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AKAP79 increases the functional expression of skeletal muscle
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Abstract

The actions of the kinase A anchoring protein, AKAP79, a key element in the regulation of the cardiac L-type Ca2þ channel,

were assessed on skeletal muscle Ca2þ channels expressed in Xenopus oocytes. The channels were reconstituted by expressing the

pore forming a1s subunit and its accessory subunits, a2-d, b, and c. We report, for the first time, that peak Ca2þ channel currents are

greatly increased (3.5-fold) by AKAP79 when co-expressed with the truncated form of the a1s subunit. Immunoblots revealed that

the increase in current amplitude is not accompanied by a corresponding increase in the membrane levels of the a1s subunit. This

suggests that AKAP79 does not increase the trafficking of the channel. In addition, we show that the transcript of AKAP150, the rat

ortholog of the human AKAP79, is expressed in rat skeletal muscle and propose that AKAP79/150 modulates Ca2þ channel

function.

� 2004 Elsevier Inc. All rights reserved.
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The dihydropyridine receptors of skeletal muscle play

an essential role as the voltage sensors that link excita-

tion with contraction [1–4]. They also function as volt-

age-dependent Ca2þ channels, generating L-type

currents [4,5]. Channel activity is influenced by regula-
tory factors that act within a time frame of seconds or

minutes like second messengers and accessory subunits

[6–9]. An important regulator of L-type channel activity

is protein kinase A, which phosphorylates L-type

channels in heart and skeletal muscle [8,10–12]. The

specificity and speed of these regulations require a close

proximity among the regulatory components that in-

teract with membrane receptors and intracellular mole-
cules. In this regard, scaffolding proteins play a key role.

PKA kinase is anchored near L-type channels of skeletal

muscle by the kinase anchoring protein AKAP15 [13]

while it is anchored in neurons by AKAP79. In addition
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to this role, AKAP79 also promotes the incorporation

of the Cav1.2 channel, the ubiquitous L-type channel

present in heart and neurons, to the surface membrane

when co-expressed in Xenopus oocytes [14]. In the

present experiments, we explored whether AKAP79
also influences channel currents and surface expression

of muscle Ca2þ channels (Cav1.1 channels, see [15])

expressed in oocytes, and found that it dramatically

increases the amplitude of channel currents. However,

no major changes in the levels of the protein present at

the surface membrane were found.
Materials and methods

Preparation. Stage V and VI oocytes were harvested from egg

bearing female Xenopus laevis frogs under anesthesia with tricaine

(0.17%) and incubated for 1 h in the Ca2þ-free frog Ringer ND96

containing (in mM): 96 NaCl, 2 KCl, 1 MgCl2, and 5 Hepes/Tris, pH

7.4, plus 2mg/ml collagenase B (Sigma). Oocytes were then washed

four times in a ND96 solution also containing 1.8mM CaCl2. Oocytes

were defolliculated manually and then stored in the same medium at
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16 �C supplemented with 2.5mM sodium pyruvate and 50 lg/ml gen-

tamicin (Gibco-BRL) at pH 7.6. Next day oocytes were injected with

50 nl of a mixture of a1s (or a1sDc), b1b (or b1a), a2-d, and c cRNA each

at a concentration of 0.5 lg/ll. Injection pipettes were fabricated from

thin-walled capillary glass (WPInstruments, Sarasota, FL, USA).

Oocytes were stored at 16 �C for 11–12 days before recordings.

The external solution employed to record L-type currents con-

tained (mM): 40 Ba(OH)2, 50 NaOH, 1 KOH, 0.5 niflumic acid, 0.1

EGTA, and 5 Hepes at pH 7.4, adjusted with methanesulfonic acid.

Dissociated muscle fibers from BALB/c mice (age �9 weeks) were

used; mice were killed by rapid dislocation of the neck, after which the

flexor digitorum brevis muscles (fdb) of the hindlimb were isolated and

incubated at 34 �C for 60min in a Ca2þ–Mg2þ-free Tyrode solution

containing (mM): NaCl, 146; KCl, 5; glucose, 11; and Hepes, 10; at pH

7.4 plus collagenase (0.5mg/ml, Sigma type lV) and 10% fetal calf se-

rum (Gibco-Invitrogen). Isolated fibers were obtained by gently trit-

urating the enzyme-treated muscles through a fire-polished Pasteur

pipette. The muscles were then rinsed with collagenase-free Tyrode

solution supplemented with CaCl2, 2mM; MgCl2, 1mM. Experiments

were performed following the guidelines laid down by the Local Ani-

mal Care Committee. The external solution employed to record Ca2þ

currents contained (mM): 2 MgCl2, 10 Ca2þ, 140 TEAþ, and me-

thanesulfonate as anion. The pipette solution contained (mM): 140 Cs-

aspartate, 5 MgCl2, and 10 EGTA. Extracellular and intracellular

solutions were buffered with Hepes (10mM) at pH 7.2 and 7.1,

respectively.

In vitro synthesis of RNA. The rabbit a1sDc, (lacking base pairs

5320–5844, corresponding to amino acids 1698–1893 in the C-terminus

region), the rat brain b1b and the rabbit c, and rabbit a2-d Ca2þ

channel subunit cDNAs were a gift from Dr. Steve Cannon. The rabbit

full length a1s cDNA and the mouse b1a were kindly provided by

Dr. Edward Perez-Reyes and Dr. Patricia Powers, respectively.

The AKAP79 cDNA was provided by Dr. WenHui Wang.

For in vitro synthesis of RNA (run-off), the plasmids containing

the Ca2þ channel subunits were linearized using the appropriate re-

striction enzymes. Capped cRNA coding for all subunits was synthe-

sized using the mMessage Machine kit (Ambion, Austin, TX, USA)

and cleaned using the RNAid purification kit (Bio101, Vista,

CA, USA).

RT-PCR. Total cellular RNA was extracted from gastrocnemius

muscle bundles of adult Wistar rats as in [16]. Rats were killed by a

lethal injection of pentobarbital sodium. cDNA was obtained from

5 lg of total RNA, using SuperScript II Reverse Transcriptase (Gibco-

BRL) and random hexamers. Five percentage of the reverse tran-

scription reaction volume was used for the PCRs. cDNA was mixed

with 50 pmol of each primer in a final volume of 50 ll of 1� PCR

buffer that contained: 0.2mM of each of the dNTPs, 2mMMgCl2, and

2.5U Platinum polymerase (Gibco). Following an initial treatment of

3min at 95 �C, the following cycle was repeated 35 times: 30 s at 95 �C,
30 s at 62 �C, and 40 s at 72 �C. Final extension was 10min at 72 �C. As

a positive control, we used the PCR product derived from rat brain

RNA. The oligonucleotide sequence was: AKF 50-GCA GCC AGT

CCT CAG AAA GAG-30 and AKR 50-TCC AAA TCG TCT GCC

TCT CCC-30. These primers amplify the region between nucleotides

582 and 988 of rat AKAP150, the ortholog of the human AKAP79.

This sequence codes the amino acids 20–155 in the N-terminal region

of the protein, involved in protein targeting to the cell membrane [17].

To characterize the amplified transcript, the muscle PCR product

was purified and digested with Sacl and Pstl restriction enzymes. The

identity of the product was confirmed by sequencing (Perkin–Elmer,

model ABI PRISM 310).

Western blots. Crude oocyte membranes were prepared by ho-

mogenizing 40 minced oocytes in 5 vols of 0.3M sucrose and 10mM

imidazole, at pH 7.4. The following protease inhibitors were used:

200lM phenylmethylsulfonyl fluoride (PMSF), 1mM benzamidine,

100 nM aprotinin, and 1lM pepstatin. The homogenate was

centrifuged at 11,000g for 10min and the supernatant was set aside.
The pellet was rehomogenized and centrifuged at 14,500g for 15min.

The supernatants were collected and centrifuged at 45,000g for 90min

to yield crude oocyte membranes. A similar procedure, used to prepare

crude membranes, has been previously described [18]. The pellet was

resuspended in 0.1ml of homogenizing medium and loaded into 7.5%

sodium dodecyl sulfate–polyacrylamide gels. Protein concentrations

were determined as in [19]. The sample volume used in Western blots

was adjusted based on the density of the Lipoviteline protein band.

The gel proteins were then transferred to a nitrocellulose membrane,

probed with the primary antibody (anti-pan a1 [anti-CP-(1382–1400)],

from Alomone Labs, Jerusalem, Israel, at 1:300 dilution), followed by

the secondary antibody (anti-rabbit horseradish peroxidase conjugate

from Amersham Life Sciences, at 1:2500 dilution) and detected by

enhanced chemiluminescence using an ECL detection kit (Amersham).

The blots were blocked with 5% nonfat dried milk in phosphate-buf-

fered saline. The density of the a1sDc subunit bands was measured using

the KodaKID Image Analysis Software.

Electrophysiological methods. Membrane currents were recorded in

oocytes with a two microelectrode voltage clamp amplifier (Axoclamp,

Axon Instruments). Pipettes were filled with 3M KCl and had tip

resistances of 0.5–2.5MX.
A patch-clamp amplifier (Axopatch 200A, Axon Instruments) was

used for whole-cell recordings [20] from muscle fibers as described by

others [21]. Pipettes had resistances of 1–1.2MX.
To minimize mechanical artifacts, intact fibers were incubated

during two hours, prior to patch clamp recordings, in 20lM of the cell

permeant Ca2þ buffer BAPTA-AM (molecular probes, Inc.), added to

the external solution.

Electrophysiological experiments were carried out at room tem-

perature (20–22 �C).
Data collection and pulse protocol. Membrane currents were sam-

pled as detailed elsewhere [22]. To measure activation of L-type

channels, command pulses of variable amplitude lasting 1.5 s (in oocyte

experiments) or 0.75 s (in muscle fiber experiments) were delivered.

Nonlinear currents from muscle fibers were obtained as in [22]. To

subtract linear currents in oocytes, currents generated by a +30mV

depolarizing pulse were used.

To measure the time course of activation and decay of Cav1.1

currents, the current data points were fitted to:

I ¼ Að1� expð�t=s1ÞÞðB� ðB� CÞ expð�t=s2ÞÞ; ð1Þ

where A is an amplitude factor, s1 and s2 are the time constants of

activation and decay, respectively, and B and C represent the fractions

of channels that can open at the end and at the beginning of the pulse,

respectively. A similar equation was used to analyze the kinetic

properties of Ca2þ channels in muscle [5] except that the power of the

activation factor used in the present study was 1. The fitting of Eq. (1)

employed a non linear least squares algorithm.

Average values are expressed as means� SE. To calculate statistical

significance, Student’s t test was used at the level p < 0:05.
Results and discussion

Expression of the skeletal muscle Cav1.1 channel in

Xenopus oocytes

Cav1.1 channel currents are recorded in Xenopus oo-

cyteswhen the truncated formof a1sða1sDcÞ is co-expressed
with the b1b subunit, an accessory subunit abundantly
expressed in neurons but expressed at a low level in skel-

etal muscle [23]. Currents are also recorded when the full

length form of the channel (a1s) is co-expressed with the

b1b subunit plus the auxiliary subunits a2-d and c [24]. Our

results confirm and extend these observations. Fig. 1A



Fig. 1. The effect of AKAP79 on Cav.1.1 currents. The records show superimposed non-linear currents during voltage steps from )60mV to +10mV

in 10mV steps. (A) Cav1.1 channel current records from an oocyte expressing the combination: a1sDc=b1b=a2-d=c. (C) Current records from a separate

experiment expressing the same combination plus AKAP79. (B,D) Current–voltage relation of peak L-type currents recorded from oocytes ex-

pressing the combination shown above each graph. Each point represents average value (�SE) of at least five experiments. Notice that the current

scale in (D) is different from that in (B).
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illustrates superimposed current records from an oocyte

expressing a1sDc=b1b=a2-d=c subunits. Fig. 1B shows the

average current–voltage relation of peak currents. Acti-

vation of Cav1.1 currents began at about )40mV, cur-
rents reached a peak value of )97.4� 16.1 nA (n ¼ 11)

close to 0mV and declined during larger depolarizations

with an apparent reversal potential close to +50mV. The

time to peak of Cav1.1 currents during large depolariza-

tions averaged 152.0� 10.9ms (n ¼ 11). Significantly

smaller and slower currents were measured when the full

length a1s subunit was co-expressed with the same acces-

sory subunits. The peak current amplitude averaged
)36.6� 10.8 nA (n ¼ 4) and the time to peak, 680�
73.6ms (n ¼ 4). On the other hand, no L-type currents

were recorded when the a1s subunit and the muscle b1a

subunit (plus a2-d and c subunits) were co-expressed, but
distinct currentswere observedwhen the a1sDc subunit was

co-expressed with the same accessory subunits. In these

experiments the peak current averaged )71.4� 13.6 nA

(n ¼ 4) and their time to peak, 192� 22ms (n¼ 4).
Overall, these data indicate that L-type currents are best

recorded with the subunit combination: a1sDc=b1b=a2-d=c.
It should be noted that the predominant isoform of the a1

subunit in muscle is the truncated one. It results from
posttranslational cleavage in the C-terminal domain [11].

Actions of AKAP79 on Cav1.1 channels

To study the actions of AKAP79 on Cav1.1 channels,
we expressed a1sDc, b1b, a2-d, and c subunits in Xenopus

oocytes. The main finding of the present study is that

AKAP79 greatly increased the amplitude of CaV1.1

currents, as shown in Figs. 1C–D. Fig. 1C shows that

AKAP79 co-expression increased current amplitude at

all potentials (Fig. 1A). Fig. 1D shows the average

current–voltage relation from oocytes in which

AKAP79 was co-expressed. Currents also peaked at
0mV as in control experiments (Fig. 1B), but reached a

much larger value, )350.1� 24.8 nA (n ¼ 7), indicating

an increase in CaV1.1 current amplitude of more than



Fig. 2. The activation of L-type currents in oocytes and muscle fibers.

The records show non-linear membrane currents during depolarizing

pulses to the potentials indicated (in mV). (A) Currents recorded from

an oocyte expressing the combination: AKAP79/a1sDc=b1b=a2-d=c. (B)
Current records from a mouse skeletal muscle fiber. Notice that the

pulse duration in (A) is different from that in (B). (C) The relationship

between the activation time constant and membrane potential. (s)

Represent average values (�SE) of 5–7 experiments from oocytes ex-

pressing the Cav1.1 channel. (d) Represent average values (�SE) from

3–10 mouse skeletal muscles fibers.
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threefold without significant shifts along the voltage
axis. A similar increase in the amplitude of L-type cur-

rents was observed in Xenopus oocytes when AKAP79 is

co-expressed with a1c, the principal subunit of Cav1.2

channels [14].

Amajor property ofAKAPs is the binding of PKAand

its targeting to the appropriate substrates that are to be

phosphorylated [25]. To test whether PKA is involved in

the increase in current amplitude produced by expression
of AKAP79, we stimulated the PKA cascade with 50 lM
forskolin and found that it did not alter the magnitude of

the AKAP79 effect. In the presence of forskolin, L-type

currents averaged )356� 27 nA (n ¼ 3) in oocytes that

expressed AKAP79 plus a1sDc=b1b=a2-d=c subunits.

Likewise, 8-Br-cAMP was also ineffective. A similar

conclusion was reached when AKAP79 was co-expressed

with a1c channels [14]. Our results do not entirely rule out
changes in the phosphorylation level of Cav1.1 channels

since AKAP79 also binds PKC, calmodulin, and the

phosphatase calcineurin. The activity of calcineurin is

inhibited by AKAP79 [25–27].

AKAP15, a cAMP-dependent anchoring protein that

co-immunoprecipitates with the skeletal muscle Ca2þ

channel [13], is involved in the voltage potentiation of

Cav1.1 currents [28]. AKAP15 interacts with the C-ter-
minus domain of the channel, in the region located be-

tween residues 1774 and 1821 [28]. Since in the present

study we show that AKAP79 modulates channel func-

tion of Cav1.1 channels that were reconstituted with

a1sDc, lacking residues 1698–1893, AKAP79 must have a

different target, not necessarily in the Ca2þ channel, that

remains to be identified. The PP region (residues 744

and 766), a conspicuous proline motif, conserved in
several L-type channels, including the muscle Ca2þ

channel, is essential for the action of AKAP79 on

Cav1.2 channels [14], and may also be involved in the

regulatory effects of AKAP79 on Cav1.1 channels.

Time course of activation of Cav1.1 currents

To compare the kinetic properties of Cav1.1 chan-

nels, co-expressed in oocytes with AKAP79, with those

of skeletal muscle fibers, currents were recorded in both

preparations and were fitted to Eq. (1). Fig. 2A shows

Cav1.1 currents recorded at the potentials indicated (in

mV) from an oocyte and Fig. 2B from a skeletal muscle
fiber. In both cases, current activation and decay de-

pended on the depolarization level during the pulses.

The most noticeable difference between oocyte and

muscle Cav1.1 currents was the much faster time course

of decay of the latter compared with the former. This is

expected since Cav1.1 currents in muscle decay quickly

by depletion of divalent cations in the lumen of the

transverse tubular system overcoming inactivation [29].
Depletion prevented a comparison between inactivation

of Cav1.1 currents in oocytes and muscle fibers.
In addition to changes in the rate of decay, there

were also differences in the time course of activation,
although less pronounced. Fig. 2C shows a semiloga-

rithmic plot of the voltage dependence of the activa-

tion time constant. (s) represent average results from

oocyte recordings and (d) from muscle fibers. In both

cases, activation progressively became faster as the

level of depolarization increased. However, the time

constant of activation was smaller in oocytes at all

potentials. For example, s ¼ 51:8� 5:4ms (n ¼ 7) at
+30mV in oocytes and s ¼ 91:1� 14:8ms (n ¼ 7) in

skeletal muscle fibers. Several factors may contribute

to this difference. The b1 subunit has dramatic effects

on channel kinetics [30] and may not be interact-

ing with a1sDc in oocytes in the same manner as

in muscle. Second, currents recorded in muscle



Fig. 3. Expression of Cav1.1 channels at the protein level and detection of AKAP79 transcript. (A) The blot shows that an anti-pan a1 antibody

recognizes a single band at approximately 170 kDa in oocytes that expressed the combination: a1sDc=b1=a2-d=c. The density of the band did not

depend on whether b1a (lane b) or b1b (lane c) subunits were co-expressed. Co-expression with AKAP79 had no effect on a1sDc expression at the

protein level (lane d). The band was absent in oocytes injected with water (lane a). (B) RT-PCR, using primers AKF and AKR with RNA from rat

brain (lane c), rat skeletal muscle (lane d) or muscle RNA without reverse transcriptase (lane b). Lane a, a 100 base pair DNA ladder.
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membrane vesicles also activate quickly, suggesting

that other factors present in muscle regulate channel
kinetics [22]. Finally, the charge carrier may play a

role as in mouse myotubes [31].

Expression of Cav1.1 channels at the protein level

Western blot experiments were performed to deter-

mine whether the increase in the amplitude of Cav1.1

channel currents caused by co-expression of AKAP79 is

due to an increase in the channel protein content at the

membrane level. A threefold increase would be readily

detectable in the immunoblot. In fact, this technique

reveals small changes in a1sDc in skeletal muscle by long

term depolarization [32]. Fig. 3A shows representative
results. A distinct band corresponding to a1sDc was de-

tected when this subunit was co-expressed with b1a, a2-d,
and c subunits (lane b). A similar expression level (lane

c) was observed when the a1sDc subunit was co-expressed

with the b1b subunit (plus a2-d and c subunits). A sig-

nificant membrane expression of the a1sDc subunit when

co-expressed with either isoform of the b subunit is

consistent with a previous report based on gating charge
measurements [24].

When a1sDc (plus the b1b, a2-d, and c subunits) was co-
expressed with AKAP79, no changes in the expression

level of a1sDc were observed (lane d). Thus, the ratio

between the density of the a1sDc band, from oocytes co-

expressing AKAP79, and that of the a1sDc band in con-

trol experiments, averaged 0.93� 0.04 (n ¼ 3). This

suggests that the increase in current amplitude by
AKAP79 cannot be explained by an increase in the

trafficking of the a1sDc subunit to the membrane. Instead,

the current increase is probably due to an enhancement

in the efficacy of DHP receptors to function as Ca2þ

channels.
Detection of AKAP 79 transcript in skeletal muscle

Our data indicate that AKAP79 greatly increases

Cav1.1 currents in Xenopus oocytes. If this anchoring

protein also regulates Cav1.1 currents in skeletal muscle,

it should be expressed in this tissue. To test this possi-

bility, we performed RT-PCR experiments using mRNA

from rat skeletal muscle or brain (Fig. 3B) as template

and primers AKF and AKR specific for AKAP150, the

rat ortholog of the human AKAP79. A PCR product of
the expected size (400 bp) was detected in rat skeletal

muscle (Fig. 3, lane d). Restriction enzymes revealed

products of the expected size: 137 and 269 bp with Sacl

and 185 and 221 bp with Pstl. The PCR product had the

expected sequence.

The presence of two distinct anchoring proteins,

AKAP15 and AKAP79, in skeletal muscle would not

be unprecedented. For example, in hippocampal neu-
rons both AKAP79 [27] and AKAP15 [33] have been

identified.
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