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Summary. Dyads (transverse tubule--junctional sarcoplasmic re- 
ticulum complexes) were enriched from rat ventricle microsomes 
by continuous sucrose gradients. The major vesicle peak at 36% 
sucrose contained up to 90% of those membranes which pos- 
sessed dihydropyridine (DHP) binding sites (markers for trans- 
verse tubules) and all membranes which possessed ryanodine 
receptors and the putative junctional foot protein (markers for 
junctional sarcoplasmic reticulum). In addition, the 36% sucrose 
peak contained half of the vesicles with muscarine receptors. 
Vesicles derived from the nonjunctional plasma membrane as 
defined by a low content of dihydropyridine binding sites per 
muscarine receptor and from the free sarcoplasmic reticu[um as 
defined by the M r 102K Ca 2+ ATPase were associated with a 
diffuse protein band (22-30% sucrose) in the lighter region of the 
gradient. These organelles were recovered in low yield. Putative 
dyads were not broken by French press treatment at 8,000 psi and 
only partially disrupted at 14,000 psi. The monoclonal antibody 
GE4.90 against skeletal muscle triadin, a protein which links the 
DHP receptor to the junctional foot protein in skeletal muscle 
triad junctions, cross-reacted with a protein in rat dyads of the 
same M r as triadin. Western blots of muscle microsomes from 
preparations which had been treated with 100 mN iodoacetamide 
throughout the isolation procedure showed that cardiac triadin 
consisted predominantly of a band of Mr 95 kD. Higher molecular 
weight polymers were detectable but low in content, in contrast 
with the ladder of oligomeric forms in rat psoas muscle micro- 
somes. Cardiac triadin was not dissolved from the microsomes 
by hypertonic salt or Triton X-100, indicating that it, as well as 
skeletal muscle triadin, was an integral protein of the junctional 
SR. The cardiac epitope was localized to the junctional SR by 
comparison of its distribution with that of organelle markers in 
both total microsome and in French press disrupted dyad prepara- 
tions. Immunofluorescence localization of triadin using mAb 
GE4.90 revealed that intact rat ventricular muscle tissue was 
stained following a well-defined pattern of bands every sarco- 
mere. This spacing of bands was consistent with the interpretation 
that triadin was present in the dyadic junctional regions. 
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Introduction 

Most current concepts for the organization and com- 
position of the cardiac dyad junction are based upon 
analogies with the skeletal muscle triad. The triad 

junction, where the terminal cisterna of the sarco- 
plasmic reticulum is held in regular apposition to the 
transverse (T-) tubule invagination of the sarco- 
lemma, has been shown to be the site of excitation- 
contraction coupling (Gage & Eisenberg, 1969). The 
morphological similarities between skeletal muscle 
and heart suggest that the dyad may contain similar 
proteins. The junctional SR's of both tissues contain 
a ryanodine-sensitive Ca 2+ release channel which is 
most likely the junctional foot protein (JFP); these 
two proteins, however, are coded on different genes 
(Otsu et al., 1990). Similarly, both types ofT-tubules 
contain dihydropyridine (DHP) sensitive Ca 2 + chan- 
nels although the functions appear to be different. 

Despite the strong resemblance of cardiac dyads 
to skeletal muscle triads, there is strong evidence 
that the mechanism of excitation-contraction cou- 
pling is different. There is general recognition that 
the major mechanisms of transmission in the heart is 
through the cytoplasmic transmitter Ca 2+ (Fabiato, 
1989) while in skeletal muscle C a  2+ is not thought 
to serve as the primary control of Ca 2+ release (Rios, 
Ma & Gonzalez, 1991). There is considerable evi- 
dence that the DHP receptor acts as the membrane 
voltage sensor in skeletal muscle without the neces- 
sity o f  Ca 2+ flow (Rios & Brum, 1987). In cardiac 
muscle, where Ca2+-induced Ca 2+ release is the 
likely mechanism, the DHP receptor acts as a true 
channel (Cleemann & Morad, 1991). The differences 
between the two muscle types are reflected in differ- 
ences in the sequence of the two DHP receptor iso- 
forms (Tanabe et al., 1990). 

Since differences in the composition of skeletal 
muscle and cardiac muscle junctional constituents 
may reflect and illuminate the differences in those 
physiological properties, we have derived prepara- 
tions of dyads from rat ventricular muscle. Dyads 
have been identified in the ventricular muscle micro- 
somes from several species (Brandt, 1985; Brandt 
& Bassett, 1986; Doyle e ta l . ,  1986) following the 
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principles developed in the isolation of skeletal mus- 
cle triads (Caswell et al., I988). Markers for the 
T-tubule and the junctional SR codistribute on iso- 
pycnic sucrose gradients unless the junction is dis- 
rupted by mechanical or chemical treatments. Sur- 
prisingly, attempts to identify and isolate dyads from 
rat ventricular muscle microsomes have not been 
reported even though the rat has been most exten- 
sively used in physiological and pathophysiological 
studies. We report here the identification and initial 
characterization of dyads in rat ventricular muscle 
microsomes. These dyads, although they have sev- 
eral properties in common with those from other 
species, show distinct species specific character- 
istics. 

We have recently identified a new protein in the 
skeletal muscle triad junction called triadin (Brandt 
et al., 1990; Kim et al., 1990b; Caswell et al., 1991). 
This protein maintains a linkage between the DHP- 
receptor and the JFP and may be involved in trans- 
duction of the E-C coupling signal (Brandt et al., 
1992a). We show here that the monoclonal antibody 
against triadin cross-reacts with a protein of similar 
Mr in rat cardiac dyads and co-distributes with junc- 
tional markers when cardiac microsomes are centri- 
fuged on isopycnic gradients. Immunofluorescence 
microscopy with the mAb against triadin shows high 
reactivity against presumptive junctional regions of 
ventricular cells which are disposed in a regular sar- 
comeric pattern. 

Materials and Methods 

MEMBRANE PREPARATIONS 

Sprague-Dawley male rats (3-5 months old, 300 to 350 gm) were 
employed for most studies. Hearts were excised from heparinized 
animals under surgical anesthesia and cleared of blood in oxygen- 
ated and heparinized Ringers/HCO~ by rhythmical clamping of 
the aortic stump. Microsomes were prepared from total ventricu- 
lar muscle by the protocol previously reported for cat tissue 
(Brandt & Bassett, 1986). Ventricles from 3-4 rats were homoge- 
nized in 20 ml of buffered sucrose (250 mr¢~ sucrose, 3 mM histi- 
dine, 2 mM dithiothreitol, 0.2 mM EDTA, 0.2 mM phenylmethyl- 
sulfonyl fluoride, pH 7.3) for 30 sec in a Waring blender minicup. 
The homogenate was sedimented at 10,000 x g for 15 min and 
the supernatant decanted through eight layers of cheesecloth. 
The supernatant was centrifuged for 35 rain at 140,000 x g and 
the pellet washed once with buffered sucrose which contained 
25 mM Na pyrophosphate pH 7.4. The microsomes were then 
centrifuged on linear (15-50%, w/w) sucrose gradients in the 
Beckman SW 41 rotor at 20,000 rpm overnight. In experiments 
comparing rat ventricle and rat psoas muscle, microsomes from 
both muscles were isolated in a similar sucrose medium except 
that the dithiothreitol was replaced by 100 mM iodoacetamide. 
After removal of blood, the tissues were soaked in the medium 
for 10 min prior to homogenization. Centrifugation protocols were 

as described above. Terminal cisternae/triads were prepared for 
rabbit back muscle as described by Caswell, Lau and Brunschwig 
(1976). 

BIOCHEMICAL AND PHARMACOLOGICAL ASSAYS 

Muscarine receptors and dihydropyridine (DHP) binding sites 
were assayed by Millipore filtration employing 0.5 nM [3H]qui- 
nuclidinyl benzilate (QNB) and 0.5 nM [3H]PN 200-110, respec- 
tively, as ligands and Whatman GF/C filters as described in an 
earlier communication (Brandt & Bassett, 1986). Ligand concen- 
trations were saturating. Ryanodine binding was determined with 
3.4 nM [3H] ryanodine in 600 mM NaC1, 1.0 mM CaCI2, 20 mM 
Tris MOPS, pH 7.1 as described by Seifert and Cassida (1986). 
At this ligand concentration, which is below the K D ( - 6  riM), the 
nonspecific binding is at filter background. Membrane proteins 
were phosphorylated with the catalytic subunit of protein kinase 
A and [32p]yATP as described by Dombradi et al. (1984). Labeled 
proteins were detected by autoradiography after sodium dodecyl- 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

ELECTROPHORESIS AND IMMUNOLOGY 

Sodium dodecylsulfate polyacrylamide gel etectrophoresis (SDS- 
PAGE) was carried out on 5% Laemmli slab gels unless otherwise 
noted in the figure legends. All samples were prepared in normal 
solubilizing medium (2.5% 2-mercaptoethanol, 1% SDS, 0.03 M 
TrisC1, pH 6.8) except when described as nonreduced samples 
(no 2-mercaptoethanot). Gels were either stained with Coomassie 
blue or Stains All (Campbell, MacLennan & Jorgensen, 1983) or 
were Western blotted onto nitrocellulose using the Genie (Ideal 
Scientific) apparatus with a 12-volt battery charger (Sears) for 90 
rain. Blots were blocked with 3% bovine serum albumin (BSA) 
in Tris buffered saline (TBS: 200 mM NaC1, 20 mM TrisCl, pH 
7.4) and then incubated with the monoclonal antibody GE4.90 
against triadin in TBS, 1% BSA as characterized by Caswell et 
al. (1992). Development was carried out by successively incubat- 
ing the blots with biotinylated anti-mouse IgG, peroxidase-strep- 
tavidin and then 4-chloronaphthol and H202 as substrates. ELISA 
reactions were carried out on gradient fractions using anti-triadin 
mAB GE4.90 as primary antibody and the biotin streptavidin 
system described above except that 2,2' azinobis (3-ethylbem 
zothiazoline-sulfonate) in 0.1 M Na citrate, pH 4.5 was used as 
the final substrate. For some experiments, log2 (concentration) 
v s .  log (OD405) plots were constructed with constant slopes and 
ELISA values read from a common intercept. ELISA OD405 val- 
ues were also used directly from a single dilution when material 
was limited. The distribution curves obtained by the two methods 
were identical when the maximal response was not saturated. 

DATA ANALYSIS 

The distribution patterns for protein and ligand binding assays 
when ventricular muscle microsomes were centrifuged on linear 
sucrose gradients were analyzed using the nonlinear curve fitting 
program of SigmaPlot (Jandel Scientific) software. For each func- 
tion of each gradient assayed, the maximum value was set to 1.0 
and all other values normalized. The normalized values and the 
corresponding sucrose densities were then compiled and data 
fitted to a double Gaussian distribution modeled by the equation: 
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f = ai*exp(-0.5*((x - c0/wi)~2))) 

+ a2*exp(-0.5*((x - c2)/w2)~2))) 

where a, c and w refer to the peak amplitude, center and width. 
Iteration was allowed to proceed to the default tolerance value 
(0.001). The model curve was then plotted using small increments 
of x (sucrose density). 

CRYOSECTIONING AND 

IMMUNOFLUORESCENT LABELING 

Strips of ventricular muscle tissue were pinned at rest length in 
a relaxing solution containing 4 mM EGTA for 10 min, mounted 
on cork specimen holders using gum tragacanth, and flash frozen 
in liquid-nitrogen-cooled isopentane. Sections, 5/xM thick, were 
obtained using a Micron cryostat (Carl Zeiss), collected on gela- 
tin-coated glass slides and immunostained immediately. Prior to 
staining, sections were fixed to the slides using freshly prepared 
4% paraformaldehyde for 15 rain and washed in phosphate 
buffered saline (PBS) (3 changes of 5 min each). Sections were 
then incubated for 15 min in 0.5% Triton X-100 and washed three 
times in PBS. Slides were incubated for 60 rain in unconjugated 
goat anti-rat and goat anti-mouse IgG (H + L) diluted 1:30 
in PBS containing 1% BSA, to block nonspecific binding sites. 
Sections were incubated overnight at 4°C in the triadin mono- 
clonal antibody GE 4.90. Three PBS/BSA washes of 10 min each 
were used to remove unbound primary antibody. Sections were 
subsequently stained using goat anti-mouse IgG antibody conju- 
gated to rhodamine for 1 hr. Excess secondary antibody was 
washed offusing three 10 min changes of PBS/BSA and coverslips 
were mounted using a 70% glycerol : PBS mixture containing 4% 
1,4 Diaza bicyclo-[2,2,2]octane. In control experiments, sections 
were incubated with PBS/BSA followed by secondary antibody. 

MATERIALS 

All radioactive compounds were purchased from New England 
Nuclear. Ryanodine was a gift from S.P. Pennick Company. All 
other chemicals were of at least reagent grade. 

Results 
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Fig. 1. Distribution of membrane marker activities after centrifu- 
gation of rat cardiac microsomes on continuous sucrose gradients. 
Microsomes were prepared from rat ventricular muscle as de- 
scribed in Materials and Methods and centrifuged on linear su- 
crose (15-50%) gradients to equilibrium. The gradient was 
scanned for protein (Panel A) and ryanodine binding as an assay 
for junctional SR (Panel B), PN 200-110 binding to DHP receptors 
(Panel C) and QNB binding as an assay for muscarine acetylcho- 
linergic receptors (Panel D). The data points are from a single 
preparation; the solid lines were generated from the best fit to a 
double Gaussian distribution using the normalized data (scale 0 
to 1.0 on right vertical axis) from 10 microsomal preparations. 

IDENTIFICATION OF ORGANELLE CONSTITUENTS 

OF RAT VENTRICULAR MUSCLE MICROSOMES 

Microsomes from rabbit (Brandt, 1985), cat (Brandt 
& Bassett, 1986), cow and sheep (Doyle et al., 1986) 
ventricular muscle centrifuge as a single broad band 
(mean buoyant density 30% sucrose) on isopycnic 
gradients. Organelle specific marker scans reveal 
that this is a heterogenous population comprised 
of free plasma membrane (24% sucrose), T- 
tubule--junctional SR dyads (33% sucrose) and lon- 
gitudinal reticulum or free SR as the major compo- 
nent (30% sucrose). In contrast, rat microsomes sep- 
arate on continuous sucrose gradients into two 
visually distinct populations: a diffuse white band 

between 20-30% sucrose and a sharp, yellow and 
partially coagulated band between 34 and 37% su- 
crose. 

Figure 1 shows the protein and organelle marker 
distribution patterns for a single rat ventricle micro- 
some preparation (data points) and the fitted curve 
(solid line) for 10 preparations centrifuged on linear 
15-50% sucrose gradients. The positions of the two 
visualized vesicle populations is reflected in the pro- 
tein distribution pattern (Fig. 1A). The broad lighter 
peak is centered at 28% sucrose while the sharp 
peak appears at 36% sucrose. 

Dihydropyridine receptors are exclusively 
found in transverse tubules of skeletal muscle 
(Fosset et al., 1982; Brandt, Kawamoto & Caswell, 
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Fig. 2. SDS-PAGE of rat microsome 
fractions. Equal volume aliquots (30/xl) from 
the gradient shown in Fig. 1 (data points) 
electrophoresed on a 5-15% gradient slab gel 
stained with Coomassie blue, The far right 
lane (SK) was loaded with 20 ~g skeletal 
muscle TC/triads. The skeletal muscle JFP 
(Mr 565K) and its first calpain degradation 
product (Mr 415K) are indicated by single 
arrowheads. The M r 102K SR Ca 2+ ATPase is 
marked by the double arrowhead. A 
combination of high and low Mr markers from 
Sigma were used to calibrate the gel. 

1985) and are highly enriched relative to other 
plasma membrane markers in putative T-tubule frac- 
tion of cardiac microsomes (Brandt, 1985). Figure 
1B shows that the bulk of the DHP receptors of rat 
cardiac microsomes appear in the sharp peak at 36% 
sucrose (average specific activity 0.86 pmol/mg for 
10 preparations) with a secondary peak at 32% su- 
crose. A low content of DHP receptors was found 
in the lighter region of the gradient (20-28% sucrose, 
average specific activity = 0. I pmol/mg), the gradi- 
ent region where nonjunctional plasma membrane 
from other species has been reported to band 
(Brandt, 1985). 

The distribution pattern for ryanodine receptors 
(Fig. 1C) closely matched that for DHP receptors 
in position and shape with a dominant peak at 36% 
sucrose. Under the assay conditions for the gradient 
scan (3.4 nM ryanodine), the average specific activ- 
ity was 1.4 pmol/mg. Scatchard analysis of the rya- 
nodine binding curve for the pooled heavy micro- 
some fraction revealed a Bma × of 6 pmo1/mg with a 
K D of 5 riM. These fractions are enriched in a high 
Mr protein (Fig. 2) electrophoresing slightly faster 
than the skeletal muscle junctional foot protein (Mr 
565K) but slower than its first calpain degradation 
product (Mr 415K) (Brandt et al., 1992b). A protein 
of similar mobility has been identified as the ryano- 
dine-sensitive Ca 2+ channel in canine cardiac junc- 
tional SR (Seiler et al, 1984; Inui, Saito & Fleischer, 
1987) and it is therefore probable that the rat cardiac 
h i g h  M r protein is the JFP of the rat ventricular dyad. 
Those same gradient fractions were also shown to 
be enriched in a Stains All blue stained protein of Mr 
55K (not shown), which is presumable calsequestrin, 
another marker for junctional SR (Campbell, Mac- 

Lennan & Jorgensen, 1982). The comigration of the 
T-tubule (DHP receptor) and junctional SR markers 
strongly suggests the presence of dyads in the heavy 
microsome peak fraction. This does not exclude the 
possibility, however, that unattached junctional SR 
may also be present in the preparation. 

In contrast to the almost monomodal patterns 
for DHP and ryanodine receptors, two distinct peaks 
were found in the muscarine acetylcholine receptor 
pattern as detected by QNB binding (Fig. ID). The 
relative content in the two peaks (28 and 36% su- 
crose) was variable among preparations but in most 
cases 60% of the receptors were associated with the 
heavy microsome peak. Muscarine receptors have 
been previously detected in both nonjunctional sar- 
colemma and T-tubules and the distinction between 
those two domains of the cell membrane was made 
upon the relative content of muscarine and DHP 
receptors. For the rat preparation, the specific activ- 
ity in the 36% sucrose peak was 0.26 pmol/mg. That 
specific activity and the content relative to the DHP 
receptor content is not dissimilar to the values re- 
ported for the dyad fractions from other species 
(Brandt, 1985). On the other hand, the average spe- 
cific activity (0.23 pmol/mg) in the lighter gradient 
region is about five-fold lower than that reported for 
other mammalian cardiac microsome preparations. 

The major protein of free SR in ventricular mus- 
cle microsome preparations from other species is 
the Ca 2+ ATPase, Mr 102K (Jones et al., 1979; 
Brandt, 1985; Brandt & Bassett, 1986; Inui et al., 
1986; Doyle et al., 1986). A band of that mobility 
which co-electrophoresed with the SR Ca 2 + ATPase 
of skeletal muscle was found in all fractions of the rat 
microsome gradient but predominated in the lighter 
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Fig. 3. Distribution of organelle markers after French press treat- 
ment of rat dyads. The heavy microsomes containing putative 
dyads were isolated by centrifugation of rat ventricular muscle 
microsomes on continuous sucrose gradients. These vesicles 
were then centrifuged directly (open squares) or after French 
press extrusion at 13,000 psi (filled circles) on continuous sucrose 
gradients. After reaching equilibrium, the gradients were scanned 
for ryanodine binding (Panel A), PN200-110 binding (Panel B) and 
QNB binding (Panel C) as described in Materials and Methods, All 
data expressed fmol ligand bound/ml gradient fraction. 

sucrose fractions (Fig. 2). Since this SDS-PAGE 
gel was loaded with equal volume aliquots from the 
sucrose gradient (Fig. IA, data points for related 
protein content), it underemphasizes the enrichment 
of the M r 102K band in the lower density region. 
Those gradient fractions enriched in the M r 102K 
protein were also enriched in low Mr proteins phos- 
phorylatable by protein kinase A including phospho- 
lamban (Manalan & Jones, 1982). 

DISRUPTION OF PUTATIVE RAT DYADS 

The co-migration of DHP and ryanodine receptors 
could indicate that (i) the receptors are on the same 
membrane, (ii) that the isopycnic points of the 
T-tubule and junctional SR are identical or (iii) 
that these two organelles with different intrinsic iso- 
pycnic points are held together by bridging struc- 
tures. Figure 3 shows the distribution of ryanodine 
(A), DHP (B) and muscarine (C) receptors when 
the putative dyad fraction was recentrifuged directly 
(open squares) or after French press extrusion at 
13,000 psi (filled circles). The isopycnic point of the 
ryanodine receptors (Fig. 3A) was not changed by 

the disruptive treatment, indicating that this is the 
intrinsic buoyant density of the junctional SR. On 
the other hand, about 2/3 of the DHP receptors were 
shifted to lighter gradient fractions (Fig. 3B), im- 
plying a lower isopycnic point for the T-tubules. The 
distribution patterns for the muscarine receptors on 
both the untreated and French pressed membranes 
(Fig. 3(7) matched the respective distribution pat- 
terns for the DHP receptors. The fact that muscarine 
receptors were not found in lighter gradient fractions 
when the untreated dyad fraction was recentrifuged 
suggests that the muscarine receptors are on the 
T-tubule membrane. 

The rat dyads appeared relatively resistant to 
French press disruption since release of DHP recep- 
tors was not detected at 8,000 psi, the pressure which 
almost completely breaks skeletal muscle triads 
(Caswell et al., 1988) and cat ventricular muscle 
dyads (Brandt & Bassett, 1986). Furthermore, 
breakage did not exceed 70% at pressures up to 
14,000 psi; greater pressures considerably reduced 
all ligand binding activity and smeared the distribu- 
tion patterns. The DHP receptor distribution pattern 
for five preparations extruded between 10,000 and 
14,000 psi could be modeled as a double Gaussian 
curve with centers at 30 and 36% sucrose, identical 
to the minor and major peaks found inthe  modeled 
DHP receptor pattern for the total microsome prepa- 
ration (Fig. 1B, solid line). The 30% sucrose peak 
most likely represents the intrinsic isopycnic point of 
the T-tubule as it does in the cat (Brandt & Bassett, 
1986). The higher French press pressures caused 
more extensive disruption of the dyads but also 
caused the appearance of DHP receptor activity at 
25 to 30% sucrose. 

DETECTION OF A CARDIAC PROTEIN 
CROSS-REACTING WITH m A b  G E 4 . 9 0  

ANTI-SKELETAL MUSCLE TRIADIN 

Triadin is an intrinsic protein of the junctional face 
of the terminal cisternae of rabbit skeletal muscle 
triad junction which structurally links the ryanodine 
receptor to the DHP receptor of the T-tubule (Kim 
et al., 1990b). When triads were solubilized for West- 
ern blotting in normal (5% 2-mercaptoethanol) 
Laemmli medium, triadin appeared as a band at M r 

95K. On the other hand, when the SH reducing agent 
was eliminated from the solubilizing medium, the 
antibody recognized a ladder of bands which were 
multiples of 95 kD (Caswell et al., 1991). 

To test for the native state of triadin in skeletal 
muscle and for the presence of triadin in ventricular 
muscle, microsomes were prepared from rat psoas 
and rat ventricle in the presence of 100 mM iodoacet- 
amide to inhibit intermolecular crosslinking through 
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Fig. 4. Cross-reaction of anti-triadin mAb GE 4.90 with rat micro- 
somes. Microsomes were prepared from rat psoas and ventricle 
as described in Materials and Methods with the substitution of 
100 mM iodacetamide for dithiothreitol for all buffers. Psoas mi- 
crosomes (lanes 1 and 2) and cardiac microsomes (3 and 4) were 
pelleted and redissotved in Laemmli sample buffer at 10/~g and 
50/~1, resp0ctivety, in the presence (lanes 1 and 3) and absence 
(2 and 4) of 5% mercaptoethanol. The samples were electropho- 
resed on 5% slab gels, Western blotted onto nitrocellulose, incu- 
bated with skeletal muscle anti-triadin mAb GE 4.90 and devel- 
oped as described in Materials and Methods. The mobility of 
s tandard proteins was determined with the prestained standards 
from Sigma. 

disulfide bridge formation. The pelleted membranes 
were then solubitized in the normal Laemmli me- 
dium (5% 2-mercaptoethanol = 0.7 M) or in the 
absence of the mercaptan and Western blotted (Fig. 
4). The blots were stained with the monoclonal anti- 
body GE4.90 made against rabbit skeletal muscle 
triadin. Under reducing conditions, the antibody 
recognizes a band at M r 95K in rat psoas muscle 
(lane 1). Some of the fainter faster electrophoresing 
bands may be proteolytic breakdown products of 
triadin but at least two bands co-electrophoresed 
with rat serum proteins which reacted with the anti- 
mouse antibody of the detection system. The elec- 
trophoretic pattern for unreduced psoas microsomes 
(lane 2) shows a ladder of higher Mr oligomeric forms 
of triadin. This observation thus supports the con- 
tention that the native state of triadin in skeletal 
muscle is a population of oligomers (Caswell et al., 
1991). Lane 3 shows that the monoclonat antibody 
against skeletal muscle triadin clearly cross-reacted 
with a protein of similar Mr in the rat ventricle 
microsomes electrophoresed under reducing condi- 
tions with fainter bands at higher Mr's. Under nonre- 
ducing conditions (lane 4), however, the major anti- 
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Fig. $. Effects of 1 M NaCt and Triton X-100 on triadin, Rat 
psoas muscle (lanes 1-3) and ventricular muscle microsomes 
(lanes 4-6) (100 ~g) were pelleted from sucrose buffer (lanes 1, 
4) or sucrose buffer made 1 M in NaCI (lanes 2, 5) or 2 mg Triton 
X-100 per mg protein in the Beckman Airfuge (10 psi, 15 rain). The 
drained pellets were resuspended in 100 p~t standard (reducing) 
Laemmli buffer and electrophoresed on a 5% slab gel. Triadin 
epitopes were detected by blotting and development with mAb 
GE4.90. 

genic band of the ventricular membranes remained 
that a t  M r 95K, implying that the native state of 
triadin is the monomer in the heart. Western blotting 
patterns identical to those shown in Fig. 4 were 
obtained for psoas and ventricle preparations made 
in the presence of 100 mM N-ethylmaleimide which 
may have a different selectivity for cysteines than 
iodoacetamide. 

Rabbit skeletal muscle triadin was identified as 
an intrinsic protein in that it was not released from 
the membrane by 1 M salt; it was localized to the 
junctional domain by the fact that it resisted dissolu- 
tion by Triton X-100 (Brandt et al., 1990). Figure 5 
shows that the triadin-related protein in both rat 
psoas muscle (lanes 1, 2, 3) and rat ventricle (lanes 
4, 5, 6) is also resistant to 1 M salt (lanes 2 and 5) 
and Triton X-100 (lanes 3 and 6). 

LOCALIZATION OF THE CARDIAC mAB 
GE4.90 EPITOPE 

The subcellular location of the cardiac triadin-like 
protein was identified using the protocols and organ- 
elle markers described in Figs. 1 and 3. Figure 6A 
shows the distribution patterns for the triadin epi- 
tope assayed by ELISA (filled circles) and DHP 
receptors (open squares) when rat ventricle micro- 
somes were centrifuged to equilibrium. Both activi- 
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Fig. 6. SubceUular localization of the triadin epitope in rat ven- 
tricular muscle. Rat ventricular muscle microsomes (Panel A) 
were centrifuged on isopycnic sucrose gradients which were sub- 
sequently scanned for mAb GE4.90 crossreactivity (filled circles) 
and PN200-110 binding (open squares) expressed as fmol bound/ 
ml gradient fraction, The bulk of the heavy microsomes were then 
recentrifuged directly (Panel B) or after French press extrusion at 
13,000 psi (Panel C). The data in each panel represent the aver- 
aged value for two preparations. 

ties are associated predominantly with the higher 
density region of the gradient in which junctional 
dyads are present. The ELISA pattern was con- 
firmed by Western blotting. The epitope and ligand 
distributions, however, cannot be quantitatively 
compared because the immunoresponse to cardiac 
material appears to saturate at much lower levels 
than with skeletal muscle triadin. Figure 6B shows 
the distribution patterns for triadin and DHP recep- 
tors upon recentrifugation of the heavy microsomes. 
The ELISA pattern is similar to that in Fig. 6A and 
matches the DHP receptor pattern in position and 
shape in the heavier gradient fractions. These data 
then support the contention that the triadin epitope 
is most likely on a dyad component rather than on 
some other organelle. Figure 6C shows the distribu- 
tion patterns after extrusion of the dyad fraction 
from the French press at 13,000 psi. The DHP recep- 
tors are now partially released to the position of the 
free T-tubules (as in Fig. 3B) but the triadin epitope 
distribution remained centered at 36% sucrose as 
in the untreated dyads. This is the position of the 
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Fig. 7. Immunofluorescence localization of reactive site against 
mAb GE 4.90 in rat ventficular muscle• Rat ventricular muscle 
strips were cryosectioned and incubated with mAb GE 4.90 
against triadin followed by rhodamine-conjugated secondary anti- 
body (Panel A) or in secondary antibody alone (Panel B) as de- 
scribed in Materials and Methods. Bar = 20/x. 

junctional SR after dyad disruption as defined by 
ryanodine binding (see Fig. 3A). 

IMMUNOFLUORESCENCE LOCALIZATION OF THE 
Mab GE4.90 EPITOPE 

To test whether or not the in situ location of the 
cardiac antigen was consistent with the biochemical 
in vitro localization, cryosections of rat papillary 
muscle were incubated with mAb GE 4.90 and then 
visualized using rhodamine-tagged secondary anti- 
body (Fig. 7A). In this obliquely cut longitudinal 
section, the staining is observed to form a character- 
istic striated pattern. This suggests that triadin is 
located in a regularly disposed subcellular compart- 
ment. This is presumably the junctional surface of 
the SR, which is arranged into dyadic units lying at 
the Z-lines. In control sections treated only with 
secondary antibody (Fig. 7B), no staining was de- 
tected. 

Discuss ion  

Although rats have been used extensively for both 
physiological and biochemical studies of normal and 
pathological hearts, few experiments have been per- 
formed on fractionated microsomes (Bers, 1979; 
Mansier et al., 1983; Wibo, Bravo & Godfraind, 
1991). Rat ventricle microsomes have been used as 
both sarcolemma (Janis et al., 1982; Murphy & Sny- 
der, 1982; Nayler et al., 1985) and SR (Wei, Janis 
& Daniels, 1976; Heilmann et al., 1980; Limas, Spier 
& Kahlon, 1980; Wientzek & Katz, 1991) prepara- 
tions. Nevertheless,ventricular muscle microsomes 
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from other species are known to contain nonjunc- 
tional sarcolemma, flee SR, T-tubules, junctional 
SR and dyadic complexes of the latter two organ- 
elles. 

Cardiac dyads have been defined by the comi- 
gration of T-tubule and junctional SR markers when 
the microsomes are fractionated on isopycnic gradi- 
ents (Brandt, 1985; Brandt & Bassett, 1986). The 
T-tubules are enriched in DHP-receptors relative 
to other (i.e., muscarine, 3-adrenergic or digitalis) 
receptors while the junctional SR is enriched in the 
JFP and calsequestrin and low in SR Ca 2+ pump and 
phospholamban. The fact that the vesicle fraction 
contained dyadic complexes (as opposed to all mark- 
ers being present on a single membrane) was estab- 
lished by the observation that the T-tubule markers 
appeared at a new isopycnic point upon French press 
treatment of the putative dyadic fraction (Brandt & 
Bassett, 1986). DHP receptors (Ashraf et al., 1986) 
and calsequestrin (Jorgensen et al., 1983) have been 
established as predominantly T-tubule and junc- 
tional SR proteins, respectively, in the rat heart by 
morphological techniques. 

We show here that the rat ventricular micro- 
somes can be separated into two populations on 
isopycnic gradients. The light microsomes contain 
nonjunctional sarcotemma as defined by a low DHP 
receptor content and free SR as identified by the M r 
102K protein corresponding to the SR C a  2+ ATPase. 
The heavy microsomes consist of junctional SR (rya- 
nodine receptors) and T-tubules (high DHP receptor 
content relative to muscarine receptors). These two 
organelles appear to be associated as dyads since 
the markers comigrate on recentrifugation unless 
treated by French press extrusion. Free T-tubules 
and probably unliked junctional SR are also to be 
found in this membrane population. 

The clear separation between the light and 
heavy microsome populations most likely is a conse- 
quence of a low yield of free SR which is the major 
species in ventricular microsomes from other spe- 
cies. The rat preparation also appeared low in non- 
junctional plasma membrane; the light microsomes 
had a specific activity of 0.23 pmol muscarine recep- 
tor/rag protein which is 1/4 that found for other 
species. The specific activity of muscarine receptors 
in the heavy microsome fraction and the content 
relative to DHP receptors is almost identical to that 
reported for cat and rabbit (Brandt, 1985). The fact 
that the muscarine receptor distribution pattern 
matches that for DHP receptors when the heavy 
microsomes are recentrifuged with and without 
French press treatment confirms that the muscarine 
receptors are present in T-tubules. This observation 
was previously reported for cat ventricular muscle 
preparations (Brandt & Bassett, 1986). An additional 

factor for the separation of the rat dyads from non- 
junctional membranes is the intrinsic isopycnic point 
of the junctional SR (36% sucrose) which is higher 
than that of cat (33% sucrose). The basis for this 
increased buoyant density is not yet clear. 

The rat dyads are more resistant to mechanical 
disruption (60% broken at 14,000 psi by the French 
press) than those in the cat (100% broken at 8,000 
psi (Brandt & Bassett, t986)). In skeletal muscle, 
triadic vesicles may be subdivided into "strong" and 
"weak" on the basis of their susceptibility to cleav- 
age by French press, hypertonic salt and calpain 
(Kim et al., 1990a). Using the criteria of susceptibil- 
ity to French press, the rat heart dyad represents a 
"strong" dyad while the cardiac dyad of cat is of the 
"weak" type. It is possible that the two forms of 
junction are held together by different protein asso- 
ciations although the identity of these has not yet 
been established. 

A mAb against triadin in skeletal muscle cross- 
reacts with a protein in isolated cardiac microsomes 
and in ventricular muscle cryosections. The cross- 
reactivity could be to an identical protein, to a ho- 
mologous form in the heart or to a functionally differ- 
ent protein with a common epitope. The last possibil- 
ity is unlikely in view of the similar distribution 
among organelles and within the sarcomere, the sim- 
ilar M r and the resistance to separation from the 
membrane. We have shown here that the cardiac 
form is most likely an intrinsic protein of the junc- 
tional face of the junctional SR, the location of tri- 
adin in skeletal muscle. In addition, we have evalu- 
ated a second mAb AE8.91 which responds to a 
different epitope of skeletal muscle triadin. This 
mAB also reacts with rat cardiac triadin. 

The content of triadin in ventricular muscle as 
estimated by staining of Western blots is consider- 
ably below that of skeletal muscle. This is also true 
of DHP receptors which are 10-fold lower in the 
heart than skeletal muscle and ryanodine receptors 
which are 2- to 3-fold lower. The fact that triadin can 
be detected by Western blotting in total microsomes, 
however, indicates that rat ventricle is a rich source 
of the protein. The antigenic response was not seen 
in cat or rabbit ventricular muscle membranes with- 
out prior enrichment of the dyad fraction. This yield 
of triadin in rat ventricle is consistent with the rela- 
tively high content of DHP and ryanodine receptors 
compared to other species. 

The significant difference between the skeletal 
muscle and cardiac forms of triadin is in their oligo- 
meric forms. Under nonreducing conditions, the 
skeletal forms appear predominantly in a ladder of 
oligomers. While higher Mr forms are seen for the 
cardiac preparation, the predominant form under 
nonreducing conditions is the monomer. Although 
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the d i f ferences  in con t en t  of  po lymer ic  states in the 
two musc les  might  ind ica te  the p r e sence  of i so types ,  
it is equal ly  poss ib le  that  they could  occu r  as a conse-  
q u e n c e  of  d i f ferences  in pos t - t r ans la t iona l  pro- 
cess ing.  We  have  shown  that  t r iadin  is an  essent ia l  
a rch i tec tura l  c o m p o n e n t  of  the skeletal  musc le  t r iad 
j u n c t i o n  and  proposed  that  it may  play a physiologi-  
cal role in the exc i t a t ion -con t r ac t ion  coupl ing.  At  
this t ime we have  yet  to tes t  whe the r  cardiac  t r iadin 
b inds  to card iac  JFP  or card iac  D H P  recep tor  and  
hence  the a rch i tec tu ra l  role of  cardiac t r iadin  is un-  
k n o w n .  H o w e v e r ,  the close morphologica l  resem-  
b lance  b e t w e e n  skeletal  and  card iac  j u n c t i o n s  sug- 
gests that  t r iad in  could  be media t ing  the appos i t ion  
of  the two organel les  in bo th  musc le  types.  On  the 
o the r  hand ,  card iac  t r iadin  may  no t  be ac t ively  in- 
vo lved  in exc i t a t i on -con t r ac t ion  coupl ing  if Ca 2+ in- 
duced  Ca  2+ re lease  (Fabia to ,  1989) is the physiologi-  
cal  m e c h a n i s m .  
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