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Abstract. Rapid release of calcium from the sarcoplas-
mic reticulum (SR) of skeletal muscle fibers during ex-
citation—contraction (e—c) coupling is initiated by the
interaction of surface membrane calcium channels (di-
hydropyridine receptors; DHPRs) with the calcium re-
lease channels of the SR (ryanodine receptors; RyRs,
or feet). We studied the early differentiation of calcium
release units, which mediate this interaction, in BC;H1
cells. Immunofluorescence labelings of differentiating
myocytes with antibodies against o; and «, subunits of
DHPRs, RyRs, and triadin show that the skeletal iso-
forms of all four proteins are abundantly expressed
upon differentiation, they appear concomitantly, and
they are colocalized. The transverse tubular system is
poorly organized, and thus clusters of e—c coupling pro-
teins are predominantly located at the cell periphery.
Freeze fracture analysis of the surface membrane re-

veals tetrads of large intramembrane particles, ar-
ranged in orderly arrays. These appear concomitantly
with arrays of feet (RyRs) and with the appearance of
DHPR/RYS clusters, confirming that the four compo-
nents of the tetrads correspond to skeletal muscle
DHPRs. The arrangement of tetrads and feet in devel-
oping junctions indicates that incorporation of DHPRs
in junctional domains of the surface membrane pro-
ceeds gradually and is highly coordinated with the for-
mation of RyR arrays. Within the arrays, tetrads are
positioned at a spacing of twice the distance between
the feet. The incorporation of individual DHPRs into
tetrads occurs exclusively at positions corresponding to
alternate feet, suggesting that the assembly of RyR ar-
rays not only guides the assembly of tetrads but also de-
termines their characteristic spacing in the junction.

cells comprises a series of events linking depolar-

ization of the plasma membrane to the release of
calcium from the sarcoplasmic reticulum (SR; Schneider,
1981; Rios et al., 1991). Specific structures, named calcium
release units, perform this functional interaction between
SR and plasma membrane (Franzini-Armstrong and Jor-
gensen, 1994; Flucher and Franzini- Armstrong, 1996). Cal-
cium release units are formed by the close apposition of
specialized junctional domains of the SR on one side and
of the plasma membrane, including its invaginations, the
transverse (T) tubules, on the other. The junctional do-
mains contain two key proteins involved in e—c coupling:
the ryanodine receptor (RyR) of the junctional SR (for re-
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views see Sorrentino and Volpe, 1993; Meissner, 1994; and
Coronado et al., 1994) and the dihydropyridine receptor
(DHPR) located in the junctional domains of plasma mem-
brane and T tubules (Jorgensen et al., 1989; Flucher et al.,
1990; Yuan et al., 1991). The RyR is the SR calcium re-
lease channel (Imagawa et al., 1987; Inui et al., 1987; Lai et
al., 1988). This molecule is composed of two different do-
mains: the channel domain, inserted into the SR mem-
brane, and the cytoplasmic domain, called the “foot.” Feet
form extensive ordered arrays (Franzini-Armstrong, 1970)
and span the narrow gap between the membranes of SR
and plasma membrane-T tubules (Block et al., 1988; Rad-
ermacher et al., 1994).

The DHPR is an L-type calcium channel that is respon-
sible for initiating e—c coupling events by acting as a volt-
age sensor (Rios and Brum, 1987; Tanabe et al., 1988; Ad-
ams et al., 1990). According to the mechanical coupling
hypothesis, interaction between the voltage sensor and the
SR calcium release channel in skeletal muscle involves a
direct functional link between the two proteins (DHPRs
and RyRs; Schneider and Chandler, 1973). Strong support
for this hypothesis comes from the observation that junc-

859



tional plasma membrane and T tubules are occupied by tet-
rads, groups of four integral membrane proteins, that are
located exactly in correspondence to the four feet subunits
(Block et al., 1988). If tetrads correspond to groups of four
DHPRs, their alignment with the feet constitutes the basis
for an interaction between DHPRs and RyRs. The lack of
tetrads in dysgenic myotubes carrying a mutation of the
DHPR (Franzini-Armstrong et al., 1991) and their reap-
pearance after transfection with cDNA encoding for the
DHPR (Takekura et al., 1994a) provided initial evidence
for the identification of tetrads with DHPRs. One puzzling
observation, however, is that tetrads are associated only
with alternate feet, thus creating two categories of feet:
those that are linked to tetrads and those that are not
(Block et al., 1988; Franzini-Armstrong and Kish, 1995).

Recently a third component of the junction, called tria-
din, has received considerable attention (Caswell et al.,
1991; Knudson et al., 1993a,b). This 95-kD SR protein is
involved either in the interaction between RyRs and DHPRs
(Brandt et al., 1990; Kim et al., 1990; Fan et al., 1995a,b) or
in the association between RyRs and calsequestrin (Knud-
son et al., 1993a,b; Guo and Campbell, 1995). The latter is
the calcium binding protein located in the lumen of the
terminal SR cisternae (Meissner, 1975; MacLennan et al.,
1983; Ikemoto et al., 1989; Pozzan et al., 1994).

BC;H1 is a nonfusing cell line derived from a mouse
brain tumor (Schubert et al., 1974). Withdrawal of growth
factors induces these cells to differentiate by expressing
several skeletal muscle-specific proteins (Taubman et al.,
1989), including RyRs (Marks et al., 1989; Airey et al.,
1991), and functional L-type calcium channels identified as
DHPRs (Caffrey et al., 1987; Caffrey and Farach, 1988;
Morton et al., 1988; Rampe et al., 1988). These cells were
chosen for the study of calcium release unit development
because they form extensive peripheral couplings, junc-
tions between the SR and the plasma membrane (Marks et
al., 1989, 1991). We sought to confirm that tetrads are
composed of DHPRs and explored how tetrads and feet
are assembled into coextensive arrays.

The present results show a striking correlation in the ex-
pression of DHPRs, RyRs, and triadin in the coclustering
of these three junctional proteins and in the specific asso-
ciation of feet (RyRs) and tetrads (DHPRs) during devel-
opment. The extensive junctional domains of BC;H1 cells
allow, for the first time, the use of optical diffraction to de-
termine the spacing and orientation of tetrads, confirming
that the disposition of tetrads is closely related to that of
alternate feet. Interestingly, incomplete arrays of tetrads
that are in the process of formation also show the alternate
positioning of tetrads relative to feet, thus indicating that
intrinsic molecular properties determine this arrangement.

Materials and Methods

Cell Culturing and Fixation

The BC;H1 cell line was bought from American Type Culture Collection
(Rockville, MD). The cells were grown in a growth medium containing
low glucose DME medium (GIBCO BRL, Gaithersburg, MD), 20% fetal
bovine serum, 0.5% chicken embryo extract, 100 U/ml penicillin, 100 mm/
ml streptomycin, and additional 2 mM L-glutamine. Cells were plated on
aclar (Pro-Plastics, Linden, NY), thermanox (Nunc Inc., Naperville, IL),
or glass coverslips. Some coverslips were covered with matrigel (Collabo-
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rative Biomedical Products, Bedford, MA). BC;H1 cells grow slightly
faster on matrigel and they are better attached to the coverslip. This helps
during fixation in which cells cultured directly on the coverslip tend to de-
tach. The medium was changed every 2-3 d. At ~70% confluence, the
growth medium was replaced by a low serum medium containing 0.5% fe-
tal bovine serum and no chicken embryo extract (differentiation medium)
to induce differentiation, and the cells were fixed 3-8 d later.

Immunohistochemistry

Cultures grown on glass coverslips were fixed and immunostained as pre-
viously described (Flucher et al., 1993b). Methanol-fixed cultures were in-
cubated with 10% normal goat serum in PBS containing 0.2% BSA (PBS/
BSA) for 30 min and then incubated in primary antibodies for at least 2 h
at room temperature or overnight at 4°C. After washing in five changes of
PBS/BSA the cultures were incubated in fluorochrome-conjugated sec-
ondary antibodies (Cappel Laboratories, Malvern, PA) for 1 h at room
temperature and washed again. Controls were performed in which the pri-
mary antibodies were omitted or were composed of an inappropriate anti-
body combination (mouse primary with anti-rabbit secondary and vice
versa). The glass coverslips were then mounted in 90% glycerol, 0.1 M Tris,
pH 8.0, with 5 mg/ml p-phenylenediamine to retard photobleaching. The
specimens were viewed and photographed with black and white film on a
light microscope (Axioskop or Axiovert; Carl Zeiss, Thornwood, NY)
equipped with epifluorescence optics. Pictures were digitized by scanning
the negative film, and the contrast and density of the pictures were opti-
mized with image processing software (Adobe Photoshop, Adobe Systems
Inc., Mountain View, CA). The working dilutions and the sources of pri-
mary antibodies are listed in Table I. All antibodies have been fully char-
acterized and used on cultured skeletal myotubes in the quoted literature.

Electron Microscopy

Cells grown on either type of plastic coverslip were washed twice in PBS
at 37°C, fixed in glutaraldehyde, and kept in fixative for up to 1-4 wk be-
fore further use. For thin sectioning, two different protocols were used:
(a) 3.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2, fol-
lowed by 2% OsO, for 2 h at room temperature and saturated uranyl ace-
tate for 4 h at 60°C; (b) 2.5% glutaraldehyde and 1% tannic acid for 1 h
followed by extensive washes in buffer; 1% OsO, for 2 h at 4°C; and 0.5%
uranyl acetate for 2 h at room temperature. The samples were embedded
in Epon 812 and the sections stained either in saturated aqueous uranyl
acetate or in 1% uranyl acetate followed by lead salts, both for 8 min.

For freeze fractures, the cells were fixed in glutaraldehyde as in (a)
above and infiltrated in 30% glycerol. A small piece of the coverslip was
mounted with the cells facing a droplet of 30% glycerol, 20% polyvinyl al-
cohol on a gold holder and frozen in liquid nitrogen-cooled propane (Os-
ame et al., 1981). The coverslip was flipped off to produce a fracture that
followed the culture surface originally facing the coverslip. The fractured
surfaces were shadowed with platinum either at 45° unidirectionally or at
25°C while rotating and replicated with carbon in a model BFA 400 Bal-
zers freeze fracture. Sections and replicas were photographed in an elec-
tron microscope (410; Philips Technologies, Cheshire, CT).

Results

Immunohistochemistry

Cultured BC;H1 cells were immunolabeled with antibod-

Table I. Antibodies Used and Their Specificity

Specificity

(code) Type Dilution Reference

RyR (#5) Rabbit, affinity purified 1:5,000 Flucher et al., 1993b

oy DHPR (1A)  Mouse monoclonal 0.1 uM Morton and
Froehner, 1987

o, DHPR (20A) Mouse monoclonal 0.1 uM Morton and

Froehner, 1989
15 pg/ml Caswell et al., 1991

1:800 Flucher et al., 1991

Triadin (GE 4.90) Mouse monoclonal

T tubules (TT2)  Rabbit, affinity purified
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ies specific for two proteins of the junctional SR: the RyR
and triadin (95-kD protein); for proteins of the junctional
T tubules or plasma membrane: the DHPR («; and «, sub-
units); and for a general T tubule antigen of unknown
identity (Flucher et al., 1991). Before change to low serum
medium, BC;H1 cells were negative for all antibodies used
(not shown). 4 d after serum withdrawal (D4), numerous
spindle-shaped differentiated cells reacted with the anti-
bodies against the junctional proteins (Figs. 1 and 2).
About 40% of the cells differentiate, as indicated by the
expression of junctional proteins (115 out of 283 cells in 15
randomly chosen fields from two coverslips; ~0.5 mm?
area). The a; and a, subunits of the DHPR, the RyR, and
triadin are located in numerous discrete clusters at the pe-
riphery of the cell, whereas focusing up and down through
the cells showed that little to no specific immunolabel was
found in the cytoplasm. Double immunolabeling of RyRs
with either «; and «, subunits of DHPRs or triadin shows
the colocalization of all four proteins within surface clus-
ters (Figs. 1 and 2). The immunofluorescent clusters are
variable in size, some of the aggregates being quite large
compared to those seen in normal myotubes in vitro
(Flucher et al., 1994) and occasionally appear to be com-
posed of several subdomains (Fig. 1 C, inset). In double la-
beling experiments, the sizes and shapes of corresponding
RyR/DHPR or RyR/triadin clusters agree well with one
another, indicative of a parallel incorporation of triad pro-
teins into SR-surface membrane junctions.
Immunostaining for a general T tubule protein gave
negative results (Fig. 2 D) even in cells that are differenti-
ated, as indicated by the presence of DHPR-positive clus-
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Figure 1. Double-immunoflu-
orescence labeling of triad
proteins in differentiated
BC;H1 cells. 4 d after change
to low serum medium (D4)
many cells have assumed a
spindle shape and express
triad proteins, whereas other
cells remain undifferentiated
(asterisks). Both the DHPR
a, subunit (B) and triadin
(E) are colocalized with the
RyR (C and F) in clusters at
or close to the cell surface,
indicative of plasma mem-
brane-SR  junctions. The
shapes and the distribution
of the immunolabeled clus-
ters correspond highly with
one another in the double-
labeled pairs (examples indi-
cated by arrows in B, C, E,
and F). Some clusters are un-
usually large and are com-
posed of multiple subdo-
mains (see inset in C at 4-fold
higher magnification). (A4
and D) Phase contrast im-
ages of fields shown in B, C,
E, and F, respectively. Bar,
10 pm.

ters. The great majority of the junctional protein clusters
appear on or near the surface membrane, both on the ven-
tral, substrate-facing and the dorsal sides of the cells.

Electron Microscopy

Thin Sections: Arrays of Feet. Consistent with the immu-
nolocalization, BC;H1 cells have few internal junctions
but numerous peripheral couplings (SR-surface junctions)
of variable size, many larger than those seen during differ-
entiation of normal myotubes (Fig. 3, compare with Pin-
con-Raymond et al., 1985; Flucher et al., 1993b, 1994; Take-
kura et al., 1994b). Some junctional gaps have none or
few identifiable feet, many have small arrays of regularly
spaced feet occupying only part of the gap (Fig. 3 A, ar-
rows), and others are entirely filled with arrays of feet
(Fig. 3, B and C, arrows). The average distance between
feet measured in thin section images showing very distinct
profiles is 31.0 = 3.5 nm (mean = 1 SD; number of junc-
tions = 47).

Freeze Fracture: Clustered Tetrads. The fracture plane
follows the cell membrane facing the substrate (the same
as shown and analyzed in the immunofluorescence experi-
ments; Figs. 1 and 2). In undifferentiated cultures, the cells
are odd shaped and smaller; after withdrawal of growth
factors, larger, spindle-shaped cells similar to those posi-
tive for antibodies against junctional proteins (Figs. 1 and
2) become numerous, but undifferentiated cells are still
present.

The cytoplasmic leaflet in undifferentiated cells is char-
acterized by randomly disposed intramembrane particles
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T tubule

Figure 2. Double-immunofluorescence labeling of DHPR «; and «, subunits with the RyR and a general T tubule marker. In differenti-
ated BC;H1 cells (D4), clusters of a; DHPRs (A) and RyRs (B) are colocalized at or close to the cell surface (examples indicated by ar-
rows). The colabeled clusters most likely represent peripheral couplings between the SR and either the plasma membrane or short in-
vaginations. Cells that express clusters of a; DHPR (C) do not express the nonjunctional T tubule proteins labeled with the antibody
TT2 (D), indicating that a mature T system is not present in differentiated BC;H1 cells. Bar, 10 wm.

and lack of caveolae or other membrane invaginations
(Fig. 4 A). Only 1 out of 138 observed cells in the growth
phase, or 0.7% (from three coverslips, two cultures),
had few shallow plasma membrane mounds where large
particles were clustered at a somewhat higher density
(Fig. 4 B). The clusters in this single cell had a low density,
and they contained few large particles; and it is question-
able whether occasional groups of large particles are
equivalent to tetrads (Fig. 4 B, circle). Upon differentia-
tion, numerous cells show two characteristic changes: the
presence of frequent clusters of tall particles with large di-
ameters and openings of membrane invaginations (com-
pare Fig. 4, A, undifferentiated, with C, differentiated).
About 40% of the cells (41.3% of the 804 cells from 19
replicas of 9 cultures) have clusters of large particles in

cultures exposed to differentiation medium for 3-8 d. This
is in agreement with immunofluorescence.

The particle clusters in differentiated cells contain regu-
lar arrays of tetrads (Figs. 5 and 6). Three criteria define
tetrads: (a) a complete tetrad is composed of four large
membrane particles positioned at the corners of squares
with a distance of 17 to 18 nm between the centers of adja-
cent particles (Fig. 5, lines A and B); (b) tetrads always oc-
cur in groups forming orthogonal arrays with a distance of
~41 nm between the centers of adjacent tetrads (Fig. 6, C
and E, and see below); and (¢) particles outside their des-
ignated positions at the corners of the squares are usually
excluded from the membrane within tetrad arrays (Fig. 6).
These characteristics allow the unequivocal recognition of
tetrads even if one criterion is not fully met. For instance,

Figure 3. Thin sections showing the periphery of differentiated BC;H1 cells (D3-D8). Peripheral couplings are formed by an SR cis-
terna associated with the plasma membrane. Arrays of feet, positioned at regular intervals (arrows), occupy only part of the junction in

A but the whole junction in B and C. Bar, 0.1 pwm.
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the “square” can become slightly distorted during fractur-
ing (Fig. 5 E, 1 and 2), or some of the particles may be
missing from the corners (Fig. 5, C-E). Complete or in-
complete (three large particles) tetrads are practically
never found in cells in growth medium (see above) and are
not found in cells that, although grown in differentiation
medium, appear undifferentiated, as indicated by the ab-
sence of membrane invaginations and overall scarcity of
membrane particles. Arrays of tetrads mostly occur on
plasma membrane mounds that presumably represent the
areas of close SR apposition.

The distortions of tetrads and the lack of one or more
particles may either arise from common freeze fracture ar-
tifacts or reflect an incomplete or imperfect molecular as-
sembly. To interpret our data in terms of junction assem-
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Figure 4. Freeze fracture
replicas of the plasmalemma
from cells in growth medium
(A and B) and from a differ-
entiated cell (D6; C). Undif-
ferentiated cells have a
smooth surface with uniform
distribution of intramem-
brane particles (A), while
~41% of cells in differentia-
tion medium have numerous
clusters of large intramem-
brane particles (C, semicir-
cles). Within the clusters, the
particles form groups of four
(tetrads). Only 1 of the 138
cells examined in growth me-
dium contained small clus-
ters of large particles, occa-
sionally grouped as in a
tetrad (B, circle); these may
be precursors of the larger,
more crowded clusters of dif-
ferentiating cells. Openings
of surface invaginations (ar-
rows) are present only in dif-
ferentiated cells. Smaller
openings probably belong to
primitive T tubules and
larger ones to shallow mem-
brane invaginations. Invagi-
nations are infrequent, par-
ticularly in early (D3-D5)
cells. Bars: (A and C) 0.5 pm;
(B) 0.2 pm.

bly we need to distinguish between these two possibilities.
The distortion and slight misplacement of particles (Fig. 5
E, I and 2) are similar to artifacts often seen in freeze frac-
ture images, and we assume that they do not reflect any
structural defect of the proteins. Missing particles are of-
ten substituted by short stumps (Fig. 5, C and D), which
may represent proteins broken during fracturing. In areas
where the arrays appear most complete, small stumps are
almost invariably present, indicating that these arrays were
more complete than they may seem on a superficial exam-
ination. Some missing particles are not substituted by stumps
(Fig. 5 E, 3 and 4), and thus the protein was probably ab-
sent from that position. In areas where the arrays appear
most incomplete, missing particles are less frequently sub-
stituted by stumps (Fig. 5 E, 3 and 4). In these areas the
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Figure 5. Montage of tetrads either unidirectionally (A, C, and
E) or rotary (B and D) shadowed. A tetrad is composed of four
equal intramembrane particles disposed at the corners of a
square with a center-to-center spacing of 17 to 18 nm between
particles. The particles have a large diameter, and the elongated
platinum-free “shadow” indicates that they are tall. Incomplete
tetrads apparently miss one or more particles, but short, distorted
stumps in place of the missing particles indicate that the protein
was present before fracturing (C and D). Some tetrads truly miss
a component, since no stump is visible in the place of a missing
particle (E, 3 and 4). The whole tetrad may become distorted
during fracturing, resulting in an asymmetric shape (E, I and 2).
Bar, 0.1 pm.

tetrads may be in the process of assembling and thus may
lack many components, or, less likely, be in the process of
disassembling (see Discussion).

Analysis of Tetrad Arrays. Large clusters of tetrads are
often made up of several subdomains with distinct orienta-
tions of their arrays. This could result from multiple and
independent initiation sites for the formation of arrays
within one cluster. We first analyzed the parameters of
well differentiated tetrad arrays. Centers of tetrads could
easily be identified and marked with a dot in areas with
fairly complete clusters, even though some tetrads were
partially distorted and missed some components (Fig. 6, C
and FE). This generated orthogonal arrays of dots with a
spacing of 41.2 = 3.1 nm (mean * 1 SD) along the orthog-
onal axes (Fig. 6 E, dashed lines) and 58.4 = 4.7 nm along
the diagonals (Fig. 6 E, arrows). The latter spacing is ap-
proximately twice the spacing between the feet measured
in thin sections.

The ordered disposition of tetrads in arrays was con-
firmed by optical diffraction analysis. In images of rotary-
shadowed replicas (Fig. 7 A), the position of each particle
is precisely marked by the symmetric ring of platinum
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shadow around it, thus making the array an appropriate
object for optical diffraction. The pattern of reflections in
the diffraction pattern (Fig. 7 B) was indexed by two or-
thogonal lattices with spacings of 1/18.4 = 0.4 and 1/41.9 *
1.6 nm (mean * 1 SD, the average of 5 to 6 patterns from
different particle clusters). The two values correspond, re-
spectively, to the distance between particles in the tetrad
and to the center-to-center distance between tetrads, as
measured in the micrographs. The angle between the two
lattices, 65.5 = 0.5°, corresponds to the skew angle be-
tween lines joining the centers of tetrads and those joining
the centers of particles within a tetrad (Franzini-Armstrong
and Kish, 1995). The significance of the two lattices was
determined by comparison with diffraction patterns de-
rived from a model of tetrad arrays (Fig. 7 C). The model
is built by exactly superimposing tetrads over alternate
feet in an array constructed as in Takekura et al. (1994q)
and Franzini-Armstrong and Kish (1995). The main fea-
ture of the model is the skew angle between the orthogo-
nal array formed by tetrad centers and that of the four tet-
rad subunits, which is determined by the underlying
disposition of feet. The diffraction pattern of this model
(Fig. 7 D) indexes on two orthogonal lattices with spacings
inversely proportional to the center-to-center distances
between the adjacent tetrads and between the particles
composing the tetrads. The two lattices in the diffraction
pattern are skewed by an angle of 71.5°. Thus the array of
tetrads in the freeze fracture images is composed of groups
of square (or quadrate) units disposed in an orthogonal ar-
ray with a skewed disposition, just as in the model.

The analysis of subdomains with many incomplete tet-
rads provides further information about the relationship
between the organization of individual tetrads and their
arrays. Using a procedure similar to the one described
above allowed us to designate particles belonging to a tet-
rad by their position adjacent to dots of an orthogonal ar-
ray with a spacing of 41 nm (Fig. 8, legend). Two examples
of small arrays with few particles are shown in Fig. 8, A
and B. The great majority (96%) of large membrane parti-
cles in the clusters was located in correct positions of puta-
tive tetrads regardless of how complete the tetrads were
(Fig. 8). The incidence of free particles apparently not part
of a tetrad was low and independent of the particle density
(or occupancy), which ranged from 15 to 89% of the maxi-
mal possible number of tetrad particles in 88 analyzed sub-
domains. We conclude that particles in the subdomains are
predominantly positioned at the sites of tetrads, that is, in
correspondence to alternate feet, even when the arrays of
tetrads are quite incomplete. The same analysis applied to
randomly disposed particles in peripheral clusters of car-
diac myocytes, which do not form tetrads at all (Sun et al.,
1995; Protasi et al., 1996), gives a high number of particles
that could not be associated with putative tetrad centers.
In addition, the frequency of these random particles is
strongly dependent on the overall density of particles (Fig.
8), indicative of an accidental positioning near tetrad cen-
ters. Thus, the analysis procedure used can distinguish be-
tween randomly disposed particles and incomplete arrays
of tetrads and therefore provides a quantitative measure
for the degree of tetrad assembly.

Correspondence between Arrays of Tetrads and Feet. Nu-
merous similarities between arrays of feet seen in thin sec-

864



Figure 6. Tetrads, whether perfectly preserved or distorted during fracturing, are identified on the basis of their position in arrays. Once
a tetrad is identified in A (square, and at higher magnification in inset) it is easy to see that equally oriented adjacent tetrads are located
in an orthogonal arrangement around it. Marking the tetrads by putting a dot in their centers helps in identifying the pattern. In B—F the
tetrads (including those that miss one or two components) are marked in the second of the two identical images (C and E). The dots de-
fine an orthogonal arrangement with a center-to-center spacing between adjacent tetrads of ~41 nm (E, along the dashed line). The

spacing along the diagonals (E, arrows) is ~58 nm. Bars, 0.1 pm.

tions and the arrays of tetrads detected by freeze fracture
suggest that both molecular assemblies belong to a single
underlying cytoplasmic structure and that they develop
concomitantly. (a) Both arrays are rarely seen in undiffer-
entiated cells but frequently observed in differentiated
cells. (b) Both structures occur in variable sizes. (c¢) Parti-
cle clusters occupy a patch of membrane that is slightly
raised into a shallow, flat mound indicative of the apposi-
tion of an SR cisterna underneath. (d) In some junctions,
feet and tetrad particles occupy only a portion of the junc-
tion (Fig. 9, A and B). (e) Multiple subdomains of feet in
individual peripheral couplings and multiple subdomains
of tetrads in the large particle clusters indicate that both
proteins become organized in the junctions starting from
multiple seed points. This is illustrated in Fig. 9, C and D,
showing a large cluster of particles composed of several
minidomains with different orientations of tetrad arrays
(Fig. 9 C, arrows) and a junctional gap containing two sep-
arate groups of feet with different orientations (Fig. 9 D,
arrows). (f) The diffraction pattern from arrays of tetrads
and the spacing between tetrads are entirely compatible
with a model of tetrad disposition based on a 1:2 ratio of
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tetrads to feet. The measured spacing between tetrads
along the diagonal of the orthogonal array is twice the
measured spacing between feet, as predicted by this model.

Correspondence of Clusters of Feet and Tetrads with
Clusters of Immunolabeled RyRs and DHPRs

Immunoreactive clusters of RyRs and DHPRs share sev-
eral characteristics with clusters of feet and tetrads as seen
in electron microscopy. First, all are absent in cells during
the proliferating phase, but they appear simultaneously in
an increasing portion of BC;H1 cells upon differentiation.
Secondly, DHPR/RyR immunoclusters are located almost
exclusively at the periphery of the cells and occur at simi-
lar densities as clusters of tetrads. For example, the cells
shown in Figs. 1 C and 2 B, which are good examples of
well differentiated cells with numerous clusters, have clus-
ter densities of 314 and 213/1,000 wm?, respectively. These
clusters mainly represent peripheral couplings, since EM
of cells at comparable stages of differentiation shows very
few primitive T tubules forming junctions that are located
immediately below the cell surface. The density of immu-
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Figure 7. Images and optical
diffraction patterns of a ro-
tary-shadowed tetrad cluster
(A and B) and of a model ar-
ray, constructed by exactly
positioning tetrads over an
array of feet, in correspon-
dence of every other foot
(Franzini-Armstrong and
Kish, 1995; C and D). The
position of each tetrad parti-
cle is marked by a small ring
of platinum shadow in A and
modeled by a filled circle in
C. Alignment of the particles
is visible by holding the mi-
crograph at eye level and
glancing along the axes indi-
cated by the arrows. Small,
winged arrows in A and C in-
dicate alignment of tetrad
centers along the sides of an
orthogonal array with a spac-
ing of ~41 nm. See also Fig.
6. The diffraction pattern of
the freeze fracture (B) in-
dexes on two orthogonal lat-
tices skewed relative to each
other, with spacings of ~1/42
(small, winged arrows) and
~1/18 nm (large arrows), cor-

LA

responding to the distance between the centers of adjacent tetrads and of the particles within the tetrads, respectively. The diffraction
pattern from the model also indicates two orthogonal lattices with spacings corresponding to those between the centers of tetrads
(small, winged arrows) and the centers of tetrad subunits (large arrows). The angle between the two lattices in the diffraction pattern
from the tetrad arrays (65-66°) differs only slightly from that of the model array (71.5°). Bar, 0.1 pm.

noclusters is in good correspondence with densities of tet-
rad clusters ranging between 183 and 278/1,000 pm? mea-
sured in freeze fracture replicas of well differentiated cells
from cultures of the same age. Thirdly, with both tech-
niques the clusters in BC;H1 cells are found to be variable
in size and often considerably larger than the correspond-
ing clusters in normal myotubes developing in vivo and in
vitro (compare with Pincon-Raymond et al., 1985; Flucher
et al., 1993b, 1994; Takekura et al., 1994b). And finally,
large DHPR/RyR clusters are sometimes composed of
several smaller subdomains that may correspond to tetrad
clusters with widely spaced subdomains.

Discussion

Assembly of the e—c coupling apparatus is an early event
during skeletal muscle differentiation (Flucher, 1992).
Studies with BC;H1 cells have shown that transcription of
mRNAs for RyR1 and the skeletal form of DHPR is initi-
ated briefly after withdrawal of growth factors (Rampe et
al., 1988; Marks et al., 1989). The present study adds tria-
din to the list of junctional proteins that are concomitantly
expressed in the early differentiation process. Further-
more, all three proteins (RyR, DHPR, and triadin) assem-
ble into junctional complexes essentially as soon as they
are synthesized. Parallel appearance during development of
DHPR clusters detected by immunocytochemistry and of
arrays of tetrads as seen by freeze fracture analysis, as well
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as similar densities of both structures in differentiated myo-
cytes, gives strong support to the identification of the tet-
rads as groups of four DHPRs.

Development of calcium release units in the nonfusing
cell line BC;H1 cells is independent of myoblast fusion,
and in this sense it resembles myofibrillogenesis, which has
also been shown to be independent of the fusion process.
However, BC;H1 lack « actinin, a major component of the
Z lines, and I-Z-I brushes, that is, the association of thin
filaments with Z lines (Holtzer et al., 1997). The observa-
tion that in BC;H1 cells some aspects of e—c coupling de-
velopment and myofibrillogenesis, such as the formation
of peripheral couplings and A bands, occur normally
whereas other aspects, like T tubule and Z line formation,
are deficient may be indicative of at least two parallel reg-
ulatory mechanisms during early myogenesis, one of which
is lacking in these cells. However, the deficiencies in the
development of the muscle-specific cytoskeleton and mem-
brane system may also be causally related, since the e—c
coupling membranes become anchored at the Z lines dur-
ing early sarcomere formation (Flucher et al., 1992, 1993a).
Thus lacking Z lines could uncouple the internalization of
the e—c coupling apparatus leading to the exceptional de-
velopment of peripheral couplings and paucity of dyads
and triads in BC;H1 cells.

Most of the peripheral couplings in BC;H1 cells do not
have full assemblies of feet and tetrads. The number of
cells with junctions, the density of junctions per cell, and
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Figure 8. Arrangement of particles in tetrad arrays is not depen-
dent on degree of completeness of tetrads. (Graph) Comparison
of particle clustering in cardiac junctions (filled circles, randomly
distributed particles) and BC;H1 junctions (open circles, particles
forming tetrads); each circle represents data from one continuous
cluster of particles. (Abscissa) Relative frequency of particles
that were closely associated to an orthogonal array of dots at a
spacing of 41 nm. (Ordinate) Relative frequency of particles not
associated with the array. Values are expressed as percentage of
the maximal possible number of particles constituting tetrads
within the junction area (4 X the number of dots). In BC;H1
cells, the percentage of nonassociated particles is constant, and
on average only 4% of the particles cannot be assigned to a tetrad
position, regardless of the degree of filling of a junction (15—
89%). In the random clusters of cardiac muscle, the frequency of
particles not positioned at tetrad locations is higher and increases
with the overall density of particles. Analysis procedure: subdo-
mains of large clusters of particles in micrographs from cells at
D3-D7 were overlaid with the array of dots and rotated to
achieve maximal proximity of particles and dots. Particles were
scored as either clustered around the dots, corresponding to the
expected position in a tetrad (abscissa), or as distant to dots with-
out apparent relationship to a tetrad (ordinate). Fig. 8, A and B
shows two examples of incomplete arrays, with “dotted” tetrads.
In A there are 18 particles clustered near the dots, or 37% of the
48 particles needed for a complete tetrad array. Arrows indicate
four misplaced particles (or 8%). The values for Fig. 8 B are 50
and 2%. Particles at the edge of the array are not counted. Dot-
ted arrays in Fig. 6 E fell in the 80-90% complete category. Data
for cardiac junctions were obtained from micrographs constitut-
ing that data base in Sun et al. (1995) and Protasi et al. (1996).
Bar, 50 nm.
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the completeness of assemblies of tetrads and feet within
the junctions all increase in parallel between days 3 and 6-7
of differentiation. Thus, junctions with incomplete assem-
blies most likely are in the process of formation. Whereas
incomplete assemblies could also be indicative of degener-
ative processes, we would expect degradation to increase
and not decrease with age. If assembly and disassembly of
junctions occur simultaneously, the rate of assembly must
exceed that of disassembly to yield an overall increase in
junctions. Furthermore both processes have to proceed
through structurally identical stages, since only one pat-
tern of incomplete junctions has been observed. There-
fore, we believe that the analysis of incomplete assemblies
of tetrads and feet is relevant for understanding the pro-
cess of junction formation.

The developmental analysis of the junctional complexes
between SR and surface membrane in BC;H1 cells is con-
sistent with the identification of feet as RyRs and tetrads
as groups of four DHPRs. The parallel appearance during
development of several structural and molecular compo-
nents , such as feet, tetrads, and immunoclusters, indicates
the coordinated assembly of RyRs and DHPRs in the ad-
jacent membrane domains of the undifferentiated SR—sur-
face membrane junctions. Arrays of feet in the junctional
SR membrane and of tetrads in the surface membrane of-
ten form around multiple, independent initiation points
within single large junctions, resulting in several subdo-
mains with different orientations. This suggests a mecha-
nism of assembly by gradual incorporation of the junc-
tional proteins into a preformed narrow junctional gap
followed by their arrangement into extended arrays. The
assembly could occur simultaneously at several points of
one junction, and the separate arrays would eventually
converge into one large array containing several subdo-
mains. Alternatively, this pattern could result from the as-
sembly of junctions from several preassembled junctional
segments (Yuan et al., 1991). However, this mechanism
would also require the simultaneous fusion of the underly-
ing SR compartment, which is not consistent with the ob-
served SR—plasma membrane junctions without feet. Given
the ability of RyRs to self assemble into ordered arrays
(Takekura et al., 1995), their normal assembly into T tu-
bule-SR junctions without DHPRs in dysgenic myotubes
(Powell et al., 1996), and the dependence of DHPRs on
RyRs for achieving a related ordered arrangement (Pro-
tasi, F., C. Franzini-Armstrong, and P.D. Allen, unpub-
lished observations; for review see Flucher and Franzini-
Armstrong, 1996), we would expect that the organization
of the feet array precedes and probably drives the forma-
tion of tetrads.

Previous analysis of the disposition of tetrads relied on
direct observation and identification of individual tetrads,
which was often hampered by missing components. Opti-
cal diffraction, on the other hand, detects the underlying
order even where individual components are missing. This
analysis shows that tetrads, even if incomplete, are spaced
at distances that correspond to those of alternate feet and
that tetrad position is skewed relative to the orthogonal
axes of the array, as expected from an exact superimposi-
tion of tetrad particles over feet subunits (Franzini-Arm-
strong and Kish, 1995).

The spacing between the centers of adjacent particles of
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a tetrad (~18 nm) is larger than the center-to-center dis-
tance between foot subunits (~14.5 nm; Radermacher et al.,
1994), indicating that the centers of the DHPR particles
are closer to the corners of a foot than to their centers.
One consequence of this is that complete tetrads may not
be able to fit over adjacent feet (Fig. 10, A and B). How-
ever, while simple steric hindrance might contribute to the
peculiar alternate disposition of tetrads over feet in the
mature junction, it cannot by itself explain the develop-
ment of this pattern. During formation of the junction,
steric hindrance would prevent neither individual DHPRs
from associating with adjacent feet (Fig. 10 C, lower rows
of feet) nor the association of tetrads with feet at intervals
>2:1 ratio (Fig. 10 D). Instead, we find that even when tet-
rads are incomplete, individual DHPRs occupy fixed posi-
tions in association with the subunits of alternate feet (Fig.
10 C, top row of feet). This means that even though DHPRs
appear to associate with feet subunits individually and not
in groups of four, they interact only with feet in odd posi-
tions of the array (1, 3, 5, etc.) and not with those in even
positions (2, 4, 6, etc.). This striking exclusion of DHPR
particles from half of the feet in the array suggests a mo-
lecular determination of the alternate association pattern.
Since the large majority of RyRs in mouse muscle is of a
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Figure 9. Comparison be-
tween arrays of particles and
of feet. (A) An array of parti-
cles covers approximately
half (between arrows) of a
domed membrane domain
(between arrowheads). (B)
This corresponds to periph-
eral couplings (between ar-
rowheads) in which only a
portion of the junctional gap
is occupied by an array of
feet (between arrows). (C) A
very large cluster of particles
contains several subdomains
of tetrads with different ori-
entations (arrows), separated
by spaces with fewer parti-
cles (asterisk). (D) A periph-
eral coupling containing two
separate arrays of feet (ar-
rows) with slightly different
orientations. In fact, feet are
better delineated at right
than at left of the junction,
indicating different orienta-
tions of the two arrays rela-
tive to the plane of the sec-
tion. Bar, 0.2 pm.

single isoform (Takeshima et al., 1994; Giannini et al.,
1995), it is unlikely that this pattern arises from a direct
and preferential interaction of the DHPRs with a specific
RyR isoform in that position (Block et al., 1996). Rather,
we must assume that DHPRs assemble into tetrads in syn-
chrony with the formation of feet arrays. This is also sup-
ported by the following consideration. If feet first formed
extensive arrays and tetrads were acquired subsequently
as a result of the infiltration of DHPRs into the junction
from its periphery, the circular pattern shown in Fig. 10 E
would develop. But subdomains with tetrads at the periph-
ery, as opposed to the center, are not seen. Furthermore,
subdomains of tetrads would then be expected to show the
same orientation throughout a junction. The observation
of multiple subdomains of tetrad arrays and feet with dif-
ferent orientations is more consistent with a concomitant
radial growth of both arrays, starting from multiple seed
points (Fig. 10 F). A simultaneous assembly of the arrays
of feet and tetrads is also consistent with the joint emer-
gence and early association of the two proteins shown by
immunolabeling of rat primary cultures (Flucher et al., 1994)
and BC;H1 cells (present study).

DHPRs do not require the presence of RyRs for their
insertion into peripheral couplings (Protasi, F., C. Fran-
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Figure 10. Formation of tetrad arrays in calcium release units.
(A) Superimposed arrays of feet (squares) and tetrads (groups of
four circles) represent the regular association of tetrads with ev-
ery other foot. To emphasize this arrangement, adjacent rows of
feet are drawn in different shades of gray. Dashed lines in A show
the axes of the orthogonal array and the skew of the orientation
of tetrads. Since the size of a tetrad is slightly larger than that of a
foot, the association of tetrads with alternate feet (B) represents
the densest packing possible. However, steric hindrance alone
would not prevent either the positioning of tetrads at larger inter-
vals (D) or the association of incomplete tetrads with neighboring
feet (C, bottom). Such patterns are not observed; rather, com-
plete and incomplete tetrads are always associated with alternate
feet (C, top row), suggesting that the alternating association is de-
termined by other factors. Formation of extensive arrays of feet
before the incorporation of tetrads by centripetal diffusion and
subsequent immobilization of tetrads opposite feet should result
in arrays with unoccupied centers (E) that are never seen. The
observations of multiple microarrays of tetrads and feet with dif-
ferent orientations within the larger junctions and the alternate
disposition of tetrads are more consistent with a concomitant cen-
trifugal growth of both arrays (F).

zini-Armstrong, and P.D. Allen, unpublished observa-
tions). However, in the presence of RyRs, DHPRs associ-
ate preferentially with those parts of the junctions where
the arrays of feet are present. This was first shown in car-
diac muscle (Protasi et al., 1996) and has now been con-
firmed for junctions assembled by skeletal muscle pro-
teins. At present, a direct link between DHPRs and RyRs
is debated; therefore this preferred association of tetrads
and feet with each other may depend on additional junc-
tional proteins (Caswell et al., 1991; Marty et al., 1994;
Guo and Campbell, 1995). Immunolabeling of triadin
shows that this protein, which has been implicated in the
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RyR-DHPR interaction, is expressed and inserted into
the junction during the critical period.

Our findings emphasize the close spatial, and probably
also temporal, relationship in the gradual assembly of the
corresponding arrays of feet and tetrads within preformed
SR-plasma membrane junctions. The strict adherence of
DHPR particles to positions of alternate feet even during
early stages of junction formation suggests a framework of
conditions for the molecular organization of the e—c cou-
pling apparatus in skeletal muscle that goes beyond simple
steric hindrance dictated by the position of DHPRs rela-
tive to RyR subunits.
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