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ABsTRACT  The effects of phosphorylation on the voltage-dependent properties of dihydropyridine-sensitive Ca channels of skeletal
muscle were studied. Single channel currents were recorded upon incorporation of transverse tubule membranes into planar
bilayers that were kept polarized at near physiological resting potential and subjected to depolarizing pulses under voltage clamp.
Studies were conducted to analyze the properties of the channels at both the single channel and macroscopic level, using
methods introduced in the preceeding paper (Ma et al., 1991. Biophys. J. 60: 890-901.). Addition of the catalytic subunit of
CAMP-dependent protein kinase to the cis (intracellular) side of the bilayers containing channels resulted in: (@) an increase in open
channel probability at all voltages above —50 mV; (b) a leftward shift (by 7 mV) in the curve describing the voltage-dependence of
activation; (c) an approximate twofold decrease in the rate of inactivation; and (d) an increase in the availability of the channel.
These findings provide new insights at the single channel level into the mechanism of modulation of the dihydropyridine-sensitive
Ca channels of skeletal muscle by signal transduction events that involve elevation in cAMP and activation of the cAMP-dependent

protein kinase.

INTRODUCTION

Ca channels in many cell types are regulated by receptor
mediated events that involve activation of GTP-binding
proteins and/or protein phosphorylation systems (for
reviews see Hosey and Lazdunski, 1988; Brown and
Birnbaumer, 1988). A problem in the study of these
regulatory events is that channels from different sources
have been preferred for electrophysiological vs. biochem-
ical studies. Electrophysiologically, the Ca channels
whose regulation has been studied most are the L-type
channels of cardiac muscle (Tsien et al., 1986; Pelzer et
al.,, 1990; Ochi and Kawashima, 1990). On the other
hand, biochemical studies aimed at elucidating how such
regulation might occur have used the DHP-sensitive
channels from skeletal muscle (O’Callahan and Hosey,
1988; Jahn et al., 1988; Lai et al., 1990).

Calcium currents (I,) of skeletal muscle are regulated
by cCAMP dependent events. I, became larger and faster
activating in the presence of B-adrenergic agonists
(Arreola et al.,, 1987). The rate of “Ca influx into
cultured cells increased when intracellular cAMP is
elevated (Schmidt et al., 1985). Purified skeletal muscle
calcium channels incorporated into liposomes were
shown to be activated by either exposure to cAMP-
dependent protein kinase (PKA) (Nunoki et al., 1989)
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or exposure of the muscle to cAMP activating agents
prior to isolation (Mundifia-Weilenmann et al., 1991).
Furthermore, the addition of PKA increased open
probability of purified channels (Flockerzi et al., 1986)
or native channels from T tubule vesicles (Yatani et al.,
1988) incorporated into planar bilayers. However, the
effect of phosphorylation by PKA on the voltage-
dependent gating of skeletal muscle calcium channels
has not been characterized well at the single channel
level.

We undertook the present studies to improve the
description of the functional effects of phosphorylation
on skeletal muscle Ca channels. We used the techniques
developed in the first paper of this series (Ma et al.,
1991) to determine the effects of cAMP-dependent
protein kinase on the voltage-dependent properties of
the channels incorporated in planar lipid bilayers. The
studies resulted in a description of the effects at both the
single channel and macroscopic levels.

METHODS

Single channel recording and
analysis of data

Preparation of transverse tubule membranes, their fusion with lipid
bilayers and single channel recording were carried out as described i1
the previous paper (Ma et al. 1991). The membranes were k:pt
polarized at —80 mV and depolarizing pulses elicited channel opening,
manifested by inward Ba’* currents. As in the previous paper, all the
analyses were carried out on test-minus-control current records. The
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analysis included studies on single channel records and on their
averages over large numbers of sweeps. At the single channel level,
amplitude and open time histograms were constructed. The average
open probability (P,) was calculated as fractional open time during the
whole pulse. As discussed in the previous paper, P, is an average over
time of the nonstationary probability Py(t, V). Its voltage dependence
can be described by a Boltzmann function,

- 1
P,=P,, T (1)

At the macroscopic level, the ensemble averaged currents {I(¢, V))*
were fitted by the function

I..[1 — exp(—t/T,)] exp(—t/z,), )

where I, = A m*(®), A is a constant, and m(x), 71, and 7, are
functions of pulse voltage.

Protein kinase studies

The catalytic (C) subunit of cAMP-dependent protein kinase (PKA)
was purified to homogeneity from bovine heart according to Sugden et
al., (1976). It was introduced in the cis chamber (volume = 3 ml) to a
final concentration of 0.25 to 1 M, in the presence of 3 mM ATP-Mg.
The chamber compartment was stirred for 1 min and the measure-
ments of channel activity in the presence of PKA were started two to
three min after introduction of the enzyme. The conditions used here
for the phosphorylation experiments was very similar to those of
previous experiments in which phosphorylation of the channel pro-
teins in T-tubule membranes was directly studied with [y-?P]JATP.
Under these conditions, the addition of PKA led to the phosphoryla-
tion of the o, and B subunits of the channel protein, with approxi-
mately five-fold more phosphate incorporated into the «, than the B
subunit (O’Callahan et al., 1988; O’Callahan and Hosey, 1988).

Statistics

The voltage dependence of channel open probability and the time
dependence of averaged currents were fitted with theoretical functions
using nonlinear least-squares routines (Scarborough, 1966). In these
cases a standard error of the parameters (¢) was calculated as the
square root of the diagonal elements of the covariance matrix
(Cleland, 1977). A 95% confidence interval for parameters deter-
mined in this manner includes + 3 o instead of + 2 ¢, owing to the
nonlinear nature of the problem (Hamilton, 1969).

RESULTS

Routinely, after a channel was incorporated successfully
in a bilayer, a sequence of several pulses to different
voltages was applied in the reference solutions. Then
PKA was introduced in the cis compartment and the
same sequence of pulses was repeated. In some cases the
measurements were started directly in the presence of
PKA.

Representative ionic currents in reference conditions
and after the addition of PKA are shown in Fig. 1.
Several effects of PKA are illustrated by the records: (a)
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FIGURE1 Phosphorylation by PKA increased the voltage dependent
opening of the Ca channel. Selected single channel records at different
membrane potentials (listed in mV) taken from one bilayer experi-
ment in reference solutions (4) and a different experiment, 2-7 min
after addition of 0.25 uM purified C-subunit of PKA to the cis
chamber.

the open channel probability increased at all voltages;
(b) the voltage dependence seemed to shift to lower
voltages since open channel events appeared at —50 mV
after the addition of PKA but not under reference
conditions; (c) the gating kinetics changed; specifically,
open events late in the pulse became much more
frequent, and (d) the single channel conductance did
not change. All these observations are analyzed in detail
below. Data will be presented first on microscopic
properties of the single channel, and then on macro-
scopic properties of the ensemble averaged currents.

Voltage-dependent activation

The time-averaged open probability P, vs. pulse voltage
V in reference (open circles) and after introduction of
PKA in the cis compartment (solid circles) is depicted in
Fig. 2. Each data point in PKA is an average of six
separate experiments. The vertical bars span * one
standard error of the mean. The solid curves represent
the best fit Boltzmann functions of voltage (Eq. 1). The
addition of PKA increased P,,, from 0.078 (SD = 0.01)
in the nonphosphorylated condition to 0.12 (0.01) in
PKA ( a significant difference, p < 0.05). In addition, V
changed from -26 (0.2) mV to —33 (0.4) mV, con-
firming the suggestion from Fig. 1 that phosphorylation
shifted the voltage dependence of channel activation so
that the open events appeared at lower voltages. This 7
mV difference, though small, was significant (using + 3 o
as 95% confidence intervals for the estimates of V, cf
Methods). The dotted curve in Fig. 2 represents the best
fit Boltzmann in reference, scaled to match the final
level in PKA, and demonstrates graphically the signifi-
cance of the shift. K did not change (7.0 [0.14] mV in
reference, 7.3 [0.38] mV in PKA).
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FIGURE2 Effect of PKA on the voltage dependence of the open
probability. Each data point represents the average of six separate
bilayer experiments performed in the presence of 0.25 uM C-subunit
of PKA in the cis chamber (solid circles ). The open circles represent
average values in 10 bilayers in reference condition. The curves
represent Boltzmann functions (Eq. 1). The best fit parameters after
PKA were: P, = 0.12(SD = 0.01),K = 7.3 (0.4) mV, V= —32.6 (0.4)
mV. The parameter values in reference (Ma et al. 1991) were: P, =
0.078 (0.01), ¥V = —26 (0.2) mV and K = 7.0 (0.2) mV. The dotted
curve is the best fit Boltzmann to the reference results, scaled to match
the P, after PKA.

Single channel conductance and
distribution of open times

Amplitude histograms were constructed from 32 test-
minus-control sweeps, of 2 s duration, obtained after
exposure to PKA. As in the absence of the protein
kinase (Ma et al., 1991, Fig. 4) the histograms were well
fitted by a sum of two gaussians. The central value of the
one describing open channel events was at 0.49 and 0.70
PA, respectively at test voltages of 0 and —20 mV. The
corresponding slope conductance, 10 pS, was not signifi-
cantly different from the reference value of 9 pS. Thus,
the addition of PKA did not alter measurably the open
channel conductance.

Defining the threshold for current detection, ¢, at 0.3
PA, a histogram of open times was constructed from the
records at —10 mV, and is shown in Fig. 34. As in
reference, the sum of two exponentials provided a good
description. The best fit time constants were 1, = 6.5 ms
and 7, = 22 ms. These numbers are very similar to those
of the reference channel (1, = 5.8 and 7, = 30 ms; Ma et
al., 1991). The proportion W,/W,, of long over short
events changed slightly, from 0.13 in reference to 0.15 in
PKA.

It was shown in the previous paper that heavier
filtering of the records in reference led to the appear-
ance of a group of long openings, with a time constant
(t,) of 92 ms. We repeated the procedure after the
addition of PKA. Fig. 3 B shows the open time histo-
gram obtained from the same records (Fig. 3 4) after
digitally filtering at 30 Hz. As was found in reference,
the histogram could be fitted after the initial 10 ms by a
sum of two exponentials, with parameters W, = 4290,

FIGURE3 Open time distribution after exposure to PKA. Channel
open times at —10 mV were computed from 192 episodes. At 100 Hz
filter frequency (left), a total of 8,687 open events were detected. When
the same calculation was carried out after a step of digital filtering at
30 Hz (right), the number of open events detected was reduced to
2,206. Both histograms were best fitted by a sum of two exponential
distributions (Eq. 2). The best fit values of the parameters at 100 Hz
were: W, = 20,195, 7, = 6.5 ms, W, = 2,929, 1, = 22.1 ms. At 30 Hz:
W, =4,290, 7, = 19.8 ms, W, = 1,114, 1, = 101 ms.

T, = 20 ms, W, = 1110, 7, = 100 ms. The time constants
were not different than in reference; the ratio W,/ W, was
0.259 compared to 0.205 in reference. In conclusion, the
frequency of openings, both short and long, was en-
hanced by PKA. Furthermore, the occurrence of longer
openings after filtering (r,), which might either repre-
sent bursts or actual openings (Ma et al., 1991), was
enhanced, both in terms of absolute frequency, and
relative to the occurrence of long openings (t,).

Kinetics of gating

We used ensemble averages of individual sweeps to
analyze the kinetics of gating. Fig. 4 4 shows a successive
series of records obtained with a 5 s pulse to ~10 mV
(top) in the presence of PKA. A major difference in
kinetics (compare Fig. 6 of Ma et al., 1991) was that a
substantial frequency of openings remained at the end
of the 5 s pulse. Panel B represents the average current
over an ensemble of 384 sweeps. The continuous line is
the best fit with Eq. 2 and yielded the parameters I, =
0.26 (0.07) pA, 7, = 130 (6.8) ms and 7, = 2.9 (0.1) s.
The general characteristics of channel gating were
conserved before and after PKA, but the best fit param-
eters were different.

There seemed to be no change in the activation time
constant in this particular average. However, the time
resolution of the 5 s pulses is not the best to study the
kinetics of activation. Therefore, activation kinetics, and
the voltage-dependence of the effect, were studied with
shorter records. For these purposes, 2 s pulses were
used. Fig. 5 compares ensemble averages in reference at
various voltages with averages after exposure to PKA. At
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FIGURE4 Ensemble averages of channel currents after exposure to
PKA. Consecutive episodes, obtained at 7-s intervals, digitized at 200
Hz, starting 5 min after addition of 0.5 uM C-subunit of PKA. Bottom
record: ensemble average of 402 episodes obtained in four bilayer
experiments. The solid line was generated with Eq. 2 fitted to the
average. Best fit parameters are: 1, = 0.26 (0.07) pA, 1,, = 132 (7) ms,
7 =29(0.1)s.

Reference + PKA
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FIGURES Effect of PKA on the voltage dependence of the ensemble-
averaged current. Ensemble averages at the potentials indicated were
generated from many episodes obtained with a 2-s depolarizing pulse.
Blank sweeps were excluded from the averages. The number of
episodes and number of experiments used are: at 0 mV (241, 5), at =10
mYV (312, 12), at —20 mV (390, 11) for bilayers in reference conditions;
—10 mV (320, 4), =20 mV (213, 9), —30 mV (225, 10) for channels
treated with PKA. Seven of the nine bilayers at —20 mV and three of
the 12 bilayers at ~10 mV were studied both in reference and after
PKA. Smooth lines represent the best fit with Eq. 2. Parameters are
given in Table 1.

all voltages the inactivation was lower in PKA, and less
complete after 2 s than in the reference condition.

The records in Fig. 5 were fitted with Eq. 2 and the
best fit parameters are listed in Table 1. The fits listed in
the table were obtained on collective averages that
included records from between five and 12 different
bilayers. In the collective fits, the activation time con-
stant decreased by 8 ms at —10 mV, which is not
significant, but was consistent with the left-shift of the
activation curve. The only highly significant change in
macroscopic gating caused by PKA was the increase in
inactivation time constant, observed at both —10 and
—20 mV. Because there is no evidence of voltage-
dependence of 7,, the results at both voltages could be
pooled, giving an average value of 1.34 s for reference
condition, and 2.50 s in PKA. This value agrees reason-
ably well with the more reliable estimate of the inactiva-
tion time constant in PKA (1, = 2.9 s) determined with
pulses of longer duration (Fig. 4).

Deactivation

Fig. 6 shows records obtained at a high sampling rate (4
points/ms) and lower overall gain (100 mV/pA), condi-
tions used in the previous paper to characterize the
rapid closure after repolarization. A reduced pulse
duration (400 ms) allowed us to observe deactivation
when P, (¢, V') was at its maximum both in reference (left
side panel) and PKA. In the single channel records,
episodes having openings that lasted several ms after the
end of the pulse became relatively frequent in PKA. The
ensemble averages (bottom) clearly show the tail cur-
rent, which was fitted by an exponential of time constant

TABLE 1 Voltage dependence and effects of phosphorylation
of the skeletal muscie Ca** channel

Voltage T T y . M,/M
mV ms S PA
0 Control 101 + 2.5 1.535 + 0.039 0.223 + 0.004 0.22 + .02

+PKA

—10 Control 118 +4  1.24 + 0.04 0.25 = 0.006 0.26 + .03
+PKA 1103 248 +0.09 0.26 +0.005 0.19 = .02

~20 Control 137 5 1.44 +£0.06 0.16 = 0.005 0.30 = .02
+PKA 130 +6 252+0.18 0.18+0.006 0.23 = .02

~30 Control
+PKA 117+8 4.07 £ 049 0.096 = 0.004 0.28 = 0.03

Ensemble averaged currents at each membrane potentials were fitted
according to: I = I, (1 — e™"")’¢"™ Numbers given for 1, 7,, and I,
are best fits + errors of fit. M,/M = number of blank episodes/total
number of episodes (mean value * standard error of the mean). The
number of experiments for each condition was between five and 12.
The difference of the mean values of M,/M (reference and + PKA)
was significant at all voltages (P < 0.04).
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FIGURE 6 Effect of phosphorylation on channel deactivation. Consecutive episodes of 500 ms, recorded at a total gain of 100 mV/pA and digitized
at a rate of 4 kHz in reference condition (left) and after PKA (right). Pulses of 400 ms to —20 mV. Records at bottom: ensemble averages of 110
episodes from four bilayers in reference (left side ) and 80 episodes from three bilayers after PKA. The deactivation (tail ) current was fitted by a
single exponential decay to zero. The time constant was 8 (0.9) ms in reference and 12 (1.1) ms after PKA.

8 (0.9) ms in reference and 12 (1.1) ms in PKA. The
difference of time constants was significant at a P <
0.01. The conclusion from these studies at higher time
resolution is that, after PKA, the channels seemed to
close more slowly upon repolarization.

Availability

To determine the effects of phosphorylation by PKA on
channel availability, we analyzed the fraction M,/M of
null sweeps (Table 1, last column). The entries in the
column are averages of separate determinations in five
to 12 different bilayers. The numbers in parentheses are
standard errors of the mean. PKA caused a significant
decrease in M,/M at both —10 and —20 mV. As was
observed in reference, M;/M was somewhat voltage
dependent, decreasing at higher voltages. The differ-
ence in M,/M between the highest and the lowest
voltages was significant both in reference condition and
after addition of PKA.

DISCUSSION

The major findings of the present work are that phosphor-
ylation of the DHP-sensitive Ca channels from skeletal
muscle by PKA results in: (a) an increased open
probability; (b) a leftward shift in the voltage depen-
dence of activation; (c¢) a decrease in the rate of
inactivation; and (d ) an increase in the availability of the
channel to open.

Increase in channel open probability

The addition of PKA increased the open probability at
all voltages studied. This overall effect was the result of
several changes in gating. The P, vs. V curve underwent
a shift to the left by 7mV and an increase in the value of
P..., from 0.078 in reference to 0.12 after PKA. In the
previous paper (Ma et al., 1991) it was shown that the
open channel probability may be described as the
product of two voltage- and time-dependent terms (m’
and k) and P,,, the maximum open probability, a
theoretical value that can only be reached in the situa-
tion in which the channel is fully activated by voltage and
fully available. The factor P, was pictured as the open
probability of a voltage-independent “gate” that is in
series with the voltage dependent gates, and that tends
to be closed most of the time.
According to Eq. 14 of Ma et al. (1991):

P, =NP,h(0)B 3)
B=[1-exp(~T/m)l/m/T, 4)

where N is the number of channels in the bilayer
(estimated at two or three), and B represents the effect
of averaging over time a probability that is decaying due
to inactivation. B depends on the pulse duration 7 and
the inactivation time constant; using the values of T,
found with pulses of 2 s, 8 changed from 0.5 in reference
to 0.69 in PKA.

Because the main kinetic effect of PKA in the present
study was a reduction in the rate at which the channels
enter the inactivated state, a simple explanation of the
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increase in availability is that the rate of inactivation was
also decreased at the holding potential, which, in the
presence of an unchanged or increased rate of recovery
from inactivation, determined a lower steady state value
of inactivation at the holding potential. If N channels are
in the membrane:

M,/M =[1 - h(O)]". (5)

Because the fraction of nulls M,/M changed from
=0.25 to =0.2 (Table 1), £(0) increased from =0.43 in
reference to =0.53 in PKA. This implies, using Eq. 3,
that P, went from =0.15 to =0.14. From this approxi-
mate calculation, which depends on the estimate of N
and assumes that this number does not change under
PKA, the open probability of the voltage-dependent
gate remained unchanged. The increase in P,, demon-
strated by the curves of Fig. 2, was due mainly to a
decrease in the inactivation rate at depolarized poten-
tials (which increases B, Eq. 4) and an increase in
availability at the holding potential (4#[0]). The slight
increase in the rate of activation in response to the
depolarizing potential contributed only marginally to
the increase in P,

Interestingly, open lifetimes of the channel were not
changed by phosphorylation. The analysis of open times
revealed mainly an increased proportion of bursting
events (W,, 1) (compare Fig. 3 B with Fig. 5 D of Ma et
al., 1991).

Our results include the observation of a shift in the
activation curve towards negative voltages of the phos-
phorylated channel. The shift, small but significant,
probably is associated with the small increase in activa-
tion rate (which was not significant in the present
measurements) and the decrease in deactivation rate.
Such a shift has not been reported in skeletal muscle
studies, but seems to be present in the results of Arreola
et al., (1987) in which the threshold for activation of 1., is
shifted to the left by some 5 mV. In ventricular myocytes,
however, several recent observations suggest that cAMP
and B adrenergic agonists shift the activation of Ca
current to more negative voltages (reviewed by Pelzer et
al., 1990).

Putative phosphorylation sites for PKA exist in the
cytoplasmic loop between internal repeats II and III of
the DHP receptor (Rohrkasten et al., 1988) and in the
300 residue-long, COOH-terminal, cytoplasmic segment
(Tanabe et al., 1987). Phosphorylation of these cytoplas-
mic segments would add negative charges to the cytoplas-
mic side of the channel and conceivably could affect the
transmembrane segments (S,) believed to constitute the
voltage sensitive portion of the DHP receptor (Tanabe
et al., 1987). The simplest electrostatic consequence of
the chemical modification should be a shift of the

voltage dependent gating to more positive potentials.
The fact that the opposite shift was observed, and that
this shift was accompanied by other changes in kinetics,
suggests that phosphorylation brings about changes in
structure more complex than predicted by a simple
addition of fixed negative charges.

Comparison with physiological
studies in whole cells

The present results are not strictly comparable with
previous work on skeletal muscle cells, due to the use of
Bay K 8644 in our study. However, these results are
consistent with most of the previous studies of the effects
of phosphorylation and phosphorylation mediated inter-
ventions in muscle cells. Both B-adrenergic agonists and
cAMP increase “Ca influx in cultured muscle cells
(Schmid et al., 1985), as well as twitch tension (Gonzilez-
Serratos et al., 1981) and the rate of increase and peak
value of I, in skeletal muscle (Arreola et al. 1987). In
addition, protein kinase A, applied intracellularly, in-
creases peak I, in cut fibers (Garcia et al., 1990). The
kinetic effects observed in the present study are also
consistent in general with results on whole cells. Thus,
the slight increase in the rate of activation is consistent
with the reduction in time to peak of I. that was
observed in skeletal fibers treated with epinephrine or
the catalytic subunit of PKA (Arreola et al., 1987). The
slower inactivation observed here in the presence of
PKA is consistent with the slower decay of Ca currents
observed in the presence of PKA in rat muscle fibers
(Garcia et al., 1990). Only the observation of Arreola et
al. (1987) of a faster decay of I, in frog fibers in the
presence of epinephrine is in disagreement with the
present results. One explanation of this discrepancy is
that the rates of decay measured by Arreola et al. (1987)
were in part due to depletion of Ca** in the T tubules,
and that this depletion occurred faster due to the
increased I, in the presence of epinephrine.

The effects of PKA on availability and inactivation
rate observed here had the same direction as those of
isoproterenol or epinephrine in cardiac Ca channels
(Tsien et al., 1986; Trautwein and Pelzer, 1988; Ochi
and Kawashima, 1990). The effects, however, were
smaller in the present experiments with skeletal muscle
channels. Considering that our experiments required
Bay K 8644, an agent that increases significantly the
slowing effect of isoproterenol on inactivation in cardiac
cells (Tsien et al., 1986), the difference between the
effects of phosphorylation on skeletal and cardiac chan-
nels may be even greater.
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Comparison with biochemical
studies of phosphorylation

The results add insight into the physiological signifi-
cance of previous biochemical studies of phosphoryla-
tion of the channels by cAMP-dependent protein kinase,
both in vitro and in vivo. Both the «, and 8 subunits serve
as substrates in vitro for the cAMP-dependent protein
kinase (Curtis and Catterall, 1986; Flockerzi et al., 1986;
Nastainczyk et al., 1987; O’Callahan and Hosey, 1988;
Jahn et al., 1988; Nunoki et al., 1989). The phosphoryla-
tion studies most relevant to the results presented here
are those in which phosphorylation of the channels was
performed directly in the T-tubule membranes
(O’Callahan and Hosey, 1988; O’Callahan et al., 1988)
rather than with purified channels. The conditions of the
previous phosphorylation studies with T-tubule mem-
branes were very similar to those used here and result in
rapid and stiochiometric phosphorylation of the «,
subunit, with a five-fold lower phosphorylation of the
subunit (Chang et al., 1990). The «, subunit undergoes
rapid phosphorylation in intact skeletal muscle cells in
response to stimulation of the cells with isoproterenol
(Lai et al., 1990; Mundifia-Weilenmann et al., 1991). No
phosphorylation of the B subunit was observed (Mundifia-
Weilenmann et al., 1991).

The present results and the biochemical studies taken
together suggest that regulation of skeletal muscle Ca
channels by cAMP-dependent events occurs in intact
muscle via phosphorylation of the ¢, subunit, and that
several molecular transitions are affected, the conse-
quence being an increased readiness of the channels to
open in response to depolarizations.

It would be of interest to determine whether and how
phosphorylation of the DHP receptors affects their role
as voltage sensors of excitation-contraction coupling
(Rios and Brum, 1987; Tanabe et al., 1988). B-adrener-
gic agonists promote EC coupling (Brum et al. 1990), as
does GTP S (Di Virgilio et al., 1986; Garcia et al.,
1990). Additionally, recent observations on the effect of
chimeric DHP receptors expressed in myotubes of
myodysgenic mice showed that a cytoplasmic region of
the skeletal muscle o, subunit, joining internal repeats 11
and III, is important in imparting the unique features
that allow the DHP receptor to perform the voltage
sensing function in skeletal-type excitation-contraction
coupling (Tanabe et al.,, 1990). Because this region
contains the preferred site of phosphorylation by the
cAMP-dependent protein kinase in vitro (serine-687,
Rohrkasten et al., 1988) it constitutes a prime candidate
for the site at which phosphorylation could have E-C
coupling effects. More needs to be done in order to
establish if phosphorylation has a role in the modulation
of E-C coupling. The present results, however, suggest

that two specific effects should be sought, a leftward shift
of the voltage dependent activation of E-C coupling, and
a reduction in the rates of voltage-dependent inactiva-
tion.

This work was supported by grants from National Institutes of Health
(AR32808) to Eduardo Rios, (HL23306) to M. Marlene Hosey and by
a grant from Muscular Dystrophy Association to Eduardo Rios.
Cecilia Mundiiia-Weilenmann and Jianjie Ma are recipients of Muscu-
lar Dystrophy Association postdoctoral fellowships.

Received for publication 3 January 1991 and in final form 17 April
1991.

REFERENCES

Arreola, J., J. Calvo, M. C. Garcia, and J. A. Sanchez. 1987.
Modulation of calcium channels of twitch skeletal muscle fibres of
the frog by adrenaline and cyclic adenosine monophosphate. J.
Physiol. (Lond.). 393:307-330.

Brown, A. M,, and L. Birnbaumer. 1988. Direct G protein gating of ion
channels. Am. J. Physiol. 254:H401-H410.

Brum, G., S. Gonzalez, G. Ferreira, M. Maggi, and C. Santi. 1990.
Effects of adrenaline on calcium release in single fibers of frog
skeletal muscle. Biophys. J. 57:342a. (Abstr.)

Chang, C. F., C. Mundifa-Weilenmann, J. Ptasienski, and M. M.
Hosey. 1990. Analysis of the putative subunits of skeletal muscle Ca
channels and their differential phosphorylation by protein kinases.
Biophys. J. 57:315a. (Abstr.)

Cleland, W. W. 1977. The statistical analysis of enzyme kinetic data.
Adv. Enzymol. Relat. Areas Mol. Biol. 29:1-32.

Curtis, B. M., and W. A. Catterall. 1986. Reconstitution of the
voltage-sensitive calcium channel purified from skeletal muscle
transverse tubules. Biochemistry. 25:3077-3083.

Di Virgilio, F., G. Salviati, T. Pozzan, and P. Volpe. 1986. Is a guanine
nucleotide-binding protein involved in excitation-contraction cou-
pling in skeletal muscle? EMBO (Eur. Mol. Biol. Organ.) J. 5:259-
262.

Flockerzi, V., H.-J. Ocken, F. Hofmann, D. Pelzer, A. Cavalie, and W.
Trautwein. 1986. Purified dihydropyridine-binding site from skeletal
muscle t-tubules is a functional calcium channel. Nature (Lond.).
323:66-68.

Garcia, J., R. Gamboa-Aldeco, and E. Stefani. 1990. Charge move-
ment and calcium currents in skeletal muscle fibers are enhanced by
GTP ~S. Pfluegers Arch. Eur. J. Physiol. 417:114-116.

Gonzilez-Serratos, H., L. Hill, and R. Valle-Aguilera. 1981. Effects of
catecholamines and cyclic AMP on excitation-contraction coupling
in isolated skeletal muscle fibers of the frog. J. Physiol. 315:267-282.

Hamilton, W. C. 1969. Statistics in Physical Science. Ronald Press Co.,
New York.

Hosey, M. M., and M. Lazdunski. 1988. Calcium channels: molecular
pharmacology, structure and regulation. J. Membr. Biol. 104:81-106.

Jahn, H., W. Nastainczyk, A. Rohrkasten, T. Schneider, and F.
Hofmann. 1988. Site-specific phosphorylation of the purified recep-
tor for Ca channels blockers by cAMP- and ¢cGMP-dependent
protein kinases, protein kinase C calmodulin dependent protein
kinase II and casein kinase I1. Eur. J. Biochem. 178:535-542.

908 Biophysical Journal

Volume 60 October 1991



Lai, Y., M. Seagar, M. Takahashi, and W. C. Catterall. 1990. Cyclic
AMP-dependent phosphorylation of two size forms of a subunit of L
type calcium channels in rat skeletal muscle cells. J. Biol. Chem.
265:20839-20848.

Ma, J., C. Mundifia-Weilenmann, M. M. Hosey, and E. Rios. 1991.
Dihydropyridine sensitive skeletal muscle Ca channels in polarized
planar bilayers. 1. Kinetics and voltage dependence of gating.
Biophys. J. 60:000-000.

Mundina-Weilenmann, C., C. F. Chang, L. Gutiérrez, and M. M.
Hosey. 1991. Demonstration of the phosphorylation of dihydropyri-
dine-sensitive Ca®* channels in chick skeletal muscle and the
resultant activation of the channels after reconstitution. J. Biol.
Chem. 266:4067-4073.

Nastainczyk, W., A. Réhrkasten, M. Siefer, C. Rudolph, C. Schachtele,
D. Marrine, and F. Hofmann. 1987. Phosphorylation of the purified
receptor for calcium channels blockers by cAMP-dependent protein
kinase and protein kinase C. Eur. J. Biochem. 169:137-142.

Nunoki, K., V. Florio, and W. C. Catterall. 1989. Activation of purified
calcium channels by stiochiometric protein phosphorylation. Proc.
Natl. Acad Sci. USA. 86:6816-6820.

O’Callahan, C. M., and M. M. Hosey. 1988. Multiple phosphorylation
sites in the 165 kilodalton peptide associated with dihydropyridine-
sensitive Ca channels. Biochemistry. 27:6071-6077.

O’Callahan, C. M., J. Ptasienski, and M. M. Hosey. 1988. Phosphoryla-
tion of the 165 kDa dihydropyridine/phenylalklyamine receptor
from skeletal muscle by protein kinase C.J. Biol. Chem. 263:17342—
17349.

Ochi, R,, and Y. Kawashima. 1990. Modulation of slow gating process
of calcium channels by isoprenaline in guinea-pig ventricular cells. J.
Physiol. 424:187-204.

Pelzer, D., D. Pelzer, and T. F. McDonald. 1990. Properties and
regulation of calcium channels in muscle cells. Rev. Physiol. Bio-
chem. Pharmacol. 114:107-207.

Rios, E., and G. Brum. 1987. Involvement of dihydropyridine recep-

tors in excitation-contraction coupling in skeletal muscle. Nature
(Lond.) 325:717-720.

Rohrkasten, A., H. E. Meyer, W. Nastainczyk, M. Sieber, and F.
Hoffmann. 1988. cAMP-dependent protein kinase rapidly phospho-
rylates Serine-687 of the skeletal muscle receptor for Ca channel
blockers. J. Biol. Chem. 263:15325-15329.

Scarborough, J. B. 1966. Numerical Mathematical Analysis, 6th
edition. The Johns Hopkins Press, Baltimore, MD.

Schmid, A., J.-F. Renaud, and M. Lazdunski. 1985. Short term and
long term effects of B-adrenergic effectors and cyclic-AMP on
nitrendipine-sensitive voltage-dependent Ca channels of skeletal
muscle. J. Biol. Chem. 260:13041-13046.

Sugden, P. H,, L. A. Holladay, E. M. Reimannm, and J. D. Corbin.
1976. Purification and characterization of the catalytic subunit of
adenosine 3’:5' monophosphate-dependent protein kinase from
bovine liver. Biochem. J. 159:409-422.

Tanabe, T., H. Takeshima, A. Mikami, V. Flockerzi, H. Takahashi, K.
Kangawa, M. Kojima, H. Matsuo, T. Hirose, and S. Numa. 1987.
Primary structure of the receptor for calcium channel blockers from
skeletal muscle. Nature (Lond.). 328:313-318.

Tanabe, T., K. G. Beam, J. A. Powell, and S. Numa. 1988. Restoration
of excitation-contraction coupling and slow calcium currents in
dysgenic muscle by dihydropyridine receptor complementary DNA,
Nature (Lond.) 336:134-139.

Tanabe, T., K. G. Beam, B. A. Adams, T. Niidome, and S. Numa. 1990.
Regions of the skeletal muscle dihydropyridine receptor critical for
excitation-contraction coupling. Nature (Lond.). 346:567-569.

Trautwein, W., and D. Pelzer. 1988. Kinetics and B-adrenergic
modulation of cardiac Ca channels. In The Calcium Channel:
Structure, Function and Implications. M. Morad, W. Nayler, S.
Kazda, and M. Schramm, editors. Springer-Verlag, Berlin. 39-53.

Tsien, R. W., B. P. Bean, P. Hess, J. B. Lansman, B. Nilius, and M. C.
Nowycky. 1986. Mechanism of calcium channel modulation by
B-adrenergic agents and dihydropyridine calcium agonists. J. Mol.
Cell Cardiol. 18:691-710.

Yatani, A., Y. Imoto, J. Codina, S. L. Hamilton, A. M. Brown, and L.
Birnbaumer. 1988. The stimulatory G protein of adenylyl cyclase,
Gs, also stimulates dihydropyridine-sensitive Ca channels. J. Biol.
Chem. 263:9887-9895.

Mundifia-Weilenmann et al.

Phosphorylation of Ca Channels 909



