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Abstract. One of the central elements of excitation-con-
traction coupling, the voltage-sensing dihydropyridine
receptor, is believed to exist as a high-molecular-mass
complex in the triad junction. Although freeze-fracture
electron microscopical analysis suggests a tetrad complex,
no direct biochemical evidence exists demonstrating the
actual size of the native membrane complex. Using a
combination of various two-dimensional gel elec-
trophoresis techniques, we show here that the principal
o,-subunit of the dihydropyridine receptor and its auxil-

iary o,-subunit form a triad complex of approximately
2800 kDa under native conditions. Established Ca**+-AT-
Pase tetramers and calsequestrin monomers were em-
ployed for the internal standardization of the gel systems
used. Thus, the large voltage-sensing complex appears to
be tightly associated, since it does not disintegrate during
subcellular fractionation and native electrophoresis pro-
cedures. Our findings support the cell biological hypoth-
esis that native dihydropyridine receptor units form a
tetrad structure within the transverse tubules.
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Coupling between motorneuron-induced surface mem-
brane depolarization and Ca®*-mediated activation of
the contractile apparatus is provided by two large
Ca?*-channel complexes in skeletal muscle fibers [1].
The central elements of excitation-contraction coupling
involved in voltage-sensing and Ca’* release are usu-
ally referred to as the dihydropyridine receptor [2] and
the ryanodine receptor Ca®*-release channel [3], re-
spectively. In skeletal muscle, both receptors are postu-
lated to interact by direct physical means during signal
transduction at the triad junction [4]. Previous electron
microscopical freeze-fracture studies have suggested
that the dihydropyridine receptor forms supramolecu-
lar structures [5—-8]. A single population of large in-

* Corresponding author.

tramembrane particles has been found in the junctional
domains of the transverse tubular membrane system
[9]. The characteristic clustering of groups of four par-
ticles forming regular tetrad structures coincides with a
high abundance of the dihydropyridine receptor in
junctional membranes [10]. The idea that skeletal mus-
cle tetrads represent the dihydropyridine receptor is
strongly supported by the fact that tetrad structures are
missing in dihydropyridine receptor-deficient dysgenic
muscle fibers [11] and that genetic restoration of the
receptor in mutant cells causes the reappearance of
tetrads [12]. However, no direct biochemical data are
available demonstrating the actual size of the native
voltage-sensing membrane complex. We therefore per-
formed a variety of two-dimensional gel electrophoresis
techniques in order to confirm the quaternary structure
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of the transverse tubular complex by biochemical
methodology.

The receptor for 1,4-dihydropyridine represents an L-
type Ca?* channel which is highly enriched in the
surface membrane invaginations of skeletal muscle
fibers [2]. Within the transverse tubular membrane sys-
tem, the receptor complex exists in a non-junctional
form in the free transverse tubules and as a junctional
form in the triad structure formed by contact zones
between the terminal cisternae of the sarcoplasmic
reticulum and the neighboring transverse tubular re-
gions [9]. Besides its function as a voltage-sensor trig-
gering Ca’* release via the junctional ryanodine
receptor, this protein can also act as a slowly activating
Ca?* channel and has therefore presumably a dual
function in skeletal muscle cells [1]. The receptor con-
sists of five subunits, the physiologically and pharmaco-
logically principal o s-subunit which contains the
voltage-sensing domains, the pore-forming structures
and various binding sites for agonists and antagonists,
and the auxiliary subunits o,-d, f, and y which have
important regulatory and receptor targeting functions
[2, 13, 14].

To standardize the two-dimensional native gel elec-
trophoresis system employed in this study, we analyzed
the sarcoplasmic reticulum components Ca>*-ATPase
and calsequestrin in parallel to the dihydropyridine
receptor. Both proteins represent important Ca?* -regu-
latory elements involved in the excitation-contraction-
relaxation cycle and are biochemically well
characterized [15, 16]. The Ca>*-ATPase units of the
longitudinal tubules and terminal cisternae are responsi-
ble for the rapid energy-dependent re-uptake of Ca?+
ions during the relaxation step following muscle con-
traction [15]. Based on electron microscopical and bio-
chemical investigations, the SERCAI1 isoform of the
native Ca?*-ATPase complex is postulated to form a
tightly associated homo-tetrameric structure [17, 18].
Calsequestrin is a high-capacity, low-affinity Ca’~*-
binding protein located in the terminal cisternae region
[16] and was shown to be an important endogenous
regulator of the Ca’®™*-release channel [19]. Although
calsequestrin is also believed to exist in large aggregates,
these protein-protein interactions appear to be weaker
than those of the Ca?*-pump complex. If calsequestrin
complexes are not stabilized by chemical cross-linking,
they disintegrate during routine subcellular fractiona-
tion protocols [20]. We were therefore able to use Ca?* -
ATPase tetramers and calsequestrin monomers as
positive and negative controls in our oligomerization
analysis of muscle membrane complexes, and provide
direct biochemical evidence that the principal o,-subunit
of the dihydropyridine receptor and its auxiliary
o,-subunit exist natively in a supramolecular triad
complex.
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Materials and methods

Materials. Protease inhibitors, peroxidase-conjugated
secondary antibodies, and acrylamide stock solution
were purchased from Boechringer Mannheim (Lewes,
UK). Immobilon-P nitrocellulose membranes were from
Millipore (Bedford, Mass). Chemiluminescence sub-
strates and Tris-(2-carboxyethyl)phosphine hydrochlo-
ride were obtained from Pierce and Warriner (Chester,
UK). IPG-strips pH 3-10 and IPG buffer pH 3-10
were from Amersham Pharmacia Biotech (Little Chal-
font, UK). All other chemicals used for protein solubi-
lization, subcellular fractionation procedures, and
electrophoretic separation were of analytical grade and
purchased from Sigma (Poole, UK).

Antibodies. Antibodies were produced and character-
ized as previously described in detail [18, 20]. Mono-
clonal antibodies IIIDS5 against the a;¢-subunit of the
dihydropyridine receptor [21] and VIIID1, against the
fast-twitch isoform of calsequestrin [20] were a generous
gift from Dr. Kevin P. Campbell (Howard Hughes
Medical Institute, University of lowa, lowa City, lowa).
Monoclonal antibodies ITHI11 against the fast-twitch
isoform SERCALI of the sarcoplasmic reticulum Ca?*-
ATPase [21] and 20A against the o,-subunit of the
dihydropyridine receptor [22] were purchased from
Affinity Bioreagents (Golden, Colo).

Skeletal muscle membrane preparation. Bulk skeletal
muscles were dissected from the back and hind legs of
New Zealand white rabbits obtained from the Biomedi-
cal Facility, University College Dublin. All preparative
steps were carried out at 4 °C in the presence of a
protease inhibitor cocktail (0.2 mM pefabloc, 1.4 uM
pepstatin, 0.15 pM aprotinin, 0.3 uM E-64, 1 uM leu-
petin, 0.5 mM soybean trypsin inhibitor, and 1 mM
EDTA) [22]. Crude microsomes, as well as subcellular
fractions enriched in sarcoplasmic reticulum or triads
were prepared by standard methodology [20—23]. Mem-
brane vesicles were resuspended in storage buffer (10%
w/v sucrose, 25 mM HEPES, pH 7.5, 3 mM MgCl,, 2
mM EGTA), quick-frozen in liquid nitrogen and then
stored at — 70 °C. The protein concentration of mem-
brane samples was determined according to Bradford
[24] using bovine serum albumin as a standard.
Isoelectric focusing. Prior to isoelectric focusing, triad
samples were dialyzed overnight against deionized wa-
ter at 4 °C and then solubilized and electrophoresed
[25]. In accordance with the manufacturer’s instructions
for the optimum usage of the IPGphor isoelectric focus-
ing system (Amersham Pharmacia Biotech), triad mem-
branes were solubilized in lysis buffer {5 M urea, 2 M
thiourea, 2% w/v SB 3-10 (N-decyl-N,N-dimethyl-3-am-
monio-1-propane-sulfonate), 40 mM Tris, 2 mM TCEP-
HCl (Tris-[2-carboxyethylphosphine] hydrochloride),
2% w/v CHAPS} and then diluted in IPG strip rehydra-
tion buffer (8 M urea, 2% w/v CHAPS, 0.5% w/v
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IPG-buffer pH 3-10, 2 mM TCEP-HCI) to achieve a
final protein concentration of 25 pg protein for im-
munoblotting experiments. Individual 7-cm-long IPG
strips (pH 3-10) were rehydrated for 13 h in porcelain
IPG strip holders with 125 pl of the above protein
solution. To avoid protein degradation, a freshly pre-
pared protease inhibitor cocktail was added prior to
rehydration. Isoelectric focusing was carried out with 60
pA per strip using the IPGphor isoelectric focusing
system. The running conditions were a 200-V step for 1
h, 400 V for 1 h, a 2000-V gradient step for 1 h, a
5000-V gradient step for 2 h, an 8000-V gradient step
for 4 h, and a final 8000-V step for 10 h [25]. Following
isoelectric focusing, the cover fluid was poured off and
the strips were stored at — 70 °C until further use.
Prior to separation in a second-dimension gel system,
focused strips were equilibrated for 1 h in a solution of
30% w/v glycerol, 20% w/v sucrose, 3% w/v SDS, 6 M
urea, 50 mM Tris-HCI, pH 8.8, and 5 mM TCEP-HCI.
After equilibration, the strips were embedded in an
agarose solution (1% w/v agarose, 6% w/v glycerol,
0.1% w/v SDS, 198 mM glycine, 25 mM Tris-HCl, pH
8.8) on top of an 8% w/v separation polyacrylamide gel,
pH 8.8, and then electrophoresed for 280 Vh [26].

One- and two-dimensional gel electrophoresis. Native
and non-native polyacrylamide gel electrophoresis were
carried out according to Chang and Hosey [27] and
Laemmli [28], respectively, as previously described in
detail [29]. Non-denaturing sample buffer contained 50
mM Tris-Cl, pH 6.8, 20% v/v glycerol, 20% w/v sucrose,
and 0.1% w/v digitonin. Non-reducing and denaturing
buffer consisted of 125 mM Tris-Cl, pH 6.8, 20% v/v
glycerol, 20% w/v sucrose, and 3% w/v sodium dodecyl
sulfate. Reducing and denaturing sample buffer were
complemented with 75 mM dithiothreitol. All elec-
trophoretic sample buffers also contained 0.002% w/v
bromophenol blue as a dye marker. In non-denaturat-
ing gel electrophoresis, 0.1% w/v digitonin but no
sodium dodecyl sulfate was present in the resolving and
stacking gel systems [27]. Non-reducing and reducing
electrophoresis in the presence of ionic detergent was
performed by standard methodology [28]. Resolving
gels with a 7% w/v polyacrylamide concentration were
used in combination with a 5% w/v stacking gel system.
For the one-dimensional separation of crude micro-
somes, sarcoplasmic reticulum, and triads, 10 pg of
membrane protein was electrophoresed under reducing
or non-reducing conditions for 280 Vh employing a
Mini-Protean II electrophoresis system from Bio-Rad
(Hempel Hempstead, UK). For the two-dimensional
separation of triads, 30 pg of membrane protein was
separated in the first dimension using native or non-re-
ducing conditions, followed by the incubation of these
gels for 1 h with SDS-containing sample buffer [29].
First-dimension gels were mounted on top of the 7%
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w/v second-dimension polacrylamide gels, sealed with
1% w/v agarose solution and subsequently elec-
trophoresed for 280 Vh under reducing conditions. My-
ofibrils, prepared from rat skeletal muscle homogenates,
served as a source of high-molecular-mass protein stan-
dards [20]. The highest-molecular-mass band was repre-
sented by the muscle protein titin of apparent 2800
kDa.

Immunoblotting. Muscle proteins separated on one- or
two-dimensional gels were transferred for 1 h at 100 V
onto nitrocellulose membranes by the method of Tow-
bin et al. [30] using a Bio-Rad Mini-Protean II blotting
system. Nitrocellulose sheets were blocked with block-
ing solution (5% w/v fat-free milk, 0.15 M NaCl, 10
mM Tris-HCl, pH 7.4, 0.1% w/v Tween 20) and then
incubated with 1:1000-diluted primary antibodies
against the o,s-dihydropyridine receptor, the «,-dihy-
dropyridine receptor, the SERCA1 isoform of the Ca**
-ATPase, or fast calsequestrin, followed by two washing
steps and a final incubation with 1:1000-diluted perox-
idase-conjugated secondary antibody [20]. After four
washing steps, immunodecorated protein bands were
visualized by enhanced chemiluminescence. Densitomet-
ric scanning of developed immunoblots was performed
on a Molecular Dynamics 300S computing densitome-
ter (Sunnyvale, Calif.) with Image Quant V3.0 software.

Results

Two-dimensional electrophoretic analysis of the native
o,-dihydropyridine receptor subunit. To determine
whether the native dihydropyridine receptor exists as a
supramolecular structure, various two-dimenisonal gel
electrophoresis techniques were used. As illustrated in
figure la, immunoblotting with monoclonal antibody
IIID5 to the «,s-subunit of the skeletal muscle dihy-
dropyridine receptor revealed labeling of a distinct band
of apparent 170 kDa in one-dimensional gels. No other
bands were immunodecorated in microsomes and vesi-
cle populations enriched in the sarcoplasmic reticulum
and triads under either reducing or non-reducing condi-
tions, making this antibody highly suitable for the
proper identification of dihydropyridine receptor-con-
taining membrane complexes in two-dimensional gel
systems. Three different two-dimensional gel techniques
were employed, i.e., a non-reducing (but detergent-con-
taining) first dimension (fig. 1b), an isoelectric focusing
first dimension (fig. Ic), and a native first dimension
(fig. 1d), each combined with a reducing and denaturing
second-dimension gel electrophoretic step. The non-re-
ducing/reducing two-dimensional gel showed that the
majority of the approximately 170-kDa protein band
representing the «,¢-dihydropyridine receptor stays on
the diagonal of this gel system and that the immunodec-
orated band is only stretched in the horizontal direction
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(fig. 1b). Thus, the presence of detergent disrupts sensi-
tive protein-protein interactions within this membrane
complex and the «;g-subunit appears to run mostly as a
monomeric structure under these conditions. Isoelectric
focusing confirmed that only one major species of this
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Figure 1. Two-dimensional electrophoretic analysis of the native
o,s-dihydropyridine receptor subunit. Shown are immunoblots of
skeletal muscle membrane preparations labeled with monoclonal
antibody I1IDS5 to the «,¢-subunit of the dihydropyridine (DHP)
receptor. Immunodecorated bands are marked by arrows. The
relative sizes of molecular-mass standards (in kDa), as deduced
from rat myofibril marker proteins, are indicated on the left and
at the top of two-dimensional gels. (¢) Lanes 1 and 4, 2 and 5,
and 3 and 6 represent crude microsomes, sarcoplasmic reticulum
membranes, and triad membranes, respectively. Samples were
electrophoresed in lanes 1-3 under reducing conditions (R) and in
lanes 4—6 under non-reducing conditions (NR) using standard
one-dimensional sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (1DE). (b) Triad membranes were first electrophoreti-
cally separated under non-reducing (NR) conditions and then
electrophoresed in the second dimension under reducing (R) con-
ditions (2DE-NR/R). (¢) In the first dimension, triads underwent
isoelectric focusing (IEF), followed by a second-dimension elec-
trophoretic separation under reducing (R) conditions (2DE-IEF/
R). (d) Triads were first electrophoretically separated under native
(NAT) conditions and then electrophoresed in the second dimen-
sion under reducing (R) conditions (2DE-NAT/R).
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receptor subunit appears to exist in skeletal muscle with
respect to pl values of approximately 5—-6 (fig. 1¢). The
native gel analysis presented in figure 1d clearly illus-
trates the shift off the diagonal between the native first
dimension and the chemically reducing and denaturing
second dimension. In contrast to figure 1b, the labeled
spot representing the «,s-dihydropyridine receptor in
figure 1d is positioned at an approximate molecular
mass of 2800 kDa, when compared to rat myofibrillar
marker proteins such as titin. Since the entire dihy-
dropyridine receptor complex, if present at an approxi-
mate one-to-one ratio between its individual a;-0,-0-f -y
subunits, should not run during native electrophoretic
separation at a relative molecular mass of above 450—
500 kDa, this result strongly indicates that this trans-
verse tubular complex exists in a supramolecular triad
membrane structure.

Two-dimensional electrophoretic analysis of the native
a,-dihydropyridine receptor subunit. The auxiliary o,-
subunit of the dihydropyridine receptor was investi-
gated in order to confirm the above findings. In analogy
to figure 1, similar results were obtained when native
immunoblots were labeled with monoclonal antibody
20A (fig. 2). One-dimensional gel electrophoresis confi-
rmed that this antibody exclusively recognized a protein
of apparent 175 kDa. A slight increase in elec-
trophoretic mobility was observed between the reduced
versus the non-reduced form indicating the loss of the
J-subunits from the main a,-subunit following chemical
reduction (fig. 2a). The difference between the non-re-
duced and reduced o,-dihydropyridine receptor was
more convincingly illustrated by two-dimensional elec-
trophoresis. In contrast to the horizontal o,¢-dihy-
dropyridine receptor band (fig. 1b), in diagonal
non-reducing/reducing  two-dimensional gel elec-
trophoresis, the protein band representing the o,-sub-
unit formed a vertical immunolabel. The upper part of
this band represents the «,-0 complex and the lower
part presumably the a,-subunit without its usually
disulfide-bonded J-subunits. This agrees with the previ-
ously published structural relationship between the aux-
iliary o,-subunit and the three smaller J-subunits of the
dihydropyridine receptor [31]. Results from isolectric
focusing experiments suggested, as had been shown for
the other dihydropyridine receptor subunit (fig. 1c), that
the auxiliary subunit appears to also exist as only one
molecular species with respect to its isoelectric point
(fig. 2c). Most importantly, the immunoblot analysis of
the o,-subunit following native two-dimensional gel
electrophoresis agreed with the results obtained with the
principal receptor subunit. As shown in figure 2d, the
main spot immunodecorated by monoclonal antibody
20A shifts off the diagonal. The difference between the
position of the «,-dihydropyridine receptor at approxi-
mately 175 kDa in figure 2b and approximately 2800
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Figure 2. Two-dimensional electrophoretic analysis of the native
o,-dihydropyridine receptor subunit. Shown are immunoblots of
skeletal muscle membrane preparations labeled with monoclonal
antibody 20A to the o,-subunit of the dihydropyridine (DHP)
receptor. Immunodecorated bands are marked by arrows. The
relative sizes of molecular-mass standards (in kDa), as deduced
from rat myofibril marker proteins, are indicated on the left and
at the top of two-dimensional gels. (¢) Lanes 1 and 4, 2 and 5,
and 3 and 6 represent crude microsomes, sarcoplasmic reticulum
membranes, and triad membranes, respectively. Samples were
electrophoresed in lanes 1-3 under reducing conditions (R) and in
lanes 4—6 under non-reducing conditions (NR) using standard
one-dimensional sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (IDE). (b) Triad membranes were first electrophoreti-
cally separated under non-reducing (NR) conditions and then
electrophoresed in the second dimension under reducing (R) con-
ditions (2DE-NR/R). (¢) In the first dimension, triads underwent
isoelectric focusing (IEF), followed by a second-dimension elec-
trophoretic separation under reducing (R) conditions (2DE-IEF/
R). (d) Triads were first electrophoretically separated under native
(NAT) conditions and then electrophoresed in the second dimen-
sion under reducing (R) conditions (2DE-NAT/R).

kDa in figure 2d clearly demonstrated the change in
relative electrophoretic mobility between the denatured
and the native receptor complex. The minor spot in
figure 2d represents monomeric receptor subunits which
possibly disintegrated from the large native complex

Skeletal muscle dihydropyridine receptor complex

during subcellular fractionation procedures and/or elec-
trophoretic separation.

Immunoblotting with antibodies to the f- and y-sub-
units of the dihydropyridine receptor did not produce
sufficiently good labeling for proper evaluation of their
relative position in the various gel electrophoresis sys-
tems employed (not shown). Nevertheless, we could
clearly show that both large dihydropyridine receptor
subunits exist under native conditions in a supramolec-
ular triad complex.

Determination of Ca>+-ATPase complex formation as an
internal standard of two-dimensional gel electrophore-
sis. The fast-twitch SERCA1 isoform of the sarcoplas-
mic reticulum Ca?*-ATPase was previously shown to
exist as an oligomeric structure, estimated to be a te-
tramer. This abundant muscle membrane protein is thus
an ideal candidate for a postive control in the standard-
ization of the various gel electrophoretic techniques
employed in this study. As shown in figure 3a, mono-
clonal antibody ITHI1 recognizes exclusively the
SERCA1 band of apparent 110 kDa under reducing
conditions. This protein band broadened considerably
under non-reducing conditions and higher bands repre-
senting tetrameric Ca?*-pump units became visible. In
diagonal non-reducing/reducing two-dimensional gel
electrophoresis, a distinct shift of the immunoreactive
signal off the diagonal from apparent 110 kDa to ap-
proximately 500 kDa was visible (fig. 3b). This agrees
with previous studies on the oligomeric structure of the
Ca?*-ATPase [17, 18] and suggests that the homo-te-
trameric structure of this ion pump is very tightly asso-
ciated. Isoelectric focusing suggested that probably two
distinct SERCA1 complexes exist with respect to their
isoelectric point, i.e., one with a pl value of approxi-
mately 6 and another with a pl value of approximately
7 (fig. 3c). The oligomeric structure of the physiologi-
cally active Ca>*-pump units was confirmed by native
two-dimensional gel electrophoresis. Monoclonal anti-
body ITH11 recognized a large Ca?*-ATPase complex
possibly representing an even higher number of
monomer copies, as suggested by non-reducing gel elec-
trophoresis (fig. 3d). Overall, these findings with a well-
established oligomeric muscle protein could be used as a
positive control in our immunoblot analysis and
demonstrate the suitability of the two-dimensional gel
electrophoresis methods employed in the characteriza-
tion of protein-protein interactions.

Determination of calsequestrin monomers as a negative
control in two-dimensional gel electrophoresis. Although
calsequestrin is believed to exist in native muscle mem-
branes as an aggregate and the physiologically active
units are proposed to form dimers, these complexes are
highly sensitive and disintegrate during muscle mem-
brane homogenization and subcellular fractionation
procedures. This sarcoplasmic reticulum component is
therefore suitable as a negative control in two-dimen-
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sional electrophoresis techniques used to study complex
formation of membrane proteins. As can be seen in
figure 4a, monoclonal antibody VIIID1, recognized
three protein bands of higher relative molecular mass,
the so-called calsequestrin-like proteins [20], besides the
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Figure 3. Determination of Ca?*-ATPase complex formation by
two-dimensional gel electrophoresis. Shown are immunoblots of
skeletal muscle membrane preparations labeled with monoclonal
antibody IIH11 to the fast-twitch isoform of the sarcoplasmic or
endoplasmic reticulum Ca”®*-ATPase (SERCAI). Immunodeco-
rated bands are marked by arrows. The relative sizes of molecu-
lar-mass standards (in kDa), as deduced from rat myofibril
marker proteins, are indicated on the left and at the top of
two-dimensional gels. (a¢) Lanes 1 and 4, 2 and 5, and 3 and 6
represent crude microsomes, sarcoplasmic reticulum membranes,
and triad membranes, respectively. Samples were electrophoresed
in lanes 1-3 under reducing conditions (R) and in lanes 4-6
under non-reducing conditions (NR) using standard one-dimen-
sional sodium dodecyl sulfate polyacrylamide gel electrophoresis
(1DE). (b) Triad membranes were first electrophoretically sepa-
rated under non-reducing (NR) conditions and then elec-
trophoresed in the second dimension under reducing (R)
conditions (2DE-NR/R). (¢) In the first dimension, samples un-
derwent isoelectric focusing (IEF), followed by a second-dimen-
sion electrophoretic separation under reducing (R) conditions
(2DE-IEF/R). (d) Triads were first electrophoretically separated
under native (NAT) conditions and then electrophoresed in the
second dimension under reducing (R) conditions (2DE-NAT/R).
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Figure 4. Immunoblot analysis of calsequestrin following two-di-
mensional gel electrophoresis. Shown are immunoblots of skeletal
muscle membrane preparations labeled with monoclonal antibody
VIIID1, to the fast-twitch isoform of the terminal cisternae
Ca?* -binding protein calsequestrin. The relative sizes of molecu-
lar-mass standards (in kDa), as deduced from rat myofibril
marker proteins, are indicated on the left and at the top of
two-dimensional gels. (a¢) Lanes 1 and 4, 2 and 5, and 3 and 6
represent crude microsomes, sarcoplasmic reticulum membranes
and triad membranes, respectively. Samples were electrophoresed
in lanes 1-3 under reducing conditions (R) and in lanes 4-6
under non-reducing conditions (NR) using standard one-dimen-
sional sodium dodecyl sulfate polyacrylamide gel electrophoresis
(1DE). (b) Triad membranes were first electrophoretically sepa-
rated under non-reducing (NR) conditions and then elec-
trophoresed in the second dimension under reducing (R)
conditions (2DE-NR/R). (¢) In the first dimension, samples un-
derwent isoelectric focusing (IEF), followed by a second-dimen-
sion electrophoretic separation under reducing (R) conditions
(2DE-IEF/R). (d) Triads were first electrophoretically separated
under native (NAT) conditions and then electrophoresed in the
second dimension under reducing (R) conditions (2DE-NAT/R).
Immunodecorated bands are marked by arrows.

63-kDa calsequestrin monomer. No major difference
was detected between reducing and non-reducing condi-
tions in one-dimensional gels. This was confirmed by
the immunoblotting of diagonal non-reducing/reducing
two-dimensional gels which showed that calsequestrin
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and calsequestrin-like proteins did not shift off the
diagonal. Following isoelectric focusing, the calse-
questrin monomer of apparent 63 kDa exhibited a
broad-spectrum pH range with pl values ranging from 4
to 8. This probably reflects the different phosphoryla-
tion status of subsets of calsequestrin pools within the
terminal cisternae lumen. In native two-dimensional
gels, none of the calsequestrin species shifted off the
diagonal between the native first dimension and the
denaturing second dimension (fig. 4d). Thus, in stark
contrast to the other three muscle membrane proteins
investigated in this study, calsequestrin was represented
by monomers in this gel system and this finding could
be used as a suitable control in our oligomerization
analysis.

Discussion

The excitation-contraction-relaxation cycle of skeletal
muscle fibers is mediated by a variety of membrane
protein complexes [32]. Of central importance is the
voltage-sensing dihydropyridine receptor of the trans-
verse tubular membrane system [2]. The physical cou-
pling hypothesis of excitation-contraction coupling
suggests a direct interaction between the o,s-subunit of
the dihydropyridine receptor and the ryanodine recep-
tor Ca®* -release channel complex [4]. A previous study
by Chang and Hosey [27] suggested that these com-
plexes exist in vivo as relatively tightly associated
supramolecular structures. Isolating them in their native
configuration should therefore be possible. Here, we
employed a variety of two-dimensional gel elec-
trophoresis techniques to estimate the relative size of
the native muscle dihydropyridine receptor complex.
Assuming an approximate one-to-one ratio between the
individual subunits in the physiologically active dihy-
dropyridine receptor, a junctional complex consisting of
the main o,¢-subunit (170 kDa) and its auxiliary sub-
units «,-0 (175 kDa), f (52 kDa), and y (32 kDa) should
not run in its native form at a gel electrophoretic
position much above 450-500 kDa [2, 13, 14]. How-
ever, immunoblotting of both the o;- and the a,-subunit
following two-dimensional gel electrophoresis with a
native first dimension revealed a relative electrophoretic
mobility of the dihydropyridine receptor comparable to
the gigantic muscle protein titin of approximately 2800
kDa. The established sizes of sarcoplasmic reticulum
Ca’?*-ATPase tetramers and calsequestrin monomers
were used for the internal standardization of the gel
systems employed in this study. The difference in molec-
ular mass between a complex (containing presumably
one copy of each individual subunit) and the actual
native complex suggests that the transverse tubular
voltage-sensor exists in the native triad membrane

Skeletal muscle dihydropyridine receptor complex

within a supramolecular complex. Since salt washes
clearly disrupt the proposed native tetrad configuration
[33], relatively weak non-covalent forces between recep-
tor domains are probably responsible for the formation
of larger membrane complexes.

Our findings support the concept that tetrad structures,
as detectable by electron microscopical freeze-fracture
analysis [5—12], represent dihydropyridine receptor
complexes forming a large membrane assembly. Native
dihydropyridine receptors might be clustered in tightly
associated junctional units containing four copies of
individual subunits, thereby increasing the overall size
of the complex, as diagrammatically represented in
figure 5. In addition, direct and/or indirect interactions
between the dihydropyridine receptor and other junc-
tional sarcoplasmic reticulum proteins, such as the
ryanodine receptor, triadin, junctin, calsequestrin, and/
or the 90-kDa junctional face protein [34] might at least
partially induce the great increase in relative molecular
mass seen in native gels [32]. Based on results from
chemical cross-linking studies [33], these high-molecu-
lar-mass structures are possibly more heterogeneous
and contain other sarcoplasmic reticulum components
besides the dihydropyridine receptor. Immunoblotting
with antibodies to various other microsomal proteins
did not result in satisfactory labeling using two-dimen-
sional native gel systems. We were therefore unable to
investigate further the exact composition of this high-
molecular-mass triad complex. However, the tight asso-
ciation between the voltage-sensor tetrad structures and
other Ca’®*-regulatory excitation-contraction coupling
components is also likely to play a part in the drastic
increase in the relative molecular mass of the native
dihydropyridine receptor.

This report agrees with the current molecular concept of
excitation-contraction coupling which holds that large
Ca?* -regulatory membrane complexes are involved in
the signal transduction process at the triad junction in
mature skeletal muscle fibers [32]. It is well established
that the «,s-dihydropyridine receptor acts as the
voltage-sensor of the skeletal muscle cell periphery and
that its auxiliary «,/d-f-y subunits modulate the ion
channel physiology [1, 2, 13, 14]. Following voltage-
sensing via the a,;¢-subunit, direct linkage between small
stretches of primary sequence in the II-III loop domain
of the o,¢-dihydropyridine receptor and the cytoplasmic
domain of the Ca?* -release channel trigger the release
of Ca’* ions from the sarcoplasmic reticulum [4]. It
remains to be determined whether different molecular
mechanisms underlie purely structural or functional re-
ceptor coupling processes and how many triad mem-
brane proteins are actually involved in preventing a
passive disintegration of junctional membrane com-
plexes. The junctional component triadin appears to
form disulfide-bonded clusters which form a link be-
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a4-DHP Receptor Binding Domains

I-ll-loop N
f-subunit binding
domain

lI-ll-loop
RyR1 binding
domain

Pore-forming
domains

Transverse
Tubular
TETRAD

TRIAD
Junction

Figure 5. Model of the supramolecular dihydropyridine receptor (DHPR) complex. Shown are the molecular arrangement of the
skeletal muscle DHPR consisting of the principal «,-subunit with its distinct I-1I loop and II-I1I loop, binding domains for its f-subunit
and the ryanodine receptor RyR1 isoform, respectively, the auxiliary a,-subunit and its disulfide-bridged connection with the three
J-subunits, and the f- and p-subunits (a). Freeze-fracture electron microscopical studies have suggested that the native DHPR exists
in a tetrad structure (b) and this report supports the existence of such a high-molecular-mass complex. During excitation-contraction
coupling, the DHPR complex of the transverse tubules (TT) forms a direct physical linkage with the junctional ryanodine receptor
Ca?* -release channel units (RyR1-CRC) of the sarcoplasmic reticulum (SR). Within the triad junctions of adult skeletal muscle fibers,
other ion-regulatory proteins are proposed to be linked to this receptor assembly, i.e., triadin (TRI), the junctional face protein of
apparent 90 kDa (90JFP), calsequestrin (CSQ), junctin (JN), calmodulin (CaM), and the regukatory FKBP12 subunit of the ryanodine

receptor (c).

tween the ryanodine receptor and the terminal cisternae
Ca?*-binding protein calsequestrin [35, 36]. A quater-
nary complex consisting of triadin, the ryanodine recep-
tor, calsequestrin, and the calsequestrin-binding protein
junctin has been described for heart sarcoplasmic reticu-
lum [37]. Thus, a junctional complex of similar composi-
tion probably exists in skeletal muscle in very close

proximity to the dihydropyridine receptor tetrads,
thereby forming a gigantic triad membrane structure.
The high-molecular-mass complex consisting of dihy-
dropyridine receptor units appears to be the structural
basis of voltage-sensing during the excitation-contrac-
tion coupling process, a unique cell biological phenom-
ena involving ion-regulatory muscle membrane proteins.
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