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Skeletal muscle contraction is triggered by Ca?* release from the
sarcoplasmic reticulum (SR) in response to plasma membrane (PM)
excitation. In vertebrates, this depends on activation of the RyR1
Ca®* pore in the SR, under control of conformational changes of
Cay1.1, located ~12 nm away in the PM. Over the last ~30 y, gene
knockouts have revealed that Cay1.1/RyR1 coupling requires addi-
tional proteins, but leave open the possibility that currently untested
proteins are also necessary. Here, we demonstrate the reconstitution
of conformational coupling in tsA201 cells by expression of Cay1.1,
B1a, Stac3, RyR1, and junctophilin2. As in muscle, depolarization
evokes Ca?* transients independent of external Ca®* entry and hav-
ing amplitude with a saturating dependence on voltage. Moreover,
freeze-fracture electron microscopy indicates that the five identified
proteins are sufficient to establish physical links between Cay1.1
and RyR1. Thus, these proteins constitute the key elements essential
for excitation-contraction coupling in skeletal muscle.

calcium signaling | excitation—contraction coupling | Cay1.1 | RyR1 |
junctophilin

n vertebrate skeletal muscle, the coupling of excitation to con-

traction (EC coupling) functions under demanding conditions,
including high firing rates, hypoxia, and metabolic acidosis. A
key step in EC coupling is the transduction of electrical excita-
tion into intracellular release of calcium, which in turn triggers
muscle contraction. This transduction occurs at triad junctions in
which surface membrane invaginations, the transverse tubules,
are flanked on two sides by the sarcoplasmic retlculum (SR):
Depolarization of the transverse tubules elicits Ca®* release from
the SR. Experiments on muscle cells, which are genetically null
for specific triadic proteins (1, 2), have revealed that Cay1.1 is
the protein which responds to transverse tubular voltage changes
and that RyR1 is the channel that gates SR Ca®" release, a process
that can occur in skeletal muscle without the entry of extracellular
calcium (3). More recent work with gene-deletion models showed
that functional and structural interactions between Cay1.1 and
RyR1 in muscle depend upon the simultaneous presence of at
least two additional proteins, the fla auxiliary subunit (4, 5) of
Cayl.1 and the Stac3 adaptor protein (6-9). However, these
experiments have not been able to establish the mechanism of
the Cay1.1-RyR1 interaction or whether currently unidentified
proteins are also essential. This latter possibility is given added
emphasis by the fact that, until recently, Stac3 was not known to
be a triadic protein (6, 8).

Because they must operate under stringent conditions, triad
junctions contain a large complex of proteins, only some of which
are directly essential for the transductlon process. This complexity,
together with the fact that SR Ca®* release depends on the in-
teraction between two polarized membrane systems, has greatly
hindered the use of reductionist approaches for defining the mo-
lecular mechanism of EC coupling Ca®* release. These dlfflcultles
are illustrated by a prior attempt to recapitulate such Ca®* release
by means of heterologous expression, which has been a primary
method for identifying the sets of proteins required for the function
of specific ion channels. In that earher work, an attempt was made
to reconstitute EC coupling Ca”* release in CHO cells by coex-
pressing a Cay1 construct, auxiliary Cay, subunits, and RyR1 (10).

www.pnas.org/cgi/doi/10.1073/pnas.1716461115

This approach encountered two major problems. The first was that
high-level expression of Cay1.1 was unobtainable, forcing the
authors to use a chimeric construct containing >90% Cay1.2
sequence. The second problem was that endoplasmic reticulum
(ER)-plasma membrane (PM) junctions did not form in the
transfected CHO cells As a result, these cells produced only very
slow cytoplasmlc Ca“* increases dependent upon extracellular
Ca’* entry.

Here, we have overcome these problems by (i) obtaining ro-
bust Cay1.1 expression in tsA201 cells by coexpression of Stac3,
and (i) demonstrating that, in these cells, junctophilin2 (JP2)
promotes ER-PM junctions which contain RyR1 and are mor-
phologically similar to SR-PM junctions in muscle cells. These
have allowed us to demonstrate that Cay1.1, fla, Stac3, RyR1,
and JP2 are sufficient to induce ER-PM junctions in which
Cayl1.1 and RyR1 mteract w1th one another both functionally,
producing intracellular Ca®* release resembling that in skeletal
muscle, and structurally, causing Cayl.1 to be arranged into
tetrads indicative of physical links to RyR1.

Results

JP2 Promotes ER-PM Junctions. As a first step toward identifying
proteins sufficient to enable functional and structural interac-
tions between Cay1.1 and RyR1, it was important (i) to be able
to identify the minority of cells transiently expressing multiple
c¢DNA constructs, and (ii) to establish the conditions that would
cause the formation of ER-PM junctions. Taking both into ac-
count, we determined whether JP2 tagged on its amino terminus
with YFP (YFP-JP2) would produce ER-PM junctions identi-
fiable by yellow fluorescence. Previous work had shown that the
junctophilin family of proteins has a short, C-terminal segment
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Fig. 1. Expression of YFP-JP2 induces the formation of extensive ER-PM
junctions in tsA201 cells. (A) Midlevel (Left) and surface (Right) confocal
sections of a transiently transfected tsA201 cell reveal clustering of YFP-
JP2 at the cell periphery. (Scale bar, 2 pm.) (B) Thin-section electron micro-
graphs reveal that the peripherally clustered YFP-JP2 likely corresponds to
ER-PM junctions. Representative images are shown of cells transfected with
YFP-JP2 (Upper) or nontransfected cells (Lower) with yellow and purple
shading to indicate ER lumen and junctional gap, respectively. (Scale bars,
200 nm.) (C) Quantitative morphometry reveals that transfection increased
the fraction of cells displaying ER-PM junctions, the average length of the
junctions, and the percentage of the cellular periphery occupied by those
junctions. Transfection efficiency was ~20%, and the analysis of junctions
per cell and percentage of cellular periphery occupied were carried out for
cells with two or more junctions (Table S1). Based on Welch's adjusted t test,
the bracketed values were significantly different. ****p < 0.0001.

anchored in the ER and repeated “MORN” motifs which are
nearer to the N terminus and associate with the PM, thereby
causing the junctional association of these two membrane sys-
tems (11). Of the two junctophilin isoforms expressed in skeletal
muscle, we selected JP2 because it is expressed earlier during
development than JP1 and is able to support the EC coupling of
limb muscle in the absence of JP1 (12). As shown in Fig. 14,
tsA201 cells expressing YFP-JP2 displayed prominent, ~0.5- to
2.0-pm yellow patches of fluorescence associated with the sur-
face. Representative thin-section electron micrographs (Fig. 1B)
provided strong evidence that these patches correspond to ER-
PM junctions, which are numerous in cells expressing YFP-JP2
and relatively rare in nontransfected cells (Fig. 1C and Table S1).
Thus, the fluorescent patches at the periphery of cells transfected

A

YFP-Cay1.1+pB1a + 02-51+CFP-JP2

with tagged JP2 appear to provide a useful indicator for likely sites
of ER-PM junctions.

Cay1.1 Traffics to JP2-Induced Junctions. Having found that trans-
fection with JP2 effectively induces the formation of ER-PM
junctions, we next tested whether these junctions shared prop-
erties with the SR-PM junctions found in muscle cells. One of
these properties is that Cay1.1 can traffic to SR-PM junctions in
the absence of RyR1, since junctions containing Cayl1.1 are
present in “dyspedic” muscle cells genetically null for RyR1 (13).
Thus, we determined whether Cay1.1 targeted to junctions in
tsA201 cells which lack RyR1. Previously, it was shown that in
tsA201 cells transfected with YFP-Cay1.1, fla, and a2-61 only,
Cayl1.1 fails to traffic to the surface, as indicated both by the
intracellular retention of yellow fluorescence and the absence of
gating charge movements that result when Cay1.1 is inserted into
the PM (14). By contrast, when CFP-JP2 was also present, there
were numerous colocalized fluorescent patches of Cay1.1 and
JP2 at the periphery (Fig. 24). Moreover, gating charge move-
ments in such cells (Fig. 2B) demonstrated that Cay1.1 had ac-
tually been inserted into the PM. Thus, in tsA201 cells expressing
JP2, as in muscle, the presence of RyR1 did not seem to be re-
quired for Cay1.1 to traffic efficiently to the PM-ER junctions.
Despite this, the calcium currents were of very small size in these
cells (Fig. 2 C and D). Thus, we tested the effects of the addi-
tional presence of Stac3 because it had been shown to affect
Cay1.1 expression and function in both muscle and tsA201 cells
(7, 9, 14). The additional presence of Stac3 did not alter the
coclustering of Cayl1.1 and JP2 at the cell surface (Fig. 2E) and
only slightly increased the magnitude of gating charge movement
(Flg 2F). However, Stac3 caused a very large (~30-fold) increase
in the amplitude of the L-type Ca** current (Fig. 2G), which
could not be attributed to the ~1.5-fold increase in the magni-
tude of charge movement (Table S2). Because Stac3 is of evident
importance for the function of Cay1.1 in muscle (7, 9), it was one
of the constructs used in all of the experiments described below.
However, to limit the total number of transfected cDNAs, a2—
81 was omltted because its knockdown by siRNA has minor ef-
fects on Ca®* current and EC coupling in skeletal myotubes
(15 16). Similarly, its omission had little effect on Ca*" currents
in tsA201 cells (Fig. S1).

YFP-Cay1.1+B1a + a2-51+Stac3-RFP +CFP-JP2
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Fig. 2. JP2 causes Cay1.1 to insert into discrete domains of the PM, but channel function is minimal without Stac3. (A) Midlevel confocal section of a
tsA201 cell transiently transfected with YFP-Cay1.1 (red), f1a, a2-81, and CFP-JP2 (green), but not Stac3. A tight colocalization between Cay1.1 and JP2 is
visible both at the internal (ER) level and at the periphery of the cell where the two proteins are concentrated in discrete foci (some indicated by arrowheads)
likely representing ER-PM junctions. (Scale bar, 2 pm.) (B and C) Evidence that the peripherally localized Cay1.1, visible in cells like those in A, was inserted into
the PM is provided by the presence of gating charge movements (B; representative trace at +40 mV and average ON charge, n = 11, as a function of test
potential from a holding potential of —80 mV) and small, but detectable, Ca** currents (C; representative currents for test potentials of —10 to +50 mV in 10-
mV steps). (D) Average peak currents, n = 7, as a function of test potential. (E) Midlevel confocal section of a cell transfected with YFP-Cay1.1 (red), 1a, a2-51,
Stac3-RFP (cyan), and CFP-JP2 (green): All three tagged proteins colocalize at the cell periphery. (Scale bar, 2 um.) (F) The additional presence of Stac3 caused
only a small increase in the magnitude of gating charge movement (representative trace at +40 mV and average ON charge, n = 14, as a function of test
potential). (G and H) However, the additional presence of Stac3 caused a very large increase in the amplitude of the Ca* current: representative currents at
the indicated test potentials (G) and average peak current vs. voltage (H) (n = 22). The smooth black curves in F and H are replotted from B and D, respectively.
Vertical calibration: 1 pA/pF (B, C, and F) or 2 pA/pF (G). Horizontal: 5 ms (B and F) or 50 ms (C and G).
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RyR1 Extends from ER to PM. After the demonstration that JP2
caused Cay1.1 to traffic to PM junctions with the ER in tsA201
cells, it was next necessary to determine whether RyR1 would
also traffic to these junctions. In myotubes, junctional targeting
of RyR1 occurs in the absence of Cayl.1 (17). In a somewhat
similar manner, some RyR1-containing ER was localized near
the surface of cells cotransfected with JP2 and not Cay1.1, al-
though a large fraction of RyR1 in such cells remained in the cell
interior (Fig. S2). By contrast, in cells transfected not only with
RyR1 and JP2, but also with Cay 1.1, pla, and Stac3, the majority
of RyR1 was localized near the surface, where it colocalized with
Cayl1.1 (Fig. 34), raising the possibility that these two key pro-
teins could functionally and physically interact with one another.
Given the resolution limits of fluorescence microscopy, thin-
section electron microscopy was used to determine whether
electron-dense “feet,” which correspond to the cytoplasmic do-
main of RyR1 (18), could be observed spanning between the ER
and PM. Before this, we created a cell line (“RyR1-stable cells”),
in which expression of RyR1 was nearly 100% (Fig. S3) and
which thus meant that the number of transiently transfected
cDNAs could be reduced by one. These RyR1-stable cells and
naive tsA201 cells were then compared after transient trans-
fection of both cell types with YFP-Cay 1.1, pla, Stac3, and JP2.
Both the naive and RyRl1-stable cells displayed frequent, ex-
tended junctions between the ER and PM (Fig. 3 B-D). In the
naive cells, the junctional gaps were relatively uniform and
electron lucent (Fig. 3B), consistent with the hypothesis that only
JP2, which is a small protein, filled those gaps. On the other
hand, electron-dense particles with a semiregular spacing were
clearly visible in some of the junctions in the RyR1-stable cells
(Fig. 3 C and D). These particles closely resembled the foot
structures described in skeletal muscle triads (19) and peripheral
dyads in myotubes (20).

EC Coupling Ca>* Release Recapitulated. For the measurement of
Ca®" transients, we switched from conventional whole-cell clamping
to the perforated patch technique (21), which was applied to cells
that had been loaded with Fluo-3 AM. The perforated patch had

A CFP-Cay1.1 + YFP-RyR1 + JP2 + B1a + Stac3 B

Fig. 3. RyR1 traffics to ER-PM junctions induced by JP2. (A) In cells tran-
siently transfected with CFP-Cay1.1 (red), p1a, Stac3, YFP-RyR1 (green), and
JP2, the RyR1 fluorescence was colocalized with that of Cay1.1, partly in the
ER, but mostly at the cell periphery. (Scale bar, 2 um.) (B-D) Thin-section
electron micrographs are shown for naive tsA201 cells (B) and tsA201 cells
stably expressing RyR1 (C and D) obtained after both types of cells were
transiently transfected with YFP-Cay1.1, B1a, Stac3, and JP2. C' and D’ pre-
sent magnified (2x) views of the indicated areas in C and D. The ER-PM gaps
of the junctions in the naive cells were essentially free of electron-dense
material, whereas those in the RyR1-stable cells displayed periodic, electron-
dense structures spanning the gap between the ER and PM (arrowheads).
These densities resemble in shape and size the feet structures which are
observed in triads of skeletal muscle (and dyads of developing skeletal
muscle) and which have been attributed to the cytoplasmic domain of RyR1.
(Scale bars, 50 nm.)

Perni et al.

the disadvantage of increased access resistance, which compro-
mised measurement of membrane currents. However, it had the
advantage of minimizing perturbations of intracellular calcium
handling, which seemed important given that tsA201 cells lack
the adaptations which equip skeletal muscle to efficiently move
Ca”* into the ER/SR and to store it there. Even with perforated
patch, we found that Ca®* transients were small and that resto-
ration of the ER store was so slow that the second of two re-
sponses to identical stimuli was smaller than the first. Thus, it
was necessary to compare populations of cells which raised a
second issue: A significant fraction of cells not producing a de-
tectable response might simply not have been expressing the
entire set of transfected constructs. Because it was not possible
to determine whether or not an individual cell was expressing all
of the transfected constructs, we calculated average Ca®* tran-
sients only from cells in which the responses exceeded a minimum
threshold unlikely to have been exceeded in nontransfected cells
(AF > 1.5 in the 200-ms interval after onset of the test pulse).

Fig. 44 compares the average Ca" transients elicited by a 50-ms
depolarization to +30 mV which was applied to RyR1-stable cells
transfected with pla, Stac3-RFP, JP2, and either YFP-Cay1.1
(brown trace) or YFP-Cay1.2 (teal trace). The transients were
quite similar to one another. Furthermore, both Cayl.1 and
Cay1.2 colocalized with RyR1 (Fig. 34 and Fig. S4A4, respec-
tively), raising the question of whether these transients resulted
from the same underlying mechanism. Previous work had shown
that transients triggered by Cay1.2, both in native tissue (22) and
after expression in dysgenic myotubes (23), depend on entry of
external Ca®*, and this also appeared to be the case for RyR1-
stable cells transfected with YFP-Cay1.2, fla, Stac3—-RFP, and
JP2. In such cells, cytoplasmic Ca** remained unchanged during
a depolarization to +90 mV, a potential at which Ca>" entry did
not occur, and only increased upon subsequent repolarization
to —60 mV, which generated an inward tail current (Fig. S4B,
which also illustrates the threshold used to include/exclude data
for subsequent analysis). To determine whether Ca** entry was
also required for the transients in cells expressinE Cayl.1, we
used two approaches. The first was to measure Ca" transients in
single cells before and after the addition of Cd** and La*" to the
bathing solution. After this addition, inward Ca** current was
effectively eliminated, but Ca** transients were still present (Fig.
S5). As a second approach, we introduced a point mutation into
the pore of Cay1.1 (N617D) and at the homologous position of
Cayl.2 (N739D). The N617D mutation eliminates Ca*" per-
meability of Cay1.1 (Fig. 4 B and C) without affecting its func-
tion in EC coupling (24), and the N739D mutation caused a large
reduction of inward Ca** current via Cay1.2 (Fig. 4 B and C).
Ca®* transients were greatly reduced for Cay1.2-N739D (Fig.
4D) compared with WT Cay1.2 (Fig. 44), as expected if the
transients for Cay1.2 depended on entry of extracellular Ca®*.
However, the transients were essentially identical for Cay1.1-
N617D (Fig. 4D) and WT Cay1.1 (Fig. 44), despite the complete
loss of extracellular Ca®* entry. Thus, it seems likely that these
transients resulted, as in skeletal muscle, from the conforma-
tional activation of RyR1 by Cay1.1.

A characteristic feature of EC coupling in skeletal muscle is
that Ca®* release increases in magnitude as a sigmoidal function
of test potential and saturates for strong depolarizations. Thus,
we characterized the voltage dependence of Ca®* release in RyR1-
stable cells transfected with YFP-Cay1.1-N617D (to prevent
possible contributions of Ca** entry), fla, Stac3-RFP, and JP2.
Due to the weak Ca”* reuptake ability of tsA201 cells, it was
not possible to reliably test multiple depolarizations in single
cells. Therefore, we measured transients in individual cells in
response to a single potential of —30, 0, +30, or +90 mV and
included that response as part of the average for that potential
if it met the criterion described earlier (AF > 1.5 within 200 ms
of the onset of depolarization). Transients at —30 mV which did
not meet this criterion (four cells) were also included in the
average if the transient for a subsequent, stronger depolariza-
tion did meet it. Average transients obtained in this fashion are
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Fig. 4. Five triad-junction proteins are sufficient to A
produce voltage-gated Ca®* release that does not
require entry of extracellular Ca®*. (A) Average cyto-
plasmic Ca®* transients elicited by a 50-ms depolariza-
tion to +30 mV applied, via the perforated patch 10
technique, to RyR-stable cells transiently transfected

with p1a, Stac3-RFP, and JP2 together with either YFP- <
Cay1.1 (brown line) or YFP-Cay1.2 (teal line). Data are 5
shown as Fluo-3 fluorescence increase (AF) + SEM.
(B and C) Representative currents and average peak -V

159wt Cay1.1 n=12

wt Cay1.2 n=8

D
| Cay1.1- N617D 15

Cay1.1- N617D
n=23

Cay1.2- N739D
n=38
P i W

relationships recorded from naive tsA201 cells trans-
fected with YFP-Cay1.1-N617D (red) or Cay1.2-N739D,

200 ms 100 200 ms

(1pARF) O

. n=7

ey +3()
10 10 30 5 70 %0 .god—l

together with p1a, Stac3-RFP, and JP2. Mutation of the
conserved 1IS6 asparagine to aspartate completely

Test potential (mV) 50 ms

eliminated inward Ca?* current via Cay1.1 and left only a small inward Ca®* current via Cay1.2. (D) The average Ca?* transient for Cay1.2-N739D (blue) was
much smaller than that for WT Cay1.2, as expected if it depended on the entry of extracellular Ca®*. By contrast, the amplitude of the average transient for
YFP-Cay1.1-N617D (red) was comparable to that of WT Cay1.1, consistent with the hypothesis that, as in skeletal muscle, Cay1.1 activates intracellular Ca%t
release without requiring extracellular Ca>* entry. Except for the Cay constructs used, conditions were identical for the data shown in A and D.

illustrated in Fig. 54, and their magnitude measured just before
repolarization is plotted as a function of test potential in Fig.
5B. Although the number of test potentials was limited, the
voltage dependence appeared to be similar to that in skeletal
myotubes (25), in regard to both midpoint and slope factor
(Table S2).

Interestingly, the fluorescence signals illustrated in Figs. 4 and
5 continued to increase for tens of milliseconds after repolariza-
tion to the holding potential. The interpretation of these signals
depends upon knowing the flux rates and subcellular localization
of the Ca“* release sites, the transport rates and subcellular
localization of the Ca®* removal sites, and the concentration
and affinities of cellular Ca** buffers. Although detailed infor-
mation was lacking, it can be said that the overall rate of removal
of Ca®* from the cytoplasm was extremely slow (Fig. S64). Ad-
ditionally, the majority of Ca®* release would be expected to occur
at the periphery where most of RyR1 is located (e.g., Fig. 34).
Consequently, the rate of fluorescence change at the periphery
should be approximately related to the rate of Ca>* release there.
On the other hand, the fluorescence change in the cellular in-
terior, where the bulk of the Ca®* indicator is located, would lag
because it depends on the diffusion of Ca** from the release sites,
and this diffusion would be slowed by the cellular Ca®* buffers.
Evidence that these ideas may be correct was provided by the cell
illustrated in Fig. S6B. The fluorescence within the interior con-
tinued to increase for ~75 ms after repolarization, whereas the
fluorescence at the edge of the cell ceased to increase shortly after
repolarization. Thus, it appears that repolarization may cause a
rapid termination of release at the ER-PM junctions containing
Cayl.1 and RyR1.

Cay1.1 Physically Links to RyR1. In freeze-fracture replicas of
skeletal muscle cells, Cay1.1 appears as large particles arranged
in groups of four (“tetrads”), with each particle aligned with one
of the four monomers comprising the RyR1 homotetramer (26).
Moreover, the tetradic arrangement depends on the presence of
RyR1 (27), thus providing evidence that Cayl.1 and RyR1 are
physically linked to one another in skeletal muscle, either di-
rectly or via intervening proteins. To determine whether RyR1
caused Cay1.1 to be arranged as tetrads in tsA201 cells, we an-
alyzed freeze fractures of RyR1-stable and naive cells that had
been transfected with YFP-Cay1.1, pla, Stac3, and CFP-JP2. In
both groups of cells, PM domains at sites of junction with the ER
(circled in Fig. 6 A;—F;) could be recognized by a slightly raised
appearance and the presence of large particles, having the
expected size for Cayl.1 (15, 28). In the RyR1-stable cells, the
large particles were spaced fairly evenly and sometimes arrayed
as tetrad-like groups containing three or four particles (Fig. 6 A—
C). Some examples of likely tetrads in the transfected RyR1-
stable cells have been overlaid with a ~30- x 30-nm square
(Fig. 6 A;—C;), which corresponds to the outer dimensions of a
single tetrad in muscle cells (29, 30). In addition to size, other
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features resembling those of tetrads in muscle included the clear
separation of the individual particles within each apparent tetrad
and the generally similar orientation of the apparent tetrads
throughout each junction. By contrast, the large particles in the
naive cells were interspersed with smaller ones, and the large
particles appeared to be randomly distributed with occasional
clumps (Fig. 6 D-F). Of course, randomly distributed particles in
the naive cells would be expected occasionally to be arranged in
groups of four, some examples of which are indicated in Fig. 6 E;
and F;. However, these differ from the apparent tetrads in the
RyR1-stable cells in that they did not have a clear separation
between all four particles. Nonetheless, as an independent
method for determining whether there was a difference in the
prevalence of tetrad-like structures in the naive and RyR1-stable
cells, we asked three investigators to determine the number of
tetrads present in unidentified micrographs (Fig. S7). They were
79%, 95%, and 96% accurate in identifying tetrads as prefer-
entially present in the RyR1-stable cells.

Discussion

We have shown here that five proteins, Cay1.1, fla, Stac3, JP2,
and RyR1, when expressed in tsA201 cells, are sufficient to
support Ca®* release which resembles that in skeletal muscle, in
that it does not require the entry of external Ca®* and has a
saturating dependence on voltage. Moreover, in cells expressing

A Cay1.1-N617D B = n.s
15] | +90
130 6
10
1 (T
L g4 Cay1.1-N617D

: Cay1.2- N739D
OF™™00 260 ms 0 . ':' bl
— 30 0 30 90
050 ms test potential (mV)

Fig. 5. The voltage dependence of Ca®* release in cells expressing five triad-
junction proteins is similar to that of Ca?* release in skeletal muscle. (4) RyR1-
stable cells were transiently transfected with YFP-Cay1.1-N617D, B1a, Stac3-RFP,
and JP2, loaded with Fluo-3 AM, and depolarized to the indicated potentials
with the perforated patch technique. Data are presented as mean (solid line) +
SEM. Number of cells averaged was 10, 13, 24, and 22 for —30, 0, +30, and
+90 mV, respectively, is shown. (B) Average AF, measured at 48 ms after the
onset of depolarization (vertical dotted line in A), as a function of test po-
tential. Based on Welch’s adjusted t test, the bracketed values were statis-
tically different: ***P = 0.0006; **P = 0.002; n.s., not significantly different
(P = 0.949). The data point for Cay1.2-N739D was obtained from the eight
cells used to generate the average transient in Fig. 4D.
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11 +1a + JP2 + Stac3 in naive A201 cells

Fig. 6. Intramembranous particles in groups of four (tetrads) indicate that Cay1.1 is physically linked to RyR1 in tsA201 cells expressing five triad-junction
proteins. Freeze-fracture electron micrographs are shown of RyR1-stable (A-C) and naive (D-F) tsA201 cells transiently transfected with YFP-Cay1.1, B1a,
Stac3, and CFP-JP2. ER-PM junctions in both cell types appear as slightly “domed” structures (encircled by white lines in A;—F;), containing clusters of large
particles. Some of the large particles in A;—C;, E;, and F; have been overlaid with a ~30 x 30-nm red square, and subregions containing some of these squares
are magnified 2x in Insets. A 30 x 30-nm square was chosen because tetrads in native muscle cells fit well inside, with one particle at each corner. Such well-
fitting groups of particles were evident in junctions of the transfected RyR1-stable cells (A;-C;). In some instances, only three particles were present (e.g., A;,
Inset), as also occurs in native skeletal muscle, and in other instances the particles appeared to have been deformed during the fracture process. Particles that
would fit within a 30 x 30-nm square were occasionally found in the transfected, naive tsA201 (E; and F;), but the fit was generally poorer, and there was a
lack of clear separation between individual particles as occurs in skeletal muscle and as was evident for many of the presumptive tetrads in the transfected

RyR1-stable cells. (Scale bars, 100 nm.)

these five proteins, it appears likely that Cay1.1 and RyR1 are
physically linked to one another. Of course, triad junctions in
muscle contain many more proteins, some of which interact with
one or more of the proteins analyzed in our work. Nonetheless,
our results indicate that Cay1.1, pla, Stac3, JP2, and RyR1 rep-
resent fundamental components of the Ca** release mechanism
and are the locus of protein—protein interactions sufficient for
functional and structural coupling between Cay1.1 and RyR1.

As touched on in the introduction, experiments on myotubes
that are null for endogenous Cay1.1 (1), RyR1 (2), fla (4, 5), or
Stac3 (7, 9) have shown that EC coupling Ca™" release requires
the simultaneous presence of all four proteins. Because JP2
would have been present in these null myotubes, these experi-
ments were not informative about whether JP2 is also directly
involved in linking Cay1.1 to RyR1 or functions only to induce
the formation of junctions. In this regard, it would be of interest
to determine the extent to which JP1 or the neuronal juncto-
philins (JP3 and JP4) can substitute for JP2 in producing the
Cay1.1-RyR1 coupling in the tsA201 cell system.

Clearly, elucidating the molecular mechanism of EC coupling
Ca”* release will require high-resolution structure. In this regard,
the structures of the isolated components are likely to be of
limited value because previous work has indicated that the ab-
sence of RyR1 alters the structures of Cay1.1 and pla, and that
the absence of Cay1.1 alters the structure of RyR1. In particular,
the absence of RyR1 in muscle cells results in altered gating of
Cayl1.1 (31) and, based on FRET measurements, causes rear-
rangement of the Cay1.1 cytoplasmic domains (32) and likely the
N terminus of fla (33). Conversely, the absence of Cay1.1 appears
to alter RyR1 structure in that resting Ca>* leak via RyR1 is in-
creased in muscle cells lacking Cay1.1 (34). Furthermore, the
absence of Stac3 significantly affects the function of Cayl1.1, in-
cluding its ability to activate RyR1 (7, 9). Thus, it would seem
necessary to obtain the structure of Cay1.1, fla, Stac3, and RyR1
arranged as a working complex. Toward this end, the transfected
tsA201 cells provide a system of potentially great value. For this
approach to succeed, it will likely be necessary to develop clonal
cell lines expressing all five proteins and perhaps also to use cell-
sorting techniques. However, these difficulties may be compen-
sated by the greatly simplified protein content of the transfected
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tsA201 cells and the ability to dock structures of the assembled
complex with those already determined for the large portions of
Cayl.1, pla, and RyR1.

Materials and Methods

Cell Culture and Cell Lines. tsA201 cells were cultured in high-glucose DMEM
(Mediatech Inc.) supplemented with 10% (vol/vol) FBS (Gemini Bio Products),
2 mM glutamine (Mediatech Inc.), 100 U/mL penicillin (Gemini Bio Products),
and 100 pg/mL streptomycin (Gemini Bio Products) in a humidified incubator
with 5% (vol/vol) CO,. Cells at ~70% confluence were transfected according
to manufacturer’s instructions for 3.5 h by using the jetPRIME reagent
(Polyplus-transfection Inc.) containing either 1 pg/uL ¢cDNA (RyR and Cay
constructs) or 0.5 pg/puL cDNA (all other constructs). The cells were then
detached from the dish with 0.05% trypsin EDTA diluted from a 0.25%
stock (Gibco) and replated at ~1.5 x 10 cells per dish in 35-mm culture
dishes for electrophysiology or at ~2.5 x 10* per cm? in ECL (Upstate
Biotechnology)-coated, glass-bottomed dishes (14-mm microwell diameter;
MatTek) for imaging or freeze-fracture. To generate tsA201 cells stably
expressing RyR1, the cells were transfected as described with RyR1-pCEP4
and propagated in medium (described above) supplemented with 300 pg/mL
hygromycin B (Invitrogen) for selection. After establishment of a polyclonal
culture, the cells were replated at low density (5,000 cells per 35-mm dish)
and maintained for 2-3 d until the isolated single cells had expanded into
monoclonal colonies of at least 15-20 cells. The cells were then loaded
with Fluo-3 AM (Molecular Probes) (see below), and the monoclonal col-
onies were tested for their response to localized application of 0.5 mM
RyR1 agonist 4-chloro-m-cresol (Pfaltz & Bauer, Inc.). Three colonies showing
high, uniform response were isolated, subcultured, and expanded before
freezing. Clone 1 was used for all of the experiments described here (denoted
RyR1-stable cells).

Molecular Biology. For expression plasmids, see S/ Materials and Methods.

Imaging Analysis. Cells were bathed in physiological saline (in mM: 146 Nacl,
5 KCl, 2 CaCl,, 1 MgCl,, and 10 Hepes, pH 7.4, with NaOH) and optical slices
were obtained by using a Zeiss 710 confocal microscope with a 40x (1.3 NA)
or 63x (1.4 NA) objective. Fluorescence excitation (Ex) and emission (Em)
(nanometers) were DAPI (Ex, 405; Em, 410-585), GFP (Ex, 488; Em, 493-586),
CFP (Ex, 440; Em, 454-503 + 5), YFP (Ex, 514; Em, 520 + 5-596 + 23), mCherry
(Ex, 543; Em, 578-696), RFP (Ex, 543; Em, 597-745), and Alexa Fluor 568 (Ex,
543; Em, 568-712).
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Measurement of Currents and Cytoplasmic Ca* Transients. All experiments
were performed at room temperature (~25 °C). Cells were voltage-clamped
with either the whole-cell or perforated patch techniques. For whole-cell
recording of ionic currents or charge movements, the pipettes had a resistance
of ~3 MQ when filled with internal solution of (in mM) 140 Cs-aspartate, 10 Cs—
EGTA, 5 MgCl,, and 10 Hepes (pH 7.4), with CsOH. After entry into whole-cell
mode, electronic compensation was used to reduce the effective series resistance
to <8 MQ (time constant < 500 ps). The bath solution contained (in mM) 145
tetraethylammonium (TEA)-Cl, 10 CaCl,, and 10 Hepes (pH 7.4, with TEA-OH).
For measurement of charge movements, the bath additionally contained 0.1 mM
LaCl; and 0.5 mM CdcCl,.

For perforated patch recording (21) of ionic currents or Ca’* transients, the
pipette tip was front-filled by immersing it for ~5 s in internal solution con-
sisting of (in mM): 70 Cs-Aspartate, 10 NaCl, 1 CaCly, 1 MgCl,, and 10 Hepes
(pH 7.2), with CsOH. The pipette was then back-filled with a 100-fold
dilution (in the same solution) of amphotericin stock solution: 20 mg/mL
amphotericin (APExBIO Technology LLC) and 0.5% (wt/vol) pluronic in
DMSO. After giga-seal formation (>2 GQ) with a cell, negative pressure
on the pipette was released, and cell recording began after access re-
sistance had fallen to <20 MQ. The bath contained (in mM): 137 NaCl, 5.6
KCl, 2.6 CaCl,, 1.2 MgCl,, 10 glucose, and 10 Hepes (pH 7.4), with NaOH.

Depolarizing test steps were applied from a holding potential of —-60 mV,
unless otherwise noted. Linear leak and capacity currents were corrected by
-P/4 (whole-cell) or -P/3 (perforated patch) subtraction. Signals were analog
filtered 1-2 or 5 kHz for ionic currents and charge movements, respectively,
and sampled at 20 kHz.

For measurement of cytoplasmic Ca?* transients, cells were loaded for
20 min at 37 °C with Fluo-3 AM added to the medium (3.5 pM Fluo-3 AM,
0.035% pluronic, and 0.35% DMSO). The cells were then washed and
clamped with the perforated patch technique (see above), with candidate
cells selected on the basis of red fluorescence arising from Stac3-tagRFP. A
fluorometer apparatus (Biomedical Instrumentation Group, University of
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Pennsylvania) equipped with fluorescein optics was used to measure changes
in Fluo-3 fluorescence (AF) from baseline, in response to 50-ms depolariza-
tions. The baseline was taken as the average fluorescence in the 2- to 4-ms
interval immediately preceding the test depolarization.

Electron Microscopy. See S/ Materials and Methods for sample preparation.
To quantify ER-PM junctions, all cells displaying two or more junctions
("positive cells”) were identified in random areas of microscope grids. The
fraction of all cells that were positive was recorded, and each positive cell
was subsequently analyzed with ImageJ (National Institutes of Health) to
determine the lengths of all of the junctions within the cell and the length
of the cell perimeter. The percentage of cell perimeter occupied by junctions
was calculated by dividing the total junction length by the perimeter for
each positive cell, while average junctional length, maximum length, and
minimum length were determined from all junctions imaged in the posi-
tive cells.

Quantification and Statistical Analysis. Statistical parameters including the
exact value of n, dispersion and precision measures (mean + SEM), and
statistical significance are reported in the figures and figure legends. Data
were judged to be statistically significant when P < 0.05 by Welch’s adjusted
unpaired t test. In figures, asterisks denote statistical significance as calcu-
lated by Student’s t test (x, P < 0.05; %%, P < 0.01; #%*, P < 0.001; %%, P < 0.0001).
GraphPad Prism 6 software was used for constructing data plots, curve fitting,
and statistical analysis.
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The expression plasmids for ECFP- and EYFP—Cay1.1 (1), EYFP-
Cay1.2, Stac3-YFP, and unlabeled fla (2), and ECFP- and
EYFP-RyR1 (3) were described earlier. EYFP—Cay1.1-N617D
was created from EYFP-Cay1.1 by using quick-change muta-
genesis with forward primer ACGGGTGAGGACTGGGAC-
TCCGTGATGTACAAC and reverse primer GTTGTACATC-
ACGGAGTCCCAGTCCTCACCCGT. To produce a hygromycin-
selectable RyR1 construct (“RyR1-pCEP4”), the RyR1 coding
sequence was excised with HindIIT and Mfel from ECFP-RyR1
and inserted into the multiple cloning sites of the pCEP4 plasmid
(Invitrogen). mCherry-Cay1.2 was created by replacing the
EYFP sequence in YFP-Cay1.2 with mCherry from pmCherry-
C1 (Clontech) using Nhel and HindIII. Stac3-tagRFP was

1. Papadopoulos S, Leuranguer V, Bannister RA, Beam KG (2004) Mapping sites of po-
tential proximity between the dihydropyridine receptor and RyR1 in muscle using a
cyan fluorescent protein-yellow fluorescent protein tandem as a fluorescence reso-
nance energy transfer probe. J Biol Chem 279:44046-44056.

2pA/pF

obtained by using BamHI and NotI to replace EYPF in the
Stac3-YFP plasmid with tagRFP from pTagRFP-N (Evrogen).
Human JP2 inserted into the pcDNA3.1+/C-(K)DYK expression
vector was obtained from Genscript. The JP2 sequence from this
plasmid was excised with HindIII and Xbal and substituted
for the RyR1 sequence, removed with the same enzymes from
EYFP-RyR1 or ECFP-RyR1, to produce EYFP-JP2 and ECFP-
JP2, respectively. Unlabeled a28-subunit was provided by William
A. Sather, University of Colorado, Anschutz Medical Campus,
Aurora, CO. Cay1.2-N739D was provided by Symeon Papado-
poulos, University of Cologne, Cologne, Germany. The Stac3
cDNA used as the basis for our tagged Stac3 constructs was
provided by Eric N. Olson, University of Texas Southwestern
Medical Center, Dallas.

2. Polster A, Perni S, Bichraoui H, Beam KG (2015) Stac adaptor proteins regulate trafficking and
function of muscle and neuronal L-type Ca®* channels. Proc Nat! Acad Sci USA 112:602-606.

3. Hanaichi T, et al. (1986) A stable lead by modification of Sato’s method. J Electron
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Fig. S1. Representative currents for the indicated test potentials (Left) and average peak current vs. voltage relationship (Right) measured with the perfo-
rated patch technique in tsA201 cells transiently transfected with YFP—Cay1.1, p1a, Stac3-RFP, and JP2 without «2-81. The red curve is replotted from Fig. 2H
and corresponds to the peak /-V relationship for cells transfected with YFP-Cay1.1, p1a, Stac3-RFP, and JP2 plus a2-81, measured under slightly different
conditions (whole-cell technique, external Ca** = 10 mM vs. 2.6 mM for the perforated patch technique).

YFP-RyR1 + CFP-JP2

Fig. S2. JP2 alone is sufficient to cause some RyR1 to become associated with the cell surface (tsA201 cell transfected with YFP-RyR1 and CFP-JP2). (Scale bar, 2 pm.)
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RyR1-Stables

Naive tsA201

Fig. $3. Immunostaining indicates that RyR1 is expressed in close to 100% of tsA201 cells stably transfected with RyR1 (RyR1-stable cells). With identical
immunostaining and image acquisition parameters, little signal was detected in naive tsA201 cells (Materials and Methods). (Scale bar, 50 pm.) Cells were fixed
for >20 min with 4% paraformaldehyde in PBS, washed 3x with PBS containing 1% (wt/vol) BSA, and permeabilized/blocked for 1.5 h at room temperature
with PBS containing 1% BSA, 10% (vol/vol) goat serum, and 0.5% (wt/vol) Triton X-100. The cells were incubated overnight at 4 °C with monoclonal 34C
(Developmental Hybridoma Studies Bank, University of lowa) diluted 1:50 in PBS/BSA 1%/Triton X-100 0.5%, washed 3x, exposed for 1.5 h at room tem-
perature to Alexa 568-conjugated goat anti-mouse (Molecular Probes) 1:1,000 in PBS/BSA 1%/Triton X-100 0.5%, washed 3x with PBS, and mounted with DAPI
supplemented mounting medium (Vectashield; Vector Laboratories Inc.).
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Fig. S4. Cay1.2 colocalizes at the surface with RyR1 and supports Ca®*-entry dependent Ca®* transients, in tsA201 cells transfected with constructs for Cay1.2,
B1a, Stac3, JP2, and RyR1. (A) Midlevel confocal section of a tsA201 cell transiently transfected with the indicated constructs. (Scale bar, 5 um.) (B) Superimposed
current (Upper) and Fluo-3 fluorescence change (Lower) in response to a 50-ms step to +90 applied via a perforated patch to an RyR1-stable cell transfected
with YFP-Cay1.2, B1a, Stac3-RFP, and JP2. The red dashed line indicates the time of repolarization to the holding potential (-60 mV). The resulting, large
inward tail current triggered a rapid increase in cytoplasmic Ca%*. The green dashed line indicates the threshold (AF > 1.5 during the 200-ms interval after the
onset of depolarization) which was used to determine whether to include fluorescence data for calculation of average responses.
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Fig. S5. Depolarization elicits intracellular Ca®* transients that do not require Ca?* entry in RyR1-stable cells transfected with Cay1.1, p1a, Stac3, and JP2.
(A) Ca®* currents (upper traces) and Ca®* transients (lower traces) acquired before and after addition of 0.5 mM Cd** and 0.1 mM La>" to the solution bathing
an RyR1-stable cell transfected with Cay1.1, f1a, Stac3, and JP2. The cell had been loaded with Fluo-3 AM and was depolarized for 50 ms to +30 mV via a
perforated patch. Calibration for the current traces: 2 pA/pF (vertical), 50 ms (horizontal). (B) Average fluorescence change (48 ms after onset of depolarization
to +30 mV) measured in five cells (including the one illustrated in A) before (control) and after addition of Cd** and La®* to the bath. As noted in Results, cells
not exposed to Cd*? and La®* also produced smaller transients in response to the second of two identical stimuli.
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Cay1.1-N617D (n=17)
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Fig. S6. Calcium removal and release kinetics in tsA201 cells transfected with five triadic proteins. (A) Average change in Fluo-3 fluorescence (+SEM) obtained
in long-duration recordings of the response to a 50-ms step to +30 applied via a perforated patch to RyR1-stable cells transfected with YFP-Cay1.1-N617D, f1a,
Stac3-RFP, and JP2. The fluorescence decayed with a half-time of ~3 s, indicating that Ca®* removal processes are slow in these cells. (B) Comparison of
fluorescence signals at the edge and interior of an RyR1-stable cell transfected with YFP-Cay1.1-N617D, p1a, Stac3-RFP, and JP2, and depolarized for 50 ms to
+90 mV via a perforated patch. Superimposed on the transmitted light image (Upper Left) is a rectangle indicating the region subsequently subjected to
repetitive confocal scanning (72.7 Hz with each scan lasting 6.87 ms): A single scan obtained ~50 ms after repolarization is shown in Lower Left. In Right, the
superimposed dotted lines were drawn by eye to facilitate comparison of the average fluorescence change within the two regions of interest indicated in
Lower Left (baselines adjusted to be zero before depolarization). The rising phase of the fluorescence increase was more prolonged in the interior than at the
edge. Similar results were obtained in a total of five cells, three loaded with Fluo-8 (as for the cell illustrated here) and two with Fluo-3 (which produced smaller
and noisier signals).
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Fig. S7. Numbers of three- or four-particle tetrads as determined by three individuals from freeze-fracture images of naive tsA201 cells (“-RyR1"”) or RyR1-
stable cells (“+RyR1”) which had been transfected with YFP-Cay1.1, pla, Stac3, and JP2. The three individuals were provided 20 unidentified
micrographs, 10 each from transfected naive and RyR1-stable cells, which had similar densities of large particles (1,055 and 1,153 particles per pm?, respectively).
The individuals were not informed about how many different conditions were represented.

Number of tetrads
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Table S1. Morphometric analysis of naive and YFP-JP2-transfected tsA201 cells

L T

Maximum Maximum o
Cells with >2 Junctions per cell, junctions Junction length, junction Ceﬁ’:gfx%m,
Cell type junctions, % mean + SEM per cell pm, mean + SEM length, pm %, mean + SEM
Naive tsA201 8 (n = 88) 214+ 014 (n=7) 3 0.148 + 0.016 (n = 15) 0.28 09+01(n=7)
YFP-JP2 transfected 19 (n = 95) 16.78 + 2.67** (n = 18) 37 0.303 + 0.014 (n = 302) 2.4 14.4 + 2.1** (n = 18)
**P < 0.0001 compared with naive cells.
‘-‘ Table S2. Fit parameters
Data Fitted equation Reference Vi, mV k, mV Max
—_ Gmax (V= Vier) i
v I_Wuz—\/)/k]} F!g. 2D 29.75 9.71 3.15 (pS/pF)
Fig. 2H 30.21 9.97 87.3 (pS/pF)
Fig. 4C: Cay1.2-N739D 35 14.59 23.7 (pS/pF)
Fig. S1 30.36 9.97 89.2 (pS/pF)
Qv Qon=rrrepii=vyay  Fig 2B 3.25 14.62 3.75 (nC/pF)
Fig. 2F 3.06 13.89 5.57 (nC/pF)
— AFmax H
ARV AF=p ot o Fig. 58 1.94 7.87 6.01
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Where I, Q,p, and AF are peak current, on charge movement, and change in fluorescence, respectively; Gpax,
Qmax and AF ., are the maximum values of conductance, Q,,, and AF, respectively; V is the test potential; Ve, is
the reversal potential for current; V;,, is the midpoint potential; and k is the slope factor.
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