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L-type voltage-gated Cay1.2 channels crucially regulate cardiac
muscle contraction. Activation of B-adrenergic receptors (f-AR)
augments contraction via protein kinase A (PKA)-induced increase
of calcium influx through Cay1.2 channels. To date, the full §-AR
cascade has never been heterologously reconstituted. A recent
study identified Rad, a Cay1.2 inhibitory protein, as essential for
PKA regulation of Cay1.2. We corroborated this finding and recon-
stituted the complete pathway with agonist activation of $1-AR or
B2-AR in Xenopus oocytes. We found, and distinguished between,
two distinct pathways of PKA modulation of Cay1.2: Rad dependent
(~80% of total) and Rad independent. The reconstituted system
reproduces the known features of -AR regulation in cardiomyo-
cytes and reveals several aspects: the differential regulation of post-
translationally modified Cay1.2 variants and the distinct features of
B1-AR versus $2-AR activity. This system allows for the addressing
of central unresolved issues in the p-AR-Cay1.2 cascade and wiill
facilitate the development of therapies for catecholamine-induced
cardiac pathologies.
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Cardiac excitation—contraction cougling crucially depends on
the L-type voltage-dependent Ca** channel, Cay1.2. Influx
of extracellular Ca?* via Cay1.2 triggers Ca®* release from the
sarcoplasmic reticulum via the Ca®* release channel (1). Activa-
tion of the sympathetic nervous system increases heart rate, re-
laxation rate and contraction force. The latter is largely due to
increased Ca”* influx via Cay1.2 (2, 3). Pathological prolonged
sympathetic activation progressively impairs cardiac function,
causing heart failure, partly due to misregulation of Cay1.2 (4, 5).

Cardiac Cay1.2 is a heterotrimer comprising the pore-forming
subunit o (~240 kDa), the intracellular Cay, (~68 kDa) and the
extracellular a28 (~170 kDa) (Fig. 14) (6, 7). The N and C termini
(NT, CT respectively) of o ¢ are cytosolic and vary among Cay1.2
isoforms. Further, most of the cardiac a;c protein is posttransla-
tionally cleaved at the CT, around amino acid (a.a.) 1800, to
produce the truncated ~210-kDa o;¢ protein and the ~35-kDa
cleaved distal CT (dCT); however, the full-length protein is also
present (8-11).

The sympathetic nervous system activates cardiac p-adrenergic
receptors (B-AR), primarily p1-AR (which is coupled to G, is
globally distributed in cardiomyocytes, and mediates most of the
B-AR-enhancement of contraction and Cay1.2 activity) and p2-
AR, which can couple to both Gy and G; (12). The cascade of
adrenergic modulation of Cay1.2 comprises agonist binding to
B-ARs, activation of G and adenylyl cyclase, elevated intracel-
lular cAMP levels, and activation of protein kinase A (PKA) by
cAMP-induced dissociation of its catalytic subunit (PKA-CS)
from the regulatory subunit. However, the final step, how PKA-
CS enhances Cay1.2 activity, remained enigmatic. A long-standing
paradigm was a direct phosphorylation by PKA-CS of a;¢ and/or
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Cayp subunits (3, 13-16). However, numerous studies critically
challenged this theory. In particular, mutated Cay1.2 channels in
genetically engineered mice lacking putative PKA phosphoryla-
tion sites on a;c and/or oy, were still up-regulated by PKA (9,
17-21) (reviewed in refs. 6 and 22).

One significant obstacle in deciphering the mechanism of PKA
regulation of Cayl1.2 was a recurrent lack of success in recon-
stituting the regulation in heterologous systems, which proved
challenging and controversial (23). Studies in heterologous cellular
models, including Xenopus oocytes, demonstrated that cAMP
failed to up-regulate Cay1.2 containing the full-length o, Cay1.2-
arc (24-26). However, robust B-AR-induced up-regulation of
Ca** currents was observed in oocytes injected with total heart
RNA (27, 28), suggesting the necessity of an auxiliary protein, the
“missing link” (24, 25). Interestingly, partial regulation was ob-
served with dCT-truncated a;c (16, 29). Intracellular injection of
cAMP or PKA-CS in Xenopus oocytes caused a modest (30 to
40%) up-regulation of Cayl.2, containing a dCT-truncated o,
Cay1.2-0ycA1821 (29). This regulation required the presence of
the initial segment of the long-NT of o but did not involve Cayf
subunit. We proposed that this mechanism might account for part
of the adrenergic regulation of Cay1.2 in the heart (29). Normally
adrenergic stimulation in cardiomyocytes increases the Ca®*
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Fig. 1. cAMP regulation of Cay1.2 is enhanced by coexpression of Rad. (A) Cay1.2 and Rad. a;¢ and 28 subunits are shown schematically, with structures of B, (38)
and Rad (74). The truncation in a,cA 1821 was at a.a. 1,821 (red cross mark) similar to naturally truncated cardiac a4, ~a.a. 1800 (9). Cayp binds to the cytosolic loop |,
L1, that connects repeat domains | and II. Rad exerts inhibitory action on the channel, in part through an interaction with Cayp. (B) Rad reduces the Ba%* current of
Cay1.2-a1cA 1821 (a1cA 1821, B2, and 28; 1.5 ng RNA of each subunit) in a dose-dependent manner. Pearson correlation, r = —0.82, P = 0.023. Each point represents
mean + SEM from 7 to 10 oocytes recorded during 1 d. The linear regression line was drawn for nonzero doses of Rad. (C) Rad enhances the cAMP-induced increase
in Ig,. Diary plots of the time course of change in I, (normalized to initial Ig,) are shown before and after intracellular injection of cCAMP in representative cells. No
Rad: Upper; with Rad: Lower. (Insets) Currents at +20 mV before (black trace) and 10 min after cAMP injection (red trace). (D) “before-after” plots of cAMP-induced
changes in lg, in individual cells injected Rad RNA while varying Rad:f,, RNA ratio (by weight, wt/wt). Empty symbols—before cAMP; red-filled-after cAMP. n = 3
experiments; statistics: paired t test. (E) cCAMP-induced increase in I, at different Rad/B,, RNA levels (summary of data from D). Each symbol represents fold increase
in Ig, induced by cAMP injection in one cell. Here and in the following figures, box plots show 25 to 75 percentiles, whiskers show the 5/95 percentiles, and black and
red horizontal lines within the boxes are the median and mean, respectively. At all Rad:B,, RNA ratios except 1:20, the cAMP-induced increase in I, was significantly
greater than without Rad (Kruskal-Wallis test; H = 36.1, 6 degrees of freedom, P < 0.001). (F) Summary of cAMP effects in 10 experiments without and with Rad at

1:2 and 1:1 Rad:fz, RNA ratios (pooled). Number of cells: within the bars. Statistics: Mann-Whitney U test; U = 19.0, P < 0.001.

current two- to threefold; thus, a major part of the regulation has
remained unexplained.

Recently, Liu et al. identified Rad as the “missing link” in PKA
regulation of Cay1.2 (20). Rad is a member of the Ras-related
GTP-binding protein subfamily (RGK) that inhibit high voltage-
gated calcium channels Cay/1 and Cay2 (30). Rad tonically inhibits
Cay1.2, largely via an interaction with Cayf (31, 32). Ablation of
Rad in murine heart was shown to increase basal Cay1.2 activity
and rendered the channel insensitive to f-AR regulation, probably
through a “ceiling” effect (33, 34). Liu et al. (20) reconstituted a
major part of the Cay 1.2 regulation cascade, initiated by forskolin-
activated adenylyl cyclase in mammalian cells, ultimately attaining
an approximately twofold increase in Ca>* current. The regulation
required phosphorylation of Rad, the presence of Cayf, and the
interaction of Cay$ with the cytosolic loop I of o, suggesting that
PKA phosphorylation of Rad reduces its interaction with Cayf
and relieves the tonic inhibition of Cay1.2 (20, 35).

Importantly, the complete adrenergic cascade, starting with
B-AR activation, has not yet been heterologously reconstituted
for Cay1.2. Also, the relation between the Rad-dependent reg-
ulation and the regulation reported in our previous study (29) is
not clear. Here, we utilized the Xenopus oocyte heterologous
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expression system and successfully reconstituted the entire f-AR
cascade. We demonstrate two distinct pathways of PKA modu-
lation of Cayl.2 (Rad dependent and Rad independent) and
characterize the roles of NT and CT of a;c, B, and Rad in the
adrenergic modulation of cardiac Cay1.2 channels. Reproducing
the complete B-AR cascade in a heterologous expression system
will promote the identification and characterization of intracel-
lular proteins that regulate the cascade, eventually assisting ef-
forts to develop therapies to treat heart failure and other
catecholamine-induced cardiac pathologies.

Results

Rad Plays a Significant Role in PKA Regulation of Cay1.2. We used
the Xenopus oocyte model because of its two major advantages:
the ability to coexpress a large number of proteins and control over
protein expression in a wide range (by titrated RNA injection).
There are limitations similar to other heterologous models. Ex-
pression of a protein may change the levels of the others; the re-
lation between injected RNA and the expressed protein is not
necessarily linear. Still, the control of protein expression is better
than for DNA introduction into mammalian cells by transfection or
viral infection. These limitations can be overcome through precise
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monitoring of protein expression levels and RNA dose readjust-
ment (e.g., ref. 36).

In Xenopus oocytes, PKA regulation of heterologously expressed
Cay1.2 was previously observed only with dCT-truncated but not
full-length oycwt (2171 a.a. long) (24, 29). Therefore, we started
the study of Rad’s role in regulation of Ca,1.2 using a;c truncated
at a.a. 1821, a;cA1821. We expressed Cayl.2 in full subunit
composition, o;cA1821, B, and o2, at a 1:1:1 RNA ratio (by
weight). Without Rad coexpression, Ig, was increased by 19 + 3%
(n =32, P = 0.002) following cAMP injection (Fig. 1 C—F). This is
less than the previously reported 30 to 40% (29), probably because
here, we injected about half the amount of cAMP. Note that a
greater Rad-independent I, potentiation was attained by injecting
purified PKA-CS (ST Appendix, Fig. S2).

of I, recordings). As expected (31, 37), basal I, was reduced by
expression of Rad, showing an inverse correlation with Rad
RNA dose (Fig. 1B). Importantly, coexpression of Rad dramat-
ically augmented the effect of cAMP (Fig. 1 C and E). This effect
of Rad increased with increasing doses of injected Rad RNA,
becoming statistically significant at Rad:p,, RNA ratios above
1:10 and reaching a maximum at 1:2 Rad:f,, RNA ratio (Fig.
1E). The average increase at 1:1 and 1:2 RNA ratios was more
than twofold (127 + 10%, n = 57; Fig. 1F).

Rad-Dependent and Rad-Independent Regulations Are Distinct: Roles
of § Subunit and NT and CT of ayc. Experiments in human embry-
onic kidney (HEK) cells suggested a crucial role for the Cayf
subunit in Rad-dependent PKA regulation of Cay1.2 (20, 35). To

Next, we tested the effect of increasing Rad concentrations by
varying the amount of Rad RNA. Ip, was measured by voltage
steps from —80 to +20 mV (refer to Fig. 1C, Insets for examples

further evaluate the role of Cayf, we compared the change in I,
following injection of cAMP into oocytes expressing o;cA1821
and a28, without Cayp or with p,,-wt (wild type), pap-core (38), or
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Fig. 2. Separation of Rad-dependent and Rad-independent PKA regulation of asc. In all experiments, Rad:f,, RNA ratio was 1:2 or 1:1. (A) Schematic
representation of Cayf variants used. The wild-type (B,5-wt) protein is 606 a.a. long. p-core was truncated at a.a. 422; the linker a.a. 138 to 202 were removed
(38). The B2p-3DA is the B, truncated at a.a. 422, with three Asp-to-Ala mutations, D244A/D320A/D322A. (B-D) the presence of the § subunit and its ability to
bind Rad are crucial for Rad-dependent but not for Rad-independent cAMP regulation of Cay1.2. 1 experiment. (B) Diary plots of cAMP-induced changes in Ig,
(see SI Appendix, Fig. S1 for additional examples). (C) Before-after plots of cAMP-induced changes in Ig,. Statistics: paired t test. (D) Summary of data from C.
Data show the fold increase with Rad coexpression (inverted triangles) and without Rad (circles). Groups with and without Rad were compared by Mann-
Whitney U Rank Sum test (t test for f,,-3DA groups in which normality was satisfied). (E) The role of N-terminal initial segment of ayc. Data shown are cAMP-
induced changes in Ig, in individual cells expressing Cay1.2-a1cA1821 (black) and Cay1.2-a,cA20A1821 (red; the latter is lacking the first 20 a.a. of the N
terminus), with «28 and By, without or with Rad. Refer to S/ Appendix, Fig. S1B for raw data. Three experiments; statistics: Mann-Whitney U test. (F) The role
of dCT of ayc. Data show the fold increase in Ig, after CAMP injection (raw data are shown in S/ Appendix, Fig. S1 C and D). Cells expressed the full length asc
(o1cwit) or acA1821, 028 and B,p, Without or with Rad. Three experiments; statistics: Kruskal-Wallis test; H = 27.017 with 2 degrees of freedom, P = <0.001.
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B2p-3DA, with or without Rad (Fig. 24). »-3DA was designed on
the basis of C-terminally truncated f,, and contained the triple
mutation D244A/D320A/D322A which abolishes Cayfp-Rad as-
sociation (37, 39).

In the absence of Rad, cAMP induced the typical 20 to 30%
increase in Ig, with all p,;, constructs or without Cayp expression
(Fig. 2 B-D and SI Appendix, Fig. S14). In the presence of
coexpressed Rad, cAMP induced a much larger, ~2.5-fold in-
crease in peak currents when Po,-Wwt or Byp-core were expressed
but only a small increase in Ig, when no Cayf or the p,,-3DA
mutant was expressed (Fig. 2 B-D and SI Appendix, Fig. S14).

The latter residual increase resembled the cAMP effect seen
without Rad. These results suggest that there are two separate
cAMP-induced regulations of Cay/1.2 in Xenopus oocytes. A mild
20 to 30% increase that does not depend on the presence of
Cayp (29) and does not require coexpression of Rad is termed
hereafter “Rad-independent.” The larger, approximately twofold
cAMP-induced increase in Ig, requires the expression of exog-
enous Rad and will be termed “Rad-dependent” PKA regula-
tion. Absence of Cayp or abrogation of the f,,-Rad interaction
eliminates the Rad-dependent PKA regulation of Cayl.2, con-
firming that Rad-dependent PKA regulation of Cayl.2 is Cayp
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Fig. 3. Full reconstitution of the p1-AR regulation of Cay1.2. (A-C) B1-AR regulation of voltage-dependent activation of Cay/1.2. Oocytes were injected with

RNA of a;cA1821, a23, b, Rad, and B1-AR. (A) Ba?* currents (Upper) before (Left) and after (Right) perfusion of 50 uM isoproterenol (Iso) in a representative
cell. The voltage protocol is illustrated in the Lower panel; Ig, was elicited by 20 ms voltage steps given every 10 s from a holding potential of —80 mV in 10 mV
increments. The currents shown are net I, derived by subtraction of the residual currents recorded with the same protocols after applying 200 pM Cd?*. Since
full capacity, compensation in oocytes was not achievable, and the currents during the first ~2 ms (the duration of capacity transient) were blanked out. (B,
Top) I-V curve before (black) and after (red) addition of Iso in the oocyte shown in A. (Bottom) Parameters of Boltzmann fit of I-V curves in seven oocytes,
before and after Iso. (C) Conductance-voltage (G-V) curves of Cay1.2-a,cA1821 coexpressed with Rad and B1-AR averaged from oocytes of a representative
batch (n = 7 oocytes, one experiment) before and after Iso. The curves were drawn using the Boltzmann equation using average V,,; and K, obtained from
the fits of I-V curves in individual oocytes (from the table shown in B, Bottom). (D) PKI protein blocks the Iso-induced increase in Ig,. Cells expressed a;cA1821,
a28, P2, Rad, and p1-AR. Purified PKI protein (29) was injected to a final concentration of ~2 pM assuming oocyte volume of 1 pL, 0.5 to 2 h before measuring
the currents. Control, no PKI preinjection. (Left) Before-after plots; statistics: paired t test. (Right) Summary of data from one experiment (Mann-Whitney U
Rank Sum Test). (E and F) B1-AR regulation of Cay1.2-aycwt with increasing doses of Rad RNA. a2, B,p, and B1AR were coexpressed in all groups. (E)
Before-after plots of Iso-induced changes in Ig,, at increasing doses of Rad RNA. One experiment; statistics: paired t test. (F) Fold change increase in Ig, caused
by Iso as a function of Rad:B,, RNA ratio. Summary of the experiment shown in E. Statistics: one-way ANOVA, F = 11.8, P < 0.001.
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dependent. By,-core is sufficient to mediate the regulation. This
indicates that the variable Cayf, NT and CT and part of its
HOOK domain are not required for the Rad inhibition of the
channel nor for the relief of inhibition following phosphorylation
of Rad by PKA.

Next, we examined the roles of NT and dCT, which are highly
important for the Rad-independent regulation (29). The pre-
dominant cardiac isoform is the long-NT o, ¢ in which the first 46
a.a. are encoded by exon 1a (40, 41) (SI Appendix, Fig. S24). The
first 20 a.a. of the cardiac long-NT a;c isoform act as an inhib-
itory module, tonically reducing the open probability and currents
of Cay1.2 (42). Removal of this module (a; cA20A1821) abrogates
most of the Rad-independent cAMP regulation of a;cA1821 in
oocytes (ref. 29 and Fig. 2E and SI Appendix, Fig. S1B). We fur-
ther validated the importance of this inhibitory module by
replacing by alanine of either the conserved a.a. Ty, Y13, and Py
(TYP motif) or a.a. 2 to 5 (a;cNT-TYPA1821 and o;cNT-
4AA1821 mutants, respectively). These mutations suppress the
inhibitory function of the NT module (42). We now show that they
also abrogate the PKA-CS regulation of a mouse Cay1.2 in the
absence of Rad (SI Appendix, Fig. S2 B-D), confirming the crucial
role of the NT initial segment in the Rad-independent regulation.
In contrast, the Rad-dependent regulation was preserved in
a;cA20A1821 (Fig. 2E and SI Appendix, Fig. S1B). Thus, unlike
the Rad-independent regulation, the Rad-dependent regulation
does not require an intact NT inhibitory module.

The cleaved dCT of a;c subunit is a potent inhibitory domain
(43) that can reassociate with the truncated o, forming a tight
molecular complex (10). The cleaved dCT was proposed to be
essential for PKA regulation of Cay1.2 (3, 16). In addition, the
cleaved dCT has been reported to traffic to the nucleus in which
it serves as a transcription regulator (44, 45). However, in Xen-
opus oocytes, the presence of dCT as a separate protein was not
required for Rad-independent regulation of Cay1.2-A1821 (29).
Forskolin up-regulated Cay1.2 in HEK cells coexpressing Rad
and full-length (wt) Cay1.2 channels, Cay1.2-a;cwt (20). All in
all, the role of dCT and its truncation in Rad-dependent regu-
lation remains incompletely understood.

To examine the role of dCT, we first compared the effect of
cAMP on either full-length (wt) ajc or a;cA1821-containing
channels, in the absence and presence of Rad. Coexpression of
Rad (1:3 to 1:1 Rad:B,, RNA ratio) reduced basal currents of
Cay1.2-a;cwt, with median I, of 3.05 pA without Rad and 0.62
pA with Rad (P < 0.001; SI Appendix, Fig. S1D). Injection of
cAMP into cells expressing wt-a; ¢ did not increase Ig, (actually, a
slight reduction of 4 + 1.5%, n = 12, was observed: Fig. 2F and S/
Appendix, Fig. S1 C and D). In contrast, when Rad was coex-
pressed with wt-a;c, CAMP injection strongly increased I, (by
90 + 21%, n = 11, P = 0.003) (Fig. 2F and SI Appendix, Fig. S1 C
and D). Thus, unlike Rad-independent regulation, Rad-dependent
PKA regulation does not require the cleavage of dCT.

Interestingly, in the same experiments, the Rad-dependent
cAMP-induced increase in I, appeared higher in oocytes coex-
pressing Rad with a;cA1821 (Fig. 2F): 128 + 23%, n = 18. Pairwise
comparison of fold increase in Ig, for Cay1.2-o;cwt versus Cay1.2-
aycA1821 showed a mildly significant difference, P = 0.04 (Mann—
Whitney U test, median 2.06 interquartile range [IQR] 1.77 to 2.63
for a;cA1821 versus median 1.54 [IQR 1.49-2.04] for wt-oc).

We also found that dCT, coexpressed as a separate protein,
did not affect regulation by cAMP of Cay1.2-a;cA1821 even in
the presence of Rad (P = 0.48) (SI Appendix, Fig. S1 E and F).
Thus, the clipped dCT does not appear to play a role in PKA
regulation of the truncated Cay1.2.

Full Reconstitution of the $1-AR Regulation of Cay1.2. We report the
reconstitution of the full cascade p-adrenergic cascade, starting with
activation of p1-AR. We expressed p1-AR and Cayl.2-a;cA1821
with or without Rad. In the presence of Rad, isoproterenol (Iso;
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50 pM), a nonselective p-AR agonist (46), elicited a significant in-
crease in Ig,. Fig. 3 shows Ba?* currents (Fig. 34) and the
current-voltage relationship (Fig. 3B) in a representative oocyte.
Fig. 3C shows a conductance-voltage (G-V) curve drawn from
seven oocytes of the same day’s experiment. Iso not only increased
current amplitudes but also caused a ~5-mV hyperpolarization shift
in the Vy, for activation, without changing the slope factor (Fig. 3 B,
Lower). The Iso-induced increase in Ig, was blocked by the specific
PKA inhibitor, the protein kinase inhibitor (PKI) protein (Fig. 3D),
suggesting that the effect of Iso was mediated by PKA-CS. Without
Rad, Iso had no effect on Cay1.2-a,cA1821 (see Fig. 4).

We next examined p1-AR regulation of Cay1.2-a;cwt (full-length
ayc). Titration of Rad expression with variable amounts of RNA
showed an inverse correlation between Rad:f,, RNA ratio and Ig,
(r = -0.85, P = 0.002; SI Appendix, Fig. S3). Rad dose-dependently
enhanced the Iso effect (Fig. 3 E and F), similar to what we ob-
served with a;cA1821, though maximal Rad effect appeared to
occur at lower Rad:p,, RNA (Fig. 3F, compare with Fig. 1E).

We next systematically compared the effect of Iso on channels
containing either wt-a;c or a;cA1821, with or without coexpressed
p1-AR and Rad (Fig. 4 and SI Appendix, Fig. S4). Without the
coexpression of Rad, activation of p1-AR did not produce any
increase in I, in either full-length or truncated channel. This result
indicates that the Rad-independent pathway is not activated by p1-
AR under the conditions used. Moreover, it appears that oocytes do
not contain endogenous Rad or similar RGK proteins that are
available for the p1-AR-Cay1.2 cascade. Interestingly, when oo-
cytes expressed Rad without the receptor, Iso caused a small in-
crease in Ig,: ~15% in a;cA1821 (which did not reach statistical
significance, P = 0.08 by paired ¢ test) and ~33% in wt-a;c (P =
0.016) (Fig. 4). These results corroborate a previous report (47),
suggesting that endogenous B-AR is present in some oocyte batches.

In oocytes that expressed f1-AR, Rad, and Cay1.2, Iso in-
duced a robust increase in Ig, (Fig. 4 4 and B; P < 0.001 for both
ayc forms). Interestingly, the Iso effect on the truncated channel
was greater than on full-length a;c (147% versus 87% increase in
mean Ig,, respectively; P = 0.002; Fig. 4B), similar to what we
observed for the cAMP effect (Fig. 2F). Thus, in the full-length
channel, the dCT seems to attenuate the PKA-induced aug-
mentation of Cay1.2 currents.

Reconstitution of the $2-AR Regulation of Cay1.2. f2-AR is localized
in specific parts of the heart (atrium, apex) and specifically in
T-tubules within cardiomyocytes but becomes more widely dis-
tributed over the cardiomyocyte surface in failing heart (4,
48-50). To study p2-AR regulation of Cay1.2, we expressed p2-
AR, Rad, and Cay1.2-a;cA1821, using p2-AR RNA doses be-
tween 10 and 200 pg/oocyte (higher RNA doses caused oocyte
mortality). Unexpectedly, exposure to Iso did not produce a sig-
nificant increase in Ig, in oocytes expressing p2-AR, although a
clear increase was observed in oocytes of the same batch expressing
p1-AR (Fig. 5 4 and B).

To test whether the expressed p2-AR was functioning well, we
used cystic fibrosis transmembrane conductance regulator (CFTR)
channel, a chloride channel activated by PKA phosphorylation
(51). CFTR is robustly activated by cAMP and PKA-CS injection
in Xenopus oocytes (52, 53). Coexpressing CFTR with a range of
B2-AR doses (RNA range, 5 to 50 pg/oocyte) was associated with
significantly higher basal chloride currents (Icprr) compared with
cells expressing CFTR alone (P < 0.001), and Iso did not further
increase Icprr in B2-AR—expressing oocytes (SI Appendix, Fig. S5).
We hypothesized that CFTR channels may have already been
activated due to the agonist-independent constitutive activity of 2-
ARs (54), thus blunting any response to Iso. To test this, we in-
cubated the oocytes for 1 to 2 h with 10 pM propranolol, a
B-blocker and an inverse agonist known to reduce the constitutive
activity of p2-AR (54). Following propranolol incubation, the oo-
cyte was placed in the experimental chamber, voltage clamp was
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Fig. 4. B1-ARregulation of full-length and truncated a;c. Oocytes expressed
Cay1.2-oqcwt (full-length) or Cay1.2-0q¢A1821 channels with or without Rad
and B1-AR. (A) Before-after plots of Iso-induced changes in Ig, in individual
cells. The Rad:p2b RNA ratio in oocytes expressing wt Cay1.2 (blue symbols)
or Cay1.2A1821 (black symbols) was 1:3 and 1:2, respectively. Three experi-
ments; statistics: paired t test. (B) Summary of experiments shown in A.
Statistics: ANOVA on ranks, separately for wt Cay1.2-a4¢ (H = 18.2, P < 0.001)
and Cay1.2-a1¢A1821 (H = 32.4, P < 0.001). In addition, Mann-Whitney U
Rank Sum test was used to compare the last two groups, wt Cay1.2 versus
Cay1.2A1821 with Rad and B1-AR (U = 382, P = 0.002). For Cay1.2-0;cwt with
Rad, there was no significant difference between the groups with and
without p1-AR (P = 0.076, one-way ANOVA on ranks, Dunnett’s test).

established, and the cell was washed with propranolol-free solution
for 2 to 4 min before application of Iso. With propranolol pre-
incubation, Iso induced a robust 1.5- to 3-fold increase in CFTR
currents (SI Appendix, Fig. S5).

These results supported the possibility that high constitutive
activity of f2-AR precluded further effect of Iso, also in the case
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of Cay1.2. Indeed, preincubation with propranolol resulted in a
statistically significant reduction of basal I, in oocytes express-
ing p2-AR, Rad, and Cay1.2-0cA1821 (Fig. 5C). Application of
Iso produced a mild but significant increase in Ig, without pro-
pranolol incubation, by 24 + 5%, in this experiment, and sig-
nificantly greater increase, three to fivefold, with propranolol
preincubation (Fig. 5 D-F).

B2-AR regulation of Cay1.2 may be especially relevant for the
regulation of the full-length a;¢, which is present in the heart but
is particularly abundant in neurons, in which it is regulated by p2-
AR; the prominent PKA phosphorylation site S1928 located in
the dCT of a,¢ has been reported to crucially contribute to this
regulation (reviewed in ref. 55). We tested p2-AR regulation of
the Cay1.2-0;cS1928 A mutant in which serine 1928 was replaced
by alanine (56). Fig. 5 G and H shows that Iy, was significantly and
similarly increased by Iso in both Cayl.2-oycwt and Cayl.2-
a1cS1928A, following preincubation with propranolol and wash-
out as above, in cells coexpressing Cay1.2 and Rad. Thus, phos-
phorylation of $1928 does not play a major role in Rad-dependent
regulation of full-length Cay1.2 in this reconstitution model.

Brain and smooth muscle express a rich variety of «; ¢ isoforms
resulting from alternative splicing (6, 57, 58). The predominant
oy c isoforms in the brain and smooth muscle have a short NT
initial segment (16 a.a.) encoded by exon 1b (SI Appendix, Fig.
S2A); smooth muscle and a proportion of cardiac channels often
contain an insertion in loop I encoded by exon 9* (9a) (58-60).
We examined p2-AR regulation of two o, ¢ variants (made on the
template of full-length a;c) corresponding to major brain and
smooth muscle isoforms, in which the long-NT (46 a.a.) was
replaced by short NT (16 a.a.; SI Appendix, Fig. S24) without or
with the addition of exon 9*-encoded segment in loop I. Fig. 5 1
and J shows that Iso induced a significant and similar two- to 2.5-
fold increase in both channel forms. Thus, Rad-dependent p2-
AR regulation is preserved in brain- and smooth muscle-like
Cay1.2 variants in this reconstitution model.

Discussion

Reconstitution of numerous regulatory pathways of ion channels
in heterologous systems has accelerated the understanding of their
mechanisms and structure—function relationships. However, the
classical adrenergic regulation of cardiac L-type Ca®* channel
remained an unmet challenge for several decades. The recent dis-
covery of the crucial role of Rad and partial reconstitution of the
cascade starting from activation of adenylyl cyclase by forskolin (20)
was a turning point. Here we report the heterologous reconstitution
of the full cascade of f-AR regulation of the cardiac L-type Ca**
channel, Cay1.2, in Xenopus oocytes, starting with the receptor. We
utilized the simplicity and robustness of the oocyte expression sys-
tem to reconstitute the full B-AR cascade, to address the role of
Rad, the relation between Rad-dependent and the previously
reported Rad-independent PKA regulation (29), and to elaborate
the role of Cayf and the distal parts of NT and CT of o;c.

We first validated the role of Rad by directly activating the
endogenous PKA through intracellular injection of cAMP. Ti-
trated expression of Rad showed the expected (31, 32) decrease
in Ig, of Cayl.2-a;cA1821, highly correlated with Rad RNA
dose and accompanied by a robust enhancement in cAMP-
induced increase in Ip,, up to ~2.2-fold (Fig. 1). This is similar
to the ~1.5- to twofold increase in maximal conductance (Gpax)
of Cayl.2-a;cwt in Rad-expressing HEK cells by forskolin (20)
and the magnitude of the adrenergic effect in cardiomyocytes.
These results confirm the importance of Rad in PKA regulation
and show that Rad-dependent regulation occurs both in full-
length and C-terminally truncated oc.

cAMP/PKA-CS injection results strongly suggest two mecha-
nistically distinct PKA regulatory modes of Cay 1.2 (Fig. 2 and S/
Appendix, Figs. S1 and S2): Rad independent and Rad depen-
dent. The latter accounted for ~80% of total increase in Ig,
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Fig.5. P2 adrenergic regulation of Cay1.2. (A and B) Unlike p1-AR, p2-AR does not up-regulate Cay1.2A1821 when activated by Iso. Rad:p,, RNA ratio was 1:2.
Records were taken from oocytes of the same batch during a 3-d experiment. DNAs of both receptors were in pGEM-HJ vector. (A) Before-after plots and (B)
summary of Iso-induced changes in lg,, without or with either p1-AR or p2-AR. Statistics: A, paired t test; B, one-way ANOVA (F = 9.9, P < 0.001) followed by
Dunnett’s test. (C) Basal Iz, of Cay1.2A1821 is reduced by preincubation with propranolol for 60 to 120 min (10 uM; purple symbols). Rad:B,, RNA ratio was
1:2. One experiment; statistics: t test. (D-F) Iso regulates Cay1.2 via f2-AR following reduction in constitutive activity of the receptor by propranolol pre-
incubation. Representative diary plots (D), Before-after plots (E) and summary of Iso-induced increase in oocytes coexpressing a;cA1821, Rad, and f2-AR
without and with preincubation with propranolol. One experiment, statistics: paired t test (E), Kruskal-Wallis one-way ANOVA (H = 9.6, P = 0.001) followed
by Dunnett’s test (F). (G and H) The S1928A mutation in the distal CT of full-length a4c does not abrogate the 2-AR regulation. Oocytes expressed ayc-WT or
a1c-WT S1928A, Bo,, ®25, Rad, and $2-AR and were preincubated in propranolol prior to Iso challenge. Raw data from three experiments are shown in
before-after plot (G; statistics: paired t test) and the summary is in H (statistics: Mann-Whitney U test). (/ and J) f2-adrenergic regulation of short-NT isoforms
of ay¢, with or without exon 9*. Oocytes expressed short-NT ajc-wt with or without exon 9%, B,p,, ®28, Rad, and p2-AR and were preincubated in propranolol
prior to Iso challenge. Raw data from one experiment are shown in before-after plot (/; statistics: paired t test), and the summary is in J (statistics: t test).
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when Rad was coexpressed. The first major mechanistic differ-
ence is the role of Cayf. The Rad-dependent regulation was fully
Cayp dependent, as shown before (20). Both Rad inhibition of
the basal Ig, and the Rad-dependent cAMP enhancement of Ig,
critically depended on coexpression of Cayp subunit (full-length
or core), and both Rad actions were suppressed by a triple mu-
tation that abolishes Rad-Cayp interaction (Fig. 2). The absolute
requirement of Rad-dependent regulation for coexpression of
Cayp suggests that endogenous Cayf present in the oocytes in
small amounts (61) is insufficient to support this regulation or
cannot couple to coexpressed Rad. In contrast, Rad-independent
regulation did not depend on the presence of Cayf subunit.
Second, as shown before (29), the Rad-independent regulation
crucially involved two cytosolic elements of a;c: it required trun-
cation of dCT of a;c and the presence of the inhibitory module
(initial segment) of the NT (Fig. 2 and SI Appendix, Figs. S1 and
S2). In contrast, in the presence of Rad, robust regulation of Ig, by
cAMP was consistently observed, both after the deletion of the
initial NT segment and in channels containing either full-length or
dCT-truncated a;c. We conclude that the cAMP/PKA-CS—induced
PKA enhancement of Cay1.2 current, to date observed only in
Xenopus oocytes (29), is a Rad-independent mode of regulation,
distinct from the Rad-dependent one.

We next reconstituted the full p-AR-Cay1.2 cascade with
coexpressed p1-AR or p2-AR. Our results reveal differences
between the two receptors and provide insights into the mech-
anisms of f-AR regulation of Cay1.2. Activation of f1-AR by Iso
caused a greater-than-twofold increase in Cay1.2-a;cA1821
current and the typical hyperpolarizing shift in voltage depen-
dence of activation (Fig. 3), like in cardiomyocytes (21). Coex-
pression of G4 and adenylyl cyclase was not necessary, suggesting
sufficient levels of endogenous proteins. However, expression of
Rad was essential for both p1-AR and p2-AR regulation; in its
absence, no increase in Ig, was observed (Figs. 3 and 4). Thus, if
RGK proteins are present in Xenopus oocytes, they are insuffi-
cient or unable to support f-AR regulation of Cay1.2. This result
also further underscores the distinction between Rad-dependent
and Rad-independent mechanisms. It is unclear why the Rad-
independent regulation of Cay1.2-0;cA1821 could not be pro-
duced by the activation of $-ARs; it could be a missing specific
protein or a stoichiometry problem with either the receptor or a
downstream protein of the cascade. Unfortunately, expression of
high doses or p1-AR, Gos, or adenylyl cyclase consistently
resulted in oocyte mortality. Hence, we concluded that p1-AR
regulated Cay1.2 only via the Rad-dependent mechanism under
our experimental conditions.

Our experiments revealed a significant difference in basal activity
of f1-AR and p2-AR. As demonstrated with both CFTR and
Cay1.2, even with lowest RNA doses used, p2-AR constitutively
activated the Gy-PKA pathway, rendering high basal CFTR and
Cay1.2 currents and precluding further p-AR regulation. Low basal
currents and $2-AR regulation of CFTR and Cay1.2 were restored
by preincubation with the inverse f-AR agonist, propranolol (Fig. 5
and SI Appendix, Fig. S5). Whereas high basal constitutive activity
of p2-AR is well established (54, 62, 63), agonist stimulation of p2-
AR normally increases Cay1.2 currents in the heart (46, 50). We
assume that, in cardiomyocytes, specific mechanisms such as re-
stricted localization (4, 11, 49, 50, 64, 65) or additional auxiliary
proteins may regulate the basal activity of p2-AR.

The successful reconstitution of both f1-AR and p2-AR reg-
ulation of Cayl1.2 allowed an initial testing of several open
questions related to Cayl1.2 isoforms and posttranslationally
modified variants in brain and smooth muscle. Our data (Fig. 5)
show similar f-AR Rad-dependent regulation of cardiac Cay1.2
and of ay ¢ variants representing predominant neuronal and smooth
muscle isoforms, featuring a short N-terminal initial segment and
an insertion in loop I encoded by exon 9*. The latter complements
the recent finding of Papa et al. (35) who demonstrated unaltered
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B-AR regulation of Cay1.2 containing the long N-terminal initial
segment and the 9* insertion in loop I, in cardiomyocytes of
genetically engineered mice.

We have addressed in detail the role of the posttranslational
proteolytic cleavage of dCT of a;c that has been unclear and
even controversial (23). Of particular importance is the obser-
vation that, in the presence of Rad, both dCT-truncated and full-
length channels were up-regulated by cAMP and by p1-AR and
B2-AR (Figs. 2, 4, and 5). The full-length oy¢ is present in the
heart and seems even more abundant in neurons, where f2-AR is
the predominant f-AR (11). The mechanism of regulation of
neuronal Cay1.2 appears different from that of cardiac; the di-
rect PKA phosphorylation of serine 1928 (located in the dCT) is
highly important in neurons and smooth muscle (55, 66, 67), but
not in the heart (18, 68). In our system, the p1-AR activation of
full-length Cay1.2 (containing S1928) required Rad, and muta-
tion of S1928 to alanine did not suppress the f2-AR regulation of
Cay1.2-aycwt. Thus, phosphorylation of S1928 in not required
for the Rad-dependent p-AR regulation. However, since both
the Cay1.2 microenvironment and the RGK protein abundance
in neurons and cardiomyocytes may substantially differ, in-
volvement of S1928 cannot be ruled out (55). Notably, phos-
phorylation of S1928 contributes to basal Ig, in the oocytes (56)
and modulates mobility of neuronal Cay1.2 (69), suggesting
multiple roles for this prominent PKA site.

Our results did reveal a potentially important quantitative dif-
ference that depended on dCT cleavage: in Rad-expressing oocytes,
the f1-AR and cAMP regulation of the dCT-truncated channel was
significantly stronger than of the full-length channel. Although this
could represent the contribution of Rad-independent regulation
(which is missing in the full-length channel), we consider this un-
likely since Rad-independent regulation was not observed with p1-
AR. We propose that, in the context of full-length a;c, the dCT
exerts a regulatory control over the Rad-dependent p-AR regula-
tion of the channel, via mechanisms that remain to be explored.

In summary, we reconstituted the p1-AR and p2-AR regula-
tion of Cayl.2 in the Xenopus oocyte model system. Our het-
erologous model replicates the known basic features of B-AR
regulation of cardiac Cay1.2 and reveals previously unknown mo-
lecular details, including the consequences of proteolytic processing
of a;c with respect to p-AR regulation, the differential roles of
Cayp subunit and of the NT and CT of a;¢ in the Rad-dependent
and Rad-independent regulation, and the differences in channel
regulation by p1-AR and p2-AR. The reconstitution of the basic
cascade will enable further investigation of the mechanisms of ac-
tion of Rad and additional auxiliary proteins implicated in macro-
molecular complexes involved in p-AR regulation of Cay1.2, such
as arrestins, G protein receptor kinases, A-kinase anchoring pro-
teins, phosphatases and phosphodiesterases, and others (70). It may
also be instrumental in identifying potential targets for therapeutic
modulation of B-adrenergic regulation in heart and other tissues.

Materials and Methods

Experimental Animals and Ethical Approval. Experiments were approved by Tel
Aviv University Institutional Animal Care and Use Committee (permits #
01-16-104 and 01-20-083). Adult female Xenopus laevis frogs were purchased
from Xenopus 1 (Dexter, MI). The frogs were handled as described (29). For
surgery, frogs were anesthetized in 0.2% tricaine methanesulfonate (MS-222).
After removal of portions of ovary and full recovery from anesthesia, frogs
were returned to a separate tank for postoperational animals. For details,
refer to SI Appendix.

DNA Constructs, RNA, and Purified Proteins. The complementary DNA (cDNA)
constructs used are the following: Human Rad (NP_001122322), cardiac long
N terminus isoform of rabbit a;c (GenBank: X15539) and the corresponding
mouse aqc isoform (NM_001255999.2), rabbit Cayf,p [originally termed B,
(71); GenBank: X64297.1; Cayp2N4 according to the comprehensive no-
menclature (6)], and a8, (GenBank: M21948). Two NT mutants of mouse a4
were constructed: «;cNT-4AA1821 with alanine substitution of a.a. 2 to 5
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and o;cNT-TYPA1821 with alanine substitution of a.a. Tqo, Yq3 and Pys.
Mouse a4¢ constructs also contained the double mutation T1066Y/Q1070M
which renders the channel dihydropyridine insensitive but does not affect
regulation by PKA (19). The DNA of the distal C-terminal fragment (dCT) of
rabbit a4c encoded a.a. 1,821 to 2,171 (29). The short NT forms of a4¢, with
and without the insertion of exon 9*-encoded segment of loop L1, were
prepared on the template of rabbit a;cwt (42, 72). The B,p-core construct
and B,,-3DA were prepared on the template of 8, described by Opatowsky
et al. (73) and described in Fig. 2A and S/ Appendix, Methods. Human CFTR
channel (GenBank: NM_00492) was in pSP64 vector. Human B2 adrenergic
receptor (GenBank: AAA88015.1) was subcloned into pGEM-HJ vector.
Mouse B1 adrenergic receptor (NP_031445.2) was in pcDNA3.1 vector. For
comparison with p2 adrenergic receptor, it was subcloned into pGEM-HJ
vector. For further details, refer to SI Appendix.

The RNAs were prepared using a standard procedure (29). We used the
long-NT isoform of rabbit ac (except S/ Appendix, Fig. S2, in which mouse
agc was used) and various mutants, as detailed in the figures. The amount of
injected RNA, per oocyte, are detailed in S/ Appendix, Methods and
figure legends.

His-tagged catalytic subunit of PKA (His-PKA-CS, GenBank: NM 008854.5)
and His-tagged human PKI protein (GenBank: $76965.1) were purified from
Escherichia coli as described (29), with minor modifications for His-PKA-CS.
For details, refer to SI Appendix. PKI was stored and injected into oocytes in
PKI buffer (in millimolars: 20 Tris HCI, 300 NaCl, 2 dithiothreitol (DTT), pH 8).
His-PKA-CS was stored and injected in PKA buffer (in millimolars: 20 KH,POy,,
20 KCl, 2 DTT, pH 7.5) (29).

Electrophysiology. Oocytes were defolliculated by collagenase, injected with
RNA, and incubated for 3 d before recording at 20 to 22 °Cin NDE solution (in
millimolars: 96 NaCl, 2 KCl, 1 MgCl,, 1 CaCl,, 5 Hepes, 2.5 pyruvic acid, and
0.1 gentamycin sulfate) (29). lon channel currents in oocytes were measured
using two-electrode voltage clamp with a GeneClamp 500 amplifier (Mo-
lecular Devices). CFTR currents were measured at —80 mV in ND96 solution
(in millimolars: 96 NaCl, 2 KCl,1 MgCl,, 1 CaCl,, 5 Hepes, pH 7.6). Whole-cell
Ba®* current (Ig,) was elicited by 20 ms depolarizing pulses from a resting
potential of —80 mV to 20 mV, with a 10 s interval between sweeps, in
40 mM Ba2* solution (in millimolars: 40 Ba(OH),, 50 NaOH, 2 KOH, and 5
Hepes, titrated to pH 7.5 with methanesulfonic acid), or, in one experiment
out of the three with a;cA20A1821 (Fig. 2E), in 2 mM BaZ* solution (in
millimolars: 2 Ba[OH],, 96 NaOH, 2 KOH, and 5 Hepes, titrated to pH 7.5 with
methanesulfonic acid). These measurements were used to assess cAMP-
induced changes in lg, amplitude only. Experiments with one oocyte batch
lasted for 2 to 3 d (3 to 5 d after RNA injection). Channel levels usually in-
creased on days 2 and 3. Therefore, in most experiments, the effects of cAMP
and Iso on a Rad-less channel (that exhibited the highest currents) were
measured on the first day to avoid measuring too large currents (>8 pA) that
caused series resistance artifacts. Effects of various treatments (e.g., differ-
ent doses of Rad; S/ Appendix, Figs. S1B and S3) on basal lg, were always
compared on the same day, in 40 mM Ba®* solution. Results of “before—
after” analysis of single cells (CAMP injection, Iso) were collected during
all days of recording. Therefore, generally, the populations of cells used to
summarize lg, amplitude versus cells in which effects of cCAMP or Iso were
measured only partially overlap.

In the current-voltage (I-V) protocols, currents were elicited by 20 ms
pulses from the holding potential —-80 mV to voltages from —70 to 80 mV
with 10 mV intervals and 10 s between sweeps. Currents measured in the
presence of 200 pM Cd?* were subtracted from total Ig, (Fig. 3 A-C) to yield the
net Ig,. |-V curves were analyzed as described (42). In each cell, I-V curves in
the range —70 to 40 mV were fitted to the Boltzmann equation in the form:

I = Gmax(vm'vrev)/(1 + exp(-(Vm - V1/Z)/Ka)),

where Gy is the maximal Ba?* conductance, V,, is the membrane voltage,
Vrev is the reversal potential of the current, K, is the slope factor, and V4, is
half-maximum activation voltage. The parameters obtained for Gn,.x and
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V,ev Were then used to calculate fractional conductance data points at each
Vp, using the equation:

G/Gmax =1/(Gmax(Vm-Vrev))-

Conductance-voltage (G-V) curves through the data points were plotted
with the values of V,; and K, obtained from the fit of the I-V curves, using
the following form of the Boltzmann equation:

G/Gpax = 1/(1 + eXp(_Vm_VUZ)/Ka))'

Injection of cAMP and PKA-CS and Isoproterenol Perfusion. CAMP (Sigma,
A6885) was diluted in H,0, stored in small aliquots as 40 mM stock solution
at —20 °C and thawed only once. For injection, CAMP was diluted to 20 mM.
Purified His-PKA-CS was kept in aliquots of 5 pg/pl and stored in small ali-
quots at —80 °C and thawed at the beginning of the experiment and during
the experiment kept on ice. Injection during recording was done with sharp
capillary glass micropipettes filled with cAMP or PKA-CS. The injection
needle was inserted after the whole-cell voltage clamp has been established.
Compounds were injected into oocytes with pressure only after observing
that currents have been stable for at least 2 min. Approximately 5 nL (0.5%
of oocyte volume) was injected. The concentration of injected cAMP in the
oocytes was ~100 pM, assuming oocyte volume of 1 pL. The final amount of
PKA-CS injected was ~25 ng/oocyte. Injection artifacts visible as a sharp shift
in current, accompanied by an increase in leak current, were usually minor
(Figs. 1C and 2B). Records with injection artifact that exceeded 10% of Ig,
amplitude were discarded.

Isoprenaline hydrochloride (isoproterenol, Sigma-Aldrich, 15627) was di-
luted in H,0 and kept in 100 mM stock solution aliquots. Perfusion of iso-
proterenol 50 uM began after documentation of a stable peak current for
2 min. Propranolol (Sigma-Aldrich, P0844) was in dissolved dimethylsulph-
oxide (DMSO) at 50 mM. For the propranolol pretreatment procedure, oo-
cytes were incubated for 1 to 2 h in 10 pM propranolol in NDE solution.

Statistical Analysis. In all experiments, the fold change in current caused by an
externally applied or injected substance was calculated by dividing the current at
the end of the recording by the current measured before substance application in
the same cell. The values before and after treatment with cAMP/PKA-CS/Iso-
proterenol were compared using paired t test for normally distributed variables;
otherwise, a Wilcoxon test was performed (In the text of the paper, mean
values + SE of mean are occasionally presented even for distributions that did
not pass normality tests, for reader’s convenience). Two-sample comparisons of
different treatment groups were done by independent sample two-tailed t test,
or by Mann-Whitney U test for data that did not pass normality test. Com-
parison of multiple test groups was done with one-way ANOVA if the data were
normally distributed or Kruskal-Wallis ANOVA on ranks when the data did not
distribute normally. A Holm-Sidak post hoc test was performed for normally
distributed data and Dunnett’s post hoc test otherwise. Statistical analysis was
performed with SigmaPlot 13 (Systat Software, Inc.). Data sets that did not pass
the Shapiro-Wilk normality test were reported as median and IQR (Q1 to Q3). In
the figures, box plots show the 25 to 75 percentiles, whiskers show the 5 to 95
percentiles, and black and red horizontal lines within the boxes are the median
and mean, respectively, with single values (dots) indicated.

Data Availability. All study data are included in the article and/or S/ Appendix.
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