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In skeletal muscle, conformational coupling between CaV1.1 in the
plasma membrane and type 1 ryanodine receptor (RyR1) in the sarco-
plasmic reticulum (SR) is thought to underlie both excitation–contraction
(EC) coupling Ca2+ release from the SR and retrograde coupling by
which RyR1 increases the magnitude of the Ca2+ current via CaV1.1.
Recent work has shown that EC coupling fails in muscle from mice
and fish null for the protein Stac3 (SH3 and cysteine-rich domain 3)
but did not establish the functional role of Stac3 in the CaV1.1–RyR1
interaction. We investigated this using both tsA201 cells and Stac3 KO
myotubes. While confirming in tsA201 cells that Stac3 could support
surface expression of CaV1.1 (coexpressed with its auxiliary β1a and
α2-δ1 subunits) and the generation of large Ca2+ currents, we found
that without Stac3 the auxiliary γ1 subunit also supported membrane
expression of CaV1.1/β1a/α2-δ1, but that this combination generated only
tiny Ca2+ currents. In Stac3 KO myotubes, there was reduced, but still
substantial CaV1.1 in the plasma membrane. However, the CaV1.1
remaining in Stac3 KO myotubes did not generate appreciable Ca2+

currents or EC coupling Ca2+ release. Expression of WT Stac3 in Stac3
KOmyotubes fully restored Ca2+ currents and EC coupling Ca2+ release,
whereas expression of Stac3W280S (containing the Native American my-
opathy mutation) partially restored Ca2+ currents but only marginally
restored EC coupling. We conclude that membrane trafficking of CaV1.1
is facilitated by, but does not require, Stac3, and that Stac3 is directly
involved in conformational coupling between CaV1.1 and RyR1.
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In skeletal muscle, the link between electrical excitation and
contraction [excitation–contraction (EC) coupling] depends

upon specialized junctions between the sarcoplasmic reticulum
(SR) and the plasma membrane. It has been known for nearly 30 y
that CaV1.1 (α1S) functions in the plasma membrane as both a
slowly activating L-type Ca2+ channel and as the trigger that ac-
tivates Ca2+ release from the SR via the type 1 ryanodine receptor
(RyR1), a process that is thought to involve conformational cou-
pling between the two proteins (1). Thus, the KO of either protein
results in the ablation of EC coupling (1, 2). Of the three CaV1.1
auxiliary subunits (α2-δ1, β1a, and γ1; for a review see ref. 3), only
β1a seems to be essential. Thus, KO of γ1 (4, 5) or knockdown of
α2-δ1 (6, 7) does not have major effects on the EC coupling and
channel functions of CaV1.1, whereas KO of β1a causes the loss of
EC coupling (8). In part, this is because β1a is required for efficient
trafficking of CaV1.1 to the plasma membrane (9). However, β1a
also seems to play a more direct role because constructs lacking
the appropriate β1a sequence are able to restore membrane ex-
pression of CaV1.1 without restoring EC coupling (10, 11).
Work over the last few years has identified Stac3 (SH3 and

cysteine-rich domain 3) as another protein of importance for EC
coupling in skeletal muscle (12, 13). Stac3 belongs to a three-
member family of proteins, contains a poly-glutamate domain, a
PKC-C1–like domain, and two SH3 domains, and is expressed al-
most exclusively in skeletal muscle (12). Moreover, a point muta-
tion (W284S) within the first SH3 domain is responsible for the
severe, recessively inherited Native American myopathy (NAM)

(13). Analysis of KO zebrafish and mice indicated that Stac3 is
required for EC coupling but did not establish the mechanistic
basis for this requirement. Subsequent experiments on heterolo-
gous expression in fibroblastic cells raised the possibility that Stac3
is important for membrane trafficking of CaV1.1 (14). Specifically,
that work demonstrated that when CaV1.1 was expressed (together
with β1a and α2-δ1) in tsA201 cells it was retained in the endo-
plasmic reticulum unless Stac3 was also present.
Interestingly, the behavior of CaV1.1 in tsA201 cells showed

some important differences from that of CaV1.1 in muscle cells.
One difference is that the Ca2+ currents in tsA201 cells expressing
CaV1.1, β1a, α2-δ1, and Stac3 were slowly activating and of large
amplitude (relative to gating charge movements) despite the ab-
sence of RyR1 in these cells, whereas in muscle cells the absence of
RyR1 not only eliminates EC coupling but also causes the Ca2+

current via CaV1.1 to activate rapidly and to be of small amplitude
(15, 16). Another issue arising from the comparison of results from
tsA201 cells and muscle cells is whether membrane trafficking of
CaV1.1 is strictly dependent on the presence of Stac3. In particular,
Western blotting demonstrated that CaV1.1 is still present (at a
reduced level) in E18.5, Stac3-KO tongue muscle (figure S8 in ref.
12). Accordingly, it may be that Stac3 is not the only factor in
muscle cells that facilitates expression of CaV1.1.
In light of the previous work, a major goal of the present study

was to resolve questions about the role of Stac3 in controlling
membrane trafficking and function of CaV1.1 in both tsA201
cells and myotubes and to characterize the effects on CaV1.1
function of the NAM mutation of Stac3 (W280S in the mouse
sequence). In both cell types, we used the magnitude of gating
charge movements as an indicator of membrane expression of
CaV1.1. Additionally, in the tsA201 cells we tested the inclusion of
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the γ1 auxiliary subunit, which had been omitted in the previous
work. We found that the presence of the γ1 subunit (together with
CaV1.1, β1a, α2-δ1, and Stac3) caused Ca2+ currents via CaV1.1 to
have rapid activation kinetics quantitatively similar to those of
Ca2+ currents in myotubes lacking RyR1. The coexpression of γ1
with CaV1.1, β1a, and α2-δ1 without Stac3 resulted in substantial
gating charge movements but only tiny Ca2+ ionic currents, con-
sistent with the hypotheses that γ1 is sufficient to support robust
membrane expression of CaV1.1 and that the channel properties
of CaV1.1 are interactively regulated by γ1, Stac3, and RyR1.
Consistent with the first hypothesis, gating charge movements
were reduced by only about 50% in Stac3 KO myotubes (relative
to Stac3 heterozygous myotubes). Strikingly, the CaV1.1 present in
Stac3 KO myotubes seemed unable to mediate EC coupling and
produced only small, rapidly activating Ca2+ currents. Expression
of WT Stac3 in Stac3 KO myotubes fully restored both functions
of CaV1.1, whereas expression of Stac3W280S caused a partial re-
covery of normal Ca2+ currents but very weak restoration of EC
coupling. Taken together, our results indicate that Stac3 is re-
quired for both the normal Ca2+ channel and EC coupling func-
tions of CaV1.1 and that these two effects of Stac3 rely on domains
that are at least partially independent of one another.

Results
The γ1 Auxiliary Subunit Regulates CaV1.1 Function and Membrane
Trafficking in tsA201 Cells. Previously, we showed that Stac3 en-
abled robust, functional expression in tsA201 cells of CaV1.1 (with
the β1a and α2-δ1 auxiliary subunits also present), whereas func-
tional expression did not occur in cells transfected only with
CaV1.1, β1a, and α2-δ1 (14). In fact, the L-type Ca2+ currents in cells
transfected with CaV1.1, β1a, α2-δ1, and Stac3 had amplitude
(normalized by maximal gating charge) and kinetics indistinguish-
able from those of CaV1.1 exogenously expressed in dysgenic
myotubes, which contain endogenous RyR1 (14). This result was
surprising because tsA201 cells lack RyR1, and the absence of
RyR1 in myotubes causes the L-type Ca2+ currents to activate
much more rapidly and have substantially reduced amplitude (15,
16). Thus, we hypothesized that RyR1 somehow relieves the in-
hibitory effect of another protein that is present in myotubes and
absent in tsA201 cells. An obvious candidate is the remaining
CaV1.1 auxiliary subunit, γ1, which we had omitted in the previous
experiments because its KO was reported to have only modest
effects on Ca2+ currents in mouse skeletal muscle (4, 5, 17).
Fig. 1 compares tsA201 cells transfected with YFP-CaV1.1, β1a,

α2-δ1, and Stac3 either without γ1 (blue) or with γ1 additionally
present (orange). The additional presence of γ1 caused a decrease
in Ca2+ current amplitude (Fig. 1A), which seemed to be a con-
sequence of reduced membrane expression of CaV1.1 inasmuch as
there was a corresponding decrease in the magnitude of gating
charge movement (Fig. 1B). Consequently, the ratio Gmax/Qmax,
which was determined by fitting Eqs. 1 and 2 to the peak I–V and
peak Q–V relationships, respectively, was little affected by the
additional presence of γ1 and remained similar to that of CaV1.1
expressed in RyR1-containing, dysgenic myotubes (Fig. 2A, colors
as in Fig. 1). However, the additional presence of γ1 did cause a
substantial acceleration of activation kinetics, which became very
similar to those of Ca2+ currents produced by CaV1.1 endogenously
expressed in RyR1-null (dyspedic) myotubes (Fig. 2 B and C).
Thus, the addition of γ1 recapitulated the faster activation resulting
from the absence of RyR1 but not the reduced ratio of Ca2+

conductance to charge movement, suggesting that additional in-
hibitory elements may interact with CaV1.1 in native muscle cells.
For completeness, we also examined tsA201 cells transfected

with YFP-CaV1.1, β1a, α2-δ1, and γ1 without Stac3. We found
that these cells produced very small, but still detectable, Ca2+

currents (Fig. 3A). The small size of these currents did not seem
to be a consequence of low membrane expression because sub-
stantial charge movement was present in the cells transfected

with YFP-CaV1.1, β1a, α2-δ1, and γ1 (Fig. 3B and Table S1).
Thus, γ1 seemed to be sufficient to support substantial mem-
brane expression of CaV1.1 without Stac3, as was also evident
from images of tsA201 cells transfected with fluorescently tagged
constructs. These images revealed that the γ1–BFP (blue fluo-
rescent protein) trafficked efficiently to the surface in the ab-
sence of other channel subunits (Fig. S1, Left) and that its
presence together with the other auxiliary subunits caused YFP-
CaV1.1 to traffic to the surface (Fig. S1, Right).

Normal Functioning of CaV1.1 in Muscle Requires Stac3. Given the
ability of exogenous γ1 to support membrane trafficking of CaV1.1
in tsA201 cells, we hypothesized that endogenous γ1 would cause
CaV1.1 to be present in the plasma membrane of muscle cells null
for Stac3. Thus, we compared myotubes obtained from mice ho-
mozygous for Stac3 KO with myotubes from their phenotypically
normal, Stac3-heterozygous littermates (12). As we hypothesized,
gating charge movement was present in Stac3 KO myotubes (Fig.
4A) Qmax = 3.7 ± 0.3 nC/μF, n = 8), albeit at a reduced level
compared with that in Stac3 heterozygous myotubes Qmax = 7.9 ±
0.5 nC/μF, n = 9, Table S1). Therefore, Stac3 facilitates, but is not
required for, CaV1.1 membrane expression. Despite substantial
expression, however, CaV1.1 function was strongly altered in Stac3
KO myotubes. In particular, Ca2+ currents in Stac3 KO myotubes
displayed a reduction in size that was larger than one would predict
from the reduction in charge movement, as well as more rapid
activation (Fig. 4B). More specifically, the Ca2+ currents in Stac3
KO myotubes were quantitatively similar to dyspedic (RyR1-null)
myotubes with respect to both magnitude and activation kinetics
(Fig. 2, black and white bars). Thus, Stac3 may be involved in the
retrograde signal whereby RyR1 slows activation, and increases the
amplitude, of L-type Ca2+ current via CaV1.1.
The central function of CaV1.1 is as the voltage sensor for EC

coupling, which has been shown to fail in both zebrafish (13) and
mice (12) null for Stac3. For example, the application of 120 mMK+

produced only negligible Ca2+ transients in Stac3 KOmyotubes (12).
Here, we have measured Ca2+ transients in response to 200-ms

Fig. 1. The γ1 subunit alters the kinetics of Ca2+ current via CaV1.1 in tsA201
cells. (A) Representative peak calcium currents (Left) and peak I-V relation-
ships (Right) in tsA201 cells transfected with YFP-CaV1.1, β1a, and α2-δ1 to-
gether with Stac3 alone, or with both Stac3 and γ1. Test potentials: +40 mV;
calibrations: 5 pA/pF (vertical), 50 ms (horizontal). (B) Representative charge
movements (Left, Vtest of −20, 0, +20, and +40 mV) and average Q-V rela-
tionships (Right) in tsA201 cells transfected with YFP-CaV1.1, β1a, and α2-δ1
together with Stac3 alone, or with both Stac3 and γ1. Calibrations: 2 pA/pF
(vertical), 10 ms (horizontal).
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depolarizing pulses to varying potentials, applied by means of whole-
cell voltage clamping. We found that Stac3 heterozygous myotubes
produced robust transients, which increased in size as a sigmoidal
function of test potential, whereas no obvious response was observed
in Stac3 KO myotubes (Fig. 4C). In principle, the failure of EC
coupling Ca2+ release in the Stac3 KO myotubes could have been
because CaV1.1 failed to localize at plasma membrane/SR junctions.
To assess junctional targeting, we used a monoclonal antibody to
CaV1.1 (18). Immunostaining with this antibody revealed that
CaV1.1 was arrayed in discrete puncta in both Stac3 heterozygous
and Stac3 KO myotubes (Fig. 5), which is consistent with junctional
targeting (19). Thus, it seems that Stac3 is not required for junctional
targeting but is essential for the EC coupling function of CaV1.1.

A Myopathy-Causing Mutation of Stac3 Profoundly Impairs EC Coupling.
Horstick et al. (13) identified a missense mutation (W284S) of
human Stac3 that causes a severe, recessively inherited myop-
athy, termed NAM (20). Additionally, they showed that EC
coupling was diminished in fast-twitch muscle fibers expressing
Stac3NAM compared with WT Stac3. The effects of the NAM
mutation on L-type Ca2+ currents could not be addressed in their
work because zebrafish CaV1.1 carries pore mutations that elimi-
nate ionic current (21). Here, we introduced the NAM mutation

into the homologous position (W280S) of mouse Stac3 (Stac3W280S)
and characterized it both in tsA201 cells and in murine Stac3 KO
myotubes. In tsA201 cells, Stac3W280S was less effective than WT
Stac3 in supporting membrane expression of YFP-CaV1.1 (Fig.
S2A), and L-type Ca2+ currents (Fig. S2B), such that Qmax and peak
Ca2+ current were reduced by ∼65% and ∼75%, respectively,
compared with WT Stac3 (Table S1). Additionally, activation of the
L-type current was considerably more rapid for Stac3W280S than for
WT Stac3 in tsA201 cells (gray and blue traces, respectively, Fig.
S2B, Left). After expression in Stac3 KO myotubes, the differences
between WT Stac3 and Stac3W280S with respect to charge move-
ment and Ca2+ current were less pronounced than in the tsA201
cells. Specifically, in the Stac3 KOmyotubes,Qmax was reduced only
about 20% for Stac3W280S compared with WT Stac3 (Fig. 6A and
Table S1), which is not entirely surprising because there was sub-
stantial charge movement present in the KO myotubes that com-
pletely lack Stac3. The NAM mutation also seemed to have less of
an effect on the L-type Ca2+ current in myotubes than in tsA201
cells. In Stac3 KO myotubes, peak Ca2+ current was reduced about
50% for Stac3W280S (Fig. 6B). As a result the ratio of the L-type
Ca2+ conductance to gating charge (Gmax/Qmax) was reduced ∼30%
compared with WT Stac3 and increased ∼35% compared with
Stac3 KO myotubes (Fig. 2A). Although Stac3W280S caused only a
partial recovery of Ca2+ current amplitude in Stac3 KOmyotubes, it
caused an almost complete restoration of slow activation kinetics.
As described above, activation was rapid in Stac3 KO myotubes
(Fig. 4B). These kinetics were slowed to a comparable extent by the
expression of either Stac3W280S or WT Stac3 (Figs. 6B and 2 B and
C). Although Stac3W280S caused a partial recovery of L-type Ca2+ in
Stac3 KO myotubes, it produced very little restoration of EC cou-
pling Ca2+ release. In particular, WT Stac3 restored Ca2+ transients
in Stac3 KO myotubes that were almost as large as those in Stac3
heterozygous myotubes, whereas the Ca2+ transients in Stac3 KO
myotubes expressing Stac3W280S were almost 10 times smaller (Fig.
6C and Table S2). The differential deficits in L-type Ca2+ current
and EC coupling that result from the NAM mutation suggest that
distinct domains of Stac3 regulate these two functions of CaV1.1.

Discussion
In this study we have used expression in tsA201 cells and Stac3-
null myotubes to investigate the role of Stac3 in controlling the
membrane trafficking and function of CaV1.1. In tsA201 cells,
CaV1.1 did not traffic to the plasma membrane when coex-
pressed with only β1a and α2-δ1 (14), but the additional presence
of either Stac3 or the γ1 auxiliary subunit was sufficient to sup-
port robust membrane expression of CaV1.1 (Figs. 1 and 3).

Fig. 3. The γ1 subunit supports membrane expression of CaV1.1 in tsA201 cells.
(A) Representative peak calcium current (test potential: +30 mV) and peak I-V
relationships in tsA201 cells transfected with YFP-CaV1.1, β1a, and α2-δ1 and γ1.
Calibrations: 1 pA/pF (vertical), 50 ms (horizontal). (B) Representative charge
movements (Vtest of −20, 0, +20, and +40 mV) and average Q-V relationships in
tsA201 cells transfected with YFP-CaV1.1, β1a, α2-δ1 and γ1. Calibrations: 2 pA/pF
(vertical), 10 ms (horizontal). For comparison, the smooth curves fitted to the
peak I-V and Q-V data for tsA201 cells transfected with YFP-CaV1.1, β1a, α2-δ1
and WT Stac3 (Fig. 1 A and B) are replotted in blue.

Fig. 2. (A) Gmax/Qmax for the indicated combinations of cell type and construct. Values of Gmax and Qmax (and thus Gmax/Qmax) were obtained only from cells
in which both peak I-V and Q-V relationships were measured. ** indicates a statistically significant difference (P < 0.05) between the center two combinations
and the indicated combinations flanking them to the left and right. The Gmax/Qmax ratios were not corrected for any background charge (unrelated to
CaV1.1), which was small in dysgenic myotubes in the current experiments (0.83 ± 0.16 nC/μF, n = 7, measured at +40 mV). (B and C) Time constants and
relative amplitudes, respectively, derived from a double-exponential function (Eq. 3) fitted to Ca2+ currents at +40 mV. There was a statistically significant
difference (***P < 0.001; **P < 0.05) between the center three combinations and the indicated combinations flanking them to the left and right. Numbers of
cells (from left to right): 9 [dysgenic (CaV1.1-null) myotubes expressing YFP-CaV1.1], 10 (tsA201 cells expressing YFP-CaV1.1, α2-δ1, β1a + Stac3), 9 (tsA201 cells
expressing YFP-CaV1.1, α2-δ1, β1a + Stac3 + γ1), 7 [dyspedic (RyR1-null) myotubes], 7 (Stac3 KO myotubes), 9 (Stac3 heterozygous myotubes), 10 (Stac3 KO
myotubes expressing WT Stac3), and 6 (Stac3 KO myotubes expressing Stac3W280S).
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However, the L-type Ca2+ current differed dramatically for the
two situations, being large and slowly activating with Stac3 (Fig.
1A) and extremely small with γ1 (Fig. 3A). With both Stac3 and
γ1 present, the L-type current was large but activated rapidly
(Fig. 1A). Thus, Stac3 and γ1 interactively regulate the expres-
sion and channel function of CaV1.1 in tsA201 cells.
In Stac3 KO myotubes, CaV1.1 was still present in the plasma

membrane, although at a somewhat reduced level (Fig. 4A). Based
on the results from the tsA201 cells, it seems likely that this mem-
brane expression of CaV1.1 in the KO myotubes was supported, at
least in part, by endogenous γ1. Significantly, the KO of Stac3 in
myotubes caused a near-complete loss of EC coupling Ca2+ release
despite the fact that the substantial amount of remaining CaV1.1
(Fig. 4A) seemed to be localized at plasma membrane junctions with
the SR (Fig. 5). The functional consequences of the myopathy-
causing NAM mutation provide further evidence that Stac3 plays an
essential role in EC coupling. Although the expression of Stac3W280S,
which bears this mutation, resulted in reduced CaV1.1 gating charge
movement in both tsA201 cells (Fig. S2) and Stac3 KO myotubes
(Fig. 6), the reduction of EC coupling Ca2+ release in myotubes
(87%, Table S2) was far greater than would have been expected
from the reduction in charge movement (23%, Table S1), compared
with those produced by expression of WT Stac3. In addition to being
essential for orthograde (EC) coupling between CaV1.1 and RyR1,
Stac3 also seemed to be important for the retrograde effect of RyR1
on the channel function of CaV1.1. In particular, the L-type Ca2+

current in Stac3 KO myotubes was small and rapidly activating (Fig.
4B), with an overall, quantitative similarity to the L-type current in
dyspedic myotubes (Fig. 2, black and white bars, respectively). Thus,
retrograde coupling seems to be abolished by the absence of Stac3.
In WT muscle cells, the conformational coupling of CaV1.1 to

RyR1, which is thought to underlie EC coupling, had been shown
to require the additional presence of the β1a subunit (8, 9, 22). Our
current results now indicate that Stac3 represents another neces-
sary component of the molecular assembly that is conformation-
ally coupled to RyR1. At this point, it is only possible to speculate
about why Stac3 must be part of this complex. One possibility is
that in the absence of Stac3, CaV1.1 and β1a do not assume the

conformations necessary for their coupling to RyR1. Another
possibility is that Stac3 is interposed between CaV1.1/β1a and
RyR1. Consistent with this possibility, Stac3 seems to bind to
CaV1.1 both in RyR1 null (“dyspedic”) myotubes and in tsA201
cells (14). However, Stac3 does not seem to bind to RyR1 either
in CaV1.1-null (“dysgenic”) myotubes or in tsA201 cells (14).
Nonetheless, it remains possible that Stac3 could function as an
intermediary between CaV1.1/β1a and RyR1 if one postulated that
Stac3 can bind to RyR1 only when complexed with CaV1.1/β1a.
In dyspedic myotubes, which lack RyR1, the L-type Ca2+

current has more rapid activation kinetics and a reduced am-
plitude (Gmax/Qmax, which is an indirect indicator of channel
open probability). As a possible explanation, we have suggested
that the presence of RyR1 relieves the inhibitory effect that one
or more other junctional proteins have on CaV1.1 (14). In the
present work, we considered whether the γ1 auxiliary subunit of
CaV1.1 might function in this way. Previously, the functional
effects of the γ1 subunit on CaV1.1 function had been in-
vestigated by analyzing myotubes or muscle fibers in which γ1
had been knocked out. The KO of γ1 caused the Ca2+ current via
CaV1.1 in myotubes to be about one-third larger and to decay
more slowly during prolonged pulses (4, 23). Additionally, the
voltage for half-inactivation of current was positively shifted by
∼9 mV in γ1 KO myotubes and ∼14 mV in γ1 KO muscle fibers.
Thus, these studies indicate that γ1 promotes the inactivation of
L-type Ca2+ current via CaV1.1 in muscle cells but leaves open
the question of whether this inhibitory effect would, in the ab-
sence of RyR1, cause both reduced amplitude and faster acti-
vation of the L-type current via CaV1.1. The experiments on
tsA201 cells indicate that this is not the case. Specifically, the
transfection of γ1 together with CaV1.1, β1a, α2-δ1, and Stac3
resulted in currents that activated rapidly, like those in dyspedic
myotubes (Figs. 1A and 2 B and C), but with a normalized am-
plitude (Gmax/Qmax) little different from when γ1 was not present
(Fig. 2A, orange and blue) and similar to that of dysgenic myo-
tubes expressing exogenous CaV1.1 (Fig. 2A, gray). A possible
explanation for this result is that the kinetic effect of RyR1 in-
volves γ1 and that the Gmax/Qmax effect involves another struc-
tural element within plasma membrane/SR junctions of muscle
cells. This suggestion is consistent with the results of previous
work analyzing the functional consequences of a mutation
(E4242G) within RyR1. The conclusion from that work was
that the retrograde effects of RyR1 on kinetics and ampli-
tude are dependent on distinct structural elements within RyR1
(24). Independent of mechanistic interpretation, however, our
results indicate, not surprisingly, that the environment of the
CaV1.1/β1a/α2-δ1/γ1/Stac3 complex in tsA201 cells differs from
that in myotubes. For instance, in tsA201 cells, the slowly

Fig. 5. CaV1.1 immunostaining in myotubes heterozygous (Left) or homo-
zygous (Right) for Stac3 KO. (Scale bars: 5 μm.)

Fig. 4. The absence of Stac3 in myotubes partially reduces CaV1.1 membrane expression, significantly alters L-type Ca2+ current, and abolishes EC coupling
Ca2+ release. (A) Representative charge movements (Vtest of −20, 0, +20, and +40 mV, Left) and average Q-V relationships (Right) in myotubes homo- or
heterozygous for a null mutation of Stac3. Calibrations: 1 pA/pF (vertical), 10 ms (horizontal). (B) Representative Ca2+ currents (Vtest of −10, +10 and +30 mV,
Left), and average peak I-V relationships (Right) in myotubes homo- or heterozygous for Stac3 KO. Calibrations: 5 pA/pF (vertical), 50 ms (horizontal).
(C) Representative whole-cell, voltage-clamp measurements of Ca2+ transients with Fluo-3 (200 ms depolarizations from −80 mV to −40, −20, 0, and +20 mV,
Left) and average peak change in fluorescence normalized by baseline (ΔF/F) as a function of test potential (Right) for heterozygous or homozygous Stac3 KO
myotubes. Calibrations: 1 ΔF/F (vertical), 5 s (horizontal).
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activating L-type current observed when CaV1.1, and β1a, and α2-
δ1 were coexpressed with WT Stac3 became rapidly activating
upon substitution of the NAM mutant, Stac3W280S (Fig. S2B). By
contrast, when Stac3W280S was expressed in Stac3 KO myotubes,
the L-type current displayed slow activation kinetics that were
nearly identical to those when WT Stac3 was expressed in the
KO myotubes (Figs. 6B and 2 B and C). These differences may
indicate that the relative stoichiometry of the transfected pro-
teins in tsA201 cells differs from that of the same proteins en-
dogenously expressed in muscle cells and/or that the interactions
of these proteins are modified by additional proteins present in
muscle cells.
An important goal for future research will be to identify the

domains of Stac3 that govern its roles in EC coupling and in
modulating the L-type Ca2+ current. Based on the differential
effects of the NAM mutation on these two functions (Fig. 6 B
and C), it seems possible that they depend on different regions of
Stac3, but this will need to be tested more thoroughly. Because
Stac3 seems to bind directly to CaV1.1 (14), an obvious next step
will be to identify the regions of both proteins that underlie their
binding to one another. This in turn will make it possible to
determine whether domains of Stac3 found to be important for
its binding to CaV1.1 correspond to the domains found to be
important for its functional roles.

Materials and Methods
Molecular Biology. The construction of the expression plasmids for YFP-
CaV1.1, unlabeled β1a, and unlabeled Stac3 was described previously (14, 25,
26). To create Stac3-BFP, the Stac3 fragment from Stac3-YFP (14) was
inserted into pmTagBFP2-N1 (Addgene) using the restriction enzymes NdeI +
BamHI. For the γ1 constructs, standard PCR was used to introduce KpnI sites,
or KpnI sites and a stop codon, flanking the coding sequence for γ1 (gene ID
100346309; Cedarlane Laboratories) from which the KpnI-KpnI fragment
was inserted into TagBFP2-N1 to create γ1-BFP or into pEYFP-N1 (Clontech).
Afterward, the latter construct was digested with NdeI and BamHI, and the
fragment containing the γ1 sequence was then ligated to the 3,575-bp
fragment of pEYFP-C1 (Clontech) that had been digested with the same
enzymes to produce the expression vector for unlabeled γ1. Unlabeled
Stac3W280S and Stac3W280S-BFP were created by using the QuikChange II site-
directed mutagenesis kit (Agilent Technologies). The α2-δ1 subunit was
kindly provided by William A. Sather, University of Colorado, Denver.

Primary Skeletal Muscle Cell Culture and cDNA Microinjection. Myoblasts from
newborn dysgenic mice, homozygous for absence of CaV1.1 (1), newborn dys-
pedic mice, homozygous for absence of RyR1 (2, 27), or embryonic day-18.5
fetuses, homozygous or heterozygous for absence of Stac3, were prepared
as described before (12, 28). Cultures were grown in high-glucose DMEM
(Mediatech) supplemented with 10% (vol/vol) FBS and 10% (vol/vol) horse se-
rum (both from HyClone Laboratories). After 4–5 d, this medium was replaced

with differentiation medium [DMEM supplemented with 2% (vol/vol) horse
serum]. Two to four days following the shift to differentiation medium, single
nuclei were microinjected with plasmid cDNA (200 ng/μL in water). Forty-eight
hours after injection, expressing cells were identified on the basis of YFP
fluorescence.

tsA201 Cell Culture and Expression of cDNA. tsA201 cells were propagated in
high-glucose DMEM supplemented with 10% (vol/vol) FBS and 2 mM glu-
tamine. Cells were transfected by Lipofectamine 2000 (Life Technologies)
with various combinations of YFP-CaV1.1 (1 μg per dish), β1a, α2-δ1, Stac3,
Stac3W280S, γ1, and γ1-BFP (0.5 μg per dish) cDNA. Six hours following trans-
fection, cells were removed from the dish, using Trypsin EDTA (Mediatech),
and replated at ∼1 × 104 cells per 35-mm dish to obtain isolated cells for
electrophysiological recording. Forty-eight hours following transfection,
positively transfected cells were identified by the pattern of yellow fluo-
rescence and were used for electrophysiology or imaging.

Immunostaining. Myotubes were washed twice with PBS containing (in mil-
limolar) 137 NaCl, 2.7 KCl, 4.3 Na2HPO4, and 1.47 KH2PO4, pH to 7.4 with HCl,
and fixed in paraformaldehyde [4% (vol/vol) in PBS]. After fixation, the cells
were washed three times with PBS and incubated in 10% (vol/vol) goat
serum/1% BSA/PBS for 60 min at room temperature. Incubation in mouse
CaV1.1 subunit primary antibody IIF7 (1:500 diluted in 1% BSA/PBS), kindly
provided by Kevin P. Campbell, University of Iowa, Iowa City, IA, was over-
night at 4 °C, after which the cells were washed three times for 10 min with
1% BSA/PBS. Cells were then incubated in Alexa Fluor 568-labeled secondary
antibody (Molecular Probes, diluted 1:300 in 1% BSA/PBS) for 1 h at room
temperature, washed with 1% BSA/PBS (3 × 10 min, with gentle agitation),
and imaged.

Confocal Microscopy. Myotubes or tsA201 cells were superfused with rodent
Ringer’s solution (146 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM MgCl2, and
10 mM Hepes, pH 7.4, with NaOH) and examined using a Zeiss LSM 710
confocal microscope. Images were obtained as a single optical slice with a
40× (1.3 N.A.) or 63× (1.4 N.A.) oil-immersion objective. Excitation and
emission, respectively, were 405 nm (diode laser) and 415–448 nm for BFP,
514 nm (argon laser) and 530–565 nm for YFP, and 543 nm (HeNe laser) and
596–664 nm for Alexa Fluor 568.

Measurement of L-Type Ca2+ Currents and Intramembrane Charge Movements.
All experimentswere performed at room temperature (∼25 °C). Pipettes (∼2.0MΩ)
were filled with internal solution, which consisted of (in millimolar) 140 Cs-
aspartate, 10 Cs2-EGTA, 5 MgCl2, and 10 Hepes, pH 7.4 with CsOH. The external
solution contained (in millimolar) 145 tetraethylammonium-Cl, 10 CaCl2, and 10
Hepes, pH 7.4 with tetraethylammonium-OH. For electrophysiological experi-
ments on myotubes, 0.003 mM tetrodotoxin and 0.1 mM N-benzyl-p-toluene
sulphonamide were added to the external solution. For the measurement of
intramembrane charge movements attributable to CaV1.1, 0.1 mM LaCl3 and
0.5 mM CdCl2 were added to the bath solution, and voltage was stepped from
the holding potential (−80 mV) to −20 mV for 1 s, repolarized to −50 mV for
50–80 ms, and then to varying depolarized test potentials (29). This same pulse
protocol was used for the measurement of L-type Ca2+ currents in myotubes

Fig. 6. In myotubes, the NAM mutation of Stac3 has modest effects on membrane expression of CaV1.1 and L-type current properties but causes a very large
reduction in EC coupling Ca2+ release. (A) Representative charge movements (Vtest of −20, 0, +20, and +40 mV, Left) and average Q-V relationships (Right) in
Stac3 KO myotubes expressing WT Stac3 or Stac3W280S. Calibrations: 2 pA/pF (vertical), 10 ms (horizontal). (B) Representative ionic peak currents at +30 mV
(Left), and average peak I-V relationships (Right) for Stac3 KO myotubes expressing WT Stac3 or Stac3W280S. Calibrations: 5 pA/pF (vertical), 50 ms (horizontal).
(C) Representative whole-cell, voltage-clamp measurements of Ca2+ transients with Fluo-3 (200-ms depolarizations from −80 mV to −40, −20, 0, and +20 mV,
Left) and average peak change in fluorescence normalized by baseline (ΔF/F) as a function of test potential (Right) for Stac3 KO myotubes expressing WT
Stac3 or Stac3W280S. Calibrations: 1 ΔF/F (vertical), 5 s (horizontal). The smooth curves for data from myotubes heterozygous (red) and homozygous (black) for
Stac3 KO are replotted from Fig. 4 A–C.
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to inactivate Na+ channels and T-type Ca2+ channels; in tsA201 cells, L-type cur-
rents were measured in response to test pulses applied directly from the
holding potential. Electronic compensation was used to reduce the effective
series resistance to <5 MΩ (time constant <400 μs). Linear components of leak
and capacitive current were corrected with −P/4 online subtraction protocols.
Filtering was at 2–5 kHz and digitization was either at 10 kHz (L-type currents)
or 25 kHz (charge movements). Cell capacitance was determined by integration
of a transient elicited by stepping from the holding potential (−80 mV) to −70 mV
using Clampex 8.2 (Molecular Devices) and was used to normalize charge
movements (nanocoulombs per microfarad) and ionic currents (picoamperes
per picofarad). Peak current-voltage (I-V) curves were fitted according to

I=GmaxðV −VrevÞ
��

1+ exp
�
−
�
V −V1=2

��
kG

��
, [1]

where I is the peak current for the test potential V, Vrev is the reversal po-
tential, Gmax is the maximum Ca2+ channel conductance, V1/2 is the half-
maximal activation potential, and kG is the slope factor. Plots of the integral
of the ON transient (Qon) of intramembrane charge movement as a function
of test potential (V) were fitted according to

Qon =Qmax=f1+ exp½ðVQ −VÞ=kQ�g, [2]

where Qmax is the maximal Qon, VQ is the potential causing movement of
half the maximal charge, and kQ is a slope parameter. The activation phase
of macroscopic ionic currents was fitted as described in ref. 16 using the
following exponential function:

IðtÞ=Afast½expð−t=τfastÞ�+Aslow½expð−t=τslowÞ�+C, [3]

where I(t) is the current at time t after the depolarization, Afast, and Aslow are
the steady-state current amplitudes of each component with their respective
time constants of activation (τfast and τslow), and C represents the peak current.

Measurement of Intracellular Ca2+ Transients. Changes in intracellular Ca2+

were recorded with Fluo-3 (Molecular Probes) in the whole-cell patch-
clamp configuration (discussed above). The salt form of the dye was
added to the standard internal solution for a final concentration of
200 nM. After entry into the whole-cell configuration, a waiting period
of >5 min was used to allow the dye to diffuse into the cell interior. A
Zeiss LSM 710 was used to excite the dye (488 nm) and to measure
fluorescence emission (519–585 nm) in the voltage-clamped myotube
during 200-ms test pulses. Fluorescence data are expressed as ΔF/F,
where ΔF represents the change in peak fluorescence from baseline
during the test pulse and F is the fluorescence immediately before the
test pulse minus the average background (non–Fluo-3) fluorescence. The
peak value of the fluorescence change (ΔF/F) for each test potential (V) was
fitted according to

ðΔF=FÞ= ðΔF=FÞmax

�f1+ exp½ðVF −VÞ=kF�g, [4]

where (ΔF/F)max is the maximal fluorescence change, VF is the potential
causing half the maximal change in fluorescence, and kF is a slope
parameter.

Analysis. The software program SigmaPlot (version 11.0; SSPS) was used for
statistical analysis, curve fitting, and preparation of figures. All data are
presented as mean ± SEM. Statistical comparisons were made by one-
way ANOVA.
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