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ABSTRACT Work in heterologous systems has revealed that members of the Rad, Rem, Rem2, Gem/Kir (RGK) family of
small GTP-binding proteins profoundly inhibit L-type Ca2þ channels via three mechanisms: 1), reduction of membrane
expression; 2), immobilization of the voltage-sensors; and 3), reduction of Po without impaired voltage-sensor movement.
However, the question of which mode is the critical one for inhibition of L-type channels in their native environments per-
sists. To address this conundrum in skeletal muscle, we overexpressed Rad and Rem in flexor digitorum brevis (FDB)
fibers via in vivo electroporation and examined the abilities of these two RGK isoforms to modulate the L-type Ca2þ chan-
nel (CaV1.1). We found that Rad and Rem both potently inhibit L-type current in FDB fibers. However, intramembrane
charge movement was only reduced in fibers transfected with Rad; charge movement for Rem-expressing fibers was virtu-
ally identical to charge movement observed in naı̈ve fibers. This result indicated that Rem supports inhibition solely
through a mechanism that allows for translocation of CaV1.1’s voltage-sensors, whereas Rad utilizes at least one mode
that limits voltage-sensor movement. Because Rad and Rem differ significantly only in their amino-termini, we constructed
Rad-Rem chimeras to probe the structural basis for the distinct specificities of Rad- and Rem-mediated inhibition. Using
this approach, a chimera composed of the amino-terminus of Rem and the core/carboxyl-terminus of Rad inhibited L-type
current without reducing charge movement. Conversely, a chimera having the amino-terminus of Rad fused to the
core/carboxyl-terminus of Rem inhibited L-type current with a concurrent reduction in charge movement. Thus, we
have identified the amino-termini of Rad and Rem as the structural elements dictating the specific modes of inhibition
of CaV1.1.
INTRODUCTION
In addition to its function as voltage-sensor for excitation-
contraction (EC) coupling in skeletal muscle, the 1,4-dihy-
dropyridine receptor (CaV1.1) also conducts L-type Ca2þ

current (Tanabe et al. (1); for a review, see Bannister
and Beam (2)). Although the physiological significance
of Ca2þ flux via CaV1.1 has been the subject of much
debate since the 1960s, work over the last 10 years has
revealed that L-type Ca2þ entry maintains myoplasmic
Ca2þ levels during repetitive activity (3,4), promotes
development of neuromuscular junctions (5), and aug-
ments muscle contraction (6). Moreover, the reemergence
of a high-conductance embryonic CaV1.1 splice variant
in muscle of myotonic dystrophy patients indicates that
alterations in L-type channel gating almost certainly
have pathological consequences (7). Thus, modulation of
CaV1.1 activity may profoundly affect skeletal muscle
function.

Members of the Rad, Rem, Rem2, Gem/Kir (RGK)
family of monomeric G proteins inhibit L-type Ca2þ

channels in a variety of physiological systems via interac-
tions with both channel a1 and b-subunits ((8–13); re-
viewed recently by Yang and Colecraft (14)). In
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collaboration with others, our group has documented
that overexpression of Rem in normal developing myo-
tubes substantially reduces L-type current and lessens
charge movement (15). We have recently found that
Rad and Gem also inhibit L-type currents in myotubes
(16).

Although the earlier work with cultured primary myo-
tubes has provided useful basic information regarding the
function of RGK proteins, these cell types are not always
suitable models for investigating mechanisms that regulate
excitability in fully differentiated skeletal muscle. In this
study, we have overcome this confounding factor by
examining the impact of RGK proteins on CaV1.1 channel
function in adult mouse flexor digitorum brevis (FDB)
fibers overexpressing either Rad or Rem via in vivo electro-
poration (17). Using this approach, we have found that Rad
and Rem modulate CaV1.1 via distinct mechanisms in
mature fibers. Specifically, Rad inhibits L-type current by
utilizing at least one mechanism that reduces charge move-
ment (i.e., decreased channel membrane expression and/or
voltage-sensor immobilization), whereas Rem exclusively
employs a mode of inhibition that allows significant
voltage-sensor translocation (i.e., low channel Po). In addi-
tion, we have employed a chimeric strategy to identify the
amino-termini of Rad and Rem as the structural elements
that dictate these distinct modes of CaV1.1 inhibition in
differentiated skeletal muscle.
http://dx.doi.org/10.1016/j.bpj.2014.03.033

mailto:roger.bannister@ucdenver.edu
http://dx.doi.org/10.1016/j.bpj.2014.03.033
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bpj.2014.03.033&domain=pdf
http://dx.doi.org/10.1016/j.bpj.2014.03.033


Inhibition of CaV1.1 by RGK Proteins 1951
MATERIALS AND METHODS

In vivo electroporation and dissociation of FDB
fibers

All procedures involving mice were approved by the University of Colorado

Denver-Anschutz Medical Campus Institutional Animal Care and Use

Committee. cDNA plasmids encoding YFP (Clontech, Mountain View,

CA) or a Venus-mouse RGK protein fusion construct (V-Rad and V-Rem;

GenBank accession Nos. NP_062636 and NP_033073, respectively; both

generous gifts from Drs. S. R. Ikeda and H. J. Puhl, III) were delivered

to FDB fibers of anesthetized 2–3-month-old male C57BL/6J mice (Jack-

son Laboratories, Bar Harbor, ME) via an in vivo electroporation protocol

similar to that originally described by DiFranco et al. (17). Briefly, 10 mL of

2 mg/mL hyaluronidase solution was injected into the FDB muscle with a

30-gauge hypodermic needle. After 1 h, mice were reanesthetized and

20 mL of cDNA (3–5 mg/mL) was injected into the muscle. Then, after

5 min, two gold-plated acupuncture needle electrodes (Lhasa OMS, Wey-

mouth, MA) coupled to an isolated pulse stimulator (A-M Systems,

Sequim, WA) were placed subcutaneously near the proximal and distal ten-

dons of the muscle (~1 cm apart). cDNAs were then electroporated into the

FDB muscle with twenty 100-V, 20-ms pulses delivered at 1 Hz.

Naı̈ve and electroporated (9–10 days posttransfection) FDB muscles

were dissected in cold Rodent Ringer’s solution (146 mM NaCl, 5 mM

KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, pH 7.4 with NaOH).

Muscles were then digested in a mild collagenase solution (155 mM

Cs-aspartate, 10 mM HEPES, 5 mM MgCl2, pH 7.4 with CsOH, supple-

mented with 1 mg/mL BSA and 1 mg/mL collagenase type IA; both

from Sigma-Aldrich, St. Louis, MO) with agitation at 37�C for ~60 min.

Immediately after digestion, the collagenase solution was replaced with a

dissociation solution (140 mM Cs-aspartate, 10 mM Cs2EGTA, 10 mM

HEPES, 5 mM MgCl2, pH 7.4 with CsOH, supplemented with 1 mg/mL

BSA) and muscles were triturated gently with a series of fire-polished glass

pipettes of descending bore. Dissociated FDB fibers were then plated onto

ECL-attachment-matrix (Millipore, Lake Placid, NY)-coated 35-mm plas-

tic culture dishes (Falcon, San Jose, CA). Experiments were performed with

FDB fibers 1–6 h after dissociation.
Measurement of L-type Ca2D currents and charge
movements

Patch pipettes were fabricated from borosilicate glass and had resistances

of %1.0 MU when filled with internal solution, which consisted of

140 mM Cs-aspartate, 10 mM Cs2-EGTA, 5 mM MgCl2, and 10 mM

HEPES, pH 7.4 with CsOH; fibers were dialyzed in the whole-cell config-

uration for >20 min before recording.

For recording of L-type Ca2þ currents, the external solution contained

145 mM tetraethylammonium (TEA)-methanesulfonic acid, 2 mM CaCl2,

10 mM HEPES, 2 mM MgCl2, 1 mM 4-aminopyridine, 0.1 mM anthra-

cene-9-carboxylic acid, and 0.002 mM tetrodotoxin, pH 7.4 with TEA-OH.

For measurement of charge movements, the bath contained 145 mM

TEA-methanesulfonic acid, 10 mM CaCl2, 10 mM HEPES, 2 mM

MgCl2, 1 mM 4-aminopyridine, 0.1 mM anthracene-9-carboxylic acid,

0.002 mM tetrodotoxin, 1 mM LaCl3, and 0.5 mM CdCl2, pH 7.4 with

TEA-OH.

Linear components of leak and capacitive current were corrected with

�P/4 online subtraction protocols. Output filtering was at 2–5 kHz and digi-

tization was either at 5 kHz (currents) or 10 kHz (charge movements). Cell

capacitance was determined by integration of a transient from �80 mV

to �70 mV using CLAMPEX 10.3 (Molecular Devices, Sunnyvale, CA)

and was used to normalize charge movement (nC/mF) and current ampli-

tude (pA/pF). The average value ofCmwas 2.165 0.06 nF (n¼ 193 fibers).

To minimize voltage error, the time constant for decay of the whole-cell ca-

pacity transient (tm) was reduced as much as possible using the analog

compensation circuit of the amplifier; the average values of tm and Ra
were 1.08 5 0.04 ms and 755 5 43 kU, respectively. Current-voltage

(I/V) curves were fitted according to

I ¼ Gmax � ðV � VrevÞ
��

1þ exp
�� �

V � V1=2

��
kG
��
;

(1)

where I is the normalized current for the test potential V, Vrev is the reversal

potential, Gmax is the maximum Ca2þ channel conductance, V1/2 is the half-

maximal activation potential, and kG is the slope factor. QON was then

normalized to Cm and plotted as a function of test potential (V) and the

resultant Q-V relationships were fitted according to

QON ¼ Qmax

��
1þ exp

��
VQ � V

��
kQ
��
; (2)

where Qmax is the maximal QON, VQ is the potential causing movement of

one-half the maximal charge, and kQ is a slope parameter. All experiments

were performed at room temperature (~25�C).
Molecular biology

V-Rad/Rem chimeras were created by swapping the regions encoding the

amino-termini (NT) of the RGK proteins. Specifically, residues 1–85 of

Rad were fused to residues 76–297 of Rem to make chimera V-RadNT-

Rem and residues 1–75 of Rem were fused to residues 86–307 of Rad to

make chimera V-RemNT-Rad (see Fig. 3, later in text). Both chimeras re-

tained the Venus fluorescent protein affixed to their respective amino-

termini.

To make the chimeras, a silent BamHI recognition site was introduced

into both V-Rad and V-Rem parent vectors using the Change-IT site-

directed mutagenesis kit (Affymetrix, Santa Clara, CA); a separate BamHI

site was already present in either plasmid shortly after the Rad or Rem stop-

codon. The sequences of the 50phosphorylated mutagenesis primers were

50-GAGGCAGTGGaTCcGAGGAGGGCG-30 and

50-GACTCCGAAGGaTCcTGGGAGGCA-30
for V-Rad and V-Rem, respectively. The reverse primer sequence was

50-CGAAGCTTGAGCTCGAGATCTGAGTC-30

for both RGK proteins. For V-RadNT-Rem, a 674-bp fragment was

removed from the mutated V-Rem expression plasmid (5600 bp) via BamHI

digestion. This segment of V-Rem replaced the corresponding 673-bp

BamHI/BamHI fragment removed from the V-Rad expression plasmid.

V-RemNT-Rad was constructed using a similar strategy where a 673-bp

fragment was removed from the V-Rad expression plasmid (5629 bp) by

BamHI digestion. This segment of V-Rad replaced the corresponding

674-bp BamHI/BamHI fragment removed from the V-Rem expression

plasmid. The integrity of each construct was verified by restriction analysis

and sequencing.

V-RemcoreCT was comprised of residues 76–297 of mouse Rem with

Venus fluorescent protein affixed again to the amino-terminus. To make

V-RemcoreCT, the V-Rem construct carrying the silent BamHI site (see

above) was digested with BamHI and BglII, splitting the plasmid into three

fragments. The 246-bp-long BglII-BamHI fragment, which encoded the

V-Rem linker region and the first 75 residues of Rem was discarded. The

674 bp BamHI-BamHI fragment, corresponding to Rem residues 76–297,

was ligated to the third fragment (4680 bp), which consisted of the vector

backbone and the Venus coding sequence. Ligation was possible because

the BglII restriction overhang of the third fragment was compatible to the

ends of the 674 bp BamHI-BamHI fragment.
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Analysis

All data are presented as mean5 SE. Statistical comparisons were made by

one-way ANOVA followed by a Dunnett’s post hoc test with p < 0.05

considered significant. Figures were made using the software program

SIGMAPLOT (Ver. 11.0; SSPS, San Jose, CA).
FIGURE 1 Rad and Rem reduce L-type Ca2þ current in FDB fibers.

Representative recordings of skeletal muscle L-type currents elicited by

500-ms depolarizations from �50 mV to �30 mV, �20 mV, �10 mV,

0 mV,þ10 mV, andþ20 mVare shown for a naı̈ve FDB fiber (A, left panel)

and fibers expressing V-Rad (B, left panel) or V-Rem (C, left panel). (A–C,

right panels) The peak I/V relationships corresponding to each current fam-

ily (in A, right panel, the peak I/V relationship for fibers expressing unfused

YFP is also shown). Currents were evoked at 0.1 Hz by test potentials

ranging from �40 mV through þ80 mV in 10-mV increments. (Smooth
RESULTS

Rad and Rem reduce L-type current density
in FDB fibers

Rad and Rem are the two RGK protein isoforms known to
be endogenously expressed in skeletal muscle (18–22). To
investigate the influence of Rad and Rem on the biophysical
properties of the L-type Ca2þ channel in differentiated skel-
etal muscle, we used in vivo electroporation (17) to transfect
FDB muscles of otherwise normal 2–3-month-old mice with
either YFP or a Venus-fused RGK protein construct (i.e.,
V-Rad and V-Rem). Live cell imaging showed successful
transfection of FDB fibers with all three constructs (see
Fig. S1 In the Supporting Material).

Subsequently, L-type Ca2þ currents were recorded in the
whole-cell configuration from naı̈ve and transfected FDB
fibers to determine whether Rad and/or Rem also inhibit
the channel function of CaV1.1 in adult skeletal muscle
(23–25). In control experiments, naı̈ve FDB fibers produced
robust L-type currents that were not different than those
observed in fibers expressing YFP (�5.8 5 0.5 pA/pF;
n ¼ 19 and �5.3 5 0.5 pA/pF; n ¼ 12, respectively,
at þ10 mV; p > 0.05; Fig. 1 A). By comparison, L-type cur-
rents were reduced by ~60% and ~45% in fibers expressing
V-Rad (�2.4 5 0.4 pA/pF; n ¼ 9; p < 0.001; Fig. 1 B) or
V-Rem (�3.2 5 0.2 pA/pF; n ¼ 11; p < 0.001; Fig. 1 C),
respectively.
curves) Plotted according to Eq. 1 with fit parameters displayed in Table 1.

Throughout, error bars represent 5SE.

Intramembrane charge movements in FDB fibers
are reduced by Rad, but are not affected by Rem

Next, we recorded membrane-bound charge movements to
investigate the possibility that the RGK protein-mediated
reductions in L-type current amplitude were a consequence
of impaired voltage-sensor function. Predictably, naı̈ve and
YFP-expressing FDB fibers both produced substantial and
nearly equivalent charge movement (Qmax ¼ 25.5 5
1.7 nC/mF; n ¼ 35 and 23.8 5 2.1 nC/mF; n ¼ 15, respec-
tively; p > 0.05; Fig. 2 A; Table 1). In the case of fibers ex-
pressing V-Rad, charge movements were reduced by nearly
40% relative to control fibers (Qmax ¼ 16.4 5 1.0 nC/mF;
n¼ 23; p< 0.001; Fig. 2 B; Table 1). In stark contrast, fibers
expressing V-Rem displayed charge movement virtually
identical to control and YFP-expressing fibers (Qmax ¼
23.5 5 1.2 nC/mF; n ¼ 22; p > 0.05; Fig. 2 C; Table 1).
The unaltered Q-V relationship for fibers expressing
V-Rem indicates that V-Rem inhibits CaV1.1 almost exclu-
sively by a mechanism that allows movement of the voltage
Biophysical Journal 106(9) 1950–1957
sensors. Importantly, this mechanism is fundamentally
different from the inhibition produced by Rad, which is
characterized by a reduction in charge movement.
The amino-terminus of Rad is a critical element
for reducing charge movement

Multiple modes of RGK protein-mediated inhibition of
L-type channels have been identified:

1. Reduction of channel membrane expression;
2. Immobilization of the voltage-sensors; and
3. Reduced channel Po without impeded voltage-sensor

movement (11,12,14).

Our unexpected results demonstrating that Rem inhibits
CaV1.1 function in adult muscle by only the latter mecha-
nism enabled the investigation of structures responsible
for the differential modes of CaV1.1 inhibition by Rad and



FIGURE 2 Intramembrane charge movements in FDB fibers are reduced

by Rad, but are not affected by Rem. Representative recordings of

intramembrane charge movements elicited by 25-ms depolarizations from

�80 mV to �50 mV, �40 mV, �30 mV, �20 mV, �10 mV,

0 mV, þ10 mV, and þ20 mV are shown for a naı̈ve FDB fiber (A, left)

and transfected fibers expressing V-Rad (B, left panel) or V-Rem (C, left

panel). (A–C, right panels) The Q-V relationships corresponding to each

current family. (A, right panel) The Q-V relationship for fibers expressing

nonfused YFP is also shown. Charge movements were evoked at 0.1 Hz by

test potentials ranging from �70 mV through þ50 mV in 10-mV incre-

ments. (Smooth curves) Plotted according to Eq. 2 with fit parameters dis-

played in Table 1.
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Rem. To do this, we adopted a believed-novel chimeric
approach designed to convey Rad function to Rem, and
vice versa.

Examination of the peptide sequences of Rad and Rem
revealed little sequence similarity between the amino-
termini (34.2% identity; Fig. 3 A), whereas the combined
Ras-like core and carboxyl-termini domains were fairly
conserved (68.2% identical; comparison not shown). We
constructed two Venus-tagged chimeras based on this infor-
mation (Fig. 3, B and C). The first chimera, V-RadNT-Rem,
consisted of the amino-terminal 85 residues of Rad affixed
to the core/carboxyl-terminus of Rem (residues 76–297).
The other chimera, V-RemNT-Rad, constituted the near
mirror image of the first chimera with the amino-terminal
75 residues of Rem fused to the core/carboxyl-terminus
of Rad (residues 86–307). Like V-Rad and V-Rem, both
chimeras were readily expressed in FDB fibers (see
Fig. S1).

In electrophysiological experiments, both L-type currents
(�3.15 0.2 pA/pF; n¼ 12; Fig. 4A) and chargemovements
(Qmax¼ 14.85 1.9 nC/mF; n¼ 8; Fig. 4 B) were reduced in
fibers expressing V-RadNT-Rem relative to naı̈ve control
fibers (p < 0.001 and p < 0.005, respectively; Table 1). In
particular, the ~45% reduction in charge movement was
similar to that observed for wild-type V-Rad (p > 0.05; Ta-
ble 1), indicating the amino-terminus of Rad as a critical
element for Rad-mediated inhibition of CaV1.1 function in
adult skeletal muscle. On the other hand, V-RemNT-Rad in-
hibited L-type current (�1.85 0.2 pA/pF; n¼ 6; p< 0.001
versus naı̈ve fibers; Fig. 5A) without greatly affecting charge
movement (Qmax¼ 22.05 1.7 nC/mF; n¼ 9; p> 0.05 versus
naı̈ve fibers; Fig. 5 B). A Rem-based construct lacking the 75
amino-terminal residues of wild-type Rem (V-RemcoreCT)
also had little effect on the magnitude of charge movement
(Qmax ¼ 21.9 5 2.8 nC/mF; n ¼ 6; p > 0.05 versus naı̈ve
fibers), indicating that amino-terminus of Rad actively par-
ticipates in the mode(s) of channel inhibition that reduce
voltage-sensor translocation in differentiated skeletal muscle
(Table 1).
DISCUSSION

During this study, we found that both V-Rad and V-Rem
reduced L-type Ca2þ flux when overexpressed in mature
mouse FDB fibers via in vivo electroporation (Fig. 1). How-
ever, only V-Rad reduced maximal gating charge movement
(Fig. 2). The ability to reduce charge movement was
conferred to Rem by replacing its amino-terminus with
that of Rad (Fig. 4). Conversely, Rad lost the ability to
reduce charge movement when the Rem amino-terminus
was fused to its core/carboxyl-terminus (Fig. 5). Thus, our
results indicate that Rad and Rem both inhibit CaV1.1 func-
tion in adult skeletal muscle, but do so by utilizing different
mechanisms.

RGK proteins are well known to inhibit L-type channels
by three distinct mechanisms:

1. Decreased channel membrane expression;
2. Immobilization of the voltage-sensors; and
3. Stabilization of a low Po gating mode (11,12,14).

Of these three modes of inhibition, only low Po mode,
mechanism 3, is thought not to greatly affect intramembrane
charge movement. Our findings indicate that Rad employs at
least one mode of inhibition that reduces maximal charge
movement. Unfortunately, our methods do not enable us
to distinguish prudently whether Rad reduces charge move-
ment by decreasing junctional channel expression, or does
so by deterring translocation of the voltage-sensing particles
of the channel. Even so, our results clearly indicate that Rem
inhibits native CaV1.1 channels purely through the low Po

mechanism.
Biophysical Journal 106(9) 1950–1957



TABLE 1 L-type conductance and intramembrane charge movement

G-V Q-V

Gmax (nS/nF) V1/2 (mV) kG (mV) Vrev (mV) Qmax (nC/mF) VQ (mV) kQ (mV)

Naı̈ve 124 5 12 (19) 0.7 5 1.4 4.9 5 0.4 69.1 5 2.3 25.5 5 1.7 (35) �9.7 5 2.5 11.8 5 0.8

YFP 120 5 11 (12) �0.9 5 24 5.2 5 0.5 66 5 1.1 23.8 5 2.1 (15) �11.4 5 1.8 11.0 5 0.7

V-Rad 63 5 10a (9) �4.2 5 5.3 5.6 5 0.4 60.6 5 2.0b 16.4 5 1.0c (23) �10.5 5 2.3 12.5 5 0.9

V-Rem 76 5 7a (11) �1.4 5 1.8 5.7 5 0.5 60.5 5 2.1b 23.5 5 1.2 (22) �10 5 2.2 10.8 5 0.6

V-RadNT-Rem 86 5 5b (11) 2.4 5 1.8 6.5 5 0.2b 59.2 5 1.5b 14.8 5 1.9a (8) �3.6 5 3.4 11.4 5 1.0

V-RemNT-Rad 66 5 6a (6) 7.0 5 5.0 7.3 5 0.4b 53.2 5 2.6c 22.0 5 1.7 (9) �8.4 5 2.8 11.9 5 1.0

V-RemcoreCT 77 5 6b (7) 8.6 5 1.7 5.1 5 1.5 60.2 5 4.4 21.9 5 2.8 (6) �10.7 5 1.8 11.6 5 1.2

Data are given as mean5 SE, with the numbers in parentheses indicating the number of FDB fibers tested. Conductance and charge movement data were fit

by Eqs. 1 and 2, respectively. Significant differences between naı̈ve fibers and fibers expressing either YFP or a particular V-RGK construct are indicated.
ap < 0.005; one-way ANOVA, followed by a Dunnett’s post hoc test.
bp < 0.05; one-way ANOVA, followed by a Dunnett’s post hoc test.
cp < 0.001; one-way ANOVA, followed by a Dunnett’s post hoc test.
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The isolation of the low Po mode in Rem-expressing FDB
fibers enabled us to probe the structural elements that deter-
mine the modes of action employed by Rem and Rad to
inhibit native CaV1.1 channels. We focused on the amino-
termini of Rem and Rad as the principal determinants for
the divergent regulation of CaV1.1 charge movement
because of the relatively low conservation between the
amino-termini of the two RGK proteins (Fig. 3). Previous
studies utilizing heterologous expression systems and
cultured neurons have demonstrated that the RGK core re-
FIGURE 3 V-Rad/V-Rem chimeras. (A) Sequence comparison of the

amino-terminal domains of Rad and Rem. (Black boxes) Residues of mouse

Rad (GenBank Accession No. NP_062636) identical to those of mouse Rem

(GenBank Accession No. NP_033073); (shaded boxes) residues conserved

between the two RGK proteins. Please note the relative lack of conservation

between the amino-termini. Schematic representations of V-RadNT-Rem

(B) and V-RemNT-Rad (C). Both constructs were fused to Venus fluorescent

protein via their amino-termini. (A–C, red arrow) Locus for the chimeric

swap of the amino-termini (between residues G85 and S86 for Rad and res-

idues G75 and S76 for Rem). To see this figure in color, go online.
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gion fused to the carboxyl-terminus is sufficient to support
profound inhibition of high voltage-activated Ca2þ currents
(11,26–29). By swapping the amino-termini of Rem and
Rad, we were able to switch the mode of channel inhibition,
thereby revealing what is believed to be a novel mechanism
for RGK protein function (Figs. 4 and 5). In view of these
results, one might suspect that the amino-terminus of Rad
houses elements that are critical for the following:

1. Intermolecular interactions with trafficking proteins that
promote removal of the channel from the plasma mem-
brane, or

2. Interactions with the channel that limit charge movement
by locking the voltage-sensors in a given position.
FIGURE 4 The amino-terminus of Rad supports modes of inhibition that

reduce intramembrane charge movement. Representative recordings of (A,

left panel) L-type currents and (B, left panel) intramembrane charge move-

ments obtained from FDB fibers expressing V-RadNT-Rem. (A and B, right

panels) The I-V and Q-V relationships corresponding to each current fam-

ily. Peak I-Vand Q-V data for naı̈ve FDB fibers and fibers expressing V-Rad

are replotted from Figs. 1 and 2, respectively.



FIGURE 5 The amino-terminus of Rem allows the low Po mode of chan-

nel inhibition. Representative recordings of (A, left panel) L-type currents

and (B, left panel) intramembrane charge movements obtained from FDB fi-

bers expressing V-RemNT-Rad. (A and B, right panels) The I-V and Q-V

relationships corresponding to each current family. Peak I/V data for naı̈ve

FDB fibers and fibers expressing V-Rem are replotted from Fig. 1. Q-V data

for fibers expressing either V-Rem or V-Rad are replotted from Fig. 2.
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In regard to the second possibility, the amino-termini of Rad
and other RGK protein isoforms are known to interact with
scaffolding proteins that are involved in trafficking (e.g.,
Béguin et al. (30–32)).

Voltage-gated Naþ and Kþ channels undoubtedly contrib-
uted some gating charge to our recordings. However, the
collective contribution of these other channels to the total
charge moved is very difficult to gauge because mice null
for CaV1.1 do not live long enough for their fibers to differ-
entiate (33). For this reason, we were unable to perform
similar experiments in FDB fibers to those of Adams et al.
(34), which revealed the non-CaV1.1-dependent component
of charge movement in myotubes. Still, one may conclude
that the non-CaV1.1 component of charge movement was
equivalent for control (naı̈ve or YFP-expressing fibers)
and RGK protein-expressing fibers in our experiments
because RGK proteins are specific inhibitors of HVA Ca2þ

channels (8–10,35). Based on this reasonable assumption,
the effect of Rad on charge movement attributable to
CaV1.1 is probably underestimated. Thus, the abilities of
the two RGK proteins to affect CaV1.1 charge movement
may actually be more divergent than we report.

Rad and Rem are also expressed in the myocardium and
both of these RGK protein isoforms potently inhibit cardiac
EC coupling (35–40) which, unlike EC coupling in skeletal
muscle, is directly dependent on Ca2þ current conducted by
CaV1.2 L-type channels. The impact of Rad on chargemove-
ment of cardiomyocytes has not been described, but Rem in-
hibits endogenous CaV1.2 channels predominantly through
the low Po mechanism in these cells (35). In this earlier
work, L-type current and charge movement were both sub-
stantially reduced (~90 and ~33%, respectively) in cardio-
myocytes infected with adenovirus encoding Rem. Yet,
immunostaining indicated that channel density at the plasma
membrane was similar to that of cardiomyocytes overex-
pressing a non-membrane-targeted, and therefore inert,
Rem control construct. The latter observation largely ruled
out diminished CaV1.2 membrane expression as the mecha-
nism responsible for the reduction of L-type current density,
leaving only the electrically silent, voltage-sensor immobile
and the low-Po, voltage-sensor mobile populations of Rem-
inhibited channels as the potential sources of current re-
duction. Because the dihydropyridine agonist Bay K 8644
restored L-type current density through its ability to promote
higher Po gating modes, the low Po population of Rem-asso-
ciated channels was judged to be predominantly responsible
for inhibition of the current. Although such an interpretation
provides a solid explanation for the Rem-mediated reduction
in L-type current amplitude in cardiomyocytes, the source of
the reduction in charge movement remains unresolved.

As noted above, only paltry chargemovement has been re-
ported in HEK293 cells coexpressing Rem and CaV1.2 chan-
nels (11,12) (R. A. Bannister, D. Beqollari, and U. Meza,
unpublished). Because both Gem and Rem do not reduce
charge movement as profoundly in rodent ventricular myo-
cytes (10,35), the preservation of a component of charge
movement in Rem-expressing FDB fibers would not have
been unexpected (this was the case for Rad; see Fig. 2).
Yet, we were astonished to see the total lack of effect of
Rem on charge movement in differentiated fibers in view of
our earlier results in which overexpression of a YFP-Rem
clone in cultured myotubes reduced CaV1.1 charge move-
ment by 44% (15). Although the reason(s) for the differential
effects of Rem on charge movement in developing myotubes
and fully differentiated FDB fibers is (are) not entirely clear,
our results underscore the necessity of investigating the bio-
physical impact of RGK proteins and other muscle signaling
molecules in their natural environment. In normal healthy
muscle, RGK proteins are unlikely to have a great impact
on basal CaV1.1 function because of low protein levels
(21,22) (R. A. Bannister and C. F. Romberg, unpublished).
However, Rad-mediated inhibition of CaV1.1may contribute
to excitability deficits in a wide spectrum of degenerative
muscle disorders/conditions. Specifically, Rad expression
has been found to be increased in skeletal muscle of the
mdxmouse model of muscular dystrophy (21), in denervated
mouse muscle (22), in muscle of amyotrophic lateral scle-
rosis patients (22), and in muscle of type II diabetics (Reynet
and Kahn (18); but see also Paulik et al. (20)).
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