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Ca®* influx via L-type voltage-gated Ca?* channels supports the plateau phase of ventricular action poten-
tials and is the trigger for excitation—contraction (EC) coupling in the myocardium. Rad, a member of the
RGK (Rem, Rem2, Rad, Gem/Kir) family of monomeric G proteins, regulates ventricular action potential
duration and EC coupling gain through its ability to inhibit cardiac L-type channel activity. In this study,

Keywords: we have investigated the potential dysfunction of a naturally occurring Rad variant (Q66P) that has been
Rad . associated with congestive heart failure in humans. Specifically, we have tested whether Rad Q66P limits,
Eg\ﬁ grmem or even eliminates, the ir}hibitory actions of Rad on Cay1.2 and Cay1.3, the two L-type .channeI. isoforms
Cay1.3 known to be expressed in the heart. We have found that mouse Rad Q65P (the murine equivalent of
L-type human Rad Q66P) inhibits L-type currents conducted by Cay1.2 or Cay1.3 channels as potently as

wild-type Rad (>95% inhibition of both channels). In addition, Rad Q65P attenuates the gating movement
of both channels as effectively as wild-type Rad, indicating that the Q65P substitution does not differen-
tially impair any of the three described modes of L-type channel inhibition by RGK proteins. Thus, we
conclude that if Rad Q66P contributes to cardiomyopathy, it does so via a mechanism that is not related
to its ability to inhibit L-type channel-dependent processes per se. However, our results do not rule out
the possibility that decreased expression, mistargeting or altered regulation of Rad Q66P may reduce

Heart failure

the RGK protein’s efficacy in vivo.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

In the heart, Ca®* influx via L-type voltage-gated Ca®* channels
(Cay1.2) forms the electrophysiological basis for the plateau phase
of action potentials and triggers the Ca®* release from the sarcoplas-
mic reticulum (SR) necessary for contracture of the myocardium
[1,2]. Since L-type channel activity is absolutely essential for main-
taining rhythm and for excitation-contraction (EC) coupling, mod-
ulators of L-type channel activity can have profound effects on
cardiac physiology. In this regard, members of the RGK (Rem,
Remz2, Rad, Gem/Kir) family of small Ras-related GTP-binding pro-
teins are potent endogenous inhibitors of both Cay1.2, the predom-

Abbreviations: EC, excitation-contraction; RGK, Rad-Rem-Rem2-Gem/Kir pro-
tein; RyR2, type 2 ryanodine-sensitive intracellular Ca®* release channel; SR,
sarcoplasmic reticulum.
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inant cardiac L-type isoform, and Cay1.3, which is highly expressed
in the sinoatrial node [3-12], reviewed in [13]. In acutely isolated
cardiomyocytes and in cultured cardiac cells, viral overexpression
of Gem, Rem or Rad substantially reduces L-type currents
[5-9,12], dampens EC coupling [6,8,9] and shortens the plateau
phase of ventricular action potentials [5,7,8]. The attenuation of
L-type channel activity by Rad, Rem or Gem in vitro correlates with
shortened QT intervals [5,7] and decreased left ventricular systolic
pressure in vivo [5]. Overexpression of Rad or Rem also prevents f-
adrenergic enhancement of native L-type current and the conse-
quential extension of the plateau phase of the action potential [7,8].

Suppression of RGK protein activity can also profoundly affect
cardiac function. For example, Yada and colleagues [7] observed
increased L-type current, broadened action potentials and pro-
longed QT intervals in an engineered mouse overexpressing a
putative dominant-negative form of Rad (S105N). The prolongation
of the QT interval in the transgenic Rad S105N mice produced a
variety of arrhythmias including sinus node dysfunction, atrioven-
tricular block and ventricular extra systoles. Moreover, administra-
tion of the B-adrenergic agonist epinephrine induced ventricular
tachycardia. Along the same lines, Wang et al. [9] reported that L-
type currents and EC coupling were augmented in dissociated ven-
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tricular myocytes infected with siRNA directed against Rad. Some-
what surprisingly, EC coupling was found to be blunted in cardio-
myocytes harvested from Rem null mice, even though L-type
current was modestly enhanced and SR Ca®* stores were replete [ 14].

Rad has been identified as a negative regulator of cardiac hyper-
trophy in a study showing that: (1) heart failure patients have de-
creased levels of Rad message and expressed protein, (2)
overexpression of Rad blocks the hypertrophic response in phenyl-
ephrine-treated cultured neonatal cardiomyocytes, and (3) mice
lacking Rad are more susceptible to the development of
hypertrophy in response to thoracic transverse aortic constriction
than wild-type mice [15]. Interestingly, a thymine to guanine
switch at Rad bp 2248 encoding a glutamine to proline swap at
Rad residue 66 has been identified in congestive heart failure pa-
tients by a group of investigators aiming to profile nonsynonymous
single nucleotide polymorphisms in known signaling proteins [16].

Taken together, the earlier observations that L-type Ca®* flux
[17] and genetic ablation of Rad [15] both promote pathological
cardiac hypertrophy raise the question of whether aberrant Ca%* in-
flux via L-type channels resulting from impaired Rad Q66P function
may play a role in the pathogenesis of some forms of heart failure.
To investigate this idea at the most basic level, we have tested the
ability of this Rad variant to inhibit L-type Ca®* currents conducted
by Cay1.2 and Cay1.3 channels.

2. Materials and methods
2.1. Molecular biology

The cDNA plasmid encoding Venus-mouse Rad (GenBank acces-
sion No. NP_062636) was a kind gift from Drs. S.R. Ikeda and H.J.
Puhl, Il (NIH/NIAAA). The missense mutation encoding a glutamine
to proline swap at mouse Rad residue 65 was introduced into the V-
Rad parent vector using the Change-IT site directed mutagenesis kit
(cat. #784801KT; Affymetrix, Santa Clara, CA). The sequence of the
forward primer was 5-GAACTCGGACACcGGGCCAGAGG-3' and the
sequence of the reverse primer was 5'-CTCCATCCACAGTGATA-
GAACGGTC-3'. The presence of the mutation was verified by
sequencing.

2.2. tsA201 cell culture and expression of cDNA

tsA201 cells were propagated in culture medium containing
90% DMEM (cat. #SH30022.01; HyClone Thermo Scientific, Logan,
UT), 10% defined fetal bovine serum (Hyclone Laboratories) and
100 pg/ml Penicillin-Streptomycin (cat. #15140-122; Life Tech-
nologies, Grand Island, NY). tsA201cells of low passage number
(<20) were trypsinized twice weekly and replated onto 35 mm cul-
ture dishes at ~20% confluence. Lipofectamine 2000 (cat. #11668-
019; Life Technologies, Carlsbad, CA) was used to transfect these
cells within 3-5 days of plating. The transfection mixture con-
tained expression plasmids encoding rabbit Cay1.2 [18] or rat
Cay1.3 [19], rat o381 [20] and rabbit B,, [21] channel subunits at
1 ng of each cDNA per dish. Where appropriate, the transfection
mixture contained a plasmid-encoding mouse Venus-Rad (1 pg/
dish), mouse Venus-Rad Q65P (1 pg/dish) or YFP (30 ng/dish; Clon-
tech, Mountain View, CA). The day following transfection, cells
were trypsinized and replated onto 35 mm plastic culture dishes
(BD Falcon, San Jose, CA; cat. #353801). Cells were used in record-
ing experiments ~24 h later.

2.3. Measurement of L-type Ca®* currents and intramembrane charge
movements

All experiments were performed at room temperature (~25 °C).
Pipettes (2.0-3.0 MQ) were fabricated from borosilicate glass and

were filled with internal solution, which consisted of (in mM):
140 Cs-aspartate, 10 Cs,-EGTA, 5 MgCl, and 10 HEPES, pH 7.4 with
CsOH. The bath solution contained: 145 NaCl, 10 CaCl, and 10
HEPES, pH 7.4 with NaOH. For measurement of intramembrane
charge movements attributable to Cay1.2, 0.1 LaCl; and 0.5 CdCl,
were added to the bath solution. Electronic compensation was
used to reduce the effective series resistance. Linear components
of leak and capacitive current were corrected with —P/4 online
subtraction protocols. Filtering was at 2-5 kHz and digitization
was either at 10 kHz (L-type currents) or 25 kHz (charge move-
ments). Cell capacitance was determined by integration of a tran-
sient from —-80 to —70mV using Clampex 10.3 (Molecular
Devices, Sunnyvale, CA) and was used to normalize charge move-
ments (fC/pF) and current amplitudes (pA/pF). Current-voltage
(I-V) curves were fitted according to:

I'=Gmax(V — Viev) /{1 + exp[=(V — V1,2)/kc]} (1)

where [ is the normalized current for the test potential V, V., is the
reversal potential, Gmax is the maximum conductance, Vy; is the
half-maximal activation potential and ks is the slope factor. For
Cay1.2, plots of the integral of the ON charge movement (Q,,) as a
function of test potential (V) were fitted according to:

Qon = Qmax/{1 +exp[(V — Vo) /kel}, @)

where Qmayx is the maximal Q,p, Vg is the potential causing move-
ment of half the maximal charge, and kg is a slope parameter. Since
Cd?* and La>* failed to adequately block L-type current conducted
by Cay1.3, integration of the ON charges movement at the reversal
potential was employed to determine Qmax.

2.4. Analysis

Figures were made using the software program SigmaPlot (ver-
sion 11.0, SSPS Inc., San Jose, CA). Data are presented as mean * -
SEML. Statistical comparisons were made by unpaired t-test or by
ANOVA (where appropriate) with P < 0.05 considered significant.

3. Results
3.1. Rad Q65P potently inhibits Cay1.2 channels

To determine whether the Rad Q66P polymorphism (please see
Fig. 1) impairs the small G protein’s ability to inhibit Cay1.2, we re-
corded L-type currents from transiently transfected tsA201cells. In
control experiments, we observed robust L-type currents in
tsA201cells expressing Cayl1.2, auxiliary B, and 0,81 subunits
and a YFP transfection marker (—18.7 +2.7 pA/pF at +20mV,
n=15; Fig. 2A and D). As expected, coexpression of a Venus-fused
wild-type Rad construct nearly ablated (>95% reduction) any cur-
rent attributable to Cay1.2 (—0.1 £ 0.4 pA/pF, n=15; Fig. 2B and
D). Similarly, L-type currents were also nearly eliminated by coex-
pression of V-Rad Q65P, the murine equivalent of human Rad Q66P
(—-0.4 £ 0.5 pA/pF, n=15; P> 0.05, unpaired t-test vs. V-Rad; Fig. 2C

1 307
N G GTP-binding core c

/
/ AN

61 GTRT[JGQRLD  wild-type mouse Rad
GTRTEHGQRLD mouse Rad Q65P
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Fig. 1. Schematic diagram of the human Rad Q66P/mouse Rad Q65P substitution.
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Fig. 2. Rad Q65P potently inhibits Cay1.2 channels expressed in tsA201cells. Representative recordings of L-type currents are shown for tsA201cells expressing Cay1.2, B2a,
o581, and YFP (A), Cay1.2, Baa, 0281, and V-Rad (B) and Cay1.2, B,a, 0281, and V-Rad Q65P (C). Currents were evoked at 0.1 Hz by 50 ms steps from —80 mV to test potentials
ranging from —50 to +90 mV in 10 mV increments (illustrated at bottom of panel C). The peak I-V relationships are shown in (D). The smooth curve for the Cay1.2 control data
set is plotted according to Eq. (1) with fit parameters: Gmax = 358 + 40 pS/pF, Vi, =-2.7 £ 2.3 mV and k¢ = 8.3 £ 0.6 mV; the I-V relationships for V-Rad- and V-Rad Q65P-
expressing cells were not able to be fit by Eq. (1). (E) Q-V relationships. Charge movements were evoked at 0.1 Hz by 25 ms steps from —80 mV to potentials ranging from
—70 mV through +90 mV in 10 mV increments. The smooth curves are plotted according to Eq. (2) with fit parameters displayed in Table 1. Throughout, error bars

represent + SEM.

and D). No inward current was detectable in seven non-transfected
tsA201 cells (data not shown).

RGK proteins inhibit L-type channels via three distinct mecha-
nisms: (1) decreased channel membrane expression, (2) voltage-
sensor immobilization and (3) reduced channel P, [10,11,13]. Since
the first two modes are characterized by impaired voltage-sensor
function, we measured maximal ON charge movement to deter-
mine whether the Rad Q66P variant selectively impedes a particu-
lar inhibitory mode. As summarized in Fig. 2E, we observed a
reduction in maximal charge movement that was nearly identical
for cells expressing either V-Rad (12.9 + 2.7 fC/pF, n=11) or V-
Rad Q65P (11.9+2.0 fC/pF, n=11; P> 0.05, unpaired t-test vs. V-
Rad) relative to control cells (32.5 + 4.8 fC/pF, n = 14; P < 0.001, AN-
OVA; see Table 1). Importantly, negligible charge movement was
observed in non-transfected tsA201cells (0.01 £ 0.20 fC/pF; n=6).
Taken together, the results shown in Fig. 2 demonstrate that Rad
Q65P inhibits Cay1.2 channels as potently as wild-type Rad by
the same mode of action.

3.2. Rad Q65P also produces profound inhibition of Cay1.3 channels

We next examined the ability of Rad Q65P to inhibit Cay1.3
channels because this L-type channel isoform is also expressed in

Table 1
Q-V fit parameters.
Q-V
Qmax (fC/pF) Vq (mV) kq (mV)
Cayl.2 32.5+4.8%(14) 18.1+£3.8 20.0+1.5
Cay1.2 + V-Rad 12.9+2.7 (11) 19.0+59 185+1.8
Cay1.2 +V-Rad Q65P 11.9+2.0(11) 239+34 17.0£0.9

Data are given as mean + SEM, with the numbers in parentheses indicating the
number of cells tested. Charge movement data were fit by Eq. (2). Significant dif-
ferences are indicated.

¢ P<0.001; ANOVA.

the heart [22,23]. Specifically, Cay1.3 expression is abundant in
the sinoatrial node where it supports the upstroke of spontaneous
action potentials and may play a key role in pacemaking [24-28].
In the control experiments shown in Fig. 3A, tsA201cells transfec-
ted with Cay1.3, Baa, 0251 subunits and YFP produced L-type cur-
rents that were much larger in amplitude (—155.4 + 21.4 pA/pF at
—10mV, n=26) and activated at more hyperpolarizing potentials
than the Cay1.2 currents shown in Fig. 2A. However, the inhibitory
effects of V-Rad and V-Rad Q65P coexpression on Cay1.3 channels
were quite similar to those observed with the Cay1.2 isoform
(Fig. 3B and C, compare with Fig. 2B and C); V-Rad and V-Rad
Q65P both reduced Cay1.3 current by >95% (—3.0+0.7 pA/pF,
n=13 and —3.1 + 0.6 pA/pF, n = 20, respectively; P > 0.05, unpaired
t-test; Fig. 2D). Likewise, the Q65P substitution had no significant
effect on the reduction of Cay1.3 charge movement compared to
wild-type Rad (7.1 £1.4 fC/pF, n=20 and 4.2 + 1.2 pA/pF, n=13,
respectively; P> 0.05, unpaired t-test; Fig. 3E). Thus, our data indi-
cate that wild-type Rad and Rad Q65P inhibit both L-type channel
isoforms known to be expressed in the heart to an equal extent.

4. Discussion

Residue Q66 lies in the amino-terminus of human Rad, up-
stream of the GTP-binding core region (Fig. 1) [29,30]. We find that
Rad Q66P (mouse Rad Q65P), a less common variant identified in a
cohort of congestive heart failure patients, inhibits Ca?* currents
conducted by cardiac L-type channels (Cay1.2 and Cay1.3) as effec-
tively as wild-type Rad (Figs. 2 and 3). Our results are consistent
with the findings of earlier structure-function studies demonstrat-
ing that the less conserved amino-termini of RGK proteins are lar-
gely dispensable for inhibition of cloned high voltage-activated
Ca?* channels. In particular, RGK proteins minimally require an in-
tact and membrane-targeted core to produce inhibition of Ca®*
channels in heterologous systems [31-33].
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Fig. 3. Rad Q65P potently inhibits Cay1.3 channels expressed in tsA201cells. Representative recordings of L-type currents are shown for tsA201cells expressing Cay1.3, B2a,
0281, and YFP (A), Cay1.3, Baa, 0281, and V-Rad (B) and Cay1.3, B,a, 0281, and V-Rad Q65P (C). Currents were evoked at 0.1 Hz by 50 ms steps from —80 mV to depolarizations
ranging from —50 to +80 mV in 10 mV increments. The peak -V relationships are shown in (D). The smooth curve for the Cay1.3 control data set is plotted according to Eq. (1)
with fit parameters: Guax = 1894 + 228 pS/pF, Vi, = —-23.2 £ 1.0 mV and k¢ = 4.3 £ 0.2 mV. Again, the I-V relationships for V-Rad- and V-Rad Q65P-expressing cells were not
able to be fit by Eq. (1). (E) Summary of average maximal charge movement. Since Cay 1.3 Ca®* currents were not completely blocked by Cd?* and La**, Qmax was determined by
integration of the “ON” charge elicited by step depolarizations from —80 mV to the reversal potential.

For both Cay1.2 and Cay1.3, a portion of intramembrane charge
movement was preserved in cells expressing either wild-type Rad
or Rad Q65P despite the near ablation of the Ca?* current. By con-
trast, previous work has shown that overexpression of Rem nearly
eliminates charge movement arising from Cayl1.2 channels ex-
pressed in HEK293 cells [11]. Thus, Rad seems to rely more heavily
on the low P, voltage-sensor-mobile mode of RGK protein action in
this cell type than does Rem. Moreover, we find that the reductions
of maximal charge movement mediated by wild-type Rad and Rad
Q65P are similar (Fig. 2E and Fig. 3E), indicating that neither the
low P, mode nor the two inhibitory modes that are characterized
by reduced charge movement (i.e., enhanced channel internaliza-
tion and voltage-sensor immobilization) are differentially affected
by the Q65P substitution.

Taken together, our results appear to indicate that if Rad Q66P
contributes to the development of cardiac hypertrophy and heart
failure, it does so by interfering with a process that is not depen-
dent on the intrinsic ability of the RGK protein to inhibit L-type
Ca%* channels. However, the Q66P substitution still may impair
the effect of Rad on L-type channel activity in vivo. For example,
a reduction in Rad Q66P expression may occur in human failing
hearts even though Rad Q65P expression is similar to wild-type
Rad in our heterologous expression system. Another potential
mechanism for Rad Q66P dysfunction is that the introduction of
a proline “kink” causes structural rearrangements within the ami-
no-terminus that are detrimental to targeting or regulation of Rad
activity. In regard the former, the amino-termini of RGK proteins
house elements necessary for interactions with scaffolding pro-
teins such as 14-3-3 which may anchor RGK proteins in close prox-
imity to L-type channels [34]. Relevant to the latter possibility, one
may speculate that the presence of a proline at residue 66 impedes
regulatory events that stabilize Rad function (e.g., phosphorylation,
acetylation, oxidation-reduction). Finally, a molecular mechanism
by which the Rad Q66P polymorphism contributes to heart failure
independently of Ca?* channel modulation must be considered
since RGK proteins are known regulators of the cytoskeleton, cell
growth and metabolism [35-39]. In particular, the disruption of a

channel-independent function may be involved the development
of some forms of cardiomyopathy because Rad activity promotes
apoptosis [40] and provides defence against heart failure by limit-
ing fibrosis [41].
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