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ABSTRACT Skeletal muscle knockout cells lacking the 8 subunit of the dihydropyridine receptor (DHPR) are devoid of slow
L-type Ca®" current, charge movements, and excitation-contraction coupling, despite having a normal Ca®* storage capacity
and Ca®" spark activity. In this study we identified a specific region of the missing B1a subunit critical for the recovery of
excitation-contraction. Experiments were performed in B1-null myotubes expressing deletion mutants of the skeletal muscle-
specific Bl1a, the cardiac/brain-specific f2a, or p2a/Bla chimeras. Immunostaining was used to determine that all 8
constructs were expressed in these cells. We examined the Ca®* conductance, charge movements, and Ca®* transients
measured by confocal fluo-3 fluorescence of transfected myotubes under whole-cell voltage-clamp. All constructs recovered
an L-type Ca®* current with a density, voltage-dependence, and kinetics of activation similar to that recovered by full-length
B1a. In addition, all constructs except f2a mutants recovered charge movements with a density similar to full-length g1a.
Thus, all B constructs became integrated into a skeletal-type DHPR and, except for f2a mutants, all restored functional
DHPRs to the cell surface at a high density. The maximum amplitude of the Ca®* transient was not affected by separate
deletions of the N-terminus of B1a or the central linker region of B1a connecting two highly conserved domains. Also,
replacement of the N-terminus half of B1a with that of B2a had no effect. However, deletion of 35 residues of B1a at the
C-terminus produced a fivefold reduction in the maximum amplitude of the Ca®™ transients. A similar observation was made
by deletion of the C-terminus of a chimera in which the C-terminus half was from g1a. The identified domain at the C-terminus
of B1a may be responsible for colocalization of DHPRs and ryanodine receptors (RyRs), or may be required for the signal that
opens the RyRs during excitation-contraction coupling. This new role of DHPR B in excitation-contraction coupling represents
a cell-specific function that could not be predicted on the basis of functional expression studies in heterologous cells.

INTRODUCTION

Excitation-contraction (EC) coupling is perhaps the earliest DHPRs of skeletal muscle consist ef, «./8, B, and~y
recognized example of &4 signaling in an excitable cell subunits (Perez-Reyes and Schneider, 1984)bunits are
(Ebashi et al., 1969). This is a fast process in which a single-55—65-kDa proteins that bind strongly to theg subunit
action potential induces a transient elevation of cytosolicat the intracellular loop between repeats | and Il. Biochem-
Ca™", which in turn triggers a transient shortening of theical studies showed thgs subunits are present as a 1:1
cell. EC coupling takes place at specialized junctions becomplex witha,; g and other subunits (Leung et al., 1987).
tween transverse tubules (t-tubules) and sarcoplasmic retid-he 18-amino acid motif in the I-1l loop at, that bindsp
ulum (SR) membranes. At this location, the gap betweeridentified as the AID region; Pragnell et al., 1994) and the
these two membranes is minimal and key proteins ar&0-amino acid motif inB that bindsqa, (identified as the
highly concentrated. Two molecular complexes colocalizedBID region; De Waard et al., 1994) are highly conserved
across the t-tubule/SR junction are the dihydropyridine reamong «; and g subunits. The AID/BID interaction is
ceptor (DHPR) in the t-tubule membrane and the ryanodindighly specific, has an affinity in the nanomolar range, and
receptor (RyR) in the SR membrane (Block et al., 1988)survives membrane solubilization (Scott et al., 1997). Both
The well-established paradigm of EC coupling is that inthe equimolar stoichiometry and the tight binding suggest
response to depolarization, the L-type’Cahannel formed «; andp are unlikely to separate from each other during the
by the DHPR produces a signal that briefly opens RyRlifetime of the DHPR complex, although pools of frge

channels, leading to the release of SR-storefi"Ca subunits are known to be present in cells (Wicher et al.,
1995). There are foup subunit genes and each produces
multiple isoforms by use of alternate exoggsisoforms can

be divided into five regions based on the amount of identity
Received for publication 30 June 1999 and in final form 18 August 1999'between them (see Fig. 1). Two highly conserved central

Address reprint requests to Dr. Roberto Coronado, Department of Physit: ; ; ; ;
egions (regions 2 and 4) are flanked by highly divergent N-
ology, University of Wisconsin, 1300 University Ave., Madison, WI 9 (reg ) y nighly 9

53706. Tel.. 608-263-7487: Fax: 608-265-5512; E-mail: coronado@aNd C-t.erm|n| (reg_|ons 1 and 5) ?‘”d Ilnker'reg|ons., (rgglon
physiology.wisc.edu. 3). Region 4 contains the BID region essential for binding to

© 1999 by the Biophysical Society the «; subunit (De Waard et al., 1994). Features of the
0006-3495/99/12/2953/15  $2.00 primary structure (Ruth et al., 1989), biochemical data




2954 Biophysical Journal Volume 77 December 1999

(Wicher et al., 1995; Scott et al., 1997), and recent predicMATERIALS AND METHODS
tions based on sequence homology searches (Hanlon et
1999), have suggested tiflesubunit is a peripheral mem-
brane protein rich in secondary structure with homologyPrimary cultures were prepared from hindlimbs of 18-day-gldnull
domains typical of signaling proteins (SH3 domain) andembryos as described elsewhere (Beurg et al., 1997). Dissected muscles
lusteri . MAGUK d . c dWere incubated for 9 min at 37°C in €aMg?*-free Hanks’ balanced salt

receptor clustering proteins ( omain) (Craven andg ion (136.9 mM NaCl, 3 mM KCI, 0.44 mM K§PO,, 0.34 mM
Bredt, 1998). NaHPQ, 4.2 mM NaHCQ, 5.5 mM glucose, pH 7.2) containing 0.25%

A knockout of the mousg81 gene, encoding isoforms (w/v) trypsin and 0.05% (w/v) pancreatin (Sigma, St. Louis, MO). Mono-

expressed in skeletal muscl@l@) and brain @1b, B1c) nucleated ce‘II_s were resuspeqded in plating medium containiqg 78% Dul-
ecco’s modified Eagle’s medium with low glucose (DMEM, Gibco BRL,

(Powers etal, 199?)’ W?‘S preYIOUSIy described (Gregg eZaithersburg, MD), 10% horse serum (HS, Sigma), 10% fetal bovine
al., 1996).p1-null mice die at birth due to the lack of EC serum (FBS, Sigma), 2% chicken embryo extract (CEE, Gibco), and plated
coupling in the skeletal musculatur@l-null myotubes fail  on plastic culture dishes coated with gelatin at a density bfx 10" cells
to contract in response to electrical stimulation despite th@e" dish. Cultures were grown at 37°C in 8% LG@fter the fusion of

resence of normal action potentials. a normai Cstorage myoblasts {-7 days), the medium was replaced with an FBS-free medium
p P ! g (88.75% DMEM, 10% horse serum, 1.25% CEE) and cells were incubated

- . . 2

capacity, and normal caffeine-sensitive’Caelease fl-  in 5% CO,. All media contained 0.1% v/v penicillin and streptomycin
null cells have a low density of L-type €4 current and  (Sigma).
charge movements and do not producé ‘Caansients in
response+t0 depolarization (Strqbg etal., 199§, 1998). HOW&DNA transfection
ever, C&" sparks due to the activity of ryanodine receptors
are highly abundant in these cells (Conklin et al., 1999)_CDNAS were subcloned into a pSG5 expression plasmid (Stratagene, La
These studies have suggested ianull cells fail to trans-  20& CA) containing the early simian virus-40 (SV40) promoter, an

L al-globin intron to enhance RNA processing, and an SV40 polyadenyla-
duce depolarization into SR éérelease_ due to one of tWo tjon signal. The original vector was modified so that 11 amino acids of the
fundamental reasons. Either the density of DHPRs on thehage T7 gene 10 protein are fused to the N-terminus of the exprgssed
cell membrane of31-null cells is too low to produce Ga subunits. The T7 tagge@ia subunit had a functional expression indistin-
transients detectable by available techniques, or the absen@gShable from the untagggilla subunit. We also addetgd and Not

.. restriction enzyme sites downstream of the T7 tag to simplify cloning of

of B rend_ers membrane-located DHPRs unable t_O INitiatehe modifiedB subunits. Cotransfection of the pSG5 expression plasmid
EC coupling. In the former case, the EC coupling null and a separate marker plasmid encoding the T-cell membrane antigen CD8
phenotype would originate from the mistargeting of other-was performed with the po_Iyamine ITT-l (Pr_:lnvera_l, Madison, WI). Cotrans-
wise functional DHPRs. In the latter case, the null pheno_fected cells were recognized by incubation with CD8 antibody beads

. . L . (Dynal, Oslo, Norway).
type would primarily reflect an intrinsic dysfunction of the
DHPR. In order to distinguish between these possibilities,
we expressed differer isoforms in null cells and inves- cDNA constructs
tlgated the recovered phen_otype. Ex_pre_ssmn of the Skelet%leletion and chimeric constructs gfsubunits (Fig. 1) were made using
musclepla isoform results in a quantitative recovery of the pcR strategies. For deletion constructs, two oligonucleotide primers were
L-type c&’ current density, the intramembrane chargedesigned to encompass the region of interest. Each primer had 20-25 bases
movement density, and the amplitude and voItage depedQentlcal to the original sequence and an additional 10-15 bases that

. . resulted in an amplified product with &ugd site at the 5end, and a stop
dence of intracellular Cd transients (Beurg etal, 1997)' codon andNot restriction site at the 3end. The PCR products were

In contrast, expression of the nonskeletal mugd2a iso-  subcloned into the pCR-Blunt vector (Invitrogen Inc., Carlsbad, CA),
form produced an entirely different result (Beurg et al.,excised by digestion witthgd and Notl and cloned into pSGS.

1999b). B2a, like Bla, restored a Ga current with a

density, voltage-dependence, and kinetics identical to thaf,; Bla

of Bla-transfected cells. Ygd2a could not entirely restore
skeletal-type EC coupling since €atransients evoked by
voltage were significantly smaller at all potentials (Beurg et
al., 1999b). These observations suggested that a unique

region of Bla was required for normal EC coupling in the wt p2a

Bl-null cell. To test this hypothesis further, we expressedy fyii.iength ratp2a cDNA (amino acids 1-604) was fused to the first 11
several deletion mutants @fla, 82a, and chimeri@82a31a  amino acids of the phage T7 gene 10 protein fused in the pSG5 vector.
isoforms. Whole-cell voltage-clamp and confocal imaging
analyses showed that a quantitative recovery of the ECW t Brc
coupling in B1-null myotubes required Ala isoform with

an intact C-terminus. Thus a region distinct from the BID isPCR primers 5gca tga ccg gtg gac agc aaa tgg gta tgg tcc aga aga geg gea

. . . tgt ccc ggg gec 3and B geg gec get agce tac cta cat ggc gtg ctc ctg agg 3
reqUIred for the normal EC COUpImg function of the DHPR. were used to PCR a bacteriophage clone that contained the full-length

Part of these results appeared in abstract form (Beurg et alyoysepic cDNA. This cDNA was fused in frame to the first 11 amino
1999a). acids of the phage T7 gene 10 protein in the pSG5 vector.

aIL’i'imary cultures of mouse myotubes

A full-length mouseBla cDNA (amino acids 1-524) was fused in frame to
the first 11 amino acids of the phage T7 gene 10 protein in the pSG5 vector.
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B1-3't Ca®*current and charge movements

PCR primers 5gca tga ccg gtg gac agc aaa tgg gta tgg tcc aga aga gcg god/hole-cell recordings were performed as described previously (Strube et
tgt ccc ggg gee 3and 8 ggg geg gec get cac tgg agg ttg gag acg ggg gecaal., 1996) with an Axopatch 200B amplifier (Axon Instruments, Foster
3" were used to generate a cDNA that contains amino acids 1-489 of theity, CA). Linear capacitance and leak currents were compensated with the
full-length mouseBla cDNA. This cDNA was fused in frame to the first circuit provided by the manufacturer. Effective series resistance was com-
11 amino acids of the phage T7 gene 10 protein in the pSG5 vector.  pensated up to the point of amplifier oscillation with the Axopatch circuit.
All experiments were performed at room temperature. The external solu-
tion was (in mM) 130 TEA methanesulfonate, 10 Cadl MgCl,, 103
B1-5't TTX, and 10 HEPES titrated with TEA(OH) to pH 7.4. The pipette solution
consisted of (in mM) 140 cesium aspartate, 5 Mg@.1 EGTA (when
PCR primers 59ca tga ccg gtg gac agc aaa tgg gtg gct cag cag agt cct acgaz+ transients were recorded), or 5 EGTA (a“ other reCOI’dingS), and 10
¢ 3 and 5 gcg gec get age tac cta cat ggc gtg cte ctg agwére used to  MOPS titrated with CsOH to pH 7.2. Patch pipettes had a resistance of 2-5
generate a cDNA that contains amino acids 58-524 of the full-lengthM{2 when filled with the pipette solution. For recordings of charge move-
mousepla cDNA. This cDNA was fused in frame to the first 11 amino Ment, the external solution was supplemented with 0.5 mM Cdad 0.1

acids of the phage T7 gene 10 protein in the pSG5 vector. mM LacCl, to block the ionic C&" currents. A prepulse protocol previously
described (Beurg et al., 1999b) was used to measure the immobilization-

resistant component of charge movement. Voltage was first stepped up
, from holding potentia-80 mV to —20 mV for 1 s, then to-50 mV for
B2-3't1 5 ms, then to test potenti& for 25 ms, then to-50 mV for 30 ms and

A deletion of amino acids 486—600 was generated by digestion of theflnaIIy to the —80 mV holding potential. Subtraction of linear components

S T7f2a i WIS, ol by nubaton of h digestes e 21°4 Y B¢ flowin e puke pesdan it dove,
DNA with T4 DNA polymerase to chew back thé 8verhang, digestion P 9 ’ '

with BstL1071 and ligation of the blunt-ended linear DNA to recircularize separated by 500 ms.
the plasmid. The cDNA contains amino acids 1-485 fused to the N-

terminus of amino acids 601—-604 of the full-length g2a cDNA. .
Confocal fluorescence microscopy

Confocal line-scan measurements were performed as described elsewhere
B2-3't2 (Conklin et al., 1999). Cells were loaded withuM fluo-3 acetoxymethyl

(AM) ester (Molecular Probes, Eugene, OR) for 20 to 40 min at room
PCR primers 5gca tga ccg gtg gac agc aaa tgg gta tgc agt gct gcg ggc tggemperature. A 1-mg sample of fluo-3 AM (Molecular Probes) was dis-
ta 3 and 8 ggg ggc ggc cgc tca gtt ggg gag gtt act gct gggd wv8re used  solved in 1 ml DMSO and kept frozen until use. All experiments were
to generate a cDNA that contains amino acids 1-419 of the full-length raperformed at room temperature. Cells were viewed with an inverted Olym-
B2a cDNA. This cDNA was fused in frame to the first 11 amino acids of pus microscope with a 20 objective (N.A. = 0.4) and an Olympus
the phage T7 gene 10 protein in the pSG5 vector. Fluoview confocal attachment (Melville, NY). The 488-nm spectrum line
necessary for fluo-3 excitation was providegt B 5 mW argon laser
attenuated to 20% with neutral density filters. The fluorescence intensity,
. . F, was calculated by densitometric scanning of line-scan images and was
Chimeric p2-p1 averaged over the entire width of the cell. The fluorescence inteRsity
This construct contains amino acids 1287 of the full-lengtiggatcDNA ~ Was averaged in the same manner from areas of the same image before the
fused to the N-terminus of amino acids 325-524 of the full-length mouse’oltage pulse.
Bla cDNA and was made by two rounds of PCR. Two primers were used
to PCR the 5end of the full-length rap2a cDNA, primer RB2a-T7-Agd .
5' gca tga ccg gtg gac age aaa tgg gta tge agt get geg gge tggaad3  Immunostaining
primer R{32a-5chim 5 gag cgt ttg gcc agg gag atg tca g¢aBwo primers

were used to PCR the' 2nd the full-length mous@la cDNA, primer Cells were transfected with T7-tagg@dconstructs for four days and later

MpBla-3 chim 5 tcc ctg gcc aaa cgc tce gtc ctec aacadd primer M3la gxed 'E 1dOOg: methtanlol iggesmechesse_d for |mrrt1_Engsta|n|ng as previously
3’ Notl 5’ gcg gcc get age tac cta cat ggc gtg ctc ctg aggTdie primers escribed (Gregg et al., )- The primary antibody was a mouse mono-

A ; lonal against the T7 epitope (Novagen, Madison, WI) and was used at a
were designed to produce two PCR products with a 17-bp overlap of
9 P P P P ilution of 1:1000. The secondary antibody was a fluorescein conjugated

Bolyclonal goat anti-mouse 1gG (Boehringer Mannheim, Indianapolis, IN)
and was used at a dilution of 1:1000. Confocal images of 1821024

ixels (0.35um/pixel) were obtained in the Olympus Fluoview using the
488-nm spectral line for dye excitation and a46il-immersion objective
(N.A. 1.3) for capturing emission. Images were Kalman-averaged three
times and the pixel intensity displayed as 16 levels of gray in reverse. All
images were acquired using minimal laser power (6% of maximum 5 mW)
and predetermined PMT settings to avoid pixel saturation and for accuracy
in the comparison of images.

identical sequence. The two PCR products were electrophoresed on ag
rose gels, excised from the gel, and eluted using GenElute column
(SupelCo, Bellefonte, PA). The two PCR products were mixed in an
equimolar ratio, denatured, allowed to reanneal, and used in a PCR reacti
to amplify the chimeric fragments usingf&a-T7Agd and MBla 3 Not
primers. This cDNA was fused in frame to the first 11 amino acids of the
phage T7 gene 10 protein in the pSG5 vector.

B2-p1-3't

PCR primers 5gca tga ccg gtg gac agc aaa tgg gta tgc agt gct gcg ggc tngurve-fitting

ta 3 and B gcg gcc get agce tac cta cat ggc gtg ctc ctg agwére used to

generate a‘3truncated chimeric cDNA. This cDNA contains amino acids For each cell the voltage-dependence of charge moveme)sCe*
1-287 of the full-length rap2a cDNA fused to the N-terminus of amino  conductance®), and peak intracellular €& (AF/F) was fitted according
acids 325—-464 of the full-length mougda cDNA. The cDNA was fused to a Boltzmann distribution

in frame to the first 11 amino acids of the phage T7 gene 10 protein in the

pSG5 vector. A= Anad (1 + exp(—=(V = Vyp)/K)). 1)
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Where Ay, was eitherQua, Gmaw OF AF/Fray Viyp is the potential at Fig. 2 shows close-up confocal views of myotubes fixed
which A = An./2, andk is the slope factor. The time constant,  and jmmunostained with T7 antibody and a fluorescein-
gﬁlss?2[1”3;?;"’2:&O\Iotl?aegfifcug:gmgv‘t’?s obtained from a fit of the conjugated secondary antibody. There was abundant ex-
pression of each of the tested constructs throughout the
I(t) = K[1 — (exp— t/m)]exp— t/r, (2)  length of myotubes, and in many cases expression was
WhereK is constant and, describes inactivation. Parameters from a fit of heaV”y concentrated in the cell periphery. The latter is
separate cells are shown in Table 1. Parameters from a fit of averages &onsistent with the known location of DHPRs in the periph-
many cells (population averages) are shown in Figs. 4, 6, and 8. ery of cultured myotubes where couplings are established
between the plasma membrane and the sarcoplasmic retic-
ulum membrane (Takekura et al., 1994). The CD8 cDNA
was used as a transfection marker and micron-size beads,
A!I B constructs were sequenfzed befpre th(_eir use in experiments at thgith absorbed CD8 antibody, were used to identify trans-
Biotechnology Center, University of Wisconsin. fected cells (see asterisks). Better than 95% of cells express-
ing CD8 also expressefl as determined from the coinci-
RESULTS dence of the T7 immunostain and CD8 beads in a given cell
and the coincidence of CD8 beads and a high density of

cDNA sequencing

The B subunits analyzed in this study are shown in Fig. 1.

. i L-type C&" current in a given cell.
Sequence comparison beMeen the full-leng andBZa_ Fig. 3 shows the L-type G4 currents of cells transfected
isoforms revealed two highly conserved central regions

(regions 2 and 4), a nonconserved linker region between th\év'th each of the testef constructs in response to the pulse

two conserved domains. and distinct N- and C-termini. wePetentials indicated in the top left set of traces. Each whole-
tested the participation 'of the nonconserved regions 1, §e|l clamped myotube was subjected to a total of 20 voltage

and 5 ofB1a in the recovery of G4 conductance, charge pulses of increasing amplitude and a constant duration of
movements, and EC coupling ig1-null cells. These re- 300 ms starting from a holding potential ef40 mV. For

gions were respectively deleted in construgts5't, the ~ €aS€ of comparison, only four traces of currents are shown
splice-variantBlc (Powers et al., 1992) anﬂl-3’,t. In in each case. Currents have been normalized according to

addition, we tested region 5 @2a (constructg32-3't and the cell capacitance. The current sc_ale is the_ same for all
2-3t2) and region 5 of a chimera composed of an N-Cells except for the two cells expressing the chim@ef1
terminus half ofg2a and a C-terminus half g8la (con- constructs. The Ca current recovered by the constructs
structsB2-B1 andp2-81-3't). Measurements were made in had a threshold for activation more positive thaB0 mV,
whole-cell voltage-clamped myotubes at day 8 to 12 aftehad remarkably slow activation kinetics, and a fast deacti-
cDNA transfection. We previously showed that within this vation. These features are entirely consistent with the
period, the C&" conductance of transfectggll-null cells ~known properties of skeletal L-type €acurrents of con-
remains relatively constant (Beurg et al., 1997). Thereforetrol (wt) mouse myotubes in cell culture (Garcia et al.,
a precise synchronization of cell cultures was not required994a; Beurg et al., 1997). These features contrast with
for a quantitative comparison of the functional expression othose of B-null, the C&" current of nontransfectegil-null
DHPRs in different batches of transfected cells. All trans-myotubes, which is much faster and has a significantly
fectedB constructs carried an 11-amino acid T7 tag at thdower density (Beurg et al., 1997; Strube et al., 1998).
N-terminus, which was first tested in the ®ita cDNA and The voltage-dependence of the*Caonductance recov-
was found not to interfere with function. This epitope wasered by each of the tested constructs is shown in Fig. 4. The
useful for determining whether a given construct was ex-Ca&" conductance was estimated from the extrapolated re-
pressed inB1-null cells. versal potential and the end-pulse current in each of the 20

TABLE 1 Parameters of the Ca2* conductance, charge movement, and Ca2* transient expressed by B constructs in
B1-null myotubes

G-V Curve (Ca) Q-V Curve AF/Fol/V-Curve

Grax (PS/PF) Vi (MV)  k(MV)  Quax (NCIuF) V4, (MV) k (mV) AF/FOa Vi (MV) k(mV)
Bla 161.2+ 6.9 (9) 14518 4.9+0.2 6.8+=0.9(6) 19+ 25 14716 3.3 0.5(9) 5+ 45 8117
Blc 169+ 21.3(12) 9+ 12 42*x04 5+ 0.8 (7) 19.5+2.3 11.7+0.9 33+04(11) -3.4=*0.2 5.8+ 0.7
Bla-3t 87.8+7.4(15) 205+11 52+02 64*13(5) 202+18 11+14 0.65*0.1(7) 3+2 9+ 4
Bla-5t 164.5* 7.8 (10) 158-2.1 5.0+x0.2 59x1(5 215+ 2.2 12+ 0.5 1.9+ 0.5 (6) -14*+4 88*1.9
B2a 152.7+ 12 (15) 10.4+ 0.8 52+0.3 26+0.2(11) 16.7+2.4 1513  1.1+0.2(7) 0.6+35 56+1.7
B2a-3t 149+ 13.8 (10) 14+ 15 52+02 4.9+04(7) 19+ 2.7 15.2+0.8 2.0+ 0.6 (4) 0.7 2 5707
B2a-3t2 137.2+= 9.3 (12) 20617 4703 4+ 0.3 (5) 22+ 2.2 1109 0.9+ 0.4 (6) 75+ 34 10.1+*26
B2-p1 319.6+3.8(11) 16.8+1.7 4.8+04 51+05(7) 225+21 115+12 38+07(7) -37+31 67x23

B2-B1-3t 160.3+57(14) 186+1.4 50+02 38+0.3(5) 202+36 10.3+1 14+04(10) 35+23 55+09

Entries (meant SE) correspond to Boltzmann parameters fitted separately to each cell. The number of cells is shown in parentheses.
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1 2 3 BID 4 5
Bla ~—— —f ——  S524aa
Ble  —— T-4511 —
Bla-5't [-57]1 e —
FIGURE 1 Alignment to scale of the amino acid ' : 2
sequence of the testg@constructs. The boxes indicate Bla-3't : [ [-35]
conserved domains described elsewhere (Perez-Re)(/ﬁi ¥ g TS 604aa
and Schneider, 1994). The amino acid coordinates a , /\
each construct are indicated in Materials and Methodsﬁ?z'?’ t1 -1 o [-118]
B2-3't2 wof I[-185]
B2-p1 o] I —_ 487 aa
B2-p1-3't ] I —_1[-60]

300-ms pulses. The curves are a Boltzmann fit of theships shown in Fig. €, toprevealed that the steepness and
population mean with parameters indicated in the figuremidpoints of both curves did not change. In summary, the
legend. The curve without symbols corresponds to the conexpression of wi3la or wtB2a in 81-null cells restored a
ductance of nontransfected cells obtained in a previou€a" current with a density typical of normal (wt) myotubes
study (Beurg et al., 1997). In addition to these data, thgBeurg et al., 1997). The voltage-dependence of th& Ca
Boltzmann parameters of the €aconductance averaged currents strongly suggests these must have originated from
for 9 to 15 cells in each case are shown in Table 1. In Figcomplexes of3, a5 and the other subunits of the skeletal

4 A we examinedG-V curves of cells expressing deletion DHPR complex. A deletion of the nonconserved region 5 of
constructs of thgdla isoform. Deletion of region 3 between Bla, but not regions 1 or 3, resulted in a significant reduc-

the two conserved domains (constrigitc) or deletion of
almost the entire region 1 (constrygl-5't) had no effect
on the recovered maximum €aconductance, which for
these constructs and for \8tla was~160 pS/pF. However,
the deletion of region 5 (constru@l-3't) resulted in a

tion of the expressed €& current. This reduction was
specific for region 5 ofgla as demonstrated by deletion
approaches using wa2a and thg32-81 chimera.

The kinetics of activation of the & current of skeletal
muscle is the slowest among voltage-gated'Cehannels,

1.8-fold (161/88) reduction in the recovered maximumand this characteristic is determined in part by repeat | of the
Ca* conductance that was statistically significant (un-a,ssubunit (Tanabe et al., 1991). Therefore, the kinetics of

pairedt-test withp = 0.0001). Scaleds-V curves of cells
expressing31-3't and wtB1la are shown in Fig. 4, top
The 3 truncation had no effect of the steepness of G¥
curve, although it produced an5 mV positive shift, which
according to an unpairgetest was not significant. In Fig. 4
B we examined whether a 3runcation of2a, which in
full-length was shown to express skeletal L-type? Caur-

the C&" current recovered ig1-null cells should provide
critical information on whether the expressgdsubunits
rescued a skeletal-type DHPR. In these experiments we
used a 1.5-s depolarizing pulse from a holding potential of
—40 mV to fit the activation and inactivation phases of the
Cca* current. However, none of the constructs altered the
inactivation rate to any great extent and in all cases the peak

rents at a density similar to that of control (wt) myotubescurrent inactivated<20% at the end of this relatively long
(Beurg et al., 1999b), also curtailed the expressed"Ca pulse. The pulse current was fitted with Eq. 2, which con-

current density. A partial deletion of region 5 B2a (con-

forms to a linear kinetic scheme with closed, open, and

struct 32-3't) or a complete deletion of the 185 residuesinactive states and assumes that for a sufficiently long pulse,

encompassing region 5 @2a (construct32-3't2) had no

inactivation is complete. Because pulses longer than 1.5 s

effect on the maximum G4 conductance or the steepnessinvariably resulted in a loss of the pipette seal, this assump-

of the G-V curve (unpairedt-tests withp > 0.8). Both
parameters were similar to those of cells expresgiig
(Table 1). However, the more sevef2-3't2 truncation
produced an-10 mV positive shift of th&s-V curve, shown

tion could not be verified. In all cases we found an excellent
agreement between the fit and the pulse current as previ-
ously shown forB1-null cells expressing wBla or wt32a
(Beurg et al., 1997, 1999b).

in Fig. 4 B, top that was statistically significant (unpaired  Fig. 5 shows the time constant of activatian,of Eq. 2,
t-test withp < 0.04). In Fig. 4C we examined the voltage- fitted to the C&" current recovered by eaghconstruct at
dependence of the €4 conductance produced by the positive potentials. In this range of potentials, the activation
B2-B1 chimera and the '3truncated chimera. The “full- rate of the recovered €& currents slowed for increasingly
length” chimera expressed a remarkably large specific Ca positive potentials by a factor ef2, which is characteristic
conductance of-320 pS/pF or twice that of wBla or wt  of the slow skeletal L-type Ca channel (Strube et al.,
B2a. Truncation of the'3end of this chimera, encompassing 1996; Dirksen and Beam, 1995). Data are shown for each of
the entire region 5 oBla, resulted in a twofold (320/160) the constructs labeled with the same symbols as in the
reduction in C&" conductance that was highly significant previous figures. With two exceptions, the activation time
(unpairedt-test withp = 0.001). The scale-V relation-  constant of any tw@ constructs within each pané{C in
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FIGURE 2 Immunofluorescence gfL-null myotubes coexpressing a T7 taggedonstruct. Cells transfected with T7 tagged constructs and CD8 cDNA
were incubated with CD8 antibody beads, fixed, and stained with T7 primary/fluorescein-conjugated secondary antibodies. Confocal imaggs of 1024
1024 pixels (360x 360 wm) were converted to a 16-level inverted gray scale so that high-intensity pixels appear black and low-intensity pixels appear
white. Asterisks indicate some CD8 antibody beads bound to cotransfected cells. NF indicates nontransfected myotubes in the s@ie tieftsfefcted

cells (A). Other panels show expression of T7 taggda (B), B1-5't (C), B1-3't (D), B2a E), B2-3't (F), B2-3'1t2 (G), B2-B1 (H), and B2-B1-3't (I).

Fig. 5 were not significantly different at any test potential. of wt g2a (wvhite circleg (p < 0.04). The activation time
One exception was the activation Bfla-3t (black trian-  constants for all constructs, except féta-3t and 32a-3t,
gleg, which at+30, +40, or +50 mV was slightly faster averaged 50 to 70 ms at30 mV. These values agreed with
than that of wtBla (lack circleg or the other constructs previous determinations in normal myotubes (Strube et al.,
according to unpairetitests at each voltage £ 0.05). The  1996) and in myotubes expressing chimeraa@fanda, ¢
other was the activation ¢g2a-3t (white squareswhich at ~ when repeat | was froma, 5 (Tanabe et al., 1991). The slow
+10, +20, +30, or +40 mV was slightly slower than that activation observed in cells transfected wjshconstructs
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B1-5't

p2-31t1

B2-3'12 B2-B1 B2-B1-3't

100 ms

FIGURE 3 Traces of Ca currents are from the sangi-null cell expressing the indicatgiconstruct. The pulse duration was 300 ms and the holding
potential was—40 mV. The vertical scale is 3pA/pF in all cases.

suggested that ap constructs formed complexes withs,  vide a critical index of the density of functional DHPRs that
rather than witho, -type isoforms that could potentially be is independent of whether these DHPRs function as L-type
expressed in the myotube (Chaudhari and Beam, 199%&" channels. Here we measured the immobilization-resis-
Pereon et al., 1997). We also compared the inactivation tim&nt charge movements with a pulse of 20 ms and a protocol
constant;r, of Eq. 2. The inactivation time constant, fitted design to minimize contamination by the Nahannel gating
with the limitation of the pulse duration discussed abovecurrent and ionic current (Strube et al., 1996). Charge move-
was 4.5+ 1.3 s for cells expressingla, 4.5+ 0.67 s for ments were calculated by integration of the ON component on
cells expressing2a, and 4.8+ 0.5 s for cells expressing the the nonlinear capacitance after verification that ON and OFF
B2-B1 chimera. Thus, notwithstanding the two exceptionscomponents differed by 20% or less.
described above that produced mild changes in activation Fig. 6 shows population averageV relationships for the
kinetics, the main conclusion from these experiments wasestedB constructs. Cells were rejected unless the ON and
that the kinetics of activation and perhaps also that ofOFF components agreed within 20%. The curves corre-
inactivation of the L-type C& current rescued bp con-  spond to a Boltzmann fit of the population averageV
structs inB1-null cells was either weakly modified or not curves with parameters indicated in the figure legend. The
modified at all by constructs. curve without symbols corresponds to the mean charge
The bulk of the immobilization-resistant nonlinear chargemovements of nontransfectggil-null cells obtained in a
movements in myotubes in culture originates from DHPRsprevious study using the same pulse protocol (Beurg et al.,
that include thea, g subunit (Adams et al., 1990). These 1997). Averages of Boltzmann parameters fitted separately
DHPR-mediated charge movements are directly responsibl® each cell are shown in Table 1. The onset of charge
for the restoration in dysgenie{<null) myotubes of skel- movements occurred at—10 mV and increased with volt-
etal-type EC coupling (Tanabe et al., 1990). Both observaage until a plateau was reached at potentials more positive
tions have strongly suggested that charge movements préhan +40 mV. Fig. 6 A showsQ-V relationships of cells
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FIGURE 4 Voltage-dependence of the population averagé €anductance inX) Bla ( = 9), Blc (0 = 12), 1-5't (n = 10), andB1-3't (n = 15);

(B) in B2a (h = 15), 32-3't (n = 10), B2-3't2 (n = 12); and C) B2-B1 (n = 11) andB2-B1-3't (n = 14) transfected myotubes. The curve without symbols
represents the Boltzmann fit &-V curve of nontransfected cell§(,., = 16.2 pS/pFV,,, = 21.5 mV, ank = 9.4 mV). Curves correspond to a Boltzmann
fit of the population mea®s-V curve. Parameters of the fit were iA)(G,,.x = 162.3, 168.5, 165.5, 87.6 pS/p¥,;,, = 14.2, 9.9, 16.6, 20 mV, ankl =

5.7, 4.6, 6.1, 5.8 mV fopla, Blc, B1-5't, and B1-3't, respectively; B) G ., = 152.7, 149, 136.8 pS/pN,,, = 10.4, 14.2, 19.7 mV anHd = 5.4, 5.8,
5.8 mV for B2a, B2-3't, B2-3't2; and C) G,,., = 320.8, 159.8 pS/pFY,,, = 18.8, 18.3 mV ank = 5.7, 5.5 mV forp2-81 andB2-B1-3't transfected
cells, respectively. The top panels show the conductance normalized according to the mean m&jmyf @ach group of cells.

expressing deletions mutants @fa. In all cases, the max- brane-associated DHPRs recovered by this construct. In Fig.
imum charge movement®),,,.,, were significantly larger 6 B we examined the charge movements produced by the
than theQ,,,,, Of nontransfected cells, which averaged 2.5 truncatedB2a constructs. Th&),,., of cells expressing wt
0.2 nCuF (Beurg et al.,, 1997). This result indicated a g2a was much lower than that of v&la-expressing cells
robust recovery of membrane-associated DHPRs bytfhe and, in fact, indistinguishable from that of nontransfected
constructs. Th&),,,., of cells expressing wBla was~6.5  cells. Although this result agreed with a previous determi-
nC/uF, a value that agreed with determinations in normalnation (Beurg et al., 1999b), it is a puzzling one because the
(wt) myotubes and iy, stransfected dysgenic myotubes density of the C&" currents recovered by wg2a was
(Garcia et al., 1994a; Strube et al., 1996; Beurg et al., 1997kimilar to that recovered by wala (see Fig. 4 and Table 1).
In addition, theQ,,., Of cells expressingd1-3't or B1-5t  The previous study showed that the same differen€g,in,
was not significantly different from that of cells expressing between3la andB2a expressing cells was measured from a
wt Bla. Furthermore, neither the midpoint nor the steepnessiore negative holding potentiat-(L20 mV), indicating that
of theseQ-V curves was significantly different (see Table the low Q.. of B2a expressing cells was not due to a
1). However, theQ,,., Of cells expressing3lc was the selective immobilization of charge produced g8a (Beurg
lowest for this group of constructs, yet the difference be-et al., 1999b). We thus surmise that the charge movements
tween Blc and wtpla (5= 0.8 vs. 6.8+ 0.9 nCuF, associated with the opening @Ra-recovered G4 chan-
respectively) was not significanp (= 0.08). nels must have been masked by the background charge
The results of Fig. & clearly demonstrated that the lower movements present in th&l-null myotube. Quite surpris-
Ca" conductance of cells expressing thet@incatedBl  ingly, Fig. 6 B shows that the C-terminus deletion mutants
subunit could not be explained by a lower density of mem-82-3't and 82-3't2 expressed charge movements signifi-
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A than to that produced by wg2. The truncation slightly
100 - 0 reduced theQ, .., although the difference was not statisti-
10 10 53 33 cally significant (unpaired-test withp = 0.4). In summary,
10 14 14 ’}2 11 all B constructs e>_<cept wﬁZa recovergd s.,atL_JrabIe move-
8 11 Al A0 A¢ ments of charge with a maximum density significantly higher
11 than the background charge movements of nontransfected
.3 6 cells. Thus, except for wB2a, all 8 constructs recovered
electrically detectable amounts of membrane-associated DH-
— . . . : | PRs. A Boltzmann fit of theQ-V relationships (Table 1)
0 10 20 30 40 50 showed that 1) the midpoints were not modified by the tested
B 100 Potential (mV) B isoforms; 2) the steepness factor was modestly affected; 3)
3 the Qo Produced by deletion mutants @fla were not af-
8 Ol ; g As fected; 4) theQ,,,.x Produced by the C-terminus truncatg@a
07 o 612 Oz  Ou constructs was increased; and 5) there was no unique correla-
o2 tion between the density of expressed charge movements and
A7 the density of expressed €acurrents in any of the three
groups panels A of 3 isoforms tested.
0 The contribution of the expresse@l constructs to EC
N ' ' ' ' coupling was examined by measurements of intracellular
0 10 20 30 40 50 . . . .
. C&" using confocal line-scan imaging of fluo-3 fluores-
. Potential (mY) cence. Transfected cells were loaded with the cell-permeant
form of fluo-3 and were whole-cell voltage-clamped. In some
As Alg @7 é 6 nontransfected cells slowly evolving €a“waves” could be
@ evoked by depolarization from80 mV that were presumably
1o due to C&"-induced C4" release produced by €aentry via
T-type channels (not shown). To avoid the contribution of the
@5 T-type current, the holding potential was set -aftl0 mV
0 | (Strube et al., 1996). Extensive controls (15 of 15 cells) con-
(') 1'0 2'0 3'0 4'0 5'0 vinced us that no changes in gytosohp%anccurred in non-
transfected31-null cells from this holding potential.
Potential (mV) Fig. 7 shows C& transients in cells expressing the
. _ indicatedp constructs stimulated by a 50-ms depolarization
FIGURE 5 Voltage—dependenct_e pf the time con;tapt of activatibn to +70 mV from —40 mV. In the line-scan images time
(mean= SE) obtained from the fit in Eq. 2 for the indicated number of | . .
cells. The symbols represent the same cell types shown in all figures (sdéicreases from left to right. The depolarizing pulse was
Fig. 4). delivered 100 ms after the start of the line scan as indicated
in the bottom of the figure. The line-scan direction was in
most instances across the myotube width rather than parallel
cantly higher than those of the full-length construct. Table 1to the length of the myotube. The magnification was the
shows that in the case @@2-3't there was a statistically same in all cases and was adjusted so that the top and
significant (unpaired-test withp = 0.00001) doubling of bottom borders of the line-scan image would roughly cor-
the Qax from 2.6 = 0.2 nCuF produced by wtB2a to  respond with the edges of the cell. Also, the laser power,
4.9 = 0.4 nCF produced by the '3truncatedB2a. This  photomultiplier gain, and pixel size were kept constant to
result is in contrast with the identical €a conductance minimize errors when comparing the fluorescence of differ-
produced by both constructs (Table 1), which were 152.7 ent cells. The traces under each image correspond to the
12 pS/pF and 149 13.8 pS/pF, respectively. A complete fluorescence ilAF/F units averaged across the entire line-
deletion of region 5 (construg@2-3't2) produce a 1.5-fold scan. C&" release started at the onset of the depolarization
increase inQ,,., that also was highly significantp(= and peaked at-100 ms in all cases. The decay phase of the
0.0008). Both results clearly indicated that the C-terminudransient outlasted the depolarization by a significant
of B2a interfered with the expression of DHPR chargeamount of time, in agreement with studies in normal rat and
movements. Furthermore, the recovery of charge movemouse myotubes in culture (Garcia and Beam, 1994b;
ments without a concomitant recovery of L-type’Caur-  Beurg et al., 1997, 1999b). The peak fluorescence was in
rent indicated that in the DHPR these two events, namelgxcess of foulAF/F for cells expressing the endogenous wt
voltage-induced movements of electrical charges and opergla construct and for cells expressing g1 chimera. In
ing the C&" channel, are not uniquely associated. In Fig. 6both cases, the C-terminus truncation resulted in a dramatic
C we examined the charge movements produced by thdecease in the peak fluorescence<t® AF/F units. How-
B2-B1 chimera and its ‘3truncated form. TheQ,,., pro-  ever, cells expressing wB2a produced a modest €a
duced by this chimera was closer to that produced bglet  transient that increased when this isoform was truncated.

7 (ms)

504 6

7 (ms)
i
<
1
W oo

DD

T (ms)
Gl




2962 Biophysical Journal Volume 77 December 1999

A B C
Bla @ B2a O p2-pl
$ Ble m B2-3t O B2-B1-3't
Bla-5t ¢ B2-3t A
Bla-3t A
e
Q
E
(o4
0 4

—210 -2IO (I) 2IO 4I0 6IO 80 -40 20 0 20 40 60 80 -40 -20 O 20 40 60 80
Potential (mV) Potential (mV) Potential (mV)

FIGURE 6 Voltage-dependence of immobilization-resistant charge movements (m8&) in Bla ( = 6), Blc (h = 7), B1-5't (n = 5), andB1-3't
(n=5); B)in B2a (O = 11), B2-3't (n = 7), B2-3't2 (h = 5); and C) B2-B1 (h = 7) andB2-B1-3't (n = 5) transfected myotubes. Curves correspond
to a Boltzmann fit of the population me#&V curve. Parameters of the fit ar®)(Q,,.x = 6.5, 5.3, 5.9, 6.3 nG/F; V,,, = 16.9, 21.8, 20.6, 19.6 m\k =
13.9,11.5, 11.9, 10.7 mV fg8la, Blc, B1-5't and B1-3't, respectively; B) Qmax = 2.6, 4.9, 3.9 nGiF; V,,, = 12, 18.6, 21.4 mVk = 15.5, 14.9, 10.4
mV for B2a, B2-3't, B2-3t2; and C) Qn.x = 5.4, 3.8 nCLF; V,,, = 25.8, 19.4 mV;k = 14, 10.5 mV forB2-B1 and B2-B1-3't transfected cells,
respectively. The curve without symbols is a fit@fV curve of nontransfected cellQ(., = 2.5 nCuF; V,,, = —6 mV; k = 12 mV).

The peak fluorescence at different voltages is shown irstatistical significance in both cases (unpaitegdsts with
AF/F units in Fig. 8. The curves correspond to a Boltzmannp = 0.0002 and 0.05, respectively). Because g,
fit of the population averag&F/F-V curves with parameters recovered by each of the two constructs was not signifi-
indicated in the figure legend. The curve without data cor-cantly different from that recovered by v@la (unpaired
responds to the fluo-3 fluorescence of nontransfected cellstest,p > 0.2), the reduction in voltage-evoked Care-
obtained in a previous study (Beurg et al., 1997). Average$ease could not be explained by a reduction in the amount of
of Boltzmann parameters fitted separately to each cell ar®HPR complexes present in the cell surface of these myo-
shown in Table 1. AllB constructs, without exception, tubes. More likely, the deleted regions were necessary for
recoveredAF/F-V curves that saturated at large positivethe EC coupling function of the DHPR. In Fig. B we
potentials. This is expected of skeletal-type EC coupling butnvestigated whether the low EC coupling produced by wt
not of C&"-entry dependent (cardiac-type) EC coupling B2a was related to the C-terminus BRa, which has a
(Garcia and Beam, 1994b). A bell-shap&#/F-V curve, unique composition and is much larger in mass than region
indicative of cardiac-type EC coupling, was restored by5 of Bla. The deletion of 115 amino acids from the C-
coexpression of the cardiac isoform: and wtBla using terminus ofB2a (construct32a-3t) resulted in a 1.8-fold
the same pulse protocol and confocal imaging techniqueestoration (2.0/1.1) cAF/F ., that was marginally signif-
(Ahern et al., 1999). The recovery of skeletal EC couplingicant compared to that produced by g2a (unpaired-test
by the B8 constructs is entirely consistent with a recovery ofwith p = 0.06). This increase iAF/F,,,, was consistent
DHPRs that includex; s, a conclusion reached earlier by with the partial restoration o®,,,, produced by the same
analyses of the voltage-dependence and kinetics of theonstruct, and suggested that the C-terminug2d could
recovered C&" current. Deletion analyses @fla in Fig. 8 interfere with either the targeting of DHPRs to the cell
Aindicated that removal of region 3 (constrygic) did not  surface, or EC coupling, or both. However, further C-
alter the maximum amplitude of €& transients reached at truncation of 70 amino acids (constryéa-3t2) did not
positive potentials. However, a significant decrease in théncreaseAF/F,,,. In fact, the opposite was the case as
maximumAF/F was produced by removal of the C-termi- AF/F,, ., 0Of B2a-3t2 was less than that ¢f2a-3t, although
nus (constructBla-3t) or by partial removal of the N- the difference was not significant (unpairetest withp =
terminus (construcBla-5t) of Bla. 0.18). The loss in activity produced by the deeper truncation

As shown in Table 1, averages of several cells indicatedould be caused by incorrect protein folding, because in this
a fivefold reduction in maximunAF/F in the former case region there is a partially conservedhelix/B8 strand motif
(3.3/0.65) and a 1.7-fold in the latter case (3.3/1.9) with highthat was removed by the deletion (Hanlon et al., 1999).
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Bla B2a B2-p1

Bla-3't B2a-3'2 B2-B1-3't

2 AF/F

+70 mV 1s
-40 mV

FIGURE 7 Confocal line-scan images of fluo-3 fluorescence in response to a 50-ms ptl8@ toV from a holding potential of-40 mV. The curves
show the time course of the normalized fluorescence intensFy) obtained by integration of the image fluorescence. Images have a dimension of 2.05 s
(horizontal) and 45, 42.5, 21.5, 43, 28.5, 73 for Bla, B1-3't, B2a, B2-3't2, B2-B1, andB2-B1-3't, respectively.

Fig. 8 C shows that thg82-B1 chimera fully restored the DISCUSSION
AF/F, . present in cells expressing \8fla. This indicated
that the N-terminal half of3la was interchangeable with
that of 32a, and thus presumably the C-terminus halgbé
was specifically required for enhancing EC coupling. If this
were the case, the C-terminus truncation of the chimer
should produce the same result as the C-terminus truncatiqg

of wt pla. This result, is also showp in Fig. @ The dependence, the slow kinetics of activation of the?'Ca
AF/F iy Of the 52-81-3't truncated chimera was reduced ¢ rent and estimations of the single channel currents based
2.7-fold (3.8/1.4) compared to that produced by the *full- o honstationary variance analyses (Beurg et al., 1999b).
length” chimera, and the difference was statistically signif-citical differences betweefila andB2a were observed in
icant (unpairedt-test withp = 0.005). In summary, the the characteristics of the recovered EC coupling, which
confocal imaging of C& transients inBl-null cells ex- suggested thaB2a was incapable of fully substituting for
pressing3 constructs demonstrated that 1) the linker regionBla as a component of the voltage sensor that triggers the
3 of pla is nonessential for skeletal-type EC coupling; 2) ac2* transient. In the present study we used deletion mu-
domain of theBla subunit, near the C-terminus (region 5), tants and chimeras ¢fla andB2a to determine the molec-
and the N-terminus (region 1) strengthened skeletal-type EGlar basis for 1) the ability oBla to recover EC coupling
coupling but did not affecQ,. 3) @ domain of theB2a  when expressed ig1-null cells; and 2) the inability oB2a
subunit, also near the C-terminus (region 5), weakened Eb recover charge movements and EC coupling with normal
coupling; and 4) the N-terminus half g8la could be characteristics in the same cells. We identified the partici-
interchanged with the N-terminus half pa without aloss  pation of the N- and C-termini g8la in skeletal-type EC

in the strength of EC coupling as determined by the maxicoupling and the interference of the C-terminusg@a in
mum amplitude of C&" transients. the same process.

We previously showed that full-lengt3la or g2a ex-
pressed inB1-null cells became integrated into functional
skeletal-type DHPR complexes that includgs, Bla or

2a, and presumably,-6 andy subunits. This conclusion
as based on many similar characteristics of the expressed
HPRs such as the €& current density and voltage-
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FIGURE 8 C&" transients were elicited by 50-ms voltage steps to the indicated potential from a holding potent#l ofV. AF/F at the peak of the
transient (population meah SE) was obtained by integration of the confocal line-scan images. Curves correspond to Boltzmann fit of the population mean
AF/F-V curve. Parameters of the fit ar8)(AF/F, .= 3.1, 3.4, 1.8, 0.8¥,,, = 3, —2.4,-4.1,0.8 mV;k = 8.2, 6.8, 8.3, 6.4 mV fopla ( = 9), Blc

(n = 11), B1-5't (n = 6), andp1-3't (n = 3), respectively;B) AF/F, .= 1, 2,0.9;V,,, = —0.6, 1.5, 4.5 mVk = 7, 5.8, 10.3 mV foB2a (0 = 7), B2-3't
(n=4),B2-3t2 (n = 6); and C) AF/F.x= 3.7, 1.4V, = —5.4, 6.3 mV:k = 8.4, 7.6 mV forB2-B1 (n = 7) andp2-B1-3't (n = 10) transfected cells,
respectively.

Because the N-terminus @fla andB2a have amino acid and to a dual effect on G4 transients. There was an
sequences that are entirely divergent, yet the N-terminusicrease ilAF/F,, ., in cells expressin@2a-3t followed by
half of B2a supported EC coupling, the N-terminusgffa  a decrease iM\F/F in cells expressing the more drastic
was a far less critical determinant of EC coupling than thetruncation (2a-3t2). The C-terminal region of32a is
C-terminus ofla. Since a domain of the pore-formings ~ ~115 amino acids longer than that @ia, and is predicted
subunit is also required for EC coupling in skeletal myo-to be more hydrophilic (higher Kyte-Doolittle index) and
tubes (Nakai et al., 1998b), the present observations suggesiore flexible (higher Karplus-Schulz index) than that of
two distinct hypotheses. The identified C-terminal region of Bla. TheB2a-specific region could represent an unusually
Bla could either assist; g, or function in parallel withe, g, active surface for interactions with cytoplasmic proteins,
to bring about EC coupling with normal characteristics. Forincluding secondary interactions with the cytoplasmic loops
example, the identified domain could bring about a closeof the a; s subunit, which could have inhibited charge move-
colocalization of DHPRs and RyRs across from the junc-ments and disrupted normal EC coupling. There is also the
tional membrane that would enahilgq to signal opening of  distinct possibility, based on the fact thaenhances trans-
the RyR. Alternatively, the identified domain could be anport of C&" channels to the cell surface (Chien et al.,
element of the signal that opens the RyRs. These twd995), that 881-specific event may be required for transport
possibilities, although seemingly dissimilar, may represendf «,4B1 channels to the cell surface, whereag/2
two manifestations of the same molecular interaction bechannels were prevented from reaching the cell surface.
tween B and the RyR or betweefs and other junctional This could explain the fact that EC coupling was only
proteins. partially restored by the combined expressiompf and 32

The deletion analyses of the present study indicated thatnd that charge movements expressed3Bg were unde-
the nonhomologous C-termini ¢fla andB2a have signif- tectable. However, this explanation has to be confronted
icant consequences for the EC coupling function of thewith the additional experimental fact that the thrgg
DHPR. However these two peptidic regions produced noneonstructs tested express®Caurrents with a normal (wt)
equivalent effects. Removal of th&l-specific C-terminus density and slow kinetics characteristics of skeletal L-type
had no effect on charge movements and reduced thé Ca C&" channels. Recent studies have shown that RyRs facil-
transients, whereas removal of t&-specific C-terminus itate the expression of the normal L-type “Cacurrent
lead to an increase in the expression of charge movemeinlensity by a mechanism likely to involve a retrograde signal



Beurg et al. DHPR B in EC Coupling 2965

from the RyR to the DHPR (Nakai et al., 1996). Conse-activation (Quin et al., 1996). A more recent study in HEK
quently, one would have to assume tHgRa-expressing cells, aiming to identify the molecular basis of the transport
cells have a normal (wt) density of DHPRs on the cellfunction of theB2a subunit, showed that neither region 1
surface. Fluorescent tagging of €achannel subunits;;s  nor 5 was essential for the surface expression.@f Cat"
and B isoforms should further provide critical information channels nor for expression of DHP binding sites accessible
on this issue. from the outside of the cell (Gao et al., 1999). Studies in
Itis entirely conceivable that the C-terminus@ifa could  oocytes have indicated that endogenous low-level expres-
participate in EC coupling signaling, the event that opension of 33 is sufficient for the transport function, whereas a
the RyR. However, the comparatively small size gffa  robust overexpression of exogeno@3 was required for
would necessitate, in this case, that DHPRs and RyRs be iaffecting the gating of coexpressedz Ca&" channels
close proximity. The evidence in favor of a physical cou-(Tareilus et al., 1997). Thus, it has been suggested that
pling of DHPRs and RyRs is overwhelmingly supportive modulation of gating is produced by low-affinity binding
and includes 1) the identification of the skeletal DHPR II-1ll sites on thea,; subunit occupied by overexpress¢i
loop as an essential component of the EC coupling (Tanab&hereas the G4 channel transport function only appears to
at al., 1990; Adams et al., 1990; Nakai et al., 1998b); 2)equire the higher-affinity AID/BID interaction (Tareilus et
functional interactions between II-lll loop peptides andal., 1997; Neuhuber et al., 1998b; Gao et al., 1999).
RyRs (El-Hayek et al., 1995); 3) coprecipitation of solubi- There are several observations obtained herg-mull
lized DHPR and RyRs (Marty et al., 1994); 4) interaction of cells pertinent to the gating and transport functionsgof
II-1ll loop fragments and RyR fragments (Leong et al., First, the present studies showed that the C-terminus region
1998a, b); and 5) a recent identification of a domain in theof 81 is a critical determinant of the EC coupling function
RyR that is specifically required for expression of L-type of the DHPR, a region not previously correlated with any
Ca" current by the DHPR (Nakai et al., 1998a). The latterknown gating or transport function @& This finding high-
evidence is particularly compelling because skeletal-typgights the need for homologous expression systems for
Ca* channel expression is poor in nonmuscle cells, even iminderstanding cell-specific functions of a channels.
a highly efficient system such as the amphibian oocyte (Resecond, our finding of a lack of modulation of the “Ca
and Hall, 1997). Interactions between the’Cahannel  channel conductance versus voltage relationship and acti-
subunit and the RyR are entirely speculative, although in &ation kinetics by the varioug constructs suggests that, in
tightly coupled multisubunit system it is entirely reasonablegkeletal myotubesq, s and notp was the overwhelming
to suspect these interactions may be present. We surmiggterminant of the gating characteristics of thé Cehan-
that in the assembled €achannel all the cytosolic loops of nel. Finally, because a8 constructs tested had intact BID
a;s must be brought close to each other in the space undgegions and expressed high-density L-type?Caurrents,
the cytoplasmic face of the channel. Becaysebinds  the present results are entirely consistent with the appraisal
strongly to the I-1l loop ofa, it is almost impossible for o the AID/BID interaction as a major, and perhaps the only,
this subunit not to be in close contact with the Il-Ill loop of giryctural determinant required for the surface expression of
a;sand the RyR1. Consequently, domaing8ofould form  he 2+ channel. This conclusion is consistent with the
a complex with the II-1ll loop and the RyR1. These poten-|ack of correlation between the recovery of the L-typé Ca
tially significant interactions clearly deserve further inves- ., --ant density and EC coupling (see Table 1), which sug-

tigation. _ _ gests that both functions are indeed regulated by different
The present studies agree with some, but not all, prévigy ctral domains in the8 subunit. It is possible that

pusly proposed functions fﬂsubunitsinferred from stgdies subpopulations of G4 channels could be separately re-
n heterologou; expression systems. Th(_ase studies hagf)onsible for the L-type G4 current and EC coupling.
sh?wn t??ﬁ the mteracél%ll Qf]l and|B Slébu?'ttr‘:’ affectstt.he These subpopulations could originate from post-transla-
gating ot the expressed t-achanne! and, at the same ime, ;| processing of thg construct (Chien et al., 1995) and

Iseﬂegilﬁgr;ﬂ;thgoztabrlgzz-tgonn of;:(je azgfg?;r;e:ezt tl[]se could account for the lack of correlation of the biophysical
' xp lon @f Bl u ’d parameters listed in Table 1.

in most cases, in Ga currents with a higher density an
faster kinetics (Olcese et al., 1994; Quin et al., 1996; Jones
et al" 1998). In aqdltlonﬁ.SUbumts faCII.Itate gating of the This work was supported by National Institutes of Health Grant HL-47053
C&" channel by increasing the coupling between chargey r.C., P.AP., and R.G.G.).
movement and pore opening (Neely et al., 1993; Olcese et
al., 1996) although exceptions have been described (Joseph-
son and Varadi, 1996; Kamp et al., 1996). EFERENCES
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