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Role of CaV� Subunits, and Lack of Functional Reserve, in
Protein Kinase A Modulation of Cardiac CaV1.2 Channels

Jayalakshmi Miriyala, Trang Nguyen, David T. Yue, Henry M. Colecraft

Abstract—Protein kinase A (PKA)-mediated enhancement of L-type calcium currents (ICa,L) is essential for sympathetic
regulation of the heartbeat and is the classic example of channel regulation by phosphorylation, and its loss is a common
hallmark of heart failure. Mechanistic understanding of how distinct CaV channel subunits contribute to PKA modulation
of ICa,L has been intensely pursued yet remains elusive. Moreover, critical features of this regulation such as its functional
reserve (the surplus capacity available for modulation) in the heart are unknown. Here, we use an overexpression
paradigm in heart cells to simultaneously identify the impact of auxiliary CaV�s on PKA modulation of ICa,L and to gauge
the functional reserve of this regulation in the heart. CaV1.2 channels containing wild-type �2a or a phosphorylation-
deficient mutant (�2a,AAA) were equally upregulated by PKA, discounting a necessary role for � phosphorylation.
Nevertheless, channels reconstituted with �2a displayed a significantly diminished PKA response compared with other
� isoforms, an effect explainable by a uniquely higher basal Po of �2a channels. Overexpression of all �s increased basal
current density, accompanied by a concomitant decrease in the magnitude of PKA regulation. Scatter plots of fold
increase in current against basal current density revealed an inverse relationship that was conserved across species and
conformed to a model in which a large fraction of channels remained unmodified after PKA activation. These results
redefine the role of � subunits in PKA modulation of CaV1.2 channels and uncover a new design principle of this
phenomenon in the heart, vis à vis a limited functional reserve. (Circ Res. 2008;102:e54-e64.)
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L-type (CaV1.2) channels are important determinants of
cardiac excitability and indispensable for excitation–

contraction coupling in the heart.1 Fitting with their central
role in cardiac biology, tuning CaV1.2 channel activity is a
prominent method for physiological and therapeutic regula-
tion of the heartbeat.2 A classic example of physiological
modulation is the upregulation of cardiac CaV1.2 channel
activity in response to �-adrenergic receptor stimulation, an
effect mediated through activation of protein kinase A
(PKA).2–4 This phenomenon is an important contributor to
sympathetic regulation of the heartbeat, and its loss is a
harmful hallmark of heart failure.2,5 PKA-mediated regula-
tion of cardiac CaV1.2 channels represents the original exam-
ple of channel modulation by phosphorylation, and mecha-
nistic understanding of this phenomenon has been widely
pursued for more than 3 decades.3,4,6

Despite years of intense study, many key features of how
activated PKA upregulates CaV1.2 channel activity remain
unknown. Native CaV1.2 channels are comprised minimally
of a pore-forming �1C protein assembled in a 1:1 ratio with
auxiliary CaV� and �2� subunits.2,7 CaV� subunits are neces-
sary for trafficking CaV�1 to the plasma membrane and also

greatly influence channel gating properties.8,9 There are 4
distinct CaV� isoforms (�1 to �4), each with multiple splice
variants.10–15 Structurally, CaV�s have a conserved core
containing SH3 and guanylate kinase–like motifs,16–18 ap-
pended by nonconserved N and C termini. CaV�2 subunits are
predominant in the heart,8,12,19,20 although other isoforms are
present as well.21

It has been hypothesized that the CaV� component of
CaV1.2 channels may critically regulate the extent of PKA
modulation of ICa,L.22 This has been postulated as a possible
reason for why PKA upregulation of ICa,L is stronger in the
heart compared with other tissue, such as smooth muscle or
neurons. However, this hypothesis has not been rigorously
tested. CaV�s could influence PKA modulation of ICa,L in
several ways. First, direct phosphorylation of CaV� could be
important. Importantly, CaV�2a is PKA phosphorylated both
in vivo and in vitro on 3 serine residues located on the unique
C terminus (Ser459, Ser478, Ser479).23 It has been suggested
that phosphorylation of CaV�2a on Ser478 and Ser479 is
necessary for PKA modulation of ICa,L but only in a channel
configuration in which the pore-forming �1C lacks a C
terminus.22 This idea has not been confirmed, and its rele-
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vance to regulation of the endogenous cardiac CaV1.2 channel
is uncertain. Moreover, the �2a PKA phosphorylation sites are
not conserved in other types of � subunits, raising the
pertinent question of whether L-type channels reconstituted
with these other isoforms differ substantively in the extent of
PKA regulation. To date, this concept has not been tested. A
second way in which CaV�s could differentially influence
PKA modulation stems from the observation that distinct
CaV�s can confer markedly different basal single-channel
open probability (Po) to CaV1.2 channels in the heart.8

Because PKA increases ICa,L by elevating single-channel Po,24

� subunits that produce an already high basal Po might be
expected to show a diminished PKA response owing to a
reduced dynamic range of modulation. Finally, it is possible
that diverse CaV�s could promote subtly distinct structural
configurations of �1C that, nevertheless, produce substantial
differences in CaV1.2 channel response to PKA. In short, the
full scope of how CaV�’s might influence PKA-dependent
modulation of CaV1.2 channels is unknown.

Efforts to understand how PKA phosphorylation of CaV1.2
channel subunits lead to increased ICa,L have been hampered
by a singular challenge: it has not been possible to reconsti-
tute robust, reproducible functional PKA modulation of
recombinant ICa,L in heterologous systems.25–28 By contrast,
biochemical phosphorylation of CaV1.2 channels on �1C

(Ser1928) and �2a subunits is readily demonstrated in heter-
ologous systems.29,30 The disconnect between biochemical
and functional modulation of recombinant channels is puz-
zling and suggests that CaV1.2 channel phosphorylation may
not be sufficient for increasing ICa,L. Here, we circumvent
ambiguities associated with recapitulating PKA modulation
of ICa,L in heterologous cells by overexpressing CaV�s in
isolated heart cells, where the channel regulation is most
robust and reproducible. Serendipitously, this experimental
paradigm yields additional dividends beyond just identifying
the impact of CaV�s on PKA upregulation of ICa,L. The
functional reserve, defined as the excess capacity available
for PKA modulation of CaV1.2 channels in the heart, is
unknown. Yet, this information could provide important new
perspectives to 2 disparate phenomena: (1) the decrement in
PKA modulation of ICa,L observed in the heart failure and (2)
the difficulty in reconstituting PKA regulation of recombi-
nant CaV1.2 channels in heterologous cells. Overexpressing
CaV�s in the heart cells increases the number of functional
channels in the sarcolemma,8 providing an opportunity to
probe the functional reserve of PKA-mediated enhancement
of ICa,L.

We find that the CaV� subunit composition of cardiac
CaV1.2 channels can powerfully impact the extent of PKA
modulation of ICa,L but only in an indirect manner: channels
reconstituted with �2a exhibit a significantly diminished
PKA-mediated upregulation compared with other � isoforms
because their elevated basal Po results in a lower dynamic
range for channel tuning. Furthermore, we found that cells
with overexpressed CaV�s displayed a diminished PKA-
mediated increase in ICa,L that could be explained by assuming
the appearance of an increased fraction of nonresponsive
channels, suggesting a very limited functional reserve for
channel regulation.

Materials and Methods
Generation of Plasmid and Adenoviral Constructs
Construction of adenoviral vectors encoding �1b–green fluorescent
protein (GFP), �2a-GFP, �3-GFP, and �4-GFP has been previously
described.8 To create Ad-�2a,AAA-GFP, we used overlap extension
PCR to introduce point mutations (S459A, S478A, S479A) into
human �2a. The mutated �2a subunit was cloned into the adenoviral
shuttle plasmid vector, pAdCMV EGFP-N3, using NheI and BamHI
sites, generating pAdCMV �2a,AAA-GFP. The adenoviral vector Ad-
�2a,AAA-GFP was subsequently generated using Cre-lox recombina-
tion as previously described.8,31

Cell Culture and Gene Transfection
Primary cultures of adult guinea pig and Sprague–Dawley rat heart
cells were isolated by enzymatic digestion using a Langendorff
perfusion apparatus. Animal treatment and use were in accordance
with the guidelines of the Johns Hopkins University Animal Care
and Use Committee. Cells were cultured on laminin-plated glass
coverslips in 35-mm tissue culture wells. Cells were maintained in
medium 199 supplemented with 5 mmol/L each of carnitine, creat-
ine, and taurine and 100 �g/mL penicillin–streptomycin in a 5% CO2

incubator. Heart cells were infected 2 to 3 hours after plating by
adding 5 to 20 �L of adenoviral vector stock (�1011 to 1012 viral
particles/mL) directly into culture wells. Virus containing media was
aspirated after 4 hours and replaced with fresh serum-free media.
Human embryonic kidney (HEK 293) cells were maintained in
supplemented DMEM. HEK 293 cells cultured on glass coverslips in
60-mm tissue culture dishes were transiently transfected with 8 �g
each of CaV channel subunits and AKAP-79 cDNA as indicated.

Electrophysiology
Whole-cell recordings were acquired at room temperature using an
EPC8 or EPC10 patch clamp amplifier controlled by PULSE
software. Micropipettes pulled from thin-wall borosilicate glass
capillaries were filled with internal solution containing (mmol/L):
135 CsMeSO3, 5 CsCl2, 5 EGTA, 1 MgCl2, 4 ATP, and 10 Hepes
(pH 7.3). Pipette resistances were typically 2 to 3 M� and compen-
sated 50% to 70%. For heart cells, sealing and initial break-in to the
whole-cell configuration was performed in external solution contain-
ing (mmol/L): 138 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2, 0.33 NaH2PO4,
10 Hepes, and 10 glucose (pH 7.4). Heart cell recording solution
contained (mmol/L): 155 N-methyl-D-glucamine aspartate, 5 BaCl2,
10 4-aminopyridine, and 10 Hepes (pH 7.4). HEK 293 cell recording
solution contained (mmol/L): 140 Et4N MeSO3, 5 BaCl2, and 10
Hepes (pH 7.4). Currents were sampled at 25 kHz and filtered at 5
or 10 kHz. Leak and capacitive transients were subtracted using a
P/8 protocol.

Confocal Microscopy
Images of heart cells expressing �-GFP subunits were acquired with
an Olympus Fluoview laser scanning confocal microscope using the
488-nm argon laser line for excitation.

Saturable Modulation Modeling
The basal whole-cell current density is related to microscopic
channel gating parameters by:

(1) J�N�i�Po

where J is the whole-cell current amplitude, N is the number of
channels, i is the unitary current, and Po is the basal single-channel
open probability.

On exposure to PKA, the resulting increase in whole-cell current
reflects the sum of currents from channels that are modulated, as well
as nonmodulated channels. This can be expressed as:

(2) JPKA�Fmod��N�i�Po,PKA���1	Fmod]�(N�i�Po)

where JPKA is the whole-cell current amplitude after PKA activation,
and Fmod is the fraction of channels modulated by PKA. Modulation,
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defined as the fold increase in current amplitude after PKA activa-
tion, is obtained by dividing Equation 2 by Equation 1 yielding:

(3) Modulation�
JPKA

J
�Fmod

Po,PKA

Po
��1	Fmod�

We can define a critical current density (Jcritical) as the maximum
current at which all channels are sensitive to PKA modulation. For
J�Jcritical, all of the channels are upregulated on PKA activation, and,
hence, Fmod�1. However, for J
Jcritical we have,

(4) Fmod�
Jcritical

J

Substituting Equation 4 into Equation 3 yields,

(5) Modulation�
Jcritical

J
�

Po,PKA

Po
��1	

Jcritical

J �
We fit the scatter plots in Figure 4C to Equation 5 with Jcritical and
Po,PKA/Po as free parameters.

Data and Statistical Analyses
Data were analyzed off-line using PULSEFIT (HEKA Electronics)
and Microsoft Excel software. Data are presented as means�SEM.
Statistically significant differences between mean values (P�0.05)
were determined by 1-way ANOVA, followed by pairwise compar-
isons using the Newman–Keuls procedure.

Results
Difficulty in Heterologously Reconstituting PKA
Modulation of Recombinant ICa,L

Many of the prevailing theories of how CaV1.2 phosphoryla-
tion by PKA leads to channel upregulation come from
experiments on recombinant channels expressed in heterolo-
gous systems. A key drawback has been that many reports of
successful reconstitution27,32–34 have not been universally
reproducible.25,26,28,35 Nevertheless, if it were possible to
reliably obtain robust PKA modulation of CaV1.2 channels in
heterologous cells, this would provide a straightforward
means to determine the role of CaV�s in this regulation.
Accordingly, we initially focused efforts to reconstitute PKA
modulation of recombinant CaV1.2 channels expressed in
human embryonic kidney (HEK) 293 cells.

As a baseline for evaluating HEK 293 responses, we
determined the native profile of PKA modulation in guinea
pig heart cells. In these myocytes, application of 1 �mol/L
forskolin invariably resulted in a substantial increase in
whole-cell current (Figure 1A) that developed rapidly (Figure
1B). On average, the whole-cell current elicited by a 0-mV
test pulse was increased more than 3-fold by forskolin (Figure
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Figure 1. PKA modulation of recombinant CaV1.2 channels is not easily reconstituted in HEK 293 cells. A, Exemplar whole-cell Ba2�

currents recorded from a guinea pig ventricular myocyte before (black trace) and after (red trace) exposure to 1 �mol/L forskolin.
Traces were elicited with a 50-ms test pulse depolarization to 0 mV from a holding potential of 	90 mV. B, Time course of the
forskolin-induced increase in current amplitude in the guinea pig myocyte. C, Exemplar whole-cell Ba2� currents in a HEK 293 cell
expressing recombinant CaV1.2 channels reconstituted with �1C��2b before (black trace) and after (red trace) addition of 1 �mol/L fors-
kolin. D, Diary plot showing lack of effect of forskolin on the recombinant �1C��2b currents. E and F, Data for recombinant channels
reconstituted with �1C��2b�AKAP-79 in HEK 293 cells; same format as C and D. G and H, Data for recombinant channels reconsti-
tuted with �1C,
1905��2b in HEK 293 cells; same format as C and D. I, Bar chart showing population data of fold increase in current
amplitude induced by 1 �mol/L forskolin in the different CaV1.2 channel types.
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1I; fold increase�3.8�0.7; n�5). Could we obtain a similar
robust modulation of recombinant CaV1.2 channels expressed
in HEK 293 cells? We first tested this on HEK 293 cells
coexpressing �1C and CaV�2b. CaV�2b is a splice variant of
CaV�2a, which is more dominant in the heart.8 However, the C
termini (which contain the PKA phosphorylation sites) are
identical between the 2 splice variants.15 In sharp contrast to
our observations in guinea pig heart cells, application of
1 �mol/L forskolin did not increase ICa,L reconstituted in HEK
293 cells (Figure 1C, 1D, and 1I). This absence of modulation
is consistent with what has been reported previously by
several groups.25,26,28,35

A leading concept is that an A kinase anchoring protein
(AKAP) is a crucial missing ingredient whose reintroduction
permits successful reconstruction of PKA-mediated upregu-
lation of heterologously expressed CaV1.2 channels.27,36 We
tested this idea in HEK 293 cells coexpressing �1C/�2b and
AKAP-79. Surprisingly, even with AKAP-79, we could elicit
no response on recombinant ICa,L with forskolin (Figure 1E,
1F, and 1I). This finding is in agreement with a previous
result obtained using recombinant channels expressed in
Xenopus oocytes.35 Finally, we sought to reproduce condi-
tions similar to the original report that suggested the impor-
tance of CaV�2 phosphorylation to PKA modulation.22 In that
study, it was suggested that phosphorylation of �2 gained
prominence in functional modulation when channels were
reconstituted with a pore-forming �1C subunit truncated at
residue 1905 (�1C
1905). Therefore, we tested whether chan-
nels reconstituted with �1C
1905/�2b could possibly reconsti-
tute PKA modulation in HEK 293 cells. However, we
observed no effect of forskolin on �1C
1905/�2b channel
currents (Figure 1G, 1H, and 1I).

We conclude from these results that successful reconstitu-
tion of PKA modulation of recombinant CaV1.2 channels in
heterologous cells remains an elusive target. Indeed, to date,
there is no report of PKA modulation of ICa,L being recon-
structed heterologously in the robust manner evident in the
guinea pig heart (Figure 1A and 1B). The results emphasize
the ambiguities associated with gleaning mechanistic insights
into functional PKA modulation of ICa,L from heterologous
cells. Accordingly, we sought to pursue our studies in the
context of heart cells where modulation is reproducibly
robust.

Eliminating Phosphorylation Sites in �2a Does Not
Diminish PKA Modulation
The �2 subunit in the heart is phosphorylated by activated
PKA.23,37 We first sought to test the idea that �2a phosphor-
ylation is important for PKA-mediated increase in ICa,L. As a
prelude to these experiments, we established baseline CaV1.2
channel properties in guinea pig heart cells overexpressing
wild-type �2a-GFP (Figure 2). The presence of the GFP tag
permitted unambiguous identification of cells robustly ex-
pressing the exogenous �2a subunit. In cells expressing
wild-type �2a-GFP, the fluorescence signal was localized to
the sarcolemma and transverse tubular membrane (Figure
2A), consistent with the posttranslational palmitoylation
known to occur on this CaV� subunit.38 Overexpression of
�2a-GFP in guinea pig heart cells resulted in a dramatic

increase in basal current density (Figure 2B and 2I) across the
entire relevant voltage range (Figure 2C) compared with
control cells expressing GFP alone. Moreover, the current
density versus voltage (J-V) relationship showed a hyperpo-
larizing shift compared with control (Figure 2C). These
results are consistent with previous observations in rat8,39 and
feline heart cells.40 Could channels reconstituted with exog-
enous �2a be modulated by PKA in the native cardiac
environment? Indeed, exposure of heart cells overexpressing
�2a-GFP to forskolin consistently resulted in an increase in
whole-cell current amplitude. Importantly, however, the mag-
nitude of the response was markedly lower compared with the
degree of modulation observed in control heart cells express-
ing GFP alone (Figure 2D and 2J). Nevertheless, the residual
modulation seen in the �2a-modified channels provided an
opportunity to investigate whether direct phosphorylation of
�2a was important for PKA regulation of ICa,L.

To achieve this, we generated an adenovirus encoding a
mutated �2a (termed �2aAAA) in which 3 confirmed PKA
phosphorylation sites (Ser459, Ser478, and Ser 479)23 are
converted to alanines. Expression of �2aAAA-GFP in guinea
pig heart cells resulted in fluorescence in the sarcolemmal
and transverse tubular membrane, similar to wild-type �2a-
GFP (Figure 2E). Moreover, �2aAAA-GFP enhanced basal
current density (Figure 2F, 2G, and 2I) and shifted the
voltage-dependence of channel activation (Figure 2G) to
virtually the same extent as observed with wild-type �2a-GFP.
Most importantly, the fold increase in current amplitude in
response to forskolin was unchanged between �2aAAA-GFP
and wild-type �2a-GFP channels (P�0.13, by unpaired Stu-
dent’s 2-tailed t test) (Figure 2H and 2J). This result shows
that direct phosphorylation of �2a subunits is not necessary for
any portion of ICa,L upregulation by PKA.

Impact of � Subunit Identity on PKA Modulation
of CaV1.2 Channels
The identity of the � subunit constituent of assembled CaV1.2
channels could still play a major role in dictating the extent of
channel regulation by activated PKA, even though we find
that direct phosphorylation of �2 is not necessary. To inves-
tigate this, we compared the degree of PKA modulation
among heart cells overexpressing the four distinct CaV� (�1 to
�4) subunits (Figure 3). By comparison with control heart
cells expressing GFP alone, each of the � subunits caused a
significant increase in whole-cell current amplitude (Figure
3A and 3B), as indicated by ANOVA (F�15.03; df�4,42;
P�0.001) and pairwise comparisons using the Newman–
Keuls procedure. Moreover, in isochronal experiments, the
increase in current amplitude recorded with �2a-GFP expres-
sion was significantly higher than that achieved with the other
CaV� subunits (Figure 3B). Why does �2a increase basal
current density to a larger extent than other � subunits? We
showed previously that all 4 � subunits expressed in the heart
increased the maximum gating charge (Qmax), suggesting that
they increase the number of channels with moveable voltage
sensors in the plasma membrane.8 This phenomenon provides
a baseline mechanism for how all overexpressed CaV�s
increase whole-cell current in the heart. Beyond the increase
in the number of channels, �2a was unique in also increasing
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the single channel open probability (by more than 2.5-fold
compared with control), principally by ablating null sweeps.8

This unique action of �2a on Po provides a simple rationale for
its larger effect on basal whole-cell current amplitude com-
pared with other � isoforms.

We next determined how each overexpressed CaV� subunit
affects PKA modulation of endogenous CaV1.2 channels. To
facilitate visual comparison of the relative effects, in Figure
3C we show normalized average basal current traces for each
condition (black traces) and the fold increase obtained with
1 �mol/L isoproterenol (red traces). In control cells, the

magnitude of the response to 1 �mol/L isoproterenol was
essentially the same as obtained with 1 �mol/L forskolin. By
comparison with the degree of modulation seen in control, all
cells expressing exogenous � subunits exhibited a diminished
upregulation of current, albeit to different extents (Figure 3C
and 3D). Strikingly, channels reconstituted with �2a exhibited
the weakest modulation. This result is consistent with the
notion that the higher basal single-channel Po conferred by �2a

results in a diminished dynamic range of PKA modulation.
Moreover, this result serves as a dramatic demonstration of
how � subunit identity can greatly impact the magnitude of
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Figure 2. Phosphorylation of �2a is not neces-
sary for PKA modulation of CaV1.2 channels in
heart cells. A, Confocal image showing localiza-
tion of �2a-GFP in the sarcolemma and trans-
verse tubule of an adult guinea pig ventricular
myocyte. Somatic gene transfer was accom-
plished with adenoviral infection. B, Family of
exemplar whole-cell Ba2� currents in a guinea
pig myocyte expressing �2a-GFP. C, Population
current density (J) vs voltage (V) relationship for
guinea pig cells expressing GFP (cyan trace) or
�2a-GFP (‚). D, Exemplar whole-cell Ba2� cur-
rents in a guinea pig cell expressing �2a-GFP
before (black trace) and after (red trace) expo-
sure to 1 �mol/L forskolin. E, Confocal image
of a guinea pig heart cell expressing �2a,AAA-
GFP. F, Exemplar whole-cell currents from
guinea pig cell expressing �2a,AAA-GFP. G, Pop-
ulation J-V plots for heart cell expressing GFP
alone (cyan trace) or �2a,AAA-GFP (�). H, Exem-
plar whole-cell currents before (black trace) and
after (red trace) 1 �mol/L forskolin in a heart
cell expressing �2a,AAA-GFP. I, Bar chart show-
ing relative effects of �2a-GFP and �2a,AAA-GFP
on basal current density in guinea pig myo-
cytes. One-way ANOVA indicated a statistically
significant difference among treatment groups
[F(2,13)�18.6; P�0.001]. *Significantly different
from GFP-infected cells based on the
Newman–Keuls procedure (P�0.05). J, Bar
chart showing relative magnitude of PKA mod-
ulation in control cells expressing GFP com-
pared with cells expressing �2a-GFP and �2a,AAA-
GFP, respectively. One-way ANOVA indicated a
statistically significant difference among treat-
ment groups [F(2,14)�13.17; P�0.001]. *Signifi-
cantly different from GFP-infected cells based
on the Newman–Keuls procedure (P�0.05).
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