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Abstract
The Rem, Rem2, Rad, and Gem/Kir (RGK) GTPases, comprise a subfamily of small Ras-related
GTP-binding proteins, and have been shown to potently inhibit high voltage-activated Ca2+

channel current following overexpression. Although the molecular mechanisms underlying RGK-
mediated Ca2+ channel regulation remains controversial, recent studies suggest that RGK proteins
inhibit Ca2+ channel currents at the plasma membrane in part by interactions with accessory
channel β subunits. In this paper, we extend our understanding of the molecular determinants
required for RGK-mediated channel regulation by demonstrating a direct interaction between Rem
and the proximal C-terminus of CaV1.2 (PCT), including the CB/IQ domain known to contribute
to Ca2+/calmodulin (CaM)-mediated channel regulation. The Rem2 and Rad GTPases display
similar patterns of PCT binding, suggesting that the CaV1.2 C-terminus represents a common
binding partner for all RGK proteins. In vitro Rem:PCT binding is disrupted by Ca2+/CaM, and
this effect is not due to Ca2+/CaM binding to the Rem C-terminus. In addition, co-overexpression
of CaM partially relieves Rem-mediated L-type Ca2+ channel inhibition and slows the kinetics of
Ca2+-dependent channel inactivation. Taken together, these results suggest that the association of
Rem with the PCT represents a crucial molecular determinant in RGK-mediated Ca2+ channel
regulation and that the physiological function of the RGK GTPases must be reevaluated. Rather
than serving as endogenous inhibitors of Ca2+ channel activity, these studies indicate that RGK
proteins may play a more nuanced role, regulating Ca2+ currents via modulation of Ca2+/CaM-
mediated channel inactivation kinetics.
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INTRODUCTION
High voltage activated (HVA) Ca2+ channels allow Ca2+ influx upon membrane
depolarization to regulate a wide variety of cellular functions including excitation-
contraction coupling in muscle cells, neurotransmitter release and Ca2+ transients in
neurons, and hormone secretion in endocrine cells 1. L-type Ca2+ channels minimally
consist of a pore-forming α1 subunit, an intracellular β subunit, and a transmembrane
complex α2/δ 1, with each of the subunits contributing to the modulation of the kinetics and
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voltage-dependence of channel gating properties 1, 2. Intracellular domains of the pore-
forming α1 subunit serve as scaffolds for the targeting and localization of a diverse array of
regulatory molecules. A conserved α1 interaction domain (AID) located between the first
and second repeats of the Cavα1-subunit (loop I–II), serves as a high affinity binding site for
all Ca2+ channel β subunits (Cavβ) 3. AID:CaVβ association promotes trafficking of channel
complex to the plasma membrane and results in increased current densities 4–6. The CaV1.2
C-terminus (CCT) serves as another major site of modulation. The L-type channel CCT
(residues 1507–2171 for rabbit CaV1.2) is targeted by a variety of regulatory pathways,
including PKA, PKC, CaM, CaMKII, and protein phosphatases PP1 and PP2A 1, 7, 8. A
conserved CB/IQ domain and regions proximal to the CB/IQ have been reported to
contribute to channel auto-regulation, including Ca2+–dependent inactivation (CDI) through
Ca2+-regulated interactions with calmodulin (CaM) 9. Ca2+ free CaM (ApoCaM) appears to
be constitutively tethered to the Cav1.2 C-terminus 10–12, and a recent study by Pitt and
colleagues suggests that Ca2+ -bound CaM elicits a conformational change within the
Cav1.2 C-terminus which promotes binding to the I–II intracellular linker, resulting in
channel inactivation 13. In skeletal and cardiac muscle cells, the distal C-terminus of L-type
calcium channels is subject to proteolytic cleavage 14–16, and the released distal C-terminal
fragment has been found to function as a potent autoinhibitory domain 17, 18. This same
liberated domain has been shown to traffic to the nucleus to modulate gene expression
within neurons 19 and cardiac myocytes 20.

Rem, Rem2, Rad, and Gem/Kir (RGK) are members of a Ras-related GTPase subfamily
with conserved structural and functional characteristics that distinguish them from other
members of the Ras superfamily 21–26. These include several substitutions within regions of
the Ras GTPase core known to be involved in both GTP/GDP binding and hydrolysis, a
conserved C-terminal extension that functions to direct membrane association 27–29 and
serves as a regulatory domain 28, 30–35, and a large but structurally variable N-terminal
domain 22, 36–38. Uniquely, RGK proteins are expressed in a tissue- and cell-type dependent
fashion, and are subject to complex transcriptional regulation 21, 23–26, 39.

RGK protein expression has been shown to potently inhibit high-voltage activated (HVA)
Ca2+ channel activity in both heterologous and native systems 26, 30, 31, 40–44, mediated in
part through interactions with auxiliary β-subunits and a conserved domain within the RGK
C-terminus that is required to direct plasma membrane trafficking 26, 28. Although the
mechanisms underlying RGK-mediated Ca2+ channel regulation remain largely unknown,
recent studies have suggested that plasma membrane-localized RGK proteins associate with
the CaVα1 channel complex through Cavβ subunit binding 29, 41, 45. Here, we expand upon
the potential molecular mechanisms involved in RGK-mediated Ca2+ channel regulation by
identifying a direct interaction between Rem and the proximal C-terminus of Cav1.2(CCT)
and provide evidence supporting a role for CCT association in Rem-dependent Ca2+ channel
regulation.

RESULTS
Rem interacts with the L-type, but not T-type CaVα1-CCT in vitro

Rem inhibits ICa,L in part through association with auxiliary CaVβ subunits 28, 30, 40, 41, 43,
but the contribution of the channel α1-subunit to Rem regulation remains poorly
characterized 26. To explore whether Rem interacts with the Cav1.2 C-terminus, tsA201
cells were transiently co-transfected with expression vectors encoding 3xFlag-tagged Rem
and either 3xHA-empty vector (control), 3xHA-tagged full-length Cav1.2 C-terminus, or the
indicated Cav1.2 C-terminal truncation mutants (Fig. 1A, B). HA-CCT or the CCT mutants
were then isolated by immunoprecipitation, and bound Flag-Rem was visualized by
immunoblotting. As seen in Fig. 1B, Rem was found to associate with full-length CCT
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(CCT-FL) (Fig. 1B, top panel). This binding appears to involve interactions of Rem with
both the proximal (Cav1.2 (1507–1669) (PCT)) and distal (Cav1.2 (1906–2171) (DCT))
domains, but not with the medial (Cav1.2 (1672–1905) (MCT)) portion of the CaV1.2-CCT
(Fig. 1B, top panel). Although not all the CCT fragments were expressed at equivalent
levels (Fig. 1C), MCT was highly expressed and immunoblotting confirmed that the
transfected cells expressed similar levels of 3xFlag-Rem (Fig. 1B, lower panel).

RGK proteins are incapable of inhibiting T-type calcium channel function 30, 31, and the
CCT domains of L- and T-type α-subunits display little overall sequence homology 46.
Therefore, as an added specificity control, we examined the interaction between Rem and
the CaV3.2-CCT. Although the Cav3.2-CCT was expressed at greater levels than that of
Cav1.2-CCT in tsA-201 cells (Fig. 1D, bottom panel), Rem failed to interact with Cav3.2-
CCT (Fig. 1D, top panel). Taken together, these studies indicate that Rem interacts with
both the proximal and distal portions of the L-type CCT, but not with the T-type CCT.

In vitro association of RGK proteins with the proximal CCT
To further characterize the nature of the Rem-CCT association, we next used 35S-labeled, in
vitro translated CCT fragments and recombinant glutathione-S-transferase (GST) fused Rem
(GST-Rem) and GST-Rem-(1-265) to explore the Rem-CCT interaction. The generation
of 35S-labeled CCT-FL or the other three CCT truncation mutants is shown in Figure 2A.
GST-Rem directly bound 35S-labeled PCT (Fig. 2B, top panel), but failed to associate with
MCT (Fig. 2B, middle panel). Interestingly, recombinant Rem also failed to interact with
DCT (Fig. 2B, bottom panel) suggesting that Rem binding with the distal CCT may require
additional cellular binding factors. Surprisingly, the conserved RGK C-terminus appears to
contribute to CCT binding, since GST-Rem-(1-265) failed to associate with either CCT-FL
or PCT (Fig. 2C). In addition, while previous work has suggested that RGK-mediated Ca2+

channel regulation may be GTP-dependent 40, 44, both GDP-bound and GTPγS-bound Rem
displaying equivalent in vitro PCT binding (Fig. 2B, top panel).

If CCT association is required for RGK-mediated channel regulation, we reasoned that CCT
binding should be a common property for all RGK proteins. Importantly, when expressed in
tsA201 cells, both Rem2 and Rad GTPases co-immunoprecipitate with the proximal and
distal, but not the medial domain, of CCT (Figs. 3A and B). Thus, the ability to bind CCT is
a conserved property for RGK family proteins and suggests that CCT association may
contribute to RGK-mediated channel regulation.

Rem-mediated ICa,L inhibition does not require the distal CCT
To explore the contribution of the distal CaV1.2 C-terminus to Rem-dependent regulation of
Ca2+ channel current, we examined the modulation of CaV1.2(1–1905), a deletion mutant
lacking the final 265 residues of the C-terminus. Co-expression of CaV1.2(1–1905) with
CaVβ1b+GFP in tsA201 cells resulted in appreciable whole cell currents (−12.0 + 4.4 pA/
pF, filled squares, n=4) (Fig. 3C). Importantly, expression of wild-type GFP-Rem resulted in
a potent reduction in ionic current expression (−0.3 + 0.3 pA/pF, open circles, n=5), which
is similar to the inhibition observed with full-length CaV1.2+CaVβ1b (see Fig. 4D). Similar
results were obtained using CaV1.2(1–1905)+CaVβ2a (data not shown), suggesting that the
C-terminus of CaV1.2 distal to position 1905 does not contribute to Rem-mediated
regulation of Ca2+ channel current.

Plasma membrane targeting contributes to Rem:CCT association
The RGK C-terminus appears to play important roles in both plasma membrane targeting
and Ca2+ channel regulation 26. To examine the importance of this domain in CCT binding,
we analyzed the interaction of wild-type Rem and Rem-(1-265) with PCT using co-

Pang et al. Page 3

Channels (Austin). Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



immunoprecipitation from tsA201 cell lysates. The Rem-(1-265) truncation mutant lacks the
conserved RGK C-terminus, is not localized at the plasma membrane, and does not alter
Ca2+ channel current expression 28, 30. Consistent with the binding studies in Figure 2C,
Rem-(1-265) failed to associate with HA-PCT, whereas full-length Rem displayed PCT
binding (Fig. 4A). We next investigated whether the Rem C-terminus directly contributed to
CCT binding. For these studies, we made use of two chimeric proteins in which the C-
terminus of K-Ras4B and H-Ras were fused to Rem-(1-265) 28. Addition of either plasma
membrane trafficking motif has been found to restore both membrane localization and Ca2+

channel regulation 28, and co-immunoprecipitation analysis found that both chimeric
proteins are capable of PCT binding (Fig. 4A). Therefore, Rem:CCT association is
correlated with both Rem-mediated Ca2+ channel regulation and plasma membrane
localization. As an added specificity control, Rem-(1-265)-HSAAX (mutation of the CAAX
motif cysteine to serine) was generated. Mutation of the CAAX motif cysteine disrupts
protein farnesylation 47–49 and confocal microscopy confirms that Rem-(1-265)-HSAAX is
not localized to the plasma membrane (Supplemental Fig. S1). Co-immunoprecipitation
analysis found that Rem-(1-265)-HSAAX does not associate with CCT-FL (Fig. 4B) but
retains Cavβ1b subunit binding (Fig. 4C). While GFP-Rem-(1-265)-HCAAX expression
resulted in a potent reduction in ionic current expression (−1.1 ± 0.3 pA/pF, closed
triangles, n=8) when co-expressed with Cav1.2+β1b in tsA201 cells (Fig. 4D), GFP-Rem-
(1-265)-HSAAX did not significantly alter either current density or voltage-dependent
channel gating properties (Fig. 4D). Whole cell currents elicited in the presence of
Cav1.2+β1b+GFP-Rem-(1-265)-HSAAX (−17.7 ± 3.9 pA/pF, filled squares, n=9) were
indistinguishable from control currents in cells expressing Cav1.2+β1b+GFP (−18.5 ± 4.7
pA/pF, open circles, n=10) (Fig. 4D). As a final specificity control, co-immunoprecipitation
analysis found that the isolated Rem C-terminus (residues 266–297) does not directly
associate with PCT (Fig. 4E). Taken together, these data suggest that plasma membrane
localization, but not sequences within the C-terminus of Rem, contribute to Rem:CCT
association and support the notion that CCT binding is necessary for effective Rem-
mediated channel regulation.

Ca2+-calmodulin inhibits Rem:CCT binding
Since calmodulin (CaM) is known to interact with the CaV1 C-terminus in the same region
required for Rem association 9 (Figs. 1B and 2B), and also associates with the C-terminus of
Rem 28, 35, 50, we next examined whether CaM binding might regulate Rem:CCT
association. Compared to GST-Rem:CCT-FL binding in the presence of EGTA, CCT-FL
binding was modestly decreased by the addition of 2 mM Ca2+ (Fig. 5A, top panel, compare
lanes 2 and 4). However, while the addition of CaM to the in vitro binding reaction had no
obvious effect on Rem:CCT-FL association in the presence of EGTA, the interaction
between Rem and CCT-FL was almost completely inhibited upon the addition of Ca2+/CaM
(Fig. 5A, top panel, compare lanes 6 and 8). Similar results were seen using recombinant
GST-Rem and PCT (Fig. 5A, bottom panel). Addition of high concentrations of Ca2+ also
disrupted Rem:PCT association in TsA201 cell lysates. As seen in Figure 5B, Rem displayed
PCT binding in lysis buffer containing EGTA but Rem/PCT association was abolished in the
presence of excess Ca2+ (Fig. 5B, top panel, compare lanes 1 and 2). Transfected cells
expressed similar levels of Rem (Fig. 5B, bottom panel) and PCT (Fig. 5B, middle panel),
indicating that the loss of binding was not the result of Ca2+-dependent proteolysis or a
transfection artifact. The addition of exogenous CaM did not further alter the relative
binding affinity between Rem and PCT either in the presence of Ca2+ or EGTA (data not
shown). Taken together, these data suggest that Ca2+/CaM acts to inhibit Rem and PCT
association.
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Ca2+/CaM-mediated inhibition of Rem:PCT association is not due to CaM binding to the
Rem C-terminus

To determine whether CaM binding to Rem disrupts Rem:CCT association, we examined
the effect of CaM on PCT binding to Rem-(1-265)-KCAAX and Rem-(1-265)-HCAAX 28.
Whereas the K-Ras4B-CAAX motif shares several properties with the Rem C-terminus,
including a polybasic domain capable of PIP lipid-mediated plasma membrane targeting and
CaM association 27, 51, 52, the H-Ras-CAAX domain contains a prenylation/palmitoylation
membrane localization signal and does not bind CaM 51. CaM sepharose pulldown assays
were used to confirm these properties. As expected, only WT-Rem and Rem-(1-265)-
KCAAX displayed CaM binding (Fig. 5C). Furthermore, both Rem-(1-265)-KCAAX and
Rem-(1-265)-HCAAX bound PCT in the absence, but not the presence of excess Ca2+ in the
immunoprecipitation assay (Fig. 5B). These data indicate that the Ca2+/CaM mediated
blockade of Rem:PCT association does not involve direct CaM binding to the Rem C-
terminus.

Overexpression of CaM partially blocks Rem-mediated ICa,L inhibition
Since association of Rem with the CaV1.2 C-terminus appears to play a role in the blockade
of ICa,L (Fig. 4D) and Ca2+/CaM inhibits in vitro Rem:PCT association (Figs. 5A, B), we
reasoned that CaM may serve to modulate Rem-mediated Ca2+ channel blockade. Peak
currents elicited from tsA201 cells expressing Cav1.2+Flag-β2a+GFP+HA-CaM (Fig. 6A,
filled squares, −18.6±6.1 pA/pF, n=11) using 30 mM Ba2+ as the charge carrier were not
significantly different from those obtained in the absence of co-expressed CaM
[Cav1.2+Flag-β2a+GFP+pKH3] (Fig. 6A, open diamonds, −12.3±2.4 pA/pF, n=11). As
expected, co-expression of GFP-Rem was capable of generating complete current blockade
in the presence of 30 mM Ba2+ (Fig. 6A, open circles, −0.3±0.4 pA/pF, n=6). However, co-
expression of HA-CaM was able to partially relieve Rem-mediated blockade of L-type ionic
current (Fig. 6A, C). In these experiments, CaM overexpression resulted in peak current
densities of >3.5 pA/pF (Fig. 6A, filled triangles, −3.6±1.2 pA/pF, n=12 and Fig. 6C), which
is ~19% of the peak current density elicited in the absence of Rem overexpression. Although
the average peak current densities generated from Cav1.2+Flag-β2a+GFP-Rem+pKH3 and
Cav1.2+Flag-β2a+GFP-Rem+HA-CaM transfection were not found to be statistically
different, 7 out of 12 cells expressing Rem and CaM generated detectable ionic current
while only 1 out of 6 cells transfected with Cav1.2+Flag-β2a+GFP-Rem+pKH3 generated
any detectable ionic current (peak current density of the single cell = −2.3 pA/pF). We next
tested the effect of HA-tagged CaM overexpression on Rem-mediated channel inhibition
using 30 mM Ca2+ as the charge carrier. Peak current density elicited from cells expressing
Cav1.2+Flag-β2a+GFP+HA-CaM (Fig. 6B, filled squares, −6.9±1.6 pA/pF, n=20 and Fig.
6D) was not statistically different from those seen following expression of Cav1.2+Flag-
β2a+GFP+pKH3 (Fig. 6B, open diamonds, −6.3±1.9 PA/pF, n=11, and Fig. 6D). As
expected, Rem expression resulted in a complete blockade of current expression in this
system (Fig. 6B, open circles, −0.1±0.2 pA/pF, n=8, and Fig. 6D). However, co-expression
of Rem and CaM resulted in >3 pA/pF peak inward current (Fig. 6B, filled triangles,
−3.0±0.7 pA/pF, n=16, and Fig. 6D), which was significantly different from the average
current density elicited from the Cav1.2+Flag-β2a+GFP-Rem+pKH3 transfection (Fig. 6D)
(p<0.01). CaM co-expression resulted in a partial restoration of ICa,L (43% of the peak
current elicited in 30 mM Ca2+ in the absence of Rem) (Fig. 6B and 6D). Immunoblotting of
whole cell lysates indicate that overexpression of CaM does not alter the expression of Rem
or channel subunits (Supplemental Fig. S2). Together these data indicate that CaM
overexpression partially antagonizes Rem-mediated Ca2+ channel current inhibition.
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Rem alters the kinetics of calcium-dependent channel inactivation
It is well established that CaM bound to the CaV1 C-terminus plays a critical role in the
generation of calcium dependent inactivation 9. Because Rem interacts with PCT and
overexpression of CaM partially relieves Rem-mediated L-type Ca2+ channel inhibition
(Fig. 6A, B), we next asked whether Rem alters the kinetics of voltage-dependent
inactivation (VDI) or calcium-dependent inactivation (CDI). Fig. 7A shows the
superimposed representative time course of the IBa generated during 300 ms test pulses to
+5 mV from Vh=−80 mV (holding potential) from the indicated transfection experiments;
all of the current traces were normalized in order to facilitate the kinetics comparison. The
Ba2+-current restored by CaM overexpression had decay kinetics with the same time course
as those observed in the absence of Rem expression (Fig. 7A). The degree of VDI was
analyzed using r600, the ratio of the residual current at 600 ms to the initial peak. At 600 ms
after the onset of the depolarization, ~70% of the peak current remains for Cav1.2+Flag-
β2a+GFP+pKH3 transfection, and the co-expression of either CaM or Rem/CaM did not
affect VDI kinetics (Fig. 7C). Figure 7B shows the superimposed representative time course
of the ICa generated during initial 300 ms of test pulses to +20 mV from Vh= −80 mV from
the indicated transfection experiments. When compared to wild-type L-type Ca2+ channels,
or channels in the presence of exogenous CaM, Rem and CaM co-expression was found to
significantly slow current decay (Fig. 7B). In order to quantitate the affect of Rem/CaM
expression on CDI, the time constants of inactivation (tau) were derived from individual
current traces (see “Materials and Methods” for details). As seen in Figure 7D, CaM
expression did not alter inactivation kinetics for the CaV1.2+Flag-β2a channel in the
depolarizing potentials from 0 mV to 40 mV, which is consistent with previous studies 12,
53. However, inactivation kinetics following overexpression of Cav1.2+Flag-β2a+GFP-Rem
+HA-CaM displayed a statistically significant difference at depolarizing potentials ranging
from 0 mV to 30 mV (* P<0.05; ** P<10−4). Indeed, the average taufast value increased
following Rem and CaM co-expression (Fig. 7D, filled circles, 63.59±4.49 ms, n=8) by 64%
when compared with cells expressing CaM alone (Fig. 7D, open squares, 38.83±2.11 ms,
n=12) at 20 mV, which is the depolarizing potential corresponding to the peak current. The
average peak current density resulting from the overexpression of Rem+CaM is about 43%
of the peak current elicited in the absence of Rem. Given that CDI is dependent on Ca2+-
entry we were concerned that the apparent loss of CDI with Rem+CaM co-expression
simply was secondary to a decreased absolute degree of Ca2+-entry. To evaluate this
possibility, we plotted the macroscopic decay time constant taufast against the peak ICa,L
density measured at +20 mV from individual cells in the presence or absence of Rem.
Macroscopic ICa,L decay was slower for Rem+CaM compared to CaM overexpression even
in fortuitous instances of similar ICa,L density (Supplemental Fig. S3). These data suggest
that Rem significantly slows the kinetics of CDI.

DISCUSSION
All members of RGK GTPases have been found to act as potent inhibitors of high-voltage
activated (HVA) Ca2+ channel function when overexpressed 26, 30, 31, 33–35, 39–44. While
binding to accessory CaVβ subunits contributes to RGK-mediated HVA Ca2+-channel
regulation 30, 40–44, this interaction alone is not sufficient for Rem-dependent current
blockade 28, 54. In the present study, we provide new insight into the mechanisms of RGK-
mediated Ca2+ channel regulation through the identification of an interaction between the
CaV1.2-CCT and RGK GTPases and find that Rem:CCT association appears to contribute to
Rem-dependent regulation of L-type Ca2+ channel activity. Ca2+/CaM is able to disrupt
Rem:CCT binding in vitro (Fig. 5A) and overexpression of CaM partially reverses Rem-
mediated VDCC inhibition (Fig. 6). Finally, the Rem:CCT interaction site is implicated in
CDI because Rem - CaM co-expression was found to significantly alter the kinetics of CDI
(Fig. 7B, D). Based upon these findings we propose that RGK proteins can associate with
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Cavβ and CCT, and that these interactions promote reorganization of CaVα1 intracellular
domains to generate the blockade of current expression which is the hallmark of RGK-
dependent Ca2+-channel regulation upon overexpression 26, 30, 31, 33–35, 39–44. Our studies
also pointed out the possibility that Rem may function as an endogenous regulator for Ca2+/
CaM-mediated channel inactivation.

The L-type Ca2+-channel exists in most cells as a multi-protein complex. Although
heterologous expression studies have led to great insight into Ca2+-channel function, over-
expression studies increase selected components of the channel complex and must be
cautiously interpreted. For example, the bulk of RGK – Ca2+-channel studies never over-
express CaM, yet CaM is known to be an integral component of the L-type channel complex
10–12 and even without CaM over-expression, CDI occurs. The observation of CDI led us
and others to conclude that endogenous (in this case tsA201 cell) CaM is sufficiently
abundant to modulate ICa,L. However, this assumes that the overexpressed protein does not
compete with CaM for access to the Ca2+-channel complex. A second reason we previously
overlooked CaM co-expression was that based on Western blotting CaM abundance was
relatively high in tsA201 cells. This overlooks the important finding that CaM has numerous
interacting proteins in a cell. Taken together, our data now suggest that RGK proteins via
interactions with CaV1.2 proximal C-terminus effectively compete with CaM. Although,
CaM is not limiting for ICa,L carried by CaV1.2 (+CaVβ2a) expression, the presence of
excess Rem reveals the limiting nature of endogenous CaM. This new interpretation
logically leads to a provocative suggestion – that a function of RGK proteins is to not only
govern ICa,L, but also to influence CaM-channel regulation.

Our studies indicate that Rem overexpression only partially inhibits Ca2+ current amplitude
in the presence of overexpressed CaM (Fig. 6A, B), and that co-expression of CaM and Rem
slows the inactivation kinetics of CDI (Fig. 7B, D). Altering CDI has a strong effect on
action potential duration in cardiac myocytes 55. These data suggest that RGK proteins may
serve to increase Ca2+ flux under physiological conditions. Moreover, the complete channel
blockade observed in earlier studies may be an artifact of in vitro overexpression resulting
from a cellular imbalance between Rem and CaM. These results also address a vexing issue
in RGK signaling- namely if RGK proteins potently inhibit Ca2+ channel function, and
endogenous RGK proteins are expressed in excitatory cells, why are L-type Ca2+ currents
maintained? These data indicate that rather than serving as endogenous inhibitors of Ca2+

channel activity, RGK proteins may play a more nuanced role, regulating Ca2+ currents via
modulation of Ca2+/CaM-mediated channel inactivation kinetics. It has been reported that
levels of Rad mRNA and protein are decreased significantly in failing human hearts and that
Rad expression is decreased significantly in murine cardiac hypertrophy models 56,
suggesting that Rad may play an important role in maintaining normal cardiac function.
However, whether endogenous L-type Ca2+ channel function is modified, the kinetics of
CDI are changed, or action potential duration is altered in the cardiomyocytes of Rad
knockout animals has not yet been examined. A careful examination of these issues in Rad
knockout myocytes, or the generation and analysis of additional RGK knockout animal
models, will be needed to fully address these important questions.

Rem, Rad, and Rem2 are each capable of interacting with both the proximal (residues 1507–
1669) and the distal (residues 1906–2171) domains of the CaV1.2-CCT when co-
overexpressed in tsA201 cells (Figs. 1, 3). However, in vitro binding studies indicate that the
interaction with PCT is direct, while that with the DCT domain is indirect and may require
additional intracellular anchoring proteins (Fig. 2B). Interestingly, the proximal CCT
contains several functionally important domains including the conserved EF-hand, A, CB
and IQ domains, all of which have established regulatory roles in L-type Ca2+ channel
function. In particular, the A, CB and IQ domains have been reported to serve as docking
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sites for both apocalmodulin (ApoCaM) and Ca2+-CaM 9. Although the identity of the exact
binding sites for ApoCaM and Ca2+-CaM on the CCT remain controversial, and appears to
depend upon the functional status of the particular channel under study 9, it has been
proposed that Ca2+ binding to CaM elicits a major conformational change in the CCT which
initiates CDI 13, 57. Our studies indicate that Ca2+/CaM inhibits Rem:CCT association in
vitro (Fig. 5A), suggesting that Rem and CaM could compete for interaction with the
proximal CCT domain, either by targeting overlapping docking sites within the PCT, or by
having Ca2+/CaM-mediated conformational rearrangements of the PCT disrupt Rem
association. In this model, bound Rem would present a barrier to Ca2+/CaM-mediated
conformational rearrangement of the PCT, and displacement of Rem would slow the Ca2+/
CaM-mediated structural reorganization of the CaV1.2 C-terminus which results in CDI.
Studies are underway to examine whether A, CB and /or IQ domains are involved in the
direct association with Rem.

In summary, we demonstrate that RGK proteins interact with two distinct domains within
the CaV1.2-CCT, including a direct interaction with the proximal C-terminus. Furthermore,
while plasma membrane localization appears to promote both Rem:CCT association and
Ca2+ channel regulation, it is dispensable for β subunit binding, supporting an important role
for Rem:PCT interaction in Rem-mediated Ca2+ channel regulation. Moreover, there is an
interplay between Ca2+/CaM:PCT association and Rem:PCT association which appears
capable of modulating Ca2+/CaM-mediated CDI kinetics. Additional studies will be needed
to identify the cellular signaling pathways that control Rem-mediated Ca2+ channel activity
and to characterize the interplay between Rem:CCT and Rem:Cavβ binding in Ca2+ channel
regulation.

MATERIALS AND METHODS
Protein expression

Mammalian expression vectors for Cav1.2, Flag-β2a, and Flag-β1b subunits have been
described previously 30. GFP-Cav1.2 (rabbit) was kindly provided by K. Beam (University
of Colorado Health and Sciences Center, Aurora, CO). Truncation mutants for CaV1.2 were
generated using the Quick change site-directed mutagenesis kit (Stratagene, La Jolla, CA),
while Rem(266–297) was generated by PCR. Rem containing a CAAX box have been
described previously, and the SAAX mutants produced by mutagenesis 28. Full length and
truncated CaV1.2-CCT cDNAs were subcloned into pCite4 (Novagen) for production of in
vitro translated proteins. pKH3-mCaM was kindly provided by Dr. Daniel Noonan (Dept. of
Biochemistry, Univ. of Kentucky). All site-directed mutants and PCR reaction products
were verified by DNA sequencing.

In vitro GST pulldown assay
GST-Rem and GST-Rem(1-265) were produced as described previously 21. Radiolabeled
proteins were prepared by in vitro transcription and translation in the presence of [35S]
methionine using the Single Tube Protein System 3 (STP3) kit (Novagen). Binding of
radiolabeled CCT to Rem was assessed as follows. Glutathione-Sepharose beads (GE
Healthcare) (10 µl) were resuspended in EDTA buffer (50 mM Tris, pH 7.5, 100 mM NaCl,
0.05% Tween 20, 1 mM DTT, 1 mM EDTA), and GST or GST-Rem (10 µg) added. The
beads were incubated for 5 min with end-over-end rotation at 4 °C, washed with ice-cold
EDTA buffer (1 ml), and then with either ice-cold EDTA buffer (1 ml), GDP buffer (1 ml)
(50 mM Tris, pH 7.5, 100 mM NaCl, 0.05% Tween 20, 1 mM DTT, 10 mM MgCl2, 20 µM
GDP), or GTP buffer (GDP buffer with 20 µM GTPγS) (1 ml) to promote nucleotide
exchange. Binding was initiated by the addition of 35[S]-labeled CCT protein (4 µl) and
incubated for 3 h at 4 °C with end-over-end rotation (100 µl total volume). Resin was
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washed three times and bound fraction eluted using assay buffer containing 25 mM
glutathione (40 µl total). Fractions were resolved on 10% SDS-PAGE gels, the gels dried
and exposed to film for 16–72 h. Purified bovine CaM protein was kindly provided by Dr.
Thomas Vanaman (Dept. of Biochemistry, Univ. of Kentucky.

Co-immunoprecipitation analysis
Expression vectors expressing CaV1.2, RGK GTPases, or various mutants, were co-
transfected into tsA201 cells by the calcium phosphate method 58. Forty-eight hours post-
transfection, cells were suspended in ice-cold immunoprecipitation (IP) buffer [20 mM Tris,
pH 7.5, 250 mM NaCl, 1% TX-100, 0.5 mM DTT, 1× protease inhibitor mixture
(Calbiochem), 10 mM MgCl2, 10 µM GTPγS], lysed by sonication, subjected to
centrifugation (100,000 × g), and 0.5 mg of the cleared supernatant incubated with Protein G
Sepharose (12.5 µl) (Pharmacia) and anti-HA antibody (5 µg) for 3 h with rotation at 4°C
(500 µl total volume). The beads were pelleted and washed three times with IP buffer (1 ml).
Fractions were resolved on SDS/PAGE, transferred to nitrocellulose, and subjected to
immunoblot analysis using biotinylated-Flag antibody (1 µg/ml) and streptavidin–
horseradish peroxidase (Pierce) (1:40,000 dilution). Expression of recombinant proteins was
examined by immunoblotting using either anti-Flag (Sigma) or anti-HA monoclonal
antibodies (1 µg/ml).

Confocal imaging
Confocal imaging of green fluorescent protein (GFP)-tagged Rem protein was performed as
previously described 42. Images displayed are representative of the cells observed.

β Subunit Association Assay
Co-immunoprecipitation of Rem with Flag-CaVβ1b in tsA201 cells was performed as
previously described 30, 59.

Calmodulin binding assay
TsA201 cells were transfected with Rem, Rem-(1-265), Rem-(1-265)-KCAAX, Rem-
(1-265)-HCAAX or empty p3xFlag-CMV10 using the calcium phosphate method 58. 48 h
post-transfection, cells were harvested and binding of Rem or Rem chimeric proteins to
calmodulin was performed as previously described 28. The eluted proteins were resolved on
10% SDS-PAGE, transferred to nitrocellulose and immunoblotted with anti-Flag M2
monoclonal antibody (1 µg/ml) (Sigma) to detect bound Rem.

Electrophysiology
TsA201 cells were transfected with the indicated plasmids using the calcium phosphate
method, and whole-cell patch clamp experiments were performed as described previously
28, 59. Transfected cells were identified by GFP expression. The selection of CaVβ subunit
was motivated by the desire to compare results in the present study with our earlier work
(28), while studies exploring CDI used CaVβ2a because of the larger current densities
generated. The whole cell configuration of the patch-clamp technique was used to measure
ionic current. Patch electrodes with resistances of 1–2 mΩ contained (in mM) 150 CsCl, 3
EGTA, 1 MgCl2, 5 Mg-ATP, and 5 HEPES, pH 7.36. The bath solution consisted of (in
mM) 112.5 CsCl, 30 BaCl2 or CaCl2, 1 MgCl2, 10 tetraethylammonium chloride, 5 glucose,
5 HEPES, PH 7.4. The I–V relationship was determined by applying 1000 ms voltage pulses
at 0.25 Hz to potentials between −90 and 80 mV in 5 mV increments from a holding
potential of −80 mV. Signals were amplified with an Axopatch 200B amplifier and 333 kHz
A/D system (Axon Instruments, Union City, CA). All recordings were performed at room
temperature (20–22°C). Data was analyzed with Clampfit 9 (Axon Instruments) software. In
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Fig. 6C and Fig. 6D, values are reported as normalized mean at 5 mV ± SE for Ba2+ currents
and as normalized mean at 20 mV ± SE for Ca2+ currents, and significance was determined
using Kruskal-Wallis test followed by a post hoc Dunn’s test with p-values of <0.01
(Graphpad prism5). For the data analysis in Fig. 7C, the degree of voltage-dependent
inactivation was analyzed using r600, the ratio of the residual current values at 600 ms and at
the initial peak. For the data analysis shown in Fig. 7D, Ca2+ currents recorded during a
typical 1000 ms test pulse applied ranging from 0 mV to +40 mV from a holding potential of
−80 mV at indicated experimental conditions were analyzed using pclamp10 software and
the time constants of inactivation were derived from fitting the decay phases of the time
courses with the following biexponential function equation: i(t) =A1* exp(−t /Taufast) + A2
* exp(−t/Tauslow) + C, where t is the time; A1, A2, Taufast, and Tauslow are the amplitudes
and time constants of the fast or slow exponential components; and C is the fraction of
noninactivating current. The fast component of inactivation was used for the analysis of
Ca2+-dependent channel inactivation. For the data analysis shown in Fig. 7D, statistical
significance was determined using student’s t-test (OriginLab, Northampton, MA) denoted
by single (P<0.05) or double (P<0.00005) asterisks.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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AID CaVα1 loop I–II interaction domain

CDI calcium-dependent inactivation

VDI voltage-dependent inactivation
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CaM calmodulin

CaMKII calmodulin kinase II

PP1 protein phosphatase 1

PP2A protein phosphatase 2A
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Figure 1. Rem interacts with the proximal and distal domains of CCT
A, Schematic of the CCT truncation mutants with the Rem interaction status indicated on the
right. B, TsA201 cells were transiently co-transfected with expression vectors encoding
3xFlag-tagged Rem and either pCDNA3.1+3xHAa (empty vector), HA-CCT-FL or the
indicated HA-tagged CCT truncation mutants. 48 h post-transfection, cells were harvested,
and cell lysate (0.5 mg) was subjected to immunoprecipitation with anti-HA antibody as
described under “Materials and Methods”. The entire bound fraction or a portion of the
unbound fraction (2.5 µl) was analyzed by immunoblotting with biotin-Flag to detect Rem.
C, Cell lysate (5 µg) was immunoblotted with anti-HA antibody to monitor expression of
CCT-FL and the corresponding truncation mutants used in panel B. D, TsA201 cells were
transiently co-transfected with vectors expressing Flag-Rem and either pCDNA3.1+3xHAa,
HA-Cav1.2 CCT or HA-Cav3.2 CCT. Co-immunoprecipitation was performed using HA
antibody as described in B and Rem binding examined by biotin-Flag immunoblotting.
Results in each panel are representative of three independent experiments.
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Figure 2. In vitro association of Rem with proximal CCT
A, 35S-labeled CCT truncation mutants were prepared by in vitro transcription and
translation as described under “Materials and Methods”. The 35S-labeled proteins were
resolved on 10% SDS-PAGE, the gels dried and exposed to film for 3 h. B, Recombinant
GST or GST-Rem proteins bound to glutathione-Sepharose resin were preloaded with the
indicated nucleotide, and incubated with 35S-labeled CCT truncation mutants for 3h at 4°C.
Bound proteins were resolved on SDS-PAGE, and the dried gel exposed to film for 16–72 h.
Results are representative of four independent experiments. C, Recombinant GST, GST-
Rem, or GST-Rem-(1-265) proteins were preloaded with GDP, bound to glutathione-
Sepharose, and incubated with 35S-labeled CCT-FL or PCT (3 h at 4°C). The resin was
pelleted, washed, and the bound fractions subjected to SDS-PAGE analysis. The dried gel
was exposed to film for 24 h to detect bound CCT. Results are representative of three
independent experiments.
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Figure 3. Rem2 and Rad associate with the proximal and distal domains of CCT, but the distal
domain is not required for Ca2+ channel inhibition
A, TsA201 cells were transiently co-transfected with expression vectors encoding 3xFlag-
tagged Rem2 and either empty pCDNA3.1+3xHAa (control), HA-tagged CCT-FL or the
indicated HA-tagged CCT truncation mutants. Co-immunoprecipitation was performed with
anti-HA antibody and Rem2 binding examined by immunoblotting with biotinylated FLAG
antibody. Results are representative of three independent experiments. B, TsA201 cells were
transiently co-transfected with expression vectors encoding Flag-Rad and either HA-CCT-
FL, the indicated HA-tagged CCT truncation mutants, or empty vector. Co-
immunoprecipitation analysis was performed as described in A. Results are representative of
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three independent experiments. C, TsA201 cells were transfected with plasmids expressing
Cav1.2(1–1905), β1b and either GFP-Rem or unfused GFP as control. Current was examined
using the whole-cell patch clamp configuration in the presence of 30 mM Ba2+.
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Figure 4. Plasma membrane targeting is necessary for Rem:CCT association
A, TsA201 cells were transiently co-transfected with the indicated Rem and CCT expression
vectors. Co-immunoprecipitation was performed with anti-HA antibody and interaction with
Rem examined by immunoblotting with biotinylated FLAG antibody. Results are
representative of four independent experiments. B, TsA201 cells were transiently co-
transfected with the indicated plasmids and co-immunoprecipitation performed with HA
antibody as described in A. Results are representative of three independent experiments. C,
TsA201 cells were transfected with the indicated plasmids. Co-immunoprecipitation was
performed with Flag antibody and interaction with Rem proteins examined by
immunoblotting with biotinylated anti-HA antibody. Immunoprecipitates were blotted for
β1b using biotinylated Flag antibody. Results are representative of three independent
experiments. D, TsA201 cells were transfected with plasmids expressing Cav1.2, β1b and
either GFP-Rem-(1-265)-HCAAX, GFP-Rem-(1-265)-HSAAX, or unfused GFP as control.
Current was examined using the whole-cell patch clamp configuration in the presence of 30
mM Ba2+. E, TsA201 cells were transiently co-transfected with GST alone, GST-Rem, or
GST-Rem(266–297) and PCT. GST fusion proteins were isolated using glutathione-
Sepharose resin and interaction with PCT examined by immunoblotting. Results are
representative of three independent experiments.
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Figure 5. Ca2+/CaM inhibits in vitro Rem:CCT binding
A, Recombinant GST or GST-Rem proteins bound to glutathione-Sepharose were preloaded
with GDP, incubated for 3 h at 4°C with 35S-labeled CCT-FL (top panel) or PCT (bottom
panel) in the presence of 2 mM Ca2+ or 5 mM EGTA with or without CaM (2 µg). The
glutathione-Sepharose beads were then pelleted and washed as described under “Materials
and Methods”. Bound proteins were subjected to SDS-PAGE, and the dried gel was exposed
to film for 16–72 h. Results are representative of four independent experiments. B, TsA201
cells were transiently co-transfected with expression vectors encoding HA-PCT and Flag-
Rem, Flag-Rem-(1-265)-KCAAX, or Flag-Rem-(1-265)-HCAAX. The ability of PCT to
interact with either Rem or the indicated Rem chimeric proteins was determined by co-
immunoprecipitation analysis as described under “Materials and Methods”. Results are
representative of three independent experiments. C, TsA201 cells were transfected with
plasmids expressing 3xFlag-Rem, 3xFlag-Rem-(1-265), 3xFlag-Rem-(1-265)-KCAAX,
3xFlag-Rem-(1-265)-HCAAX or empty p3xFlag-CMV10 as control. Cell lysates (1 mg)
were pulled down using CaM-sepharose beads in the presence of 2 mM CaCl2, bound
proteins were released with two washes with assay buffer (containing 5mM EGTA), and the
ability to associate with CaM was examined by immunoblotting with anti-Flag antibody.
Results are representative of three independent experiments.
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Figure 6. Calmodulin expression blunts Rem-mediated Ca2+ channel inhibition
A, TsA201 cells were transfected with the indicated plasmids, and the current was examined
in the presence of 30 mM Ba2+ using the whole-cell patch clamp configuration. B, TsA201
cells were transfected as in panel A, and current was examined in the presence of 30 mM
Ca2+ using the whole-cell patch clamp configuration. C, Current density at +5 mV from A.
D, Current density at +20 mV from panel B. A significant difference (p<0.01, Kruskal-
Wallis test followed by a post hoc Dunn’s test) between treatments is denoted by asterisks.
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Figure 7. Overexpression of Rem alters the kinetics of CDI
A, Representative normalized IBa traces recorded from tsA201 cells transfected with the
indicated plasmids for Vtest +5 mV. B, Representative normalized ICa traces recorded from
tsA201 cells transfected with the indicated plasmids for Vtest +20 mV. C, Residual fraction
of currents (r600) remaining at the end of the test pulses for Vtest +5 mV in the presence of
30 mM Ba2+. Note that there are no significant differences between conditions. D,
Overexpression of Rem slows the inactivation kinetics of CDI. During an 800 ms test pulse
to a series of depolarizing potentials ranging from 0 mV to 40 mV, the inactivation time
constant tau was measured as described in “Materials and Methods” and the fast inactivation
component taufast plotted against the corresponding depolarizing potentials. The error bars
represent the standard error of the mean. Analysis of the results by student’s t test revealed a
significant difference between treatments denoted by single (P<0.05) or double (P<0.00005)
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asterisks. Statistical comparisons are between the transfection of CaV1.2+Flag-β2a+GFP-
Rem+pKH3-CaM (filled circles) and the transfection of CaV1.2+Flag-β2a+GFP+pKH3-
CaM (open squares).

Pang et al. Page 23

Channels (Austin). Author manuscript; available in PMC 2011 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


