel may be incorrectly processed in the oocyte; for
instance, it might be truncated, missing the cytoplas-
mic C terminal portion (rich in putative PKA sites:
see Mikami et al, 1989). 95% of the SKM ¢, in the
native tissue is truncated in this way (De Jongh et al,
1991). Part of the cardiac oy heterologously ex-
pressed in CHO cells is truncated; while the full-
length protein (~250 kDa) is phosphorylated by
PKA, the truncated form (~200 kDa) is not (Yoshida
et al, 1992). The hypothesis that the channel ex-
pressed in the oocytes had lost the sites “responsi-
ble” for the enhancing effect of PKA implies that
these sites are different from those “responsible” for
the decrease in Ca?* channel current in the oocytes
caused by dephosphorylating agents (PKI and PP1).

iii) It is possible that none of the known subunits
of the cardiac Ca?* L-type channels is the substrate
for PKA-catalyzed phosphorylation that causes the
enhancement of the Ca2* current in the heart; an ad-
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ditional, yet unidentified, protein (a “missing link™)
may participate in this effect. In the past, we and
others had observed that the cardiac Ca?* channel
expressed in oocytes injected with total rat heart
RNA was enhanced after cAMP injection (Dascal et
al, 1986; Lory and Nargeot, 1992). However, in these
studies the possible contribution of a potentiated (by
the auxiliary subunits) endogenous current might
not have been fully appreciated. In recent experi-
ments, we were unable to observe any significant in-
crease in Ig, in oocytes injected with rabbit heart
poly(A) RNA; whenever such an increase was ob-
served, a pharmacological test with a dihydropyri-
dine blocker revealed the presence of a substantial
dihydropyridine-insensitive current (Singer-Lahat
and Dascal, unpublished results). Also, experiments
in which the cardiac Ca?* channel subunits’ RNAs
(o +0,/8+B) were coexpressed with total cardiac
RNA in the oocytes, did not yield clear-cut results: in
a few oocytes, some cAMP sensitivity was observed,
but in a majority of oocytes, Ig, was still insensitive
to cAMP (Singer-Lahat and Dascal, unpublished ob-
servations). Thus, the “missing link” hypothesis has
no experimental support at present.

iv) A yet undetected isoform of the L-type channel
o, subunit, with a different set of PKA sites and en-
hanced by PKA phosphorylation, may exist in the
heart.

It is clear that the existing knowledge of the mech-
anism of the physiological effect of PKA on cardiac
L-type Ca?* channel, including the present report, is
insufficient for a full understanding of PKA modula-
tion of cardiac Ca?* L-type channel. Each of the four
possibilities presented above may serve as a working
hypothesis for further studies.

METHODS

Xenopus laevis females were obtained from the
South African Xenopus Facility (Fish Hoek, South
African Republic) or from Xenopus I Inc. (Ann Ar-
bor, MI, USA). The animals were maintained, and
oocytes prepared as described (Dascal and Lotan,
1992). Briefly, the frogs were dissected under MS 222
anesthesia, pieces of ovary were removed through
incisions in the abdomen which were sutured, and
animals were returned to the tanks to be reused
later. Oocytes were defolliculated by collagenase
(Type 1A, Sigma), injected with 50 nl of RNA solu-
tion and incubated for 3-7 days at 22°C in a sterile
solution (NDE) containing 96 mM NaCl, 2 mM KCl,
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1.8 mM CaCl,, 1 mM MgCl,, 5 mM Hepes/NaOH
(pH=7.6), 2.5 mM Na Pyruvate, 100 pg/ml strepto-
mycin, and 100 U/ml penicillin. In most cases, unless
indicated otherwise, the oocytes were injected with
20-50 nl of 4-10 mM K-EGTA solution (pH=7) 4-16
h before the measurement of Ig,.

cDNAs of the various Ca?* channel subunits were
from rabbit (see Hullin et al, 1992, for details); cR-
NAs were synthesized in vitro as described (Singer et
al, 1991; Hullin et al, 1992), dissolved in water, mixed
in the desired combination in equal amounts (by
weight), and injected into the oocytes (1-50 ng of
each subunit’s RNA, depending on the experimental
design). Note that the cDNA of the o/d subunit was
originally cloned from a skeletal muscle library (Tan-
abe et al, 1987).

Electrophysiological recordings were done as de-
scribed (Singer et al, 1991), using a Dagan 8500 two
electrode voltage clamp amplifier, and the pCLAMP
software (Axon Instruments, Foster City, CA, USA)
for data acquisition and analysis. Two solutions were
used: a high-Ba?* solution with 40 mM BaCl,, 50 mM
NaCl, 2 mM KCl, 1 mM MgCl,, 5 mM Hepes/NaOH
(pH=7.5), and a low-Ba?* solution with 2 mM BaCl,,
96 mM NaCl, 2 mM KCl, 1 mM MgCl,, 5 mM Hepes
(pH=7.5). On a few occasions, a 40 mM Ba methane-
sulfonate solution was used (Dascal et al, 1986) iden-
tical to the high-Ba2+ solution detailed above, but
with methanesulfonate replacing Cl-. The cells were
held at a holding potential of -80 mV in a 500 pl bath
constantly perfused with the recording solution; ces-
sation of perfusion usually led to a decrease in Ig,.
Stability of the recorded current was verified for at
least 5 min before starting any experimental manip-
ulation (e.g. injection of a protein).

Pressure injections into the oocytes were per-
formed while the oocytes were already voltage
clamped with one or two injection needles inserted
into the cell in addition to the voltage and current
microelectrodes, as described elsewhere (e.g. Dascal
et al, 1984). The substances used for the intracellular
injections were obtained and prepared for injection
as follows. cAMP, PKI proteins (crude; from rabbit
muscle, and type III, from porcine heart), and cat-
alytic subunit of PKA were from Sigma. cAMP was
dissolved in water at 10 mM. The PKA catalytic sub-
unit was dissolved in 5 mM dithiotreitol at 40-85
U/ml, stored at 0—4°C, and used no more than 48 h
afterwards. In some experiments, the catalytic sub-
unit of PKA prepared as described (Hofmann 1980)
was used. A modified protein kinase inhibitor pep-
tide (PKI4_54) was synthesized as described (Fernan-
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dez et al, 1991). The PKI proteins (12.5-25 pg/ul) and
peptide (0.1 pg/pul) were dissolved in the following
buffer: 25 mM Tris/HCI (pH=7), 0.05 mM EDTA.
The solutions of PKI proteins and the peptide were
usually prepared freshly before the experiment;
sometimes the solutions were stored at 4°C for no
more than 72 h. The catalytic subunits of PP1 and
PP2A (a gift from Philip Cohen, University of
Dundee, UK) were dissolved at 15 and 3 U/ul, re-
spectively, in a buffer containing 50 mM Tris/HCI
(pH=7), 0.1% B-mercaptoethanol, 0.1 mM EGTA,
and 50% (v/v) glycerol, and stored at -20°C (see
Gershon et al, 1992, for additional details).

In many cells, in high-Ba?*, Ca?*-free solutions, in-
tracellular injections caused transient or persistent
inward currents and increased the leak current.
These artifacts were negligible for cAMP injection,
since volumes <5 nl were injected, but became signif-
icant when peptides or proteins were injected (usu-
ally 5-20 nl). Cells in which intracellular injections
caused persistent changes in holding current (“cell
deterioration”) were discarded. The leak currents
were always subtracted. Even then, when Ig, was rel-
atively small (100-200 nA), the injection artifacts
and leak changes caused by injection of >5 nl could
still cause substantial Iz, measurement errors, as re-
vealed by the injection of similar volumes of vehicle.

The data in the text and in the table are presented
as mean+SEM. Tests of statistical significance of dif-
ferences between mean values have been done using
the two-tailed t-test.
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