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Evidence for Two Concentration-Dependent Processes for 3-Subunit
Effects on a1B Calcium Channels

C. Canti, A. Davies, N. S. Berrow, A. J. Butcher, K. M. Page, and A. C. Dolphin
Department of Pharmacology, University College London, London WC1E 6BT, United Kingdom

ABSTRACT B-Subunits of voltage-dependent Ca?* channels regulate both their expression and biophysical properties. We
have injected a range of concentrations of B3-cDNA into Xenopus oocytes, with a fixed concentration of a1B (Ca,2.2) cDNA,
and have quantified the corresponding linear increase of B3 protein. The concentration dependence of a number of
B3-dependent processes has been studied. First, the dependence of the a1B maximum conductance on B3-protein occurs
with a midpoint around the endogenous concentration of 83 (~17 nM). This may represent the interaction of the B-subunit,
responsible for trafficking, with the I-ll linker of the nascent channel. Second, the effect of B3-subunits on the voltage
dependence of steady-state inactivation provides evidence for two channel populations, interpreted as representing «1B
without or with a B3-subunit, bound with a lower affinity of 120 nM. Third, the effect of B3 on the facilitation rate of
G-protein-modulated «1B currents during a depolarizing prepulse to +100 mV provides evidence for the same two
populations, with the rapid facilitation rate being attributed to GBvy dissociation from the B-subunit-bound «1B channels. The
data are discussed in terms of two hypotheses, either binding of two B-subunits to the «1B channel or a state-dependent
alteration in affinity of the channel for the B-subunit.

INTRODUCTION

Voltage-dependent & channels (VDCCs) are composed (Zamponi et al., 1997; De Waard et al., 1997) and other
of a pore-formingal-subunit, associated with accessoryinteraction sites of lower affinity were measured on the C
subunits, including a cytoplasmig-subunit and largely terminus (Qin et al., 1997; Walker et al., 1998) and the N
extracellular «25-subunit (Dolphin, 1998, for review). terminus (Walker et al., 1999; Canti et al., 1999; Stephens et
B-Subunits regulate a number of properties of VDCCs,al., 2000). However, none of these studies has been able to
increasing current density, in part by recruitment of chan-address whether in an intact channel the sgy®ibunit
nels into the plasma membrane (Brice et al., 1997; Bichet dbinds with high affinity to the I-1l linker and interacts via
al., 2000) and hyperpolarizing the voltage dependence different domains with lower affinity at the N and C termini.
activation and also steady-state inactivation (except in thét is certainly possible that these three intracellular domains
case off2a) (De Waard and Campbell, 1995; Stephens ebf al-subunits all form part of a complex binding pocket for
al., 1997). A role forB-subunits in G-protein inhibition of both a singleB-subunit and, when present, g3¢ dimer.
calcium channels has also been reported (Campbell et aljlternatively, severalB-subunits might bind to different
1995; Bourinet et al., 1996; Qin et al., 1997; Roche andsites on the same channel.
Treistman, 1998; Meir et al., 2000). This has been inter- The aim of the present work was to examine the depen-
preted in terms of an interaction at an overlapping bindingdence of a number of the effects of VD@=subunits on the
site (Bourinet et al., 1996). However, we have shown thatoncentration of33-subunit expressed Xenopusocytes.
there is not a simple competition betwegrsubunits and We wished to determine whether we could distinguish dif-
GpBy dimers (Meir et al., 2000; Canti et al., 2000). Indeed,ferent concentration dependencies, which would provide
in a system (COS-7 cells) in which no endogengusub-  evidence for more than one binding processg@esubunits.
unit protein was detected by immunocytochemistry, theWe have examined the effect @B8-subunit concentration
presence of heterologously expresgesubunits was essen- on the maximum conductance oflB, as a measure of
tial for the relief of G3y-mediated inhibition by prepulse expression level, on the voltage dependence of steady-state
facilitation (Meir et al., 2000). inactivation, and on the rate of prepulse facilitation during G
The point has recently been made that we do not knowprotein inhibition. We have not examined the effects38f
how manyg-subunits bind physiologically to a functional on inactivation kinetics, because in a previous study, we
calcium channel (Birnbaumer et al., 1998). Thre@y@&nd  found little effect of33 on this parameter fatlB (Stephens
B-subunit interaction sites have been identified on varioust al., 2000).
al-subunits, and a high-affinity site within the I-Il loop

MATERIALS AND METHODS
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described previously (Canti et al., 2000). Th&B, B3, «26-1, and D2 sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)

receptor cDNAs (1 ng nI*, except for thg3-subunit) were mixed in aratio  analysis, with Coomassie blue staining, before concentrating to 0.5 mg

of 3:4:1:3, respectively, and 4 nl was injected (except when otherwiseml* using Centriplus concentrators.

stated) into the nuclei of stage V and VI oocytes. B3 DNA was diluted

up to 1:500 before mixing, and whes3 cDNA was not used, it was

replaced by buffer. The entire range BB cDNA concentrations was Surface plasmon resonance binding assay

examined in each experiment to minimize batch-to-batch variation in

oocyte expression levels. All assays were performed on a Biacore 2000 (Biacore, Uppsala, Sweden)
at 25°C in 10 mM Hepes, 500 mM NaCl, 3 mM EDTA, 0.005% polysor-
bate-20, pH 7.4. Glutathione S-transferase (GST) and theaGsT

Antisense oligonucleotides linker fusion proteins were purified as previously described (Bell et al.,
2001) and immobilized on individual flow cells of a CM5 dextran chip

The 25-mer antisense oligonucleotide DNA (ODN) sequence used wassing an anti-GST polyclonal antibody kit (Biacore) according to the

GCA CTC CTC ATC CAG CGC TCC £A G (Tareilus et al., 1997). The manufacturer’s instructions. To obtain identical molar loadings of the

scrambled nonsense ODN sequence @€ GTA GCG CAC CAC CTA different molecular mass proteins the following resonance unit (RU) cor-

CCT CAG C (Gibco, Paisley, UK). The nucleotides were phosphodiesterrection factors were used during immobilization: GST1; GSTa,gl-Il

linked, except the first and last three nucleotides, in bold, which werelinker = 1.57. H6Q33 protein was diluted as stated, and H&njections

phosphorothioate linked, to reduce degradation. In these experimabBts were performed using a flow rate of 5 min~* for 5 min.

cDNA, «256-1 cDNA, and ODN (4 or 40uM) were mixed in a ratio of

3:1:3 before injection of 9 nl per oocyte.

Determination of the amount of g3-subunit in

) o Xenopus oocytes
Expression and purification of H6C33
Oocytes were injected intranuclearly, as described previously (Canti et al.,

A full-length g3 with C-terminal hexabhistidine tag (H@3) was produced  2000), with«1B/a25-1 subunits and either 3, 45, 720, or 1440 pgssf
by two-stage polymerase chain reaction (PCR) to remove an int&fihil cDNA. After 5 days of incubation at 18°C, individual oocytes (following
site (10 cycles each stage) usiRty polymerase (Stratagene, Amsterdam, brief electrophysiological recording to verify expressiondB I5,) were
The Netherlands)33 in pMT2 as template, and the following primers for lysed in hypotonic buffer (10 mM Tris, pH 7.4, containing protease
stage one: forward, 'ECCACATGTATGACGACTCCS3; reverse, inhibitors (Roche) plus 1 mM EDTA), solubilized in 2% SDS, assayed for
5'CGGGGGGACATGCTCCGCCTGCTTTT3 protein content, diluted as necessary to remain within the linear range (see
The resulting PCR product was purified and used as the forward primeFig. 2), and separated by SDS-PAGE, followed by immunoblotting for
in the second stage reaction withGBGGGAATTCTCAATGATGATGAT- B3-subunits. H6@3 subunit standards (0.2-3 ng) were run in parallel. The
GATGATGGTAGCTGTCCTTAGGCCAS as the reverse primer. The polyvinylidene fluoride membranes were blocked with 3% bovine serum
resulting PCR product~1.5 kb) was purified from agarose gel, digested albumin fa 5 h at55°C and incubated overnight at 20°C with a 1:500
with Afllll and EcaRl, and sub-cloned intdNcd- and EcoRI-digested  dilution of anti{33 monoclonal antibody raised against residues 418—-484
PET28b (Novagen, Nottingham, UK) to give HBG-pET28b. BL21  of humang3 (Day et al., 1998; Bogdanov et al., 2000). This region is 97%
Codon Plus (IRL)Escherichia coli(Stratagene) were transformed with and 80% identical to the corresponding rat aXenopusB3 sequence,
H6CB3-pET28b, and cultures were grown overnight to saturation at 37°Crespectively. Because the antibody is a monoclonal, it is highly likely to
in LB (pH 5.5) supplemented with kanamycin, chloramphenicol, and 1%bind to an epitope that is well conserved between the three species. The
wiv glucose, diluted 1:10 with the same medium, and grown for anprimary antibody was followed by a 1:1000 dilution of goat anti-mouse
additiond 3 h before cooling to room temperature and induction with 0.5 IgG-horseradish peroxidase conjugate (BioRad Laboratories, Richmond,
mM isopropylthio-p-galactoside. The cultures were growm ®h after CA) for 1 h at20°C. Detection was performed using ECL (Amersham
induction and harvested by centrifugation; pellets were then stored aPharmacia Biotech), the films were subsequently scanned, and the amount
—70°C until required. of B3 subunit in each sample was determined using Imagequant (Molecular
E. colipellets containing expressed HB€protein were lysed at 4°C by  Dynamics, Sunnyvale, CA) from the standard curve of purified B8C
sonication in 20 mM phosphate buffer (pH 7.4), containing one proteaserotein on the same blots. To estimate fBsubunit content of plasma
inhibitor tablet (Complete EDTA-free, Roche Diagnostics, Lewes, UK) per membrane and internal (cytosolic) fractions, oocytes were placed in hypo-
liter of pelleted culture. Solid NaCl was added to the lysate to a finaltonic buffer (5 mM Hepes, pH 7.4, with protease inhibitors) for 30 min at
concentration b1 M NaCl before the lysate was cleared at 20,00 at room temperature. The plasma membrane was then isolated with fine
4°C for 15 min. Imidazole solution (pH 7.4) was then added to the resultingforceps from the cell interior contents (cytosol). The two fractions from a
supernatant to give a final concentration of 20 mM before loading onto agiven number of oocytes were pooled and each homogenized in hypotonic
Ni?*-primed 5-ml HiTrap chelating column (Amersham Pharmacia,-Upp buffer. The plasma membrane fractions were washed three times in hypo-
sala, Sweden) equilibrated with load buffer (20 mM phosphate buffer, pHtonic buffer by centrifugation (100,00 g for 30 min at 4°C). Both
7.4, 1 M NaCl, 20 mM imidazole, 0.15% w/v octylglucoside, and one fractions were solubilized in SDS-PAGE buffer and then assayeg3or
protease inhibitor tablet per 100 ml). The column was washed thoroughhand total protein content.
with wash buffer (same as load buffer but with 40 mM imidazole) before
H6CB3 was eluted from the column in elution buffer (same as load buffer
but with 200 mM imidazole). Electrophysiological recording of /g,
Peak U\,g, absorbance fractions were rapidly buffer exchanged on a
Sephadex G-25 (Amersham Pharmacia) column into ion-exchange (IEXJwo-electrode voltage-clamp recordings from oocytes were performed as
buffer (20 mM 2-N-morpholino] ethanesulfonic acid, pH 6.0, one protease described previously (Canti et al., 2000). Oocytes were hetdl®t0 mV,
inhibitor tablet per 200 ml) supplemented with 500 mM NaCl, before and currents were evoked every 15 s using 5 mM'Bas charge carrier,
dilution 1:10 with IEX buffer. The diluted sample was loaded onto a 1-ml unless otherwise stated. ThéB Iz, was always recorded using the same
SP-Sepharose HP column (Pharmacia), and the column was washed wigequence and timing of protocols. For every cell, a maximal concentration
IEX buffer before H6@3 proteins were eluted in a linear gradient of 0—1 of quinpirole (100 nM) was applied, after which marked and prolonged
M NaCl in IEX buffer. Fractions containing HG& were identified by  over-recovery 30 min) was usually observed due to the removal of tonic
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inhibition (Canti et al., 2000). This provided a stable baseline from whichDetermination of the endogenous B3-subunit

all experimental measurements were then made. All experimental datéoncentration in Xenopus oocytes and that
regarding the effect of quinpirole application were obtained during a

second application of the drug. Current amplitude measurements Werﬁesumng from injection of increasing B3 cDNA

taken at 20 ms after the start of test pulses except in the steady-sta - . .
inactivation protocol, where currents were measured at their peak. AIILFhe relatlonshlp between the ConcentratlomCDNA

values are meart SEM, and statistical significances were determined by INjected into theXenopusoocytes and the amount @3
Student’st-test. protein expressed was examined by constructing a stan-

The observed1B Ig, currents were not contaminated with endogenous dard curve with H6@3 (Fig. 1 a) and using this to

oocyte currents, as these were measured in non-injected oocytes from eve . L o
batch and were less than 10 nA for the maximigyin 5-10 mM B&*. determine the amount @83 protein in non-injected and

All currents were leak-subtracted on-line using-&/4 protocol. B3 cDNA-injected oocytes. The expressiong§ protein
was linear up to the highest amount of injecfg®cDNA

examined (1.44 ng), which is twice the maximum amount
used in the electrophysiological experiments (Figh)1l
Data were analyzed using Clampfit (Axon Instruments, Foster City, CA)The endogenoug3 level in a«1B/a28-1-injected oocytes
a“‘g:OR'G'N ?-0 ('Vllg;?)roca'v NOfthame{IO“' MA). red Bol , Wwas very similar to that in non-injected oocytes (112
urrent-voltage curves were fit to a combine oltzmann an e _ .
linear function: 2% of the non-injected levelp = 10). Furthermore, it
was reduced by 47 4% (n = 10) after 40uM A/S ODN
I = Grad Vi = Vie)/[1 + exp(— (Vi = Vso,acd/K) ], injection (Fig. 1b). The amount of endogenoyd3 per
whereV, represents the test potenti@l,,,,the maximum conductanc¥,,, oocyte was 0.56 0.02 ng ( = 15), which corresponds

the apparent reversal potentistl, ..the potential for half-activation, and {0 an average concentration ef17 nM, assuming an
k the slope factor. oocyte radius of 0.5 mm. The ratio @3 protein associ-

The steady-state inactivation curves were either fit by a single Boltz-3ted with the plasma membrane and internal fraction was
mann function: examined at the different concentrations 88 cDNA
N pax = L1 + exp((Vy = Vsoinacd/K) 1, injected intoXenopusoocytes (Fig. 1c). Although the
amount of B3-subunit was linearly dependent g83
cDNA concentration in both fractions (Fig. 4, inse),
that in the internal (cytosolic) fraction increased to a
W= 1 — (@/[1 + exp((V; — Vsg,inactd/Ka)] much greater extent, as expected, becg@®és unlikely
to be plasma membrane associated unless bound to a
— b/[1+ exp((V; — Vs ky) ], : .
[ A(Ve = Vo naced/ko) ) calcium channel (Bogdanov et al., 2000). The ratio (per
whereVsg inact, s8N0k, are the parameters associated with the component Aoocyte) of 83 protein in the cytosol/membrane rises to

of amplitudeg, and Vsg jnactp and k, are the corrgsponding paramiters over 30 at the highest concentration @8 cDNA used.
associated with the second component B of amplituee(1 — a). Thex

values associated with each fit were used to assess whether a single or
double function best fit each individual dataset.

Data analysis

wherel ., is the peak current valu&/s, ;o is the potential for half-
inactivation, or to a double Boltzmann function:

Dependence of the a1B G, on the
RESULTS concentration of 83-subunit resulting from
To examine how the biophysical effects gfsubunits are co-expression of increasing amounts of g3 cDNA
dependent on expressgdsubunit concentration, we have
expressed a range of concentrations of the VDB&
subunit by injecting increasing amounts@8 cDNA, from
0 to 720 pg, together with a fixed concentrationndB and
«28-1 cDNA into Xenopusoocytes. The rgB3-subunit was .
used because it is one of the magrsubunits associated absence of expressegB-subunit, heGp,, was 0.014x
with «1B in native tissues (Witcher et al., 1993: Burgess ef0-0021S (0 = 13). TheG,,, showed strong dependence on
al., 1999). Furthermore, using a PCR strategy with primerdh€ expresse@3-subunit, with 15 pg of injecte@3 cDNA
in regions of homology between all mammaligssubunits, ~ 91Ving @ plateauGy,, of 0.029+ 0.004pS (0 = 19). The.
only B3 cDNA was isolated fronXenopusocytes, and itis  Vso.ace ShOwed a more gradual hyperpolarizing shift with
therefore reasonable to conclude that it is the ghubunit  increasings3-subunit to a maximum of 15.3 mV (see Fig.
present in these cells (Tareilus et al., 1997). In agreemer# €), resulting in an increased current amplitude at 0 mV,
with this, comparison of results obtained with a8 anti-  after the conductance increase had saturated, because of the
body used in this study, and a p@rsubunit antibody increased driving force at the more hyperpolarized poten-
(Campbell et al., 1995), revealed no additiogasubunit  tials (Fig. 2,a andb). There was no effect g83-subunit
immunoreactive bands on immunoblots (results not shown)expression on th¥,., (see Fig. 2).

We first examined the influence of increasing {B&-sub-
unit concentration on th&,,,, obtained from thex1B IV
relationships (Fig. 2). Examples bf, at 0 mV are shown in
Fig. 24, i, and the mealiV relationships in Fig. D. In the
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FIGURE 1 Dependence ofenopuocytep3 protein level on33 cDNA injected. &) Standard curve fop3 protein from 0.2—3 ng (meah SEM;n =

5). H6CB3 was purified and detected using3d8 monoclonal antibody as described. The same protein band was also detected with an anti-hexahistidine
antibody (results not shown). The straight line is a linear regression fit (2.6x; R = 0.993), from which the amount @3 in oocyte lysates was
determined. The inset at the top shows a representative immunoblot of the standard curve, usingB®end@&ih whose purity is shown in Fig.a3 (b)
Immunodetection o33 subunits in total oocyte lysates using & monoclonal antibody.lffse) Representative immunoblot. Oocytes were injected as
follows: lane A, no injected DNA; lane By1B/a25-1 + A/S ODN 40 uM; lane C,a1B/a256-1 alone; lanes D—Gq1B/a25-1 + 3 pg, 45 pg, 720 pg,
and 1.44 ng of33 cDNA, respectively. The dilutions used are indicated above the blots. For the graph, the total optical densitg3obémels was
determined and thg3 level calculated from the standard curve and plotted ag@BsDNA injected @). Data are meart SEM of 10-15 values each.
The line is a linear regression fit to the daya< 1.79+ 0.06X; R = 0.995). €) 33 subunits were quantified by immunodetection in isolated oocyte plasma
membrane and internal protein fractions using #8monoclonal antibody. The ratio @3 subunit/oocyte in the internal/oocyte membrane fraction is
shown as a function of increasing amounts of inje@@8dcDNA (3, 45, 720, and 1440 p@®) in addition toalB anda25-1 subunits. Data are the ratio

of mean values for of 8—20 determinations each. The line is the linear regression fit to thR ¢ata487). The inset plot shows separately the increase
in B3 subunit in the internal) and oocyte membrane fractiorl)(from which the ratios were determined.

Effect of a 3 antisense ODN on «1B calcium
channel expression in Xenopus oocytes

To determine to what extent the expressiomdB currents,
in the absence of co-express@dsubunits, relies on the Two different A/S ODN concentrations were used (4 and 40
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presence of the endogeno¥snopusoocyte B-subunits, a
B3 A/S ODN was injected, together wit26-1 cDNA and

a higher concentration ok1B cDNA (see Materials and
Methods). A scrambled N/S ODN was used as a control.
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A B «18/a25-1 M), which gave very similar results. For the oocytes
o +0pgp3cDNA O +45pg .. .
. injected with the N/S ODN, 11/12 oocytes expressgd
v (Fig. 2 a, ii), and from thelV relationship (Fig. ) the

Gmax Was 0.036x= 0.006uS (n = 9). For 4 and 4QuM
B3 A/S ODN, 5/15 and 5/20 oocytes, respectively, ex-
pressedlg, above background noise (Fig. & ii), and
from these oocytes th@,,,, was 0.018+ 0.004uS (n =
et owm 4) and 0.019+ 0.007uS (h = 4), respectively (see Fig.
2 c for a comparison of the N/S and pooled A/S data). It
NIS 40 M ﬂ“’”" is clear from the normalizedV relationships that al-
though thep3 A/S ODN reduceds,,,, by ~50%, it did
40 20 o 20 4'0v(2‘3) not significantly depolarize the/s, .. compared with
C o S 0ON D o WS oD either the N/S ODN (Fig. &l) or the 0-pgB3 cDNA
A A/SODN 3 53 CONA (45 pg) control. TheVyg 5was +2.8 = 0.9 mV for alB/a26-1
g (n=13), +1.4 = 1.7 mV for a1B/a25-1 + 40 uM N/S
ODN (n = 9), +2.5 = 2.1 mV for «1B/a26-1 + 4 uM
A/S ODN (h = 4), and+4.5*= 0.7 mV for alB/a25-1 +
40 uM A/S ODN (n = 4). In comparison, 45 pg o83
cDNA, a concentration that produced an approximate
doubling of the G, compared with thealB/a25-1
4020 0 20 40 60 20 30 5 7o 70 o control (Fig. 2b) and an~10-fold increase ir83 protein
vV (mV) V (mV) (Fig. 1 b), also caused a marked hyperpolarizing shift in
E B3 cDNA (pg): the Vg o t0 —8.5 = 1.0 mV (0 = 10; Fig. &).
03615 45 80 360 720 115 By estimating theB3 protein level for eactB3 cDNA
e""‘,’gf:f”s 110 O concentration used, from linear regression of the data in Fig.
1 b and taking into account the dilution factor used, we then
determined the dependence«B G, on amount of33
protein expressed per oocyte (Fige, M). The data, includ-
10 ing the point generated from the A/S experimen),(are
01 1 10 160 well fit by a sigmoid concentration-response curve. The
B3 protein / oocyte (ng) midpoint of this curve (0.54 ng o83 protein per oocyte,
approximately equivalent to 16.3 nM) occurs at about the

FIGURE 2 Modulation ofelB biophysical properties by co-expression endogenous_ level ¢83 protein in the)(enopus_nocytes, and

of VDCC B subunits orB3 antisense ODNs. Th&lB channel was the plateau is reached a2.3 ng of 33 protein per oocyte
expressed witl26-1 and the dopamine D2 receptor and either without or (69 nM).

with 3-720 pg of 33 cDNA or with A/S or N/S ODNSs. § Example We also examined the concentration dependence of the

currents at 0 mV:if for the different concentrations @3 cDNA as given; V5o act (Fig. 2e <>) and found it to be fit by a sigmoid

(i) for A/S ODN (4 and 40uM), compared with N/S ODN (4@M). (b) o : : : -
IV relationships for the different concentrations @8 cDNA (symbols concentration _response curve with a hlgher mldpomt ar2.7
ng of B3 protein.

given in key) were obtained from voltage steps betwedf and-+50 mV,
andlg, at 20 ms was fit to a modified Boltzmann function (see Materials
and Methods). Th¥g, ,values were (mV) 2.8 0.9 (0 pg of 33 cDNA, L . . A
n=13); 1.4+ 1.6 (3 pg,n = 13): ~1.2 + 0.9 (6 pg,n = 19): 4.3 = Binding affinity of the purified B3 protein for the

0.9 (15 pgn = 19); —8.5+ 1.0 (45 pg,n = 10); —9.8 + 0.8 (90 pgn = I-1l linker of «1B

12); —11.9+ 1.0 (360 pgn = 9), and—12.5+ 0.9 (720 pgn = 9). The -~ ) -

k (slope factor) values were between 3.8 and 5.7 mV.\Whgvalues inall 1€ same purified H6@3 protein used for the quantifica-
groups lay between 44.3 mV and 50.3 mV, with no statistically significanttion of endogenous and expresgéfilevels (Fig. 3a) was
differences between them and no effec8fsubunit co-expressiorc)(IV also used to examine its binding to the B I-II linker

relationships comparing the A/S and N/S conditics40 uM N/S ODN, immobilized as a GST fusion protein (Figa;%on a Biacore
n = 9; A, mean of 4 and 4M A/S ODN, n = 8. (d) NormalizedIV

relationships for the N/S and A/S ODN conditions (same symbols &f in
showing the lack of effect on thés, .., In comparison, the normalize®
relationship for the 45 pg @83 cDNA condition is also giver({], n = 10).
(e) The G,,,.x was determined as the slope conductance from the lineaprotein and a power coefficient of 1.9. The arrow represents the measured
region of thelV relationships, normalized to the value f@tB/x25-1 and endogenoug3 protein level. The amount ¢#3 cDNA injected is indicated
plotted against the amount 88 protein calculated from the linear regres- above each point. Thés, . values were determined from tihé relatior

sion fit to Fig. 1 b (left axis H). The open circle represents ti@&, ., ships inb and are plotted against the amoun{3&f protein (ight axis <).
determined following the A/S ODN relative to the N/S ODN data from  The data are fit by a logistic function with a midpoint at 2.71 ngpaf

The data are fit by a logistic function with a midpoint of 0.54 nga¥ protein and a power coefficient of 1.7.
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FIGURE 3 Binding of 33 protein to GST fusion proteins ailB I-1I

linker. (@) Coomassie-blue-stained 12.5% SDS-PAGE gel (Brabet et al.

Canti et al.

2000. The binding of H6B3 was concentration dependent
and reversible, between 5 and 40 nM HE the highest
concentration examinedh (= 3—6 for each concentration;
example sensorgrams given in Figb The mean sensor-
gram for 20 nM H6@3 is shown in Fig. & (n = 6). Both
the on- and off-rates were well fit by a single-exponential
function to the mean data, and tkg was determined to be
26 nM (see legend to Fig. §. Similarly, for the 10 nMB3
binding data, the meal{, was calculated to be 19.6 nM,
from fits of the on- and off-rates for the mean data<{ 3;
results not shown). These estimates of the affinity of H8C
binding to thealB I-1l linker are in very good agreement
with the functional data. The specifig,, for H6CB3 bind
ing to thealB I-1l linker in this system was estimated to be
2.0x 10° M1 s7! (see Fig. X).

Dependence of steady-state inactivation of «1B
on the concentration of 83-subunit resulting from
co-expression of increasing amounts of 33 cDNA

We next examined the effect of heterologous expression
of the B3-subunit on the steady-state inactivationodfB
currents. For the two extreme conditions, A8 cDNA
(and therefore no heterologously expres@3isubunit)
and the maximal amount (720 pg) B8 cDNA injected,
the data could be fit by a single Boltzmann function (Fig.
4 a). TheVgq inactWas hyperpolarized by the co-injection
of 720 pg of 33 cDNA from —38.7+ 1.0 mV to—67.6 =

1.0 mV (Fig. 4a). For intermediate concentrations g8
cDNA (6-90 pg), both the individual (data not shown)
and mean steady-state inactivation curves could be well
fit only by a double Boltzmann function (Fig. ). The
two components of steady-state inactivation, A and B,
hadVsg jnactvalues of~—40 and—70 mV, respectively,
which were relatively invariant (Fig. #). However, the
proportion of A decreased systematically, with a corre-
sponding increase in B, as the amountB® cDNA, and
therefore the concentration of expresgiiprotein, was
increased (Fig. 4). On a log concentration plot, the
percentage of A and B could be fit by reciprocal logistic
functions with a midpoint of~4 ng of 83 protein/oocyte
(Fig. 4 c¢), corresponding to an average concentration of

1988) of the proteins used in the surface plasmon resonance binding assay. 120 NM B3 protein.

Approximately 0.5 ug of the following proteins was loaded: GST,
GSTa,gl-l loop, and H6@3. The positions of molecular mass markers
(Sigma) are shown for comparisoi) Examples of Biacore 2000 sensor-
grams. Approximately 4 fmol of the fusion protein or GST was immobi-
lized via the anti-GST antibody on an individual flow cell of a CM5
dextran sensor chip. The VDCG3 protein was diluted to the concentra-
tions stated (5, 10, 20, and 40 nB8) and injected over all flow cells at a
flow rate of 50l min~* for 5 min. The resulting sensorgram from the flow
cell containing GST was subtracted from those containing thedggHl
loop as a correction for bulk refractive index changes dufBgerfusion
and for nonspecific binding of thg3 analyte to the GST moieties of the
fusion protein. §) Mean sensorgram for 20 ngB3 subunit. The data are the
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mean=* SEM of six separate experiments. The single-exponential fits to
the on- and off-rates of the mean sensorgram are shown in bold ties (

107 s, andry¢ = 190.7 s). Assuming 1:1 binding, th€, was obtained
from ky/kor Wherek,s; is determined directly from,, andk,, is calcu

lated from (1f,,) = Ko X [B] + ko5 From the mean daté,; was 5.2X

103 s *. However, this may be an underestimate askifpederived from
Biacore data may be contaminated by rebinding of the ligand. The calcu-
latedk,, was 2.0x 10° M~ *s ™%
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7 unit concentration. The facilitation rate was studied by
A 1.0 al1Bla25-1 increasing the duration of the prepulse in successive sweeps
1 0 Iggg p3 cDNA (Fig. 5,b—d). Injection of the highest amount of the VDCC
5087 A +6pg B3 cDNA (720 pg) caused a very marked increase in the
> 1 M) pe facilitation rate of the G-protein-modulateg, during a
e 0.6 X +90pg +100-mV prepulse, compared with that for th&B/a25-1
© 0 4_' f :323{‘;3 currents in the absence of co-expresg&isubunits (see
E™ ] : example overlaid traces in Fig. B andd, and correspond-
2 0.2 ing individual and mean facilitation rates in Fig.&andf).
] At both these extremes, the individual and mean facilitation
0.0- rates could be fit by a single exponential (Fige®ndf). In
— Ty ——— the absence of co-expressg8-subunits, the time constant
-160 -80 -60 -40 -20 O for facilitation (ri,;) was 94.7= 7.2 ms = 12; 74,,)-
conditioning potential (mV) With 720 pg of 83 cDNA, 7, Was 4.7+ 0.4 ms ( = 7;
B B V. C Trasd- We next examined whether the two extremes depicted
- 40 L ;5; 100 in Fig. 5, b and d, represent facilitation of two separate
§n 1 m 75 populations, as suggested from the steady-state inactivation
§ 50 2 data. If this were the case, then injection of intermediate
F < 59 amounts of33 cDNA would result in facilitation that could
5 60 S 55 be fit by the sum of the two exponentials, represented by the
H ey éo S extremes in Fig. 5e andf. An example for an intermediate
700 500 01 amount ofB3 cDNA (45 pg) is given in Fig. & (overlaid
0 1 10 100 0 1 10 100 traces), and an example of the facilitation rate from an
B3 protein/oocyte (ng) individual experiment is given in Fig. &to show that it was

well fit only by a double exponential. The double-exponen-
FIGURE 4 Effect of83 subunit co-expression on steady-state inactiva- tial fits for each individual experiment at ”jtermedlate
tion of «1B. Steady-state inactivation curves were obtained from 100-ms-amounts of33 cDNA resolved two components,’ and B,
duration test pulses to 0 mV, preceded by a 25-s prepulse to the condRaving time constants,,,, and s, Their values, and their
tioning potential given £100—0 mV). The fits are to a single or double respective proportions, were determined from all the indi-
Boltzmann function (see Materials and Methodﬁ)) Mean Steady-state Vldual data Whose mean faCllltatlon curves are Shown |n Flg

inactivation curves forelB co-expressed with 0—720 pg 88 cDNA. 5f The percentage of 'Aand B varied systematically and
Peaklg, values from individual experiments were normalized and fit to = "~

either a single or a double Boltzmann function, as appropriate, judged bj€ciprocally with 3 cDNA injected, and therefore with
goodness-of-fit criteria. The symbols used are the same as in Bigbp ~ concentration of3 protein expressed (Fig. §), in an

The mean values foVs jnact,o(l) andVso inact,n(O) Obtained for the two  almost identical manner to components A and B from the
components of the individual steady-state inactivation curves, pIOtteC%teady-State inactivation data (Figcyt The percentage of

against nanograms @3 protein expressed, determined from Figdo, for ' . . - . . :
each concentration of3 cDNA injected (0720 pg).cj The mean A’ and B could be fit with logistic functions, with half

percentage of the two components A With e ) and B (WithVeo ey 112XIMAI values at-4 ng of B3 protein expressed/oocyte
from the individual normalized single or double Boltzmann fits are given (Fig. 5 g).
for each concentration g83 cDNA injected. The data are fit to logistic Whereas the mean value qgstwas always similar to that
funct?qns with midpoints at 4.?5 and. 4.43 ng B8 protein and power  ghgerved with the maximal amount of injectﬁﬁ cDNA,
coefficients (analogous‘to a Hill coefficient) of 1.28 and 1.20 for compo- being between 4.5 and 5.6 ms (FighSO), the value of
nents A and B, respectively. .

Toow WasS Not constant but systematically decreased as the
amount of33 cDNA injected was increased, from over 90
ms in the absence of co-inject@8 cDNA to 27.0+ 2.5 ms
(n = 10) at 90 pg of injecte@@3 cDNA (Fig. 5h, l). The
variation of 7., With the concentration oB3 protein ex
pressed was fit by a logistic function, with a midpoint at 2.7
For the entire range o83 cDNA injected, application of ng of 83 protein/oocyte. A plot of X, versusB3 protein
100 nM quinpirole produced a significant inhibition @B  concentration is linear (Fig. b, inset R = 0.9991), with a
ls., being maximal between 64.4% and 73.1% (see traces islope of 6.9X 10" M~ *s ™1,
Fig. 5). This inhibition was voltage dependent, in that it For the A/S ODN-injected oocytes, quinpirole-mediated
could be overcome by a large depolarizing prepulse tosoltage-dependent inhibition remained present, in those oo-
+100 mV (voltage protocol in Fig. &), a process termed cytes expressings,, with a very similar maximal degree of
facilitation. However, the duration of the prepulse requiredinhibition of 15, being observed for A/S and N/S ODN-
to overcome the inhibition was greater the lower fasub-  injected oocytes (Fig. &). The correspondingy,.; was

Dependence of the facilitation rate of
G-protein-modulated a1B currents on 33
cDNA concentration
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FIGURE 5 Effect of33 subunit concentration on facilitation rates during inhibitiore@B currents by the dopamine D2 agonist quinpiro.\(oltage
waveform for measurement of facilitation rate in the presence of quinpirole. The duration of the preéfylgag increased in 5- or 10-ms steps as
appropriate for the time coursda-d) Family of traces for the1B/a26-1, a1B/a25-1 + 45 pg of 33 cDNA, anda1B/a26-1 + 720 pg of33 cDNA subunit
combinations. Tail currents have been clipped for better visualization of the currents. Calibratiaes$ento all traces.d) Representative individual data
for the facilitation rate are given for the intermediate concentration of 45 @ @DNA (), compared with 0 pg 983 cDNA (O) or 720 pg of33 cDNA

(#), as used irb—d above. The difference between the amplitude of the P1 and P2 currents (P2-P1) At e&shnormalized to the plateau (P2—P1)
value and fit to a single- or double-exponential function. The 0- and 7283ptDNA facilitation rates are well fit by a single exponential (—,,, =

106 ms,x*> = 0.00011 for the 0-p@3 cDNA data;r,., = 3.72 msx®> = 0.00009), whereas the 45-8 cDNA data are not well fit by a single exponential
(-++ 7=16.7 ms? = 0.0187). In contrast, the points are well fit to a double exponential (<= 4.2 Ms, 56%, = 35.5 Ms, 44%y? = 0.00011).

(f) For the individual data at a3 cDNA concentrations, the facilitation rates were determined aslihe corresponding mean facilitation rates are shown,
with single-exponential fits to the tw83 cDNA concentrations at each extreme (0 and 3 pgEDNA for 7, and 360 and 720 pg @83 cDNA for

Trasd @Nd a double-exponential fit{,, and 7,¢) for all the intermediatgd3 cDNA concentrations.g) The mean percentage of the two components A
(M) and B (O) (with 74, and,s, respectively), for the single- or double-exponential functions determined for the individual data, are given for each level
of B3 protein expressed. The data are fit to logistic functions, both with midpoints of 3.7 8@ mfotein expressed/oocyte and power coefficients 1.8 and
1.5, for components Aand B, respectively. If) The values forr,,, and ¢ 0Obtained for the two exponential components éhd B) of the individual
facilitation curves, for each concentration 8 cDNA injected. Thery,,, data are fit with a logistic function with midpoint of 2.7 ng 88 protein
expressed/oocyte and power coefficient of 118s¢) Plot of 1, against estimated concentration@8 protein expressed; slopk.(,,) = 6.86x 10’
M~tst
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FIGURE 6 The effect of th@3 antisense ODN on kinetics of facilitation 14 . & '\ . . i . ,
of al1B currents in the presence of quinpirola) Examples of maximal ’ 60 40 20 O 20 40 60
inhibition of «1B lg, (C) by 100 nM quinpirole Q) for 40 uM N/S and 40 test potential (mV)
M A/S ODN injected oocytes. The test potential 46mV. (b) Mean
normalized facilitation time course (as in Figf)For the N/S ODN and the C
combined 4 and 4p.M A/S ODN conditions in the presence of quinpirole,
using the protocol in Fig. 8, both of which were fit to a single exponen- = 1.0
tial. (Inse) Mean 7,¢; (Tsiow) fOr the N/S and A/S conditionsi(= 6 and D|. 081
7, respectively). p < 0.05, compared with the N/S ODN. o
o
~ 0.6
©
~89 ms for currents in the N/S ODN-injected oocytes, _g 0.4 o
almost identical to that obtained above f@tB/a28-1 ex- © 02 B 149A
pressed in the absence of exogeng3scDNA (Fig. 6,b g : o &;%’32
and inse). 7, remained a single exponential but was 2 0.0/ e P
significantly slower for g, recorded from thg83 A/S ODN- A 20 150 150

injected oocytes, being116 ms for both 4 and 40M A/S prepuise length (ms)

ODN (Fig. 6,b andinse).
FIGURE 7 The effect of the 149A mutation @f1B on the expression
and kinetics of facilitation ot1B currents in the absence and presence of

The effect of B3-subunit on the expression and co-expresse3. (a) MeanlV relationships for1B (O) and 149A«1B (@)
facilitation rate of the N-terminal «1B Iga IN the presence of a maximal concentration of co-expreg84d20 pg
mutant 149A of B3 cDNA). (Inse) histogram of percent inhibition by 100 nM quinpirole

at 0 mV, for the two conditions, with the values given on the barsb)(

We have previously shown that the N-terminal amino acidvieanlV relationships for1B (L]) and 149A«1B (M) Ig, in the absence
sequence 45-55 af1B contains critical determinants for of co-expresse@3. (Inse) Histogram of percent inhibition by 100 nM
G dulati d that tati £149 to A ti Iquinpirole at 0 mV, for the two conditions, with threvalues given on the

fy modula |0n_ an a mu ation O_ 0 A causes partia bars. €) Mean normalized facilitation time course (as in Fid) $or I g, in
|955 of G prOt_em mOdU|at|_0n (Canti et al., 1999), as CcON+he presence of quinpirole, using the protocol in Fig Br the 149A @,
firmed here (Fig. 7a andb, insety. We have subsequently n = 13;®, n = 20) and wild-typea1B (O, n = 12; [, n = 20), in the
shown that this motif is involved in VDC@-subunit-  presenceQ and®) or absencel(] andl) of co-expressef3 cDNA. Ba*
regulated inactivation o&1B (Stephens et al 2000) We (10 mM) was used as the charge carrier in these experiments. All time
have therefore compared the amount of exp.r,ession .and tﬁ:é)urses were fit to a single exponential, and mean data are given in the text.
facilitation rate of wild-typealB with that of the 149A
mutant ofa1B, both in the absence and in the presence of
co-injected B3 cDNA. In the presence of heterologously wild-type «1B was identical, with thes, ., values being

expressed33-subunit, the expression of 149A mutant and 0.024 = 0.003 ¢ = 13) and 0.022t 0.005 fi = 12) uS,
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respectively (Fig. 7a). In contrast, in the absence of co- This is reinforced by the finding in the present study that
expressedB3-subunit, the expression of 149A1B was there was no effect of partial depletion of the endogenous
more than double that of the wild-typel B, with theG,,,, ~ B-subunit by the A/S ODN on th¥y, ,..0f the residual g,
values being 0.033 0.004 6 = 20) and 0.015+ 0.002 In apparent contradiction to this, if the affinity fg83
(n= 20) uS, respectivelyf < 0.01; Fig. 7b). This suggests remains at 17 nM, because the endogenous concentration of
the possibility that the 149Ax1B has an increased affinity B3-subunit is estimated to bel7 nM, whenalB is ex-

for the endogenoug3 responsible for trafficking it to the pressed alone it should be at least 50% bound in the mem-
membrane. In agreement with this hypothesis, the facilitabrane to a single endogeno@8-subunit via the I-1l linker
tion rate for 149A «1B in the absence of co-expressedin the control or N/S ODN condition (to forralB - 83;
B3-subunit could be fit by a single exponential (Figc)f  Eq. 1).

giving a 1, of 28.3 = 1.7 ms = 10), which is nearly We can put forward two alternative hypotheses to ac-
threefold faster than for wild-typelB (84.3+ 3.1 ms;n = count for the present results. Either a sec@gubunit is

9; p < 0.0001; Fig. 7c). For «1B 149A in the presence of bound, which accounts for the biophysical effect8efub-

a maximal concentration g83-subunit protein (720 pg of units on the voltage dependence of activation and inactiva-
B3 cDNA injected), the facilitation rate for this mutant was tion and on the facilitation rate, or there is a reduction in
slightly faster (4.7+ 0.5 ms;n = 8), than for wild-typex1B  affinity of the maturea1B-subunit in the polarized plasma
(74 £ 0.5 ms;n = 5; p < 0.01; Fig. 7c). This small membrane for th@3-subunit responsible for its trafficking,
increase in the presence B8 may represent an enhance- so that the two species dissociate, and maddiB-subunits
ment of the off-rate for @Gy in the presence of33, as are largely non-complexed {®subunits at the endogenous
suggested previously (Canti et al., 1999). level of Xenopusoocyte B-subunits. In agreement with
either hypothesis, injection oB3 protein into Xenopus
oocytes expressinglC-subunits alone had acute effects on
DISCUSSION their biophysical properties (Yamaguchi et al., 1998), al-

Effect of 33-subunit concentration on G, ,, of though the concentration dependence was not studied.
a1B currents

Thg endogenous oocyte concentratiorg8fprotein is here  geract of B-subunit concentration on

estimated to be-17 nM, and. thealB G, Was strongly voltage dependence of activation and

deper_ldent on the cpncentrauon of heterlologously expressesqeady_state inactivation

B3, with a half-maximal value at approximately the endog-

enous level ofB3 protein. This correlates well with the The effect of increasing the concentration of B subunit
affinity of the I-1l linker of «1B for the B3-subunit, deter- 0n the Vg, . revealed that the concentration dependence
mined from Biacore experiments to b0 nM. This region ~ Was right-shifted, compared with that for ti@&,,,. How-

has recenﬂy been Suggested to harbor an endop|asmic rever, we did not attempt in this StUdy to resolve these data
ticulum retention signal, masked bygasubunit (Bichet et  into two populations, as was done for ¥, ;... The effect

al., 2000). We may therefore express this interaction as: Of increasing the concentration of tig8-subunit on the
Vs0.inactfits the hypothesis that there are two populations of

) «l1B channel, A and B, with independent behaviors, corre-
sponding toalB associated or not with @-subunit, bound

with the Ky of ~120 nM for B3. Both of the hypotheses

. i , outlined above are compatible with this result: either a

cells expressingg, and, in those oocytes that did express gqonqg-subunit is bound or the affinity of the3-subunit

currents, reduced the me@,,, by ~50%. Thisisin close ¢, \he maturex1B channel is markedly reduced, compared
correlation with the estimated 47% reduction of endogenoug i, its affinity for the nascent channel. Thus, population A

B3 protein by the A/S ODN found in those cells expressingwou|d represent eithar1B bound to a singlg-subunit or

g It @ls0 agrees with previous results ahE expression, e 18 in the plasma membrane (and for both cases, it is
where it was suggested that the endogenersopuocyte denoteda1B*). Population B would bex1B* - 83:
B3-subunit plays an essential trafficking role (Tareilus et al.,

1997). It was unclear from that study whether the endoge- alB* + B3 Ko=1200M 1B* - B3

nous chaperonin@3-subunits remain associated with each (population 4 ~————— (population B - 2)
expressedrl-subunit in the plasma membrane in a high-

affinity complex, because they do not affect the biophysicalThe equilibrium relationship between the populations A and
properties of the channel (Tareilus et al., 1997). Thus, th® implies the presence of a pool of fr@esubunits (Eq. 2),
endogenous level @3 protein appears to be insufficient to a notion that is supported by the fractionation experiment.
produce the effects g8-subunits on biophysical properties Injection of 30 pg of33 cDNA (producing~120 nM B3
that are observed on heterologous expressigir&ibunits.  protein) results in an-7-fold increase ir83 protein expres-

Kp~17 nM

alB + B3 alB- B3.

Furthermore, the83 A/S ODN reduced the number of
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sion compared with the endogenous level and a proportions,g, was relatively constant, at5 ms. It is likely that the
ately greater increase in cytoplasmi8. However, this population of channels termed B, with the invariaff,
results in only a 2-fold increase in thelB G, again representa1B* - 8 (Eq. 2). Thus, the facilitation rate ex-
pointing to a large excess @3-subunits ovewlB chan- hibited by this population may approximate to thg
nels. dimer dissociation rate at100 mV from thisB-subunit-
boundalB species (Stephens et al., 1998), as follows:

Effect of VDCC B3-subunits on the facilitation alB* - B3-GBy = alB* - B33 + GBy. 3)
rate of G-protein-modulated «1B

In the present experiments Xenopusoocytes, which con-  pges the B-subunit bind to 1B during a

tain endogenoug33-subunits, G protein modulation via depolarizing prepulse?

activation of the co-expressed dopamine D2 receptor was o ) )
observed both in the absence and presence of heterolTom the facilitation data described above, we might con-
gously expresse@3-subunits, as previously shown (Canti clude that the channel population termed A represebgs

et al., 1999, 2000). In a previous study in COS-7 cells, wen this expenment_al p_aradlgm,_as also hypothesized for the
found that tonic voltage-dependent G protein modulatiorSteady-state inactivation experiments. Howevgg; (7siow)

via co-expressed @y dimers (as detected by its reversal by IS not invariant for this population but shows a marked
a depolarizing prepulse) was lost in the absence of Codecre_ase with |_ncreaS|ng3—s_ubun|t concentration and is
expresseg@-subunit (Meir et al., 2000). We were unable to @lS0 influenced in the opposite manner by A/S ODN treat-
detect anyB-subunit protein in COS-7 cells by immunocy- ment. We therefqre hypotheS|_ze that the variation of the
tochemistry, although this does not exclude the expressiofcilitation 7y, with 83-subunit concentration reflects a
of very low levels (Meir et al., 2000). We concluded from depolarization-state-dependent increase in affinity bB*
that study tha3-subunits were essential for the process ofchannels forg3-subunits, resulting in a disruption of the
facilitation, that is, the voltage-dependent removal ghe ~ quilibrium described in Eq. 2. If a singlg-subunit is
subunits from the channel. In COS-7 cells, receptor-mediPound during this process, the rateg# binding during the
ated inhibition via activation of the D2 dopamine receptorPrepulse would vary linearly witf$3 concentration (Fig. 5
was not abolished in the absence of co-expregssdb- . inse) as follows:

units, but reversal of this inhibition by a 100-ms prepulse T AV

was lost (Meir et al., 2000). The main difference between 1B*-GBv + B3 = alB*- B3 -G 4
the results obtained in COS-7 cells and thoseXenopus * Pyt p3=a k Br. “)
oocytes is that the endogenous level@$ubunits is sub- Binding of B3 would be followed by rapid dissociation of

stantial in oocytes, and in the antisense depletion experigBy dimers at+100 mV, at the same rapid rate (0.22'5
ments we were never able to abolish voltage-dependerats observed for thelB* channel population (B) to which
receptor-mediated G protein modulation while retaining ex-8 is already bound (Eq. 3).
pression ofalB currents. This may point to the possible During the +100-mV prepulse, the apparent increase in
involvement of additional factors in this coupling process oraffinity for the B-subunit might also relate to the high
that the complement of endogenoug+zdimers are differ-  affinity of the nascent channel for thgsubunit during the
ent in Xenopusoocytes and mammalian cells. trafficking process (Eg. 1). The membrane potential differ-
The slow activation and facilitation of G-protein-modu- ence across the endoplasmic reticulum is thought to be
lated «1B calcium channels is thought to involvep&  either zero or lumen-negative by analogy with the sarco-
unbinding from the channel, induced by depolarization,plasmic reticulum (Baylor et al., 1984).
because re-inhibition following a prepulse i8¢ concen- If our hypothesis of additiongB-subunit binding during
tration dependent (Stephens et al., 1998; Zamponi anthcilitation is correct, from Fig. % (inse) the specifick,,
Snutch, 1998). In the present experiments, the facilitatiorfor 83 binding during the prepulse was calculated to be
rate in the absence of injectg®8 cDNA was 0.011 s* 6.9 X 10" M~ * s™%, although this assumes a negligible
(1740, and was increased to 0.22°y1/1,) at the highest  off-rate during the period of measurement. There are, how-
concentrations of33 protein, in agreement with previous ever, alternative hypotheses that could account for these
results (Roche and Treistman, 1998; Canti et al., 2000)data; for example, it may be possible to resolve the facili-
However, at intermediate concentrationsd@3subunit, the tation time courses into three exponentials, the slowest
facilitation rate could be fit only by the sum of two expo- representing the @y off-rate from free «1B, the next
nential components, with proportions almost identical to therepresenting the @y off-rate froma1B with oneg-subunit
two populations of channels defined by the steady-statbound, and the fastest representing they®ff-rate from
inactivation data (compare Figs.cdand 5g). This strongly  «1B with two B-subunits bound. This hypothesis would not
supports the notion that A and B represent the same popuequire B-subunit binding during the prepulse and is a
lations in the two experimental paradigms. Furthermorepossibility that will be explored in the future.
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How many B-subunits are bound to a1B? structure reminiscent of the membrane-associated guanylate

The eff heG fi . heB3-subuni kinase (MAGUK) family (Hanlon et al., 1999), and such
e _ect On theGpqy Of Increasing thes-su _umt con roteins may form intermolecular interactions within sub-
centration occurs at a 7-fold lower concentration range ofamilies (WU et al., 2000)

B3 protein than for the equilibrium between the populations The hypothesis proposed here that at a physiological

A and B for the steady-state ingctivation and facilita_tiqn membrane potentig@3-subunits are in equilibrium with the
data. This supports the hypothesis that there are two d'St'n%}lB subunits is not at odds with a 1:1 stoichiometry in the

_blndlng Processes fcﬂ%-sgbumts ornx1B. One explanathn .channel complex, because under most native conditions, as
is that a single binding site undergoes a marked reduction 'With our standard cDNA injection conditions (Canti et al.,
affinity for B-subunits once thal-subunit is inserted in the 2000), it may well be that there is a sufficient excess of
polarized plasma membrane. Alternatively, we might pos g hunit that almost alil subunits are associated with a
tulate the co-existence of two separgiesubunit-binding oy ndg-subunit. It remains to be determined whether this is
sites on eack1B molecule, although some evidence arguespe case for native calcium channels. Furthermore, during
against this hypothesis. The isolated I-Il linker@f sub- e purification process of thedl subunit, the potential
units has a high-affinity binding site fg-subunits (Prag- gjfference across the channel, and its native conformation,
nell et al., 1994; De Waard et al., 1995), and there are tWayoy|d rapidly be lost, and the affinity g8-subunits for the
other low-affinity sites on the N- and C-termini of various channels might thus be enhanced. These hypotheses will be
al-subunits (Qin et al., 1997; Walker et al., 1998, 1999).ihyestigated in a future study. We shall also consider in the
However, none of the in vitro binding studies has addressegire the role of the C-terminus ofLB in forming part of,
whether there is one complex binding pocket in an intactyy modifying, a complex binding site for thg-subunits,
channel, such that the samsubunit binds with high  pecause there is much evidence for the C-terminus of other
affinity to the I-II linker and with lower affinity to the N-  calcium channels playing a part in this process (Walker et
and C-termini, or whether two differe@tsubunits can bind 5|, 1998).

to a single channel.

A mutation in the I-II linker of 1A (Y392S) not only

reduced the blndlng a.ff|n|ty fOIB'SUbUnitS in vitro and We thank Dr. S. Volsen, Eli Lilly Research UK, for the gift of t{g3
monoclonal antibody. We acknowledge financial support from The Well-

markedly lowered the expression @1A currents but also come Trust, Medical Research Council, and the European Community
prevented theg-subunit-induced hyperpolarization of cur- (marie Curie Fellowship to C.C.). We are grateful to Dr. Alon Meir for
rent activation (Pragnell et al., 1994). Similar data haveadvice and discussion.

been obtained for other mutations in the I-1l linker @A
andalE (Herlitze et al., 1997; Berrou et al., 2001). Here we
report complementary data for the N-terminusadfB, in
which the 149A mutation not only affects the ability 88  Baylor, S. M., W. K. Chandler, and M. W. Marshall. 1984. Calcium release
to influence the facilitation rate af1B but also influences ggfe:f‘;f%%;g'f (L‘i:f;')t’srz arennrane potential I frog skeletal muscle
the G, boOth indicating an increased afflnlty farlB. Bell D. C., A. J. Butcher, N. S. Berrow, K. M. Page, P. F. Brust, A
However, we have not found measurable binding3afto Nesterova, K. A. Stauderman, G. R. Seabrook, Btriderg, and A. C.
the isolatedv1B N-terminus in the Biacore system (N.S.B. Dolphin. 2001. Biophysical properties, pharmacology and modulation of

: : _ human, neuronal L-typexD, Ca,1.3) voltage-dependent calcium eur
and A.C.D., unpublished results), suggesting that the N- .5 Neurophysiol85:816—828.

_term'nal motif .'S gB—b!ndlng-.sne modifier ra;ther than _an Berrou, L., G. Bernatchez, and L. Parent. 2001. Molecular determinants of
independent binding site. This supports the interpretation of inactivation within the I-Il linker of«1E (Ca,2.3) calcium channels.
the present data that the differing concentration dependenceBiophys. J.80:215-228.

_ ; i Al ; _ Bichet, D., V. Cornet, S. Geib, E. Carlier, S. Volsen, T. Hoshi, Y. Mori,
of the effects 0133 subunits on trafflcklng and on bIOphyS and M. De Waard. 2000. The I-ll loop of the €achannel alpha(1)

ical properties otx1B do not depend on physically separate  sybunit contains an endoplasmic reticulum retention signal antagonized

binding sites but rather on one complex binding site, whose by the beta subunifNeuron.25:177-190.

affinity for B-subunits is high for the nascent calcium chan—Bimb;Ugegth-, N. ?si;%sR's?lcetse' E. T%feljlusvt_D- Pla}anolv J. COS;antinvl

. and E. Stefani. . Structures and functions of calcium channe

_nel but is reduced once the c_hannel.has reached the polar-ﬁ_subunitS_J_ Bioenerg. BiomembB0-357—375.

ized _plas_;ma me_mprane and is transiently ?_nha_nced by_ d%’ogdanov, Y., N. L. Brice, C. Canti, K. M. Page, M. Li, S. G. Volsen, and

polarization. This is also supported by purification studies A. C. Dolphin. 2000. Acidic motif responsible for plasma membrane

r rtin 11 ichiometrv forl- an _ ni association of the voltage-dependent calcium chaffblsubunitEur.
S0 2 L3, ey ot gt | e

( anabe et al., . O,Sey e _a" N licher e _a‘Bourinet, E., T. W. Soong, A. Stea, and T. P. Snutch. 1996. Determinants

1993). Nevertheless, it still remains possible that the first of the G protein-dependent opioid modulation of neuronal calcium

B-subunit binds in the complex binding pocket outlined channelsProc. Natl. Acad. Sci. U.S.A3:1486-1491.

above, and the Secorﬂjsubunlt Subsequently blnds |arge|y Brabet, P., C. Pantaloni, B. Rouot, M. '_I'outant, A Garcie_l—SainZ, J. Bock-
ia int i ith the fi bunit. In thi d aert, and V. Homburger. 1988. Multiple species and isoformBaf

via Interaction W' ”e Irs{3-su un'_‘ n this regar W_e detella pertussistoxin substratesBiochem. Biophys. Res. Commun.

have recently identified thaB-subunits have a domain  152:1185-1192.
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