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Triadin is an intrinsic membrane protein first identi-
fied in the skeletal muscle junctional sarcoplasmic re-
ticulum and is considered to play an important role in
excitation-contraction coupling. Using polyclonal anti-
bodies to skeletal muscle triadin, we have identified and
characterized three isoforms in rabbit cardiac muscle.
The cDNAs encoding these three isoforms of triadin
have been isolated by reverse transcription-polymerase
chain reaction and cDNA library screening. The de-
duced amino acid sequences show that these proteins
are identical in their N-terminal sequences, whereas the
C-terminal sequences are distinct from each other and
from that of skeletal muscle triadin. Based upon both
the amino acid sequences and biochemical analysis, all
three triadin isoforms share similar membrane topology
with skeletal muscle triadin. Immunofluorescence stain-
ing of rabbit cardiac muscle with antibodies purified
from the homologous region of triadin shows that car-
diac triadin is primarily confined to the I-band region of
cardiac myocytes, where the junctional and corbular
sarcoplasmic reticulum is located. Furthermore, we
demonstrate that the conserved region of the luminal
domain of triadin is able to bind both the ryanodine
receptor and calsequestrin in cardiac muscle. These re-
sults suggest that triadin colocalizes with and binds to
the ryanodine receptor and calsequestrin and carries
out a function in the lumen of the junctional sarcoplas-
mic reticulum that is important for both skeletal and
cardiac muscle excitation-contraction coupling.

Ca?" release from the sarcoplasmic reticulum of skeletal and
cardiac muscle is regulated by similar but distinct mechanisms
(1-3). In cardiac muscle, depolarization leads to the opening of
voltage-gated Ca?" channels. Ca?" influx through L-type Ca?*
channels (the dihydropyridine receptor) triggers the opening of
the ryanodine receptor/Ca®" release channel in the sarcoplas-
mic reticulum. However, in skeletal muscle, entry of external
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Ca?* is not needed for this signal transduction process. The
skeletal muscle dihydropyridine receptor interacts either di-
rectly or indirectly with the ryanodine receptor, thereby acti-
vating the Ca®" release channel without a requirement for
extracellular calcium. Despite this difference, many factors
that modulate the channel properties of the skeletal muscle
ryanodine receptor also affect the cardiac ryanodine receptor in
a similar fashion (4, 5). Identification of protein components in
the junctional sarcoplasmic reticulum is fundamental to our
understanding of the mechanisms of Ca?* storage and release
in muscle cells. So far, the major components of the excitation-
contraction coupling, such as the ryanodine receptor, the dihy-
dropyridine receptor, and calsequestrin, have been extensively
studied in skeletal muscle, and their counterparts have later
been identified and characterized in cardiac muscle.

Triadin is an intrinsic membrane protein originally identi-
fied in skeletal muscle (6-8). It is specifically enriched in the
junctional sarcoplasmic reticulum, where it colocalizes with the
ryanodine receptor/Ca®" release channel (6, 8). In addition,
triadin probably forms multimers in the lumen of the sarco-
plasmic reticulum through disulfide bonds (6—8). Triadin was
previously proposed to bind the ryanodine receptor and the
dihydropyridine receptor and to serve as the “linking protein”
that mediates the signal transduction process between these
two Ca?* channels in skeletal muscle (8). Recently, triadin has
been found to interact with both the ryanodine receptor and
calsequestrin in the lumen of the skeletal muscle sarcoplasmic
reticulum (9). These results (9) along with membrane topology
analysis (7, 23) suggest that triadin anchors calsequestrin to
the junctional face membrane near the sarcoplasmic reticulum
“foot” ryanodine receptor and is probably involved in the func-
tional coupling between the Ca®* release channel and the
intraluminal calcium-binding protein calsequestrin (10-13).

Recent reports have described the possible existence of tria-
din in cardiac muscle (14-17). To gain further insight into the
function of triadin and to examine the molecular differences
between skeletal and cardiac muscle triadin, we have identified
and biochemically characterized three cardiac triadin isoforms
and subsequently cloned the cDNAs encoding these proteins.
Immunofluorescence staining indicates that these cardiac tria-
din isoforms are primarily confined to the junctional and cor-
bular sarcoplasmic reticulum. In addition, using an affinity
binding assay, we found that the conserved region of the lumi-
nal domain of triadin is able to interact with both the ryanodine
receptor and calsequestrin in the lumen of the cardiac muscle
junctional sarcoplasmic reticulum. These results suggest that
triadin does not carry out a skeletal muscle-specific function.
Instead, it probably plays an important role in both skeletal
and cardiac muscle excitation-contraction coupling.
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EXPERIMENTAL PROCEDURES

Generation of Anti-triadin Polyclonal Antibodies—Skeletal muscle
triadin luminal domain-GST? fusion protein (L-triadin) (9) was used to
generate polyclonal antibodies in sheep (Sh33). Also, full-length skele-
tal muscle triadin was purified from SDS-polyacrylamide gel slices and
was used to generate polyclonal antibodies in guinea pigs (GP57 and
GP58).

Isolation of Cardiac Microsomes—Fresh whole adult rabbit hearts
were rapidly frozen using liquid nitrogen. Cardiac muscle microsomes
were prepared from the frozen hearts as described previously (7). Pro-
tein samples were analyzed by SDS-PAGE using the buffer system of
Laemmli (18) and transferred to nitrocellulose according to Towbin et
al. (19). The polyclonal antibodies were used for immunoblot assay as
described previously (6).

Vesicle Protection Assay of Rabbit Cardiac Muscle Triadin—Trypsin
was used at a 1:50 (w/w) ratio to digest rabbit cardiac muscle micro-
somes in the presence or absence of 0.3% CHAPS for 15 min at 37 °C.
The reactions were quenched with 2 mm phenylmethylsulfonyl fluoride
and 3% SDS in Laemmli sample buffer (18). The protein samples were
separated using 3-15% gradient SDS-PAGE and transferred to nitro-
cellulose. Polyclonal antibody GP58 was used at a 1:1000 dilution for
the immunoblot analysis.

Isolation of cDNAs Encoding Three Isoforms of Cardiac Triadin—
Rabbit cardiac muscle total RNA was isolated by homogenization in
RNAZzol according to the protocol of Cinna/Biotecx followed by chloro-
form extraction. cDNA was synthesized from total RNA using Moloney
murine leukemia virus reverse transcriptase (Promega). A DNA for-
ward primer corresponding to skeletal muscle triadin nucleotides 1-23
(F1) and reverse primers corresponding to nucleotides 818—845 (R2)
and 2002-2124 (R1) were used to amplify cardiac triadin sequence from
the reverse-transcribed cDNA using polymerase chain reaction (RT-
PCR). A DNA fragment of 845 bp was generated by primers F1 and R2.
This RT-PCR product was subcloned into pBluescript SK(—), se-
quenced, and further used to synthesize y->?P-labeled probe to screen
a random-primed adult rabbit cardiac muscle AZAPII library con-
structed using a predigested AZAPII/EcoRI/CIAP cloning kit (Strat-
agene). Positive clones were plaque-purified and subcloned into
pBluescript SK(—) vector for sequencing. The sequence was analyzed
using PC/GENE software from IntelliGenetics, Inc. (Mountain View,
CA).

Affinity Purification of Polyclonal Antibodies—The DNA fragment
corresponding to the conserved region of the luminal domain of triadin
(amino acids 69—-264) was subcloned into pGEX-2T vector by the EcoRlI
site and expressed as a GST fusion protein (H-triadin). Purified H-
triadin was used to purify antibodies GP58 and Sh33 as described
previously (24). After purification, anti-GST antibodies were removed
with GST fusion protein-nitrocellulose strips.

Immunofluorescence Labeling of Papillary Muscle Cryosections—Dis-
section, cryofixation, and cryosectioning (6—8 um) of atrial and ventric-
ular muscle tissues of anesthetized rabbits and dogs were performed as
described previously (24, 26). Indirect immunofluorescence labeling of
cardiac muscle was carried out as described previously (26). Affinity-
purified GP58 antibodies to H-triadin were used for primary labeling.
Affinity-purified F(ab’), fragments of goat anti-guinea pig immunoglob-
ulin conjugated to fluorescein were used as the secondary reagent.
Confocal microscopy was carried out with a photomicroscope (Nikon
Inc., Garden City, NY) provided with a confocal fluorescence imaging
system (Lasersharp MRC-600, Bio-Rad) using a krypton-argon laser for
illumination (29).

Solubilization of Cardiac Muscle Microsomes and Fusion Protein-
Sepharose Affinity Binding Assay—Cardiac muscle microsomes were
solubilized at a final concentration of 2.5 mg/ml in buffer containing 20
mm Tris-HCI, pH 7.5, 1 m NaCl, 1.5% CHAPS, and protease inhibitors
(aprotinin (76.8 nm), benzamidine (0.83 mwm), iodoacetamide (1 mm),
leupeptin (1.1 um), pepstatin A (0.7 pm), and phenylmethylsulfonyl
fluoride (0.23 mm)) at 4 °C for 1 h. The mixture was then centrifuged
using a Beckman TL-100 ultracentrifuge at 100,000 rpm for 15 min.
The supernatant was collected and diluted 10-fold in a buffer containing
20 mm Tris-HCI, pH 7.4, 1 mm CaCl,, and the protease inhibitors as

! The abbreviations used are: GST, glutathione S-transferase; PAGE,
polyacrylamide gel electrophoresis; CHAPS, 3-[(3-cholamidopro-
pyl)dimethylammonio]-1-propanesulfonic acid; RT-PCR, reverse tran-
scription-polymerase chain reaction; bp, base pair(s); L-triadin, luminal
domain triadin fusion protein; H-triadin, homologous region of the
luminal domain triadin fusion protein; C-triadin, cytoplasmic domain of
triadin fusion protein.
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Fic. 1. Identification of cardiac triadin isoforms by Western
blot analysis. Polyclonal antibodies generated from guinea pigs (GP57
and GP58) and sheep (Sh33) and a monoclonal antibody (11G12) were
used to detect triadin in 100 ug of rabbit cardiac microsomes using
Western blot analysis. The molecular mass standards (in kilodaltons)
are indicated on the left.

described above (9). The diluted material was either labeled with
[®H]ryanodine for subsequent ryanodine receptor binding assay as de-
scribed previously (9) or directly incubated with triadin-GST fusion
protein-glutathione-Sepharose to examine the interaction of triadin
with calsequestrin as described previously (9).

RESULTS

Identification of Three Triadin Isoforms in Cardiac Muscle—
Polyclonal antibodies generated from skeletal muscle L-tria-
din-GST fusion protein (Sh33) and polyclonal antibodies gen-
erated from native full-length 95-kDa skeletal muscle triadin
(GP57 and GP58) all recognized three proteins in rabbit cardiac
muscle microsomes (Fig. 1). One of the three proteins has a
molecular mass of 92 kDa. The other two have molecular
masses of 35 and 40 kDa, respectively. Monoclonal antibody
11G12, which was previously used to characterize skeletal mus-
cle triadin (7), does not recognize any protein in cardiac muscle
microsomes (Fig. 1).

Vesicle Protection Assay of Cardiac Triadin—The membrane
topology of cardiac triadin was probed using the vesicle protec-
tion assay (Fig. 2). After trypsin was applied to cardiac micro-
somes, all three proteins exhibited a molecular mass shift of ~4
kDa on SDS-PAGE in the absence of the detergent CHAPS.
However, in the presence of CHAPS, all the fragments were
completely digested. The protease-resistant fragments were
probably located in the lumen of the microsomal vesicles and
were protected by the sealed lipid membrane. The portion of ~4
kDa digested in the absence of CHAPS represents the cytoplas-
mic domain of these three cardiac triadin isoforms. This result
suggests that the three isoforms of cardiac triadin share a
similar membrane topology with their skeletal muscle counter-
part (7).

Effects of Sulfhydryl Reagents on Cardiac Triadin—One dis-
tinct feature of skeletal muscle triadin is that it migrates as a
single band of 95 kDa on SDS-PAGE only in the presence of
sulfhydryl-reducing agents. In the presence of N-ethylmaleim-
ide, triadin migrates as multimers on SDS-PAGE. Here, we
also examined the effects of the sulfhydryl reagents on the
migration of the three cardiac triadin isoforms. As shown in
Fig. 3, there is no major difference in the migration pattern of
cardiac triadin in the presence of either 0.1% B-mercaptoetha-
nol or 5 mm N-ethylmaleimide. This is a major difference be-
tween triadins in the two different tissues. Brandt et al. (16)
reported earlier that reducing reagents did not alter the mo-
bility of the large cardiac triadin isoform. Our result is consist-
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FiG. 2. Vesicle protection assay of cardiac triadin isoforms.
Rabbit cardiac muscle microsomes were treated with a 1:50 ratio of
trypsin in the presence or absence of 0.3% CHAPS for 15 min at 37 °C.
The reactions were stopped with 2 mm phenylmethylsulfonyl fluoride.
The protein samples were separated by 3-15% SDS-PAGE and trans-
ferred to nitrocellulose. The immunoblot was stained with polyclonal
antibody GP58. The molecular mass standards (in kilodaltons) are
indicated on the left.
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Fic. 3. Effects of sulfhydryl agents on the migration of triadin
on SDS-PAGE. Rabbit skeletal muscle triads (left) and cardiac muscle
microsomes (right) were run on 3-15% SDS-polyacrylamide gels in the
presence of either 0.1% B-mercaptoethanol (8-MER.) or 5 mm N-ethyl-
maleimide (NEM). After transferring to nitrocellulose, the blots were
stained with antibody 11G12 (left) or GP58 (right) at a 1:1000 dilution.
The molecular masses (in kilodaltons) are indicated on the left.

ent with their finding. This difference might be explained by
the sequence analysis of cardiac triadin (see “Discussion”).

cDNA Cloning of Cardiac Triadin Isoforms—Using primers
F1 and R2 (see “Experimental Procedures”), a fragment of 845
bp was amplified by RT-PCR from rabbit cardiac muscle
poly(A) RNA. However, using primers F1 and R1, which corre-
sponds to the C-terminal sequence of skeletal muscle triadin,
no fragment was amplified (Fig. 4). The amplified fragment
was subcloned into pBluescript SK(—) vector and sequenced.
Interestingly, the nucleotide sequence of this fragment is the
same as skeletal muscle sequence 1-845.

This 845-bp fragment was then used as probe for hybridiza-
tion screening of a AZAPII cDNA library constructed from
poly(A) RNA isolated from an adult rabbit cardiac muscle. Two
clones that contain open reading frames were named cardiac
triadin 1 (CT1) and cardiac triadin 2 (CT2). Their nucleotide
sequences and translations are shown in Fig. 5 (A and B). Both
clones share the same 5'-sequences with skeletal muscle tria-
din until nucleotide 793 and then diverge with the remainder of
their sequences. Because of their identity at the 5’-sequences,
the predictions for the initiation codons of the cardiac isoforms

Cardiac Muscle Triadin Isoforms

Rabbit skeletal muscle triadin cDNA

F1 R2 R

Rabbit cardiac muscle RT-PCR
using skeletal muscle triadin primers

2.0kb
1.0 kb
0.5 kb

1 2

1. Primers F1/R1
2. Primers F1/R2

Fic. 4. Isolation of cardiac muscle triadin DNA sequence by
RT-PCR. Primers corresponding to the skeletal muscle triadin se-
quences were used to amplify the cardiac triadin sequence from rabbit
cardiac muscle RNA (see “Experimental Procedures”). A fragment of
845 base pairs were generated by primers F1 and R2 (lane 2). However,
no fragment was amplified using primers F1 and R1 (lane 1).

are the same as those for the skeletal sequence (7). The pre-
dicted molecular masses of CT1 and CT2 are 32,097 and 34,596
Da, respectively. These probably correspond to the 35- and
40-kDa doublets detected on the Western blots (Fig. 1). The
35-kDa isoform was solubilized with 2% Triton X-100 and pu-
rified from the cardiac sarcoplasmic reticulum using a phos-
phocellulose column. Three peptide fragments were generated
by endoproteinase Asp-N digestion and isolated by high pres-
sure liquid chromatography. The obtained peptide sequences
EGNASTTTTV, DPLKLV, and EKPERKI totally match the
deduced triadin sequence (Fig. 5A).

The homologous region of the small triadin isoforms ends at
nucleotide 793. However, the RT-PCR product is 845 bp. The
52-bp sequence at the 3’-end is identical to that of the skeletal
sequence, but differs from CT1 and CT2. This sequence prob-
ably represents part of the 92-kDa cardiac triadin (CT3) se-
quence. A forward primer corresponding to nucleotides 795—
815 was synthesized (TCAGTATGCATTCTGTCGATA). Using
this primer together with pBluescript primer KS, we were able
to amplify the 3'-sequence from the AZAPII library to obtain
the full-length open reading frame of CT3. Fig. 5C shows the
nucleotide sequence of CT3 and its translation. In comparison
with skeletal muscle triadin (Fig. 6), except for the deletion of
GCA from positions 991 to 993, CT3 has the same sequence
from nucleotides 1 to 1932. The rest of the 3’-sequence is totally
different. The translated protein therefore has a unique C-
terminal sequence of 23 amino acids. Fig. 6 shows the align-
ment of the three cardiac triadin isoforms together with the
skeletal muscle sequence. Since the conserved regions of these
triadin sequences are the same at the nucleotide level, these
isoforms are probably the result of alternative splicing of the
same gene. Hydrophobicity analysis of the proteins was con-
ducted according to the method of Kyte and Doolittle (20) using
PC/GENE software (Fig. 7). The hydrophobicity plots suggest
that all three proteins share similar membrane topology with
their skeletal muscle counterpart, although their luminal seg-
ments have different lengths.

Cellular and Subcellular Distribution of Triadin in Ventric-
ular Tissue—Since each of the three triadin isoforms in cardiac
muscle contains a common homologous luminal domain (H-
triadin; amino acids 69-264), the cellular distribution of tria-
din was probed using two affinity-purified antibodies against
H-triadin (Sh33 and GP58). Confocal imaging showed that
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A

-142 AAGAAGCTGCAGAAACAGCCAGGARAAGCAAGAGCCCTCACGTTATAACACAGAGCCCCCTACCAGA -75
AGAGTTCTCTAAGATAT TCTGCCAGGTACAACT TGACGGARACTTTCCACCTGACTTTTACTTCCTACCACCACC ~1

ATGACTGAGATCACTGCTGAAGGARATGCATCTACAACCACARCTGTGATAGACAGCARARATGGATCTGTGCCC 75
M T E I T A E G N A S TTTTV IDZSZKNSGS SV P

AAATCCCCTGGAARAGTGCTGARGAGGACAGTCACAGAAGATCTCGTGACAACCT TCAGCTCTCCTGCAGCCTGG 150
K $ P G KV L KRTVTEHDTILVTTTFS S P A AL

CTCCTGGTCATCGCTCTGATTATCACGTGGTCAGCAGTTGCCGTTGTTATGTTTGATTTAGTGGATTACAARAAC 225
L L v I A L I I T W S A V A V V M F DL V DY KN

TTTTCAGCAAGCTCTATTGCCAAGATGGGCTCAGATCCTCTARAACT TGTGCATGATGCTGTGGAGGAARCCACG 300
F S A S STIAKMGSUDZ®PLEKILVYHDAVWVETETT
GATTGGATCTATGGCTTCTTTTCTTTGTTGTCTGACATCATCTCATCTGATGGTGATGAAGAAGATGATGAAGGG 375
D WI Y GFF S$LL SDTITISSDGDETETDTDE G

GATGAGGACACTGCTAARGGAGAAATAGAAGAGCCTCCCTTGAARAGAARAGACATACACAAAGARARAGATTGAR 450
D EDTW AIZ KGGETIEEZ®PPULIE KR RIE KT DTIHEKEKTIE

ARACAGGAAAAACCTGAGAGGARAATACCAACTAARGTGGTACACAPAGAAAAAGAAAARGAAAPAGAAAARGTA 525
K Q E K P ERXIUPTI KV V HEKET KETZKEIKE KV

bt AGAAAGRAAAACCT! A GCARCTCACARGGA ACTTGAGAAARAAGARARACCAGAAACARAG 600
K E K E KPE K KATHZE KEIZ KTLEIZKTEKEIZKZ?PE TK

ACRAGTGACAAAAGAGGAGARGAAAGCTCGAACTAARAGAAAAGAT TGAAGARAAGACTAAGAAGGRAGTGARAGGT 675
T VT KEEZ KK KA ARTIEKTEZ KTIETETZ KTZKIE KEVKG

GTGAARCAGGAGAARGTGAARCAAACGGTTGCARAGGCARAAGAAGTACAGARRACACCGARRCCCARRGAGAAG 750
VvV K QE KV X QTVAI KA AE KTEVQKTU?PZEKTPZKTEK

GARAGCARRGAGACTGCTGCTGTTTCARARCARAGARCRGAAAGGTARACAATCAGAGGAGGCAGCTGGTTGTTTIT 825
E S X ETAAVY S KQE QKOG K QS EZEAAGTCTF

ARGAGRACAT TGGGCAAGAAGCAGATGCAGTGARAT TAAAAACTGCTARRGGGCGARRCCAGACTTCARATAGGG 900
K R TUL G KK QM Q -

TAAAATAT TATACGTACATACATAAATGTATGTATGTGTGTGTAAGTATATATATGTATATGTATCTATATGCAR 975

ARACTCTTGARARTGAAATTCTAACAAAT TGGGAATTAGTATTTCTTTATAGACATAGTAAAATGTGCTCATACAT 1050
ATGAAGATGCATTTTAARGTGTTTTTCAAGAGGTTTTCAGTTAGCATCTGGATTATTCAATGACTAGATAAGTGT 1125
TGAATTTTTGGAGCTGAACARCTTCTTTTTTTGTAAGATT TATATTATTTATTTAARAGACAGAGTTGCAGATAG 1200
AGGTTGGAGCCAGARACAGAARAAGGATCATCCATCCGCTGGTTCACTCTCCARATTGGTCACARCAGCCAG. . » 1275

B

-145 ACRRAGAAGCTGCAGARACAGCCAGGAAAAGCARGAGCCCTCACGT TATAACACAGAGCCCCCTACCAGA -75
AGAGTTCTCTAAGATATTCTGCCAGGTACAACT TGACGGARRCTTTCCACCTGACTTTTACTTCCTACCACCACC -1

ATGACTGAGATCACTGCTGAAGGARATGCATCTACRACCACAACTGTGATAGACAGCAAAARATGGATCTGTGCCC 75
M TETITAEGNASTTTTUVIDSIK KNGS S5V P

AAATCCCCTGGAAPRAGTGCTGARGAGGACAGT CACAGAAGATCTCGTGACAACCTTCAGCTCTCCTGCAGCCTGG 150
K s PG K VL KRTVTEHDTILVT®TTTF S S P AAL

CTCCTGGTCATCGCTCTGATTATCACGTGGTCAGCAGT TGCCGT TGTTATGT TTGATTTAGTGGATTACARARAC 225
L L v 1 A L I I T W S A V A V VM F DL V DY KN -

TTTTCAGCAAGCTCTATTGCCAAGATGGGCTCAGATCCTCTARARCTTGTGCATGATGCTGTGGAGGARACCACG 300
F S A S I AKMGSDUPULI KTLVHDAVETETT

GATTGGATCTATGGCTTCTTTTCTTTGTTGTCTGACATCATCTCATCTGATGGTGATGAAGARGATGATGARGGG 375
DWIYOGEPFF s LLSDII S SDGDETETDTDE G

GATGAGGACACTGCTAAAGGAGAAATAGAAGAGCCTCCCT TGAAAAGAAARGACATACACAAAGARAAGATTGAR 450
DEDTAIKGETIETEZPZ?PTILIEXKRIEKDTIUHEKTEZ KTIE

ARACAGGAAARACCTGAGAGGAARATACCAACTARAGTGGTACACARAGAARAAGAAAPAGARAAAGAARAAGTA 525
K ¢Q E K P ERI KTIZPTIE KVV HEKETZ KEZ KTEZKE KV

AAGGAGARAGAAARACCTGAGAAGARAGCAACTCACPAAGGAARAACT TGAGAAARAAGAAAAACCAGAAACARAG 600
K EKEJKPEIEKI KA ATIHZ KETZ KTILEZXKZ KTEIZKTPET K

ACAGTGACAAAAGAGGAGAAGARAGCTCGAACTAAAGARAAGATTGARGARARAGACTARGAAGGAAGTGARAGGT 675
T VT KETEZ K KA ARTIEKEZ KTIETEIZ KTZ KIZ KEVKG

GTGAAACRGGAGAARGTGAARACAAACGGTTGCAAAGGCAAARGAAGTACAGAAARCACCGARACCCARAGAGARG 750
VKQE KV KQTVAIZ KA AEKTEUVQEKTZPIEKTPIZ KE K

GAAARGCAARGAGACTGCTGCTGTTTCARARCAAGAACAGRAAGAATGCATTTTTCTCTCAGCTGCCACTCCACAG 825
E S KETAA AV S KQEQKTETCTITFTLSAATTEPQ

GGAATACCARATAGGCAGCAGCTGAATGATATCCATCACTGT T TCCTGARGACCARGAAAGGGGGARATGGACAG 900
6 I P NRQQLNDTIHHTCT F LI KTIZ KIE KTGG GNGQ

CATGCATTCTGCCTARRAGGATGTTAGATCAGTATGCATTCTGTCGATATATGATTGACATATTT . . . . . 975
HAF CLIKGC -

Fic. 5. cDNA sequences and protein translations of cardiac
triadin 1 (A), cardiac triadin 2 (B), and cardiac triadin 3 (C). The
double underlined sequences denote the putative transmembrane-span-
ning domain. The single underlined amino acids were confirmed by
peptide sequencing. The boldface letters indicate the amino acid resi-
dues that are unique to the cardiac triadin isoforms.

specific labeling for H-triadin was densely distributed in rabbit
atrial (Fig. 8a) and ventricular (Fig. 8, b and c) myofibers,
where it was localized to discrete foci. In contrast, the intensity
of labeling of vascular smooth muscle cells (sm; Fig. 8a), endo-
thelial cells (E; Fig. 8a), and fibroblasts (not shown) present in
the same sections was only marginally higher than that of the
background. Since the marginal increase in the labeling inten-
sity was diffusely distributed throughout these cells, it seems
unlikely that it represents specific labeling for triadin in these
subcellular organelles. Furthermore, as expected, specific la-
beling of atrial and ventricular myocytes as well as of non-
muscle cells was not detected with monoclonal antibody 11G12

C

ATGRCTGAGATCACTGCTGARGGAAATGCATCTACRACCACARCTGTGATAGACAGCAAARRTGGATCTGTGCCC 75
M TETITAEGMNA ASTTT?T?TVIDS S KNGSV P
ARATCCCCTGGRAAAGTGCTGAAGRGGACAGTCACAGARGATCTCGTGACARCCTTCAGCTCTCCTGCAGCCTGG 150
K 8§ P 6 X VL KRTUVTET DTILVYVYTTTF S 8 P A A L
CTCCTGGTCATCGCTCTGATTATCACGTGGTCRAGCAGT TGCCGT TETTATGT T TGAT TTAGTGGATTACARARAC 225
L L Vv T A L T 1 T W 5 A VvV A YV VM F DLV DY KN
TTTTCAGCAAGCTCTATTGCCARGATGGGCTCAGATCCTCTAAARCT TGTGCATGATGC TGTGGAGGARRCCACG 300
F 8A &8 8 1 AKMSGEEDEPILIEKTLVYHDAVETET?®T
GATTGGATCTATGGCTTCTTT TCTTTGT TGTCTGACATCATCTCATC TGATGG TGATGAAGARGATGATGRAGGS 375
DwWI?YGTFF §LL DI $ 5 DGDETETDDEG
GATGAGGACACTGCTAARGGAGARATAGARGAGCCTCCCT TGAAARAGARARGACATACACAPAGRARAGATTGAR 450
D EDTAIKSGETIETEZ®PPILI KR RIEKUDTIU® ®RIEKTEIKTITE
APACRGGARAAPCCTGAGAGGAAAATACCARCTAMAGTGGTACACARAGARRAAGARARAGARRAAGARARAGTA 525
K g E K P R K I PT K VYV HKEI KTETZ KTEIEKTEZKYV
ARGGAGAARGAARAACCTGAGAAGAAAGCARCTCACAAGGARARACT TGAGARAARAGAARARCCAGARACARAG 600
K B KE KDPEK KK AT HKEI KTLEZE KIE KEIZ KFPFE T K
PACAGTGACAAARGRGGAGRAGAARGCTCGARCTARAGRARAGAT TCARGARANAGACTAAGARGGAARGTGARAGGT 675
T VT KETZEKIEKARTIYKETZ XKTIETET KTIU XTZEKEV KG
GTGAARCAGGEAGAAAGTGAARCAAACGGT TGCAAAGGCAARAGAAGTACAGRARACACCGARACCCARAGAGRAG 750
¥ K¢ E KV Ko T VA KAKTEVQEKTU?PKTPIKTE K
GARAGCARAGAGACTGCTGCTGT TTCAAAACARGAACAGARAGATCAGTATGCATTCTGTCGATATATGATTGAC 825
E S XKETAAV S KQEQKDOQYAFTCRYMTID
ATATTTGTCCATGGSGAT TTAARACCAGGACARAGCUCCAGCCATACCCOCTCCATCACCGACAGARCARGCTTCT 300
I F VHEGDTLEKU®PGOQSUPATIZPZ®PU®PSPTESGQHA AS
CGACCTACTCCAGCATTACCTACTCCTG AARAGARGGAGARAAGARGRARGCT ARGTTACCACT 975
R P TPAILUPTU®PETEI KZES GEZ XK K KAEIZ KI KUY TT
GARACGARRARGAAAGAAAARGRAGATGCCARRAAGAAAAGTGAGAAGGANACTGACAT TGATATGAAARAARAR 1050
E T K KX EX EDAIKI KI KSEZ KZETTDI:I DMEKKK
GAACCAGGGARATCTCCTGATACCAARCCAGGGAC TG TARARGTCACARCACARGCAGCCACTARNAMAGGATGAA 1125
E P &K S PDTZ KZPGTV VI KVTTOQHAATITIKIHKTDTE
PAGAAGGARGATTOCCARGARAGCARAANAACCTGCAGARGARCAGCC CAAGGGAARRARRCAGGAAPARARGGAA 1200
K X ED S5 K KA K KPAEZETGQPUXSGIE KZ K QE KZK E
AARCATGAAGAACCAGCAARAATCAACARAGARGGAGCATGCEGCTCCAAGTGAAARACARGCARARGCARRARTC 1275
K HEEPAI K& T K XETHNHARARMaPSEIEKOQBARIKATE KTI
GAARGARAGGARGAGGT TAGTGCTGCCTCAACTAAAANAGC TG TACC TGCARAGAAGGAACAGAAAACARCCAAG 1350
ERKEEVSAASTIU KIE KA AVYPAIKIE KTETEIKTTK
ACAGTGGAGCARGAMACTAGAARAGARAAACCTGGCAAGATTTCT TCAGT TCTGAAGGATAAAGAACTTACRAAG 1425
T VEQETRIE KT EZXPGKTIS$S SV L KDIEKTETLTK
GAGAAAGARGTGAAGGT TCCAGCT TCCCTCARGGARAMAGGATC TGARACTAAARAAGATGARRAGACRTCCAAA 1500
E XK E VKV PASLKEI KT GSETIZ KT KT DETZ KT S K
CCAGAGCCACAAATCAARRARGAAGAGARACCAGGCARAGRAGTCARRCCTAAACCTCCACAGCCATARATCPAR 1575
PEP QI KKETEIZ KUZPGIEKEVYKZPZ KT PUPOQPOQTIK
ARAGRAGAGARACCGGAACARGACATAATGARACCCGARRRGACTGCT TTCCATGGCARACCAGANGARRAAGTT 1650
K E E K P E DI MK PZEI KTA ATLUHGI KUPETEZXKV
CTARRGCAGGTAAAAGCTGTCACARCAGRARARCATGT CAAGCCAARACCAGUAARRRRAGCTGAGCATCAAGAA 1725
L X @ VKAV TTEZ XU HVE KT P KT PAEKT KA ATETHHZ?IJQE
AARGRARCCTCCATCCATRRRAACAGACARACCARARTCTACT TCARAGGGRATGCCAGARGTCACAGAATCAGGA 1800
K EPF P S5 I KTDIKUPI XS T S K GMPEVTE 8 @
ARGARGAARAT TGARARAATCTGAAAAAGAAAT TAARGT TCCAGCARGAAGRGAGAGTCATCAACTGCAARATGTG 1875
K X K I E XK 8 £ K E I X V¥ PARZRIESH QUL QN V
ACAARAGCCGARAARCCTGCAAGAGGATCARPAGAAGGCT T TGARGATGTCCCAGCT I TGGCARCTGTGGHCATT 1954
T KA EJKUZPARGS S KEUGT FETDWWVZPRALHA ATVGEGTI
TGGGGAATGARCCAGTGGATGGAAGATCTCTCTGTARCTCTGCCT TCCAARTARATARATCAARTARATCTTTTAA 2025
W e MNQWMEUDTLS VYV T L P S K -~
AAGTTTTT...... 2200

Fic 5—continued

(6, 7), which is specific for the C terminus of skeletal muscle
triadin (not shown).

Regarding the subcellular distribution of triadin, confocal
imaging of longitudinal cryosections from rabbit papillary mus-
cle shows that specific labeling was mainly confined to parallel
strands oriented transversely to the longitudinal axis of the
fibers (Fig. 8, b and c). These strands were frequently resolved
into discrete foci (Fig. 8c, white arrows). Phase-contrast imag-
ing of the same field (Fig. 8d) shows that the discrete fluores-
cent foci were primarily localized to the center of the I-band
region (Fig. 8d, white arrows), where most of the internal
junctional and corbular sarcoplasmic reticulum is localized in
mammalian myofibers.

Binding of the Triadin Luminal Domain Homologous Region
(H-triadin) to the Cardiac Muscle Ryanodine Receptor and
Calsequestrin—Previous experiments (9) demonstrated that
the luminal domain of skeletal muscle triadin (L-triadin), but
not the cytoplasmic domain of triadin (C-triadin), binds both
the ryanodine receptor and calsequestrin in the lumen of the
sarcoplasmic reticulum. Since the cardiac muscle triadin iso-
forms have the same luminal sequences from amino acids 69 to
264, we examined whether this homologous region of triadin
(H-triadin) was able to bind the cardiac muscle ryanodine re-
ceptor and calsequestrin. The solubilized cardiac muscle micro-
somes were incubated with triadin-GST fusion protein-gluta-
thione-Sepharose, and the bound cardiac muscle calsequestrin
was detected by Western blot analysis using anti-calsequestrin
polyclonal antibody (21). As shown in Fig. 9A, both H-triadin
and L-triadin were able to bind to and remove calsequestrin
from solubilized cardiac microsomes. As a control, C-triadin
was not able to bind calsequestrin.

To examine whether H-triadin interacts with the ryanodine
receptor, we prelabeled the solubilized cardiac muscle micro-
somes with [®*H]ryanodine. Triadin-GST fusion protein-Sepha-
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Fic. 6. Protein sequence compari-
son of skeletal and cardiac muscle
triadin isoforms. Amino acid sequences

Cardiac Muscle Triadin Isoforms

SKM
cT3
cT2
CT1

CT3
Ccr2
CcTl

cT3
CT2
CT1

cr3

CTl

SKM

CT3
CT2

MTEITAEGNASTTTTVIL PKSPGKVLKRTVTEDLVTTFSSPAAWLLVIALI ITWSAVAVVMFDLVDYKN
MTEITAEGNASTTTTVIDSKNGSVPKSPGKVLKRIVTEDLVTTFSSPAAWLLVIALIITWSAVAVVMFDLVDYKN
MTEITAEGNASTTTTVIDSKNGSVPKSPGKVLKRTVTEDLVTTFSSPAAWLLVIALI ITHSAVAVVMEDLVDYKN
MTEITAEGNASTTTTVIDSKNGSVPKSPGKVLKRTVTEDLVTTFSSPAAWLLVIALI ITWSAVAVVMFDLVDYKN
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FSASSIAKMGSDPLKLVHDAVEETTDWIYGFFSLLSDIISSDGDEEDDEGDEDTAKGEIEEPPLKRKDIHKEKIE
FSASSIAKMGSDPLKLVHDAVEETTDWIYGFFSLLSDIISSDGDEEDDEGDEDTAKGEI EEPPLKRKDIHKEKIE
FSASSIAKMGSDPLKLVHDAVEETTDWI YGFFSLLSDIISSDGDEEDDEGDEDTAKGEIEEPPLKRKDIHKEKIE
FSASSIAKMGSD PLKLVHDAVEETTDWI YGFFSLLSDIISSDGDEEDDEGDEDTAKGEIEEPPLKRKD IHKEKTE
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KQEKPERKIPTKVVHKEKEKEKEKVKEKEKPEKKATHKEKLEKKEKPETKTVTKEEKKARTKEKIEEKTKKEVKG
KQEKPERKI PTKVVHKEKEKEKEKVKEKEKPEKKATHKEKLEKKEKPETKTVIKEEKKARTKEKIEEKTKKEVKG
KQEKPERKI PTKVVHKEKEKEKEKVKEKEKPEKKATHKEKLEKKEKPETKTVIKEEKKARTKEKIEEKTKKEVKG
KQEKPERKIPT! KVKEKEKPEKKATHKEKLEKKEKPETKTVTKEEKKARTKEKIEEKTKKEVKG
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VKQEKVKQTVAKAKEVQKT PKPKEKESKETAAVSKQEQKDQYAFCRYMIDIFVHGDLKPGQSPAIPPPSPTEQAS
VKQEKVKQTVAKAKEVQKTPKPKEKESKETAAVSKQEQKDQYAFCRYMIDIFVHGDLKPGQSPAIPPPSPTEQAS
VKQEKVKQTVAKAKEVQKTPKPKEKESKETAAVSKQEQKECI FLSAAT POGI PNRQOLNDIHHCFLKTKKGGNGQ
VKQEKVKQTVAKAKEVOKTPKPKEKE SKETAAVSKQEQKGKQSEEAAGCFKRT LGKKQMQ— -~

e s ok e e sk e e ok ke ok ok e sk ke e ek ok ok R ke ke ok e ek

RPTPALPTPEEKEGEKKKAEKKVTTETKKKAEKEDAKKKSEKETD IDMKKKE PGKSPDTKPGTVKVTTQAATKKD
RPTPALPTPEEKEGEKKKAEKKVTTETKKK - EKEDAKKKSEKETDIDMKKKEPGKS PDTKPGTVKVTTQAATKKD
HAFCLKGC

75

225

375

of skeletal muscle triadin (SKM) and car-

cT1
diac triadin isoforms CT1, CT2, and CT3

are aligned. The residues that are identi-
cal in all the isoforms are indicated by

SKM EKKEDSKKAKKPAEEQPKGKKQEKKEKHEEPAKSTKKEHAAPSEKQAKAKIERKEEVSAASTKKAVPAKKEEKTT 450
CT3 EKKEDSKKAKKPAEEQPKGKKQEKKEKHEEPAKSTKKEHAAPSEKQAKAKIERKEEVSAASTKKAVPAKKEEKTT

asterisks; the conserved sequences be- CT2

tween skeletal muscle and CT3 are de- CT1
noted by colons.

SKM KTVEQETRKEKPGKISSVLKDKELTKEKEVKVPASLKEKGSETKKDEKTSKPEPQIKKEEKPGKEVKPKPPQPQI 525
CT3 KTVEQETRKEKPGKISSVLKDKELTKEKEVKVPASLKEKGSETKKDEKTSKPEPQIKKEEKPGKEVKPKPPQPQTL

CT2
CcTl

SKM KKEEKPEQDIMKPEKTALHGKPEEKVLKQVKAVTTEKHVKPKPAKKAEHQEKEPPSIKTDKPKSTSKGMPEVTES 600
CT3 KKEEKPEQDIMKPEKTALHGKPEEKVLKQVKAVTTEKHVKPKPAKKAEHQEKEPPSIKTDKPKSTSKGMPEVTES

CT2

CT1

SKM GKKKIEKSEKEIKVPARRESHQOLONVTKAEKPARGSKEGFEDVPASKKAKEEAEEVSSTKKQKSPISFFQCVYLD 675
CT3 GKKKIEKSEKEIKVPARRESHQLONVTKAEKPARGSKEGFEDVPALATVGIWGMNQOWMEDLSVTLPSK--—----

cT2

CTrl

SKM GYNGYGFQFPVTPAQYPGESSGKPNSPGPKQ 706

cTr3

CT2
CT1

rose was incubated with the radiolabeled material, and the
amount of bound receptor was determined by counting the
[®H]ryanodine on the Sepharose. As shown in Fig. 9B, both
L-triadin and H-triadin bound the labeled receptor, whereas
C-triadin did not bind to the receptor. As a positive control, the
ryanodine receptor polyclonal sheep antibody (6) Sepharose
was capable of binding to the solubilized ryanodine receptor.

DISCUSSION

We have previously cloned skeletal muscle triadin and found
that triadin was present only in skeletal muscle by Northern
and Western blot analyses (7). This suggested that triadin
carries out a function that is specific to skeletal muscle excita-
tion-contraction coupling. Recently, however, several reports
have suggested the existence of triadin in cardiac muscle (14—
17). Peng et al. (15) were able to detect several messages of
triadin in cardiac muscle using Northern blot analysis. Nota-
bly, the messages could be identified using a probe correspond-
ing to the 5'-fragment (but not the 3’-fragment) of skeletal
muscle triadin. This result suggests that skeletal and cardiac
muscle triadin isoforms share similar sequences at the N-
terminal region, but differ at their C termini.

Using polyclonal antibodies, we demonstrate the existence of
three isoforms of triadin in cardiac muscle microsomes (Fig. 1).
One migrates at a molecular mass of 92 kDa, slightly smaller
than the skeletal muscle counterpart of 95 kDa. The other two
form doublets of 35 and 40 kDa, respectively. Interestingly,
none of the proteins could be detected by monoclonal antibody
11G12, which was used to isolate the skeletal muscle triadin
cDNA (7). In fact, none of the monoclonal antibodies that were

used by Knudson et al. (6, 7) to characterize skeletal muscle
triadin were able to recognize the cardiac muscle triadin iso-
forms by either Western blot analysis or immunocytochemical
staining (data not shown). The antigenic epitopes for these
monoclonal antibodies have now been mapped to the C-termi-
nal region of skeletal muscle triadin (data not shown), further
supporting the prediction that the triadin isoforms differ at
their C termini.

By RT-PCR and library screening, we have obtained cardiac
triadin sequences (Fig. 5). The alignment of triadin sequences
is shown in Fig. 6. These sequences are the same until nucle-
otide 793. For the long cardiac triadin isoform CT3 (Fig. 5C),
except for the deletion of the trinucleotide GCA at positions
991-993, the nucleotide sequence is identical to that of skeletal
muscle triadin from nucleotides 1 to 1932. The rest of the
sequence is different. As a result of the GCA deletion, an
alanine residue at position 331 is missing. The translated pro-
tein is therefore basically homologous to skeletal muscle tria-
din amino acids 1-665, but has a unique C terminus of 23
amino acids. The cardiac triadin isoform CT3 is 39 amino acids
shorter than its skeletal counterpart, which explains why it has
a slightly smaller molecular mass than skeletal muscle triadin
as detected by Western blot analysis.

In skeletal muscle triadin, there are two cysteine residues at
positions 270 and 671 in the proposed luminal segment. These
two residues are believed to be responsible for the disulfide-
linked homomultimeric structure of triadin (7). Interestingly,
for CT3, there is only one cysteine residue (position 270) in the
luminal segment. Fig. 3 demonstrates that CT3 only migrates
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Fic. 7. Hydrophobicity analysis of
cardiac triadin isoforms. The hydro- CT2
phobicities of the three cardiac triadin
isoforms (CT1, CT2, and CT3) were ana-
lyzed by the method of Kyte and Doolittle
(20) using a window size of 19 residues.
Abscissa values represent amino acid
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the relative hydrophobicity.
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CT3

as a single band of ~92 kDa in the presence of N-ethylmale-
imide. Therefore, CT3 does not form multimeric complexes
through disulfide bonds. The lack of a cysteine residue might
affect the formation of multimeric structures of cardiac triadin.

Based on hydrophobicity analysis by the method of Kyte and
Doolittle (20), each of the three cardiac triadin isoforms con-
tains a single transmembrane domain that separates it into
cytoplasmic and luminal segments (Fig. 7). Since cardiac tria-
din isoforms are homologous to skeletal muscle triadin at their
N-terminal portions, previous analysis of this portion of the
sequences (7) applies to these cardiac proteins. Like their skel-
etal muscle counterpart, only the N-terminal 47 amino acids

are cytoplasmic, with the bulk of the proteins located in the
lumen of the sarcoplasmic reticulum. This prediction is consist-
ent with the results of the vesicle protection assay (Fig. 2).
The cellular and subcellular distribution of triadin in cardiac
muscle was also examined by immunofluorescence staining
(Fig. 8). Specific staining was primarily detected in cardiac
myocytes where the labeling of triadin corresponds very closely
to that of the ryanodine receptor and calsequestrin, which were
previously demonstrated to be localized to the junctional and
corbular sarcoplasmic reticulum in cardiac myocytes (24, 25,
27, 28). The subcellular distribution of triadin in cardiac mus-
cle in this study is very similar to that reported by Brandt et al.
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FiG. 8. Localization of triadin in cryosections of adult rabbit
atrial and ventricular muscle by immunofluorescence labeling.
Cryosections of atrial (a) and ventricular (b and c) muscle tissues were
immunofluorescently labeled with affinity-purified antibodies to H-tria-
din (GP58) and imaged by confocal microscopy. Comparison of the
immunofluorescence staining pattern in a longitudinal section of rabbit
papillary muscle (c) with the position of the A- and I-bands in the same
field imaged by phase-contrast microscopy (d) showed that transversely
oriented rows of discrete fluorescent foci (c, white arrows) were localized
at the center of the I-band region (d, white arrows), where most of the
junctional and corbular sarcoplasmic reticulum is localized in mamma-
lian papillary myofibers. Note that the intensity of labeling for triadin
was very high in atrial (m; a) and ventricular (m; b and c) myofibers,
while the intensity of labeling in endothelial cells (E; a) and arterial
smooth muscle cells (sm; a) was only marginally higher than that of the
background.

(16) and Carl et al. (17) using a monoclonal antibody that
recognizes both skeletal and cardiac muscle triadin.

We also examined the possible interaction of triadin with the
ryanodine receptor and calsequestrin in cardiac muscle. As
shown in Fig. 9, the homologous region of the triadin luminal
segment (H-triadin) was able to bind [*H]ryanodine-labeled
cardiac receptor and cardiac calsequestrin.

Triadin was originally found only in skeletal muscle (6, 7). It
was therefore proposed that triadin carries out a function that
is specific to skeletal muscle excitation-contraction coupling (6,
7). Recently, we found that triadin interacts with the ryanodine
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Fic. 9. The homologous region of cardiac triadin binds calse-
questrin and the ryanodine receptor in cardiac muscle micro-
somes. A, binding of cardiac muscle calsequestrin to triadin fusion
proteins. The calsequestrin in the starting material (Start), in the
flow-through material (Void), and eluted from the fusion protein-Sepha-
rose column (Elution) was detected using polyclonal antibody Rabbit H
at a 1:100 dilution. B, binding of triadin fusion proteins to [°*H]ryano-
dine-labeled receptors in rabbit cardiac muscle microsomes. As a posi-
tive control, anti-ryanodine receptor polyclonal antibody (RyR-Ab)-
Sepharose was also used in the binding assay.

receptor and calsequestrin in the lumen of the skeletal muscle
sarcoplasmic reticulum (9). Triadin may be the transmembrane
protein that anchors calsequestrin to the junctional sarcoplas-
mic reticulum near the “sarcoplasmic reticulum foot” ryanodine
receptor and thus may be involved in the functional coupling
between these two proteins (10-13). In cardiac muscle, calse-
questrin and the ryanodine receptor are localized to the junc-
tional and corbular sarcoplasmic reticulum membrane. If tria-
din is the anchoring protein for calsequestrin in skeletal
muscle, there should be triadin homologs in cardiac muscle. In
this study, we report the identification, molecular cloning, im-
munofluorescent localization, and biochemical characterization
of three isoforms of triadin in rabbit cardiac muscle. We find
that cardiac triadin isoforms share a large region of sequence
identity with their skeletal muscle counterpart. In addition,
their similar membrane topologies and patterns of molecular
interactions suggest that triadin plays a role that is impor-
tant to both skeletal and cardiac muscle excitation-contrac-
tion coupling.
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