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The II-III loop of the skeletal muscle dihydropyridine receptor
(DHPR) a1S subunit is responsible for bidirectional-signaling inter-
actions with the ryanodine receptor (RyR1): transmitting an ortho-
grade, excitation–contraction (EC) coupling signal to RyR1 and
receiving a retrograde, current-enhancing signal from RyR1. Pre-
viously, several reports argued for the importance of two distinct
regions of the skeletal II-III loop (residues R681–L690 and residues
L720–Q765, respectively), claiming for each a key function in
DHPR–RyR1 communication. To address whether residues 720–765
of the II-III loop are sufficient to enable skeletal-type (Ca21 entry-
independent) EC coupling and retrograde interaction with RyR1,
we constructed a green fluorescent protein (GFP)-tagged chimera
(GFP-SkLM) having rabbit skeletal (Sk) DHPR sequence except for a
II-III loop (L) from the DHPR of the house fly, Musca domestica (M).
The Musca II-III loop (75% dissimilarity to a1S) has no similarity to
a1S in the regions R681–L690 and L720–Q765. GFP-SkLM expressed
in dysgenic myotubes (which lack endogenous a1S subunits) was
unable to restore EC coupling and displayed strongly reduced Ca21

current densities despite normal surface expression levels and
correct triad targeting (colocalization with RyR1). Introducing rab-
bit a1S residues L720–L764 into the Musca II-III loop of GFP-SkLM
(substitution for Musca DHPR residues E724–T755) completely
restored bidirectional coupling, indicating its dependence on a1S

loop residues 720–764 but its independence from other regions of
the loop. Thus, 45 a1S-residues embedded in a very dissimilar
background are sufficient to restore bidirectional coupling, indi-
cating that these residues may be a site of a protein–protein
interaction required for bidirectional coupling.

Excitation–contraction (EC) coupling depends on the inter-
action of the voltage-gated L type Ca21 channel or dihydro-

pyridine receptor (DHPR) of the plasma membrane and the
intracellular Ca21-release channel or ryanodine receptor (RyR)
of the sarcoplasmic reticulum (SR) (reviewed in refs. 1 and 2).
Because EC coupling in skeletal muscle still occurs after block-
ing of the L type Ca21 current, it is thought that membrane
depolarization causes conformational changes of the DHPR (3,
4), which, in turn, trigger the opening of the RyR and the release
of Ca21 from SR stores (‘‘mechanical hypothesis’’ of skeletal
muscle EC coupling; ref. 3). In addition to this orthograde EC
coupling signal, a retrograde signal exists, by which RyR1 (the
skeletal isoform of the RyR) enhances L type current through
the DHPR (5). Specifically, Ca21 currents are small in dyspedic
myotubes (which lack RyR1) despite normal densities of the
DHPR, whereas expression of recombinant RyR1 restores the L
type current density toward wild-type levels (5).

A fundamental goal for understanding the mechanism of
bidirectional signaling is to identify the domains of the skeletal
DHPR that directly participate in this process. One approach has
been to analyze skeletalycardiac chimeric DHPRs expressed in
dysgenic myotubes, which lack the a1S subunit of the skeletal
DHPR (6). Almost 10 years ago, this work demonstrated that a
cardiac DHPR containing the skeletal II-III loop was able to
restore Ca21 entry-independent (skeletal-type) EC coupling (7).

A subsequent study identified 46 aa (residues 720–765) of the
skeletal II-III loop that are sufficient for transferring strong,
skeletal-type EC coupling properties to an otherwise cardiac
DHPR (8). More recently, it was shown that a skeletal DHPR
with a cardiac II-III loop (SkLC) lacked both orthograde (skel-
etal EC-coupling) and retrograde (L current-enhancing) signal-
ing (9). When a1S residues 720–765, which earlier had been
shown to confer skeletal-type coupling on an otherwise cardiac
DHPR (8), were introduced into SkLC, both skeletal-type EC
coupling and wild-type Ca21 current densities were restored (9).
Thus, residues 720–765 of the skeletal DHPR II-III loop rep-
resent a ‘‘critical domain’’ for the bidirectional interaction
between the skeletal DHPR and RyR1.

A limitation of chimeras is that they do not test the functional
importance of regions that are conserved between the two
parental proteins. This is a significant problem for the cardiac
and skeletal DHPRs because the regions flanking the 46-residue
critical domain are 56% identical between the cardiac and
skeletal II-III loops. The potential importance of these flanking
domains is emphasized by the results of experiments testing the
effects of peptides on the function of RyR1 in vitro (ryanodine
binding or Ca21 release in SR vesicular preparations and open
probability of RyRs reconstituted in artificial planar bilayers). In
the earliest of these studies (10), recombinant peptides corre-
sponding to either the skeletal or cardiac II-III loop were found
to activate RyR1, which is difficult to reconcile with the results
obtained with the chimeras (see above; refs. 7–9). Later, syn-
thetic peptides (peptide A: a1S residues 671–690; peptide As10:
residues 681–690), which corresponded to smaller portions of
the skeletal loop and were upstream from the critical domain
identified in the chimera studies, were found to activate RyR1
(11–14). In addition to the skeletal peptide (As10), the corre-
sponding cardiac peptide (Ac10), which is homologous because
of similar clusters of positively charged residues, also was found
to cause activation of RyR1, although to a somewhat lower
extent (15). Similar cardiac peptides also have been reported not
to cause activation of RyR1 (16). Thus, the significance of the
II-III loop-flanking domains remains uncertain.

Although the peptide experiments have the important advan-
tage of providing a test of whether the skeletal DHPR and RyR1
interact directly, they have the disadvantage of lacking physio-
logical context. To test the importance of the regions flanking
the critical domain (L720–L764), including the As10 region, we
created the chimera SkLM, a skeletal DHPR with a II-III loop
from the house fly (Musca domestica) DHPR (17), which is
highly divergent from both the skeletal and cardiac loops. SkLM
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was unable to support bidirectional coupling, but insertion of a1S
residues L720–L764 into the Musca loop completely restored
both orthograde and retrograde signaling. Thus, residues 720–
764 represent or contain the sequence sufficient to mediate
bidirectional coupling and, therefore, represent a potential site
of protein–protein interaction necessary for this coupling. By
contrast, the flanking domains are unlikely to be involved in such
protein–protein interactions.

Materials and Methods
Construction of DHPR Chimeras. DHPR II-III loop chimeras were
constructed as follows, with nucleotide numbers given in paren-
theses and asterisks indicating restriction sites introduced by
PCR.

Green fluorescent protein (GFP)-a1S. The cDNA coding se-
quence of the rabbit skeletal muscle DHPR a1S subunit (18) was
inserted in-frame 39 to the coding region of GFP contained in a
mammalian expression plasmid, as described previously (19).

GFP-SkLM. The EcoRI-BalI fragment of the rabbit skeletal
muscle DHPR a1S subunit (Sk) (nucleotides 1007–1973) was
coligated with the BalI-NdeI fragment (nucleotides 1982–2296)
from the II-III loop (L) from the body-wall muscle DHPR a1
subunit (M) of M. domestica (17) into plasmid pSP72 (Promega)
by using the internal NdeI site (plasmid nucleotide 2379) and the
EcoRI site of the polylinker. The NdeIyEcoRI restriction sites of
pSP72 also were used to coligate two cDNA fragments, the
NdeI*-XhoI fragment that was PCR-generated from the clone
GFP-SkLC, GFP-a1S with the cardiac (a1C, C) II-III loop
(nucleotides C2716–Sk2654) (9), plus the XhoI-BglII fragment of
Sk (nucleotides 2654–4488). The PCR primer used to introduce
the NdeI* site also mutated 2 aa of a1C (A907, S908) to the
corresponding Musca residues (G767, T768: see Fig. 1). In a
subsequent step, fragments EcoRI-NdeI (nucleotides Sk1007–
M2297) and NdeI*-BglII (nucleotides C2716–Sk4488) were iso-
lated from the two pSP72 subclones and coligated into the
EcoRIyBglII-cleaved pSP72 vector. Finally, the SalI-EcoRI frag-
ment of Sk (nucleotide 59 polylinker-1007) was coligated with the
EcoRI-BglII fragment (nucleotides Sk1007–Sk4488) from the
last pSP72 subclone into the SalIyBglII sites of plasmid GFP-a1S.

GFP-SkLMS45. The MfeI-XbaI* fragment of M (nucleotides
2024–2177) was coligated with the XbaI*-XhoI fragment of
GFP-SkLM (nucleotides M2258–Sk2654) into the MfeIyXhoI-
cleaved plasmid GFP-SkLM. Together with the XbaI* (nucleo-
tide M2177) site, the antisense PCR primer introduced an
upstream AflII* site (nucleotide M2171). Similarly, the sense
primer introduced an additional ClaI* site (nucleotide M2265)
downstream of the XbaI* (nucleotide M2258)-cloning site. To
yield plasmid GFP-SkLMS45, an AflII*-TaqI* fragment of Sk
(nucleotides 2159–2292) was ligated into the AflII*yClaI* sites
of this subclone. All segments of cDNA generated and modified
by PCR were checked by sequence analysis (MWG Biotec,
Ebersberg, Germany).

Expression of cDNA. The DHPR cDNAs were expressed in myo-
tubes obtained as primary cultures from newborn dysgenic
(mdgymdg) mice (20) or myotubes produced by differentiation of
the dysgenic cell line GLT (21). GLT cultures were transfected
at the onset of myoblast fusion (2–4 days after addition of
differentiation medium) by using the liposomal transfection
reagent FuGene according to the manufacturer’s protocol
(Roche Diagnostics, Mannheim, Germany). Primary dysgenic
myotubes were microinjected into a single nucleus (22) with
solutions of DHPR cDNA (100–200 ngyml) approximately 1
week after initial plating. Two to four days after transfection or
injection, expressing myotubes were identified by GFP fluores-
cence and used in the experiments.

Electrophysiological Characterization. Whole-cell patch clamp (23)
recording of Ca21 currents and charge movements (24) was used
to obtain an estimate of the ratio of maximum Ca21 conductance
to maximum immobilization-resistant charge movement (Gmaxy
Qmax

9 ), which provides a quantitative assessment of the strength
of retrograde coupling. EC coupling was assayed in primary
myotubes, as contractions in response to pulses (100 ms, 100 V)
applied via an extracellular pipette (22), and in GLT myotubes,
as fluorescence transients evoked in cells loaded with Fluo-4AM
and stimulated with pulses (1 ms, 20–30 V) applied via electrodes
placed on opposite sides of the culture dish (25). To further
assess EC coupling, depolarization-induced intracellular Ca21

transients were measured microphotometrically during whole-
cell recordings of primary myotubes by including tetrapotas-
sium-Fluo-3 (Molecular Probes) in the pipette solution (26). All
electrophysiological procedures, including test protocols, equip-
ment, solutions, and calculations essentially were the same as
described recently for primary myotubes (9) or GLT myotubes
(25), except that intracellular Ca21 transients were recorded in
the present study from primary myotubes expressing fluorescing
GFP-tagged chimeras instead of coexpressing the CD8 reporter
gene (9).

Immunofluorescence Labeling. Differentiated GLT cultures ex-
pressing GFP-SkLM were fixed and immunostained as described
previously (27), using an affinity-purified anti-GFP antibody
(Molecular Probes) at a dilution of 1:4,000 and the affinity-
purified antibody 162 against RyR1 at a dilution of 1:5,000 (28).
In double-labeling experiments, Alexa-conjugated secondary
antibodies were used for GFP-SkLM so that the antibody label
and the intrinsic GFP signal both were recorded in the green
channel, and Texas red-conjugated secondary antibodies were
used for RyR1. Controls, such as the omission of primary
antibodies and incubation with inappropriate antibodies, were
routinely performed. Images were recorded on a Zeiss Axiophot
microscope by using a cooled charge-coupled device camera and
METAVIEW image-processing software (Universal Imaging, Me-
dia, PA). At least three different experiments were performed
for comparison of the wild-type DHPR (GFP-a1S) with the
DHPR chimera GFP-SkLM. Semiquantitative evaluation of the
labeling patterns (25) revealed a clustering efficiency of greater
than 50% in each experiment.

Results and Discussion
An Ancestral DHPR II-III Loop as a Tool to Test DHPR–RyR1 Interactions.
Previous analysis of chimeric DHPRs constructed from skeletal
and cardiac sequence showed that a ‘‘critical domain’’ of the a1S
II-III loop (residues L720–Q765) is required for both skeletal-
type EC coupling (8, 9) and RyR1-mediated enhancement of
Ca21 currents (9). However, these experiments provided little or
no information about the loop regions that flank the critical
domain because these regions are well conserved between the
cardiac and skeletal proteins (Fig. 1B). In the present work, we
tested the importance of these flanking domains by replacing
them with highly divergent sequences. To accomplish this, we
created the chimera GFP-SkLM (Fig. 1 A), in which the II-III
loop of a1S was replaced by the highly divergent II-III loop of a
DHPR cloned from the housefly (M. domestica) (17). Although
we have not been able to express the Musca a1 subunit func-
tionally in various heterologous systems (Xenopus oocytes, tsA-
201 cells, or dysgenic myotubes), we did find that constructs
containing parts of the Musca DHPR sequence were valuable for
fine mapping of the DHP-binding domain (29). The Musca II-III
loop has comparable length (126 residues) to the cardiac and
skeletal loops, but only 19% overall identity, most of which is
concentrated at the two ends. Importantly, there is absolutely no
homology to the peptide A-10 (As10yAc10) region (Fig. 1B); this
region has been suggested to be important in EC coupling
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because the isolated peptide activates RyR1 (11–15). To test the
role of the critical domain, we created the chimera GFP-
SkLMS45 (Fig. 1 A), in which 32 residues (E724–T755) from the
Musca loop of GFP-SkLM were replaced by a1S residues L720–
L764. In the absence of sequence homology that could serve as
a guidepost for the insertion of the a1S critical domain into the
Musca II-III loop, we chose to make this insertion within
GFP-SkLMS45, such that the critical domain was separated from
IIS6 and from IIIS1 by the same number of residues as in
wild-type a1S. The final residue (Q765) of a1S sequence tested
previously in a1Sya1C chimeras (8, 9) was omitted for cloning
reasons.

The Presence of a1S Residues 720–764 in the Musca II-III Loop Supports
Retrograde Coupling. Expression of GFP-SkLM in dysgenic myo-
tubes resulted in the presence of slowly activating (skeletal-type)
Ca21 currents, but these currents were much smaller than those
for GFP-a1S (Fig. 2A). To determine whether a reduced density
of surface expression could account for the small Ca21 currents
produced by SkLM, we measured immobilization-resistant
charge movements (Fig. 2B). The charge vs. voltage relationship
then was fitted to determine the maximal charge movement
(Qmax) as an indirect measure of the expression density of
DHPRs in the plasma membrane. Additionally, the current–
voltage relationship for each cell was fitted (24) to yield a value
of maximal Ca21 conductance (Gmax). For each of the con-
structs, GFP-a1S and GFP-SkLM, neither Gmax nor Qmax was
found to differ significantly between injected primary dysgenic
myotubes and transfected GLT myotubes (Table 1). Thus, data
from the two types of dysgenic myotubes were combined for all
subsequent analyses. As shown in Fig. 2C, the average Gmax was
significantly smaller for GFP-SkLM than for GFP-a1S, whereas
Qmax was similar for the two constructs. Because the Qmax values

are similar, it appears that the Musca loop does not alter surface
expression and that the reduction in current amplitude occurs
because the Musca loop does not support retrograde signaling
with the RyR1. Unlike GFP-SkLM, GFP-SkLMS45 produced
Ca21 currents (Fig. 2 A) similar in magnitude to those of
GFP-a1S. This similarity between GFP-SkLMS45 and GFP-a1S
also was evident in the average values of Gmax (Fig. 2C). Thus,
the presence in the II-III loop of a1S residues L720–L764, even
when surrounded by sequence very unlike a1S, was sufficient to
restore the retrograde interaction whereby RyR1 increases the
magnitude of slow L type Ca21 current.

The Presence of a1S Residues 720–764 in the Musca II-III Loop Supports
Orthograde Coupling. In GLT myotubes expressing GFP-a1S, brief
depolarizing pulses elicited transient elevations of intracellular
Ca21, which persisted even when Ca21 influx was blocked by the
addition of Cd21 and La31 to the bath (Fig. 3A). By contrast, the
addition of Cd21 and La31 abolished the depolarization-evoked
Ca21 transients in GLT myotubes expressing GFP-a1C, although
the SR was still capable of releasing Ca21 in response to caffeine
(Fig. 3B). Thus, GLT myotubes provide an appropriate system
for distinguishing skeletal-type transients, which do not depend
on entry of extracellular Ca21, from cardiac-type transients,
which do depend on such Ca21 entry. Brief depolarizations failed
entirely to evoke transients in GLT myotubes expressing GFP-
SkLM, although the response to caffeine indicated that SR Ca21

release was functional in these cells (Fig. 3C). By contrast,
skeletal-type transients were present in GLT myotubes express-
ing GFP-SkLMS45 (Fig. 3D). As a more quantitative measure-
ment of the strength of EC coupling, we determined for each
chimeric construct the fraction of injected primary myotubes
that contracted in response to electrical stimulation in Cd21y
La31 solution. Contractions were never observed for GFP-

Fig. 1. Schematic representation of the skeletalyMusca II-III loop DHPR chimeras GFP-SkLM and GFP-SkLMS45 and II-III loop sequence alignments. (A) DHPR
chimeras were N-terminally fused to the green fluorescent protein GFP (19). Rabbit skeletal muscle (a1S) sequence is indicated in blue, and M. domestica (house
fly) muscle (a1M) sequence is in black. I-IV, four homologous repeats of a1 subunits. (B) Alignment of cardiac (a1C), skeletal (a1S), and Musca (a1M) II-III loop
sequences. The Musca sequence boxed in light gray (a1M residues E724–T755) was replaced by the portion of a1S sequence indicated by arrows (residues
L720–L764) to yield GFP-SkLMS45. Sequences boxed in yellow indicate the so-called skeletal and cardiac ‘‘peptide A-10 region’’ or ‘‘activating domain’’ of EC
coupling (12, 15). Asterisks indicate amino acids identical between a1S and a1C or a1S and a1M. Dots show corresponding residues with identical charge.
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SkLM, whereas the fraction of contracting myotubes was com-
parable for GFP-SkLMS45 and GFP-a1S (Fig. 3E). Like
myotubes from normal mice (data not shown), electrical stim-
ulation failed to cause contraction of a fraction of dysgenic
myotubes transfected with GFP-a1S or GFP-SkLMS45. These
noncontracting cells most likely represent myotubes in which
components of the excitation–contraction coupling machinery
are not fully developed (see ref. 25).

In addition to examining EC coupling in intact myotubes, we
also used whole-cell patch clamping to characterize the voltage
dependence of Ca21 release in primary dysgenic myotubes
expressing GFP-a1S, GFP-SkLM, and GFP-SkLMS45. Very

small Ca21 transients were present for GFP-SkLM (Fig. 4A).
Moreover, these transients appeared to depend on Ca21 entry
because the amplitude of the transient had a voltage dependence

Fig. 2. Restoration of retrograde coupling after insertion of a1S residues
720–764 into the Musca II-III loop (chimera GFP-SkLMS45). (A) Representative
whole-cell Ca21 currents recorded from dysgenic myotubes expressing GFP-a1S

(Left), GFP-SkLM (Center), and GFP-SkLMS45 (Right). After a prepulse to inac-
tivate T type currents (24), macroscopic Ca21 currents were elicited by 200-ms
step depolarizations from a holding potential of 280 mV to the indicated test
potentials. Current amplitudes were normalized by linear cell capacitance and
are expressed as pAypF. (B) Representative immobilization-resistant in-
tramembrane charge movements measured at 140 mV after blocking Ca21

currents with 0.5 mM Cd21 and 0.1 mM La31, recorded from cells expressing
the same three constructs shown above. (C) Average maximal Ca21 conduc-
tance (Gmax, Left) and charge movement (Qmax, Right) and ratios of GmaxyQmax

9

(Center) for GFP-a1S, GFP-SkLM, and GFP-SkLMS45. The asterisk indicates a
statistically significant (P , 0. 001) difference in average Gmax from the other
two constructs after comparison by an unpaired two-sample t test. No asterisk
indicates lack of statistically significant difference (P . 0.05). (Bars 5 mean 6
SEM of 12–20 recordings.)

Table 1. Ca21 conductance and charge movement properties
recorded from primary dysgenic myotubes and from the
dysgenic cell line GLT are highly comparable

Construct Gmax, nSynF Qmax, nCymF GmaxyQ9max, nSypC

GFP-aIS 154 6 16 (15) 7.5 6 0.8 (15) 31
127 6 16 (13) 6.8 6 0.5 (13) 30

GFP-SkLM 60 6 5 (14) 6.1 6 0.4 (14) 17
67 6 15 (6) 6.0 6 1.4 (6) 19

Data are given as mean 6 SEM (numbers in parentheses are the myotubes
tested). Recordings from primary dysgenic myotubes (cDNA injected) are
indicated in italic and from immortalized dysgenic GLT myotubes (cDNA
transfected) in roman. Gmax is the maximal Ca21 conductance (currents fitted
according to ref. 24), Qmax is the maximum immobilization-resistant charge
movement (Qon fitted according to ref. 24), and Q9max is the difference between
Qmax and the average, endogenous charge movement Qdys(max) found in
dysgenic myotubes (Qdys(max) 5 2.5 nCymF; ref. 24). Brackets indicate a lack of
significant difference (P . 0.05) between data sets compared by an unpaired
two-sample t test. Values for GFP-aIS recorded from primary dysgenic myo-
tubes were listed for comparison and were published (9).

Fig. 3. Chimera GFP-SkLMS45 restores skeletal-type EC coupling on expres-
sion in dysgenic myotubes. Action-potential-induced Ca21 transients recorded
from dysgenic myotubes expressing DHPR constructs, loaded with the fluo-
rescent Ca21 indicator Fluo-4 AM. Tick marks on the horizontal axes indicate
2 s. The skeletal GFP-a1S (A) responded to 1-ms stimuli with Ca21 transients that
persisted after blocking currents with 0.5 mM Cd21 and 0.1 mM La31 (solid
bar), whereas the cardiac GFP-a1C Ca21 transients (B) were blocked by the
Cd21yLa31 solution. Myotubes expressing GFP-SkLM (C) failed to restore ac-
tion-potential-induced Ca21 transients (n 5 10 dishes) even though Ca21

release could be induced with 6 mM caffeine (shaded bar). GFP-SkLMS45 (D)
fully restored action-potential-induced Ca21 transients that were resistant to
Cd21yLa31 block of Ca21 currents, indicating skeletal-type EC coupling. As for
GFP-a1S, the application of Cd21yLa31 sometimes caused a modest reduction
in the amplitude of the transient in cells expressing GFP-SkLMS45. (E) Electri-
cally evoked contractions (100 ms, 100 V) recorded in Cd21yLa31 from dysgenic
myotubes expressing either GFP-a1S, GFP-SkLM, or GFP-SkLMS45 indicated as
percentage of myotubes stimulated.
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mirroring that of Ca21 current (Fig. 4B). Additionally, the Ca21

transients for GFP-SkLM were blocked by the addition of Cd21

and La31 to the bath (data not shown). In myotubes expressing
GFP-SkLMS45, the Ca21 transients were large (Fig. 4A) and did
not differ significantly in either magnitude or voltage depen-
dence from those of GFP-a1S (Fig. 4B). Thus, placing a1S
residues L720–L764 into the very dissimilar background of the
Musca II-III loop was able to restore both orthograde and
retrograde coupling with RyR1.

A prerequisite for the bidirectional interaction between a
DHPR construct and RyR1 is the colocalization of the two
proteins in junctions between the plasma membrane and SR. If
GFP-SkLM were not targeted into junctions, this could explain
the absence of bidirectional signaling observed for this construct.
Fig. 5 compares the subcellular distribution of GFP-SkLM (Top)
with that of RyR1 (Middle). Both proteins are present in discrete
clusters that overlap with one another, and clusters were ob-
served in 54% of transfected myotubes (n 5 200), which is close
to the value observed in GFP-a1S-transfected myotubes (58%;
n 5 967). This colocalization, which indicates correct junctional
targeting, is particularly evident in the pseudocolor overlay
image (Fig. 5 Bottom), in which green and red indicate GFP-
SkLM and RyR1, respectively, and yellow shows sites of colo-
calization. Because GFP-SkLM is able to target to junctions
between the plasma membrane and SR, and because its targeting
is not different from that of GFP-SkLMS45 [clusters found in
58% of transfected myotubes (n 5 65); micrograph not shown],
a failure to colocalize cannot account for the lack of bidirectional
signaling by GFP-SkLM.

EC coupling in skeletal muscle likely involves allosteric cou-
pling between a1S and RyR1 either by direct contact between the
two proteins or by way of intervening proteins. Using chimeras
based on the II-III loop of the Musca DHPR, we have shown that
residues L720–L764 of a1S contain a critical domain that is
essential for both EC coupling and retrograde signaling. This
result is in agreement with previous work using chimeras based
on the II-III loop of a1C (8, 9). The new finding that bidirectional
signaling survives a drastic change in the sequence of the As10
region makes it very unlikely that this region plays an important
role in the activation of RyR1 during EC coupling as postulated
previously (12, 13, 16). A similar conclusion also was reached on

Fig. 5. Reduced Ca21 currents and lack of EC coupling are not a result of
failed junctional targeting of chimera GFP-SkLM. Subcellular localization
of chimera GFP-SkLM in a transiently transfected dysgenic myotube (GLT).
Double-immunofluorescence labeling was performed with antibodies
against GFP, N-terminally fused to the DHPR chimera (Top) and against RyR1
(Middle). The ‘‘merged image’’ (Bottom) emphasizes the colocalization (yel-
low foci) of GFP-SkLM (green) and RyR1 (red) in clusters that represent
junctions of the SR with transverse tubules or with the plasma membrane.
Arrows indicate examples of GFP-SkLMyRyR1 colocalization. Inset shows a
2-fold-enlarged view of coclustered channels. N, nuclei. (Bar 5 10 mm.)

Fig. 4. Restoration of bidirectional coupling by expression of chimera GFP-SkLMS45. (A) Whole-cell Ca21 currents (Upper) and depolarization-induced Ca21

transients (Lower) recorded simultaneously from dysgenic myotubes expressing GFP-SkLM or GFP-SkLMS45. Step depolarizations (200-ms pulses) were applied
in 10-mV increments from a holding potential of 280 mV after a prepulse protocol (24). The vertical scale indicates DFyF, Ca21-induced Fluo-3 fluorescence
increments (DF) with respect to basal fluorescence (F). (B) Voltage dependence of depolarization-induced Ca21 transients (DFyF, Upper) and of peak current
densities (pAypF, Lower) recorded from dysgenic myotubes expressing GFP-a1S (F), GFP-SkLM (r), and GFP-SkLMS45 (E). Values represent the mean 6 SEM of
11–20 recordings. The small Ca21 transients for GFP-SkLM appeared to be a direct consequence of Ca21 influx through the DHPR (see text).
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the basis of a skeletal DHPR in which only the As10 region was
scrambled (30).

A model of allosteric coupling between a1S and RyR1 would
appear to have two requirements. First, there must be anchoring
interactions that maintain a1S and RyR1 in a precise spatial
coordination with respect to one another. Second, the allosteric
coupling between a1S and RyR1 during orthograde signaling
must involve one or more cytoplasmic domains of a1S that
undergo conformational changes in response to movement of the
voltage-sensing domains. Thus, the critical domain of the II-III
loop could be involved in protein–protein interactions that were
either static (anchoring) or dynamic (undergoing conforma-
tional changes during orthograde signaling) or both. If the
critical domain plays a dynamic role in EC coupling, then
conformational changes are unlikely to be transmitted to it via
the peptide backbone because signaling is normal after large

changes in the sequence of the flanking regions. Whatever the
role of the critical domain, the important result of the present
work is that bidirectional signaling is not affected by dramatic
changes in the primary sequence of the loop regions that flank
the critical domain. Thus, these flanking regions are unlikely to
be sites of protein–protein interaction necessary for bidirectional
signaling.
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