J. Membrane Biol. 160, 127-140 (1997) The Journal of

Membrane
Biology

© Springer-Verlag New York Inc. 1997

Subunit Regulation of the Human Brain e, Calcium Channel

L. Parent®, T. Schneider, C.P. Moore?, D. Talwar?

IDépartement de Physiologie, Membrane Transport Research Group, Uriidesilentral, P.O. Box 6128, Downtown Station,
Montréeal, Que H3C 3J7, Canada

“Department of Molecular Physiology and Biophysics, Baylor College of Medicine, One Baylor Plaza, Houston, TX 77030, USA
3Institute of Neurophysiology, University of Ko, Robert-Koch-str 39, D-50931, Kim Germany

Received: 27 March 1997/Revised: 10 July 1997

Abstract. The «; subunit coding for the human brain o, channels with3; = B;, > B1a= B4 = B, inducing
type E calcium channel (Schneider et al., 1994) was exfastest to slowest rate of whole-cell inactivation.
pressed ilXenopusoocytes in the absence, and in com-

bination with auxiliarya,® andp subunits. a; g channels Key words: Xenopusoocytes — Calcium channel
directed with the expression of Bawhole-cell currents  g,punit —a,d subunit — Inactivation — Neuronal cells
that completely inactivated after a 2-sec membrane

pulse. Coexpression @iz with a,,8 shifted the peak

current by +10 mV but had no significant effect on Introduction

whole-cell current inactivation. Coexpression @fg

with B, shifted the peak current relationship by =10 mV, y/gjtage-dependent G&channels are multiprotein com-
and StI’OI’lg|y reduced éé current inaCtiVation. Th|S p|exes Composed Of at |east three Subumi&s:azﬁ; and
slower rate of inactivation explains that a sizable fractiong subunits (Catterall, 1991). The biochemistry of skel-
(40+10%,n = 8) of the B&" current failed to inactivate etal muscle C& channels has provided strong evidence
completely after a 5-sec prepulse. Coinjection with boththat thea, subunit forms a complex with three auxiliary
the cardiac/brairB,, and the neuronak,,5 subunits in-  subunits .5, B4, v). Although a minimum voltage-
creased by=10-fold whole-cell B&" currents although gated C&" channel can be formed by a singlg subunit,
coinjection with either,, or a3 alone failed to sig- coexpression of the full complement of subunits is re-
nificantly increasex, ¢ peak currents. Coexpression with quired for the cardiac L-type:,. (Singer et al., 1991);
Bzaandoay,d yielded B&" currents with inactivation ki-  brain N-typea,s (Williams et al., 1998; Stea et al.,
netics similar to the,, induced currents, indicating that 1993); brain L-typex, (Williams et al., 1992); brain
the neuronak,d subunit has little effect o, ¢ inacti- P/Q typexa, , (Sather et al., 1993; DeWaard & Campbell,
vation kinetics. The subunit specificity of the changes in1995) to generate G4 and B&" currents with time
current properties were analyzed for all fgdirsubunit  course and voltage-dependence similar to the nati¥é Ca
genes. The slower inactivation was uniquedg/B,, currents. Recombinant calcium channel kinetics were
currents. Coexpression Wiy, B1p, Bz, @andB,, yielded  shown to be sensitive to interacting subunits. Both acti-
faster-inactivating B& currents than currents recorded vation and inactivation kinetics appear to be affected by
from the o, subunit alone. Furthermore,ga,,8/81,  auxiliary B and a,d subunits in a way that is strongly
o opd/Bapy o anpdlBs; oy oy d/B, channels elicited  dependent upon the molecular identity of the interacting
whole-cell currents with steady-state inactivation curvessybunits.
shifted in the hyperpolarized direction. Tigesubunit- Molecular cloning has shown tha subunits are
induced changes in the propertiesgf: channel were encoded by four nonallelic genes; skelgial heart/brain
comparable to modulation effects reported éae and g, brain B, brain 3, (Ruth et al., 1989; Hullin et al.,
1992; Perez-Reyes et al.,, 1992; Castellano et al.,
1993,b). Cross-hybridization ofg subunit cDNA
I showed that th@, subunit 8,, and B, splice variants)
Correspondence td-. Parent and theB, subunit are both expressed in brain (Hullin et
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al.,, 1992; Perez-Reyes et al., 1992; Castellano et al(Schneider et al., 1994) is 96% homologous to the rabbit Bll-1 clone
1993&). Most expressed combinations @I and[3 sub- (Niidome et al., 1992) and 94% homologous t_o the aat clong
units known to date result in current amplitude S,[imul(,i_(Soong etal., 1993). The deduced molecular weight of the proteins are

X ) . ) . 242 KD (1¢.0); 262 KD (012); 68 KD (B,.); 123 KD (d). The wild-
tion (PereZ_ReyeS et al., 1992; Hullin et al., 1992; Mori type cardiaay, _,subunit cDNA (Genbank accession number X15539)

et al., 1991; Williams et al., 1992 Ellinor et al., 1993; was cloned from rabbit (Perez-Reyes et al., 1990; Wei et al., 1991).
Sather et al., 1993) and/or modifications of whole-cell A double-deleted version af,, the o, ANAC, that has been previ-
current kinetics (Lacerda et al., 1991; Varadi et al., 1991 pusly shown to generate 3 to 5-fold larger currents than the full-length
Lory et al., 1993; Castellano et al., 1995)_ The dif- a;c (Wei et al., 1994,b) was used in this study. The DNA constructs
ferentB subunits have quantitatively distinct effects, in- o, anda, c were linearized at the'2nd byHind Ill digestion. The rat

dicating that channel assembly has important functionaEraino‘zba subunit was linearized bgcoR Idigestion and the rat brain
y 1.2 Subunits byNot | digestion. Runoff transcripts were prepared

effects on caI_C|um chann_el activity. The pattern of iN- | sing methylated cap analogud@(5)ppp(5)G and T7 RNA poly-
fluence of various3 subunits on the rate of inactivation merase with the mMessagemMacHirteanscription kit (Ambion, Aus-
were shown to be similar for the brain , (Sather et al., tin, TX). The cRNA product was resuspended in @.KCl and stored
1993; DeWaard & Campbell, 1995); and the cardigg at —80°C. The integrity of the final product and the absence of de-
(Hullin et al., 1992) withg, > B, > B, subunits withg, graggd RNA was determined by a denaturing agarose gel stained with
producing the fastest rate of inactivation. ethidium bromide.

Thea, andd subunits are encoded by the same gene
and their disulfide bonds are proteolytically cleaved inFyycrionaL ExPRESSION OFRECOMBINANT
post-trans_lanonal reactions. Only _0@9?) cal<_:|um ch_an- CALCIUM CHANNELS
nel subunit gene has been identified but fivg splice
variants have been reported in different tissues (Ellis etemalexenopus laevislawed frog (Nasco, Fort Atkinson, WI) were
al., 1988; Brust et al., 1993) with the,d transcript anesthetized by immersion in 0.1% tricaine or MS-222 (3-
being predominantly expressed in the central nervougminobenzoic acid ethyl ester, Sigma) for 15-30 min before surgery
system (Williams et al., 199. The rabbit skeletak,d (Fare_”ttit a'-b(?g%b)- O\éa_”":‘j’? _t(ijssule Wastre“zot"ed V\i/a a S\’/Tl‘)a'f' i”Ci'f

. - sion in the abdomen and individual oocytes (stage V or ree o
(Ellis et al., 1988) .and human n?uromlos (WllllamS- et follicular cells are obtained after 30-40 r?/\in incub?ation in a calcium-
al., 1992) subunits are 97% identical at the primary g soiution OR-2 (in m: 82.5 NaCl; 2.5 KCI; 1 MgC; 5 Hepes; pH
structure level. The most recent topological model7 g) containing 2 mg/ml collagenase (Gibco, Grand Island, NY). Care-
shows thex,d subunit as a mostly extracellular protein fully selected stage V and VI oocytes were injected 16 hr later with 47
with a single transmembrane segment corresponding tol of cRNA coding for the giverx; subunit at a concentration of 100
the sequence of thd subunit (Brickley et al., 1995; ng/ml (4.7 ng .cRNA).__When sta_ted, the, subupit was co-injected
Gurnett, DeWaard & Campbell, 1996). Functional eX_Wlth the following auxiliary subunits: the rat brain, s (gift from Dr.

. . . _ ~ . _ Terry P. Snutch, UBC, Vancouver, Canada) and skefeta(Ruth et
pression of thew,d subunit results in 2- to 10-fold stimu al., 1989) and braip,,; cardiac,, (Perez-Reyes et al., 1992): brdig

lation of Qi QA Qip curr_ent amplitude (Mori et al., (Castellano et al., 1993; brainp, (Castellano et al., 1993 in a 1:1:2
1991; Hullin et al., 1992; Williams et al., 1982Brust et molar ratio f,/a,5/8). Oocytes were incubated at 19°C under gentle

al., 1993; DeWaard & Campbell, 1995). shaking for 3 to 7 days in a SOS solution (injn 100 NaCl; 2 KCI;
Because any of the; and@ subunit combination is 1.8 CaC}; 1 MgCl;; 5 HEPES; 2.5 pyruvic acid; 100 units/ml of

possible in vivo calcium channels, numerous kineticpe_nlcnlln; 50 mg/ml gentamicin; pH 7.6. Solutions were changed

variations can be produced by small differences in sub¥a":

unit interactions. Combinatorial analysis suggests that

20 different neuronal calcium channels can be produceg, ectropHYsIOLOGICAL RECORDINGS

by the combination of the fivex; and four subunit

genes found in brain tissues. This number of possiblavhole-cell currents were recorded at room temperature with a two-

channel kinetic behavior could be further augmented byelectrode voltage-clamp amplifier (OC-725B, Warner Instruments).

any significant contribution from the neurong),d sub- Voltage and current electrodes (0.5m2) tip resistance) were filled

unit. We thus undertook a thorough investigation of theith 3 v KCI; 1 mu EGTA; 10 m1 HEPES (pH 7.4) and bath elec-

. . L e trodes were filled with the same solution in 3% agar. Oocytes were
interaction of thex, e subunit with auxiliaryo, and first impaled in a modified Ringer solution (innm: 96 NaOH; 2 KOH;

subunits specifically identified in brain. Part of these ; g cac) 1 Mgcl,; 10 HEPES titrated to pH 7.4 with methane sul-

results were presented earlier in an abstract form (Rodronic acid (MeS), then the bath solution was exchanged with the ap-

riguez, Schneider & Parent, 1996). propriate test solution. Whole-cell currents were typically measured
with a 10 B&* solution (in mv; 10 Ba(OH); 110 NaOH; 1 KOH; 0.5
niflumic acid; 10 Hepes titrated to pH 7.2 with methane sulfonic acid

Materials and Methods CH3SO;H); in a 10 CaMeS solution where Ca(OHgplaced Ba(OH)
equimolarly; and in a 120 LiMeS solution (innm120 LiOH; 5 EGTA,
RECOMB'NANT DNA TECHN'QUES 2 KOH; 10 Hepes titrated to pH 7.3 with methane sulfonic aCid). Rare

frog batches where endogenous channels generatecBaents higher
Standard methods of plasmid DNA preparation are being used (Santhan 50 nA were systematically discarded. To minimize kinetic con-
brook, Fritsch & Manitas, 1989). The human braing subunit tamination by the endogenousactivated CI current, oocytes were
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directly injected with 50 nl of a Bapta (1,2-bis(2-aminophenoxy)ethane
N,N,N’, N-tetraacetic acid) (Sigma, St-Louis, MO) solution (1&m
Bapta, 10 mu Hepes, pH 7.4) 1 hr prior to experiments. In some 4
experiments, oocytes were preincubated in the presence of.&00
Bapta-AM (Calbiochem, San Diego, CA), a membrane-permeable ana
logue of Bapta, for two hours prior to experiments with similar results.
Oocytes were superfused by gravity flow at a rate of 5 ml/min. Voltage
pulses were applied from a holding potential of —-80 mV at a frequency
of 0.2 Hz. Capacitive transients and leak currents were subtracted fror
the whole-cell current traces using the residual currents measured in tk
presence of 1 m CoCL. PClamp software Clampex 6.02 (Axon in-
struments, Foster City, CA) was used for online data acquisition. Un-
less stated otherwise, data were sampled at 10 kHz and filtered at
kHz.

120 Li

DATA ANALYSIS

Steady-state inactivation twere measured using a multistep protocol
at the end of a 5-sec prepulse (Parent et al., 1995).
Fig. 1. The whole-cell current, ¢ kinetics are relatively insensitive to
i RT 1-Y, the nature of the charge carrier. The current traces were measured aftel
gf 1- F 1+{exp- 2V, - Eg 0} @) injection of thea, ¢ subunit alone in the presence of (1jn120 Li*
(upper left); 10 B&" (upper right); and 10 Ca (lower left) after
For each series of experiments, data points were normalzed to the pediection of 10 Bapta. Holding potential was —80 mV throughout. 450
current {fi,o,) and were plotted against the prepulse voltage. Steady-Msec voltage pulses were applied from 60 to +30 mV. Inactivation
state inactivation data points were obtained from pooled data (mean #me constants were,,, = 217 msec (120 m Li*); 7%, = 20 and
sem, n < 3) and were fitted to the modified Boltzmann Eq. 1 W, T inact = 158 msec (10 m B&®"); %o = 21 andr?,, = 137 msec
midpoint potentialz, slope parametefY,, fraction of noninactivating (10 mv C&*) atV,, = 10 mV. Capacitive transients were erased for
currentV,,, the prepulse potential, and RT/F with their usual meanings.the first ms after the voltage step. Corresponding normalized b¥ak
For the activation and inactivation time constants, leak subtracted€lationships are shown at the lower right. Current traces recorded in
current traces recorded at 10 kHz were fitted to bi- or tri-exponentialthe presence of Li(<)) activated around -50 mV and peaked at —20

functions (Eqg. 2) at = 300 msec using Clampfit (PClamp 6.02, Axon MV. Current traces recorded in the presence of 10B&®* ((J) and 10
Instruments, Foster City, CA). mm Ca* (@) activated around —-40 mV and peaked at 0 mV. Current

and time scales are 1A and 100 msec throughout.
t-k\ t-k

It = Iactexp<_ Tﬁﬁ) +1 inactexp<_ L )

-k nact DeWaard & Campbell, 1995). In many cases, the cur-

+ Izinamexp<— > ) +C (2 rent densities are so low that accurate biophysical char-

T inact acterization cannot be performed unless auxilgiub-
where I(t) is the current at ime; 7. Tue Tnaq are the time  UNIts are co-expressed. The human braig calcium
constants of the activation and inactivation processes! e 12~ CNANNEI €XpressesA of inward B&* currents when ex-
are the amplitude of these processes; leaddC are fitting constants. ~ pressed alone iXenopusoocytes. This property makes
For whole-cell peak current expression (Table 1), data were all colthe human braim, ¢ a suitable candidate to study subunit
lected in the same oocyte batch since mRNA translational efficiencyjnteractions in neuronal calcium channels. Macroscopic
was found to somewhat vary from batch to batch. Th& @#finity of Furrents recorded from oocytes expressingxgg sub-

o, channels was measured as previously described (Parent & Gopa it h in Eig. 1. Cont t bi
akrishnan, 1995). Whole-cell currents were measured in a 22Qifh units are shown in Fig. 1. Contrary to recombinaht

solution ee abovewhere the free G4 concentration adjusted with Channels, everg, ¢ channel Combination tested, gener-
EGTA and CaCJ2H,0 according to Fabiato and Fabiato (1979). Nor- ated stable whole-cell currents with <10% rundown over

malized peak currents were plotted against the log of the fré¢ Ca a 20-min period. In Fig. 1, whole-cell currents were re-
concentration and fitted to single inhibition equations (Parent & Go-corded in the presence of 120vnii™ (top left), 10 nm
palakrishan, 1995). Ba2* (top right), and 10 m C&* (bottom left). As com-
pared to whole-cell currents recorded from recombinant
a;c channels (Parent et al., 1995), channels inacti-
vated in the presence of Land in the absence of aux-
iliary subunits. Since the biophysical separation between
EXPRESSION OFFUNCTIONAL a1 CALCIUM CHANNELS voltage- and calcium-dependent inactivation has been
classically achieved by characterizing the rate of current
Expression of neuronal calcium channel, and oy5  inactivation in the presence of Bavs. C&”, inactiva-
subunits alone generally results in low current densitytion of o, can be said to be mostly dependent upon the
(Mori et al., 1991, Stea et al., 1993; Sather et al., 1993membrane potential. However, the rate of inactivation

Results
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Fig. 2. Upper Panel Macroscopic current-voltage relationships were recorded in the presence of Badh(left) and 10 nm Ca* (middle) after
Bapta injection. 450-msec-voltage pulses were applied from a holding potential of -100 fiVarBRC&" current traces showed similar rates of
inactivation. Furthermore, Ba (n = 4) and C&" (n = 5) displayed similar whole-cell conductances as shown on the peak current-voltage
relationship (right). Error bars asem. Lower Panel Steady-state inactivation curves ey are identical for B&" and C&" ions. Inactivation was
measured after a series of 14 prepulse (5 sec each) were applied in the presencei@&0 (left) and 10 nw Ca2* (middle) after Bapta injection.

Vh = -100 mV throughout. The relative mean normalized current was fitted to Eq. 1, a Boltzmann-like function described in Materials and Meth
(right). Each curve was obtained from the mean of 4 independent recordings. Error bsesi.aéhole-cell currents inactivated completely with

a midpoint of inactivatiorE, s = -54 mV (B&*) and -52 mV (C&"). Fits were indistinguishable with identical slope factars: 2.2.

was somewhat slower in the complete absence of divaer divalent cations. In addition, the normalized peak cur-
lent cations with LT < Ba?* < C&*. As seen, the 'i  rent relationship (Fig. 1, bottom right) shows that the
current (120 mu Li*, 5 mm EGTA) peaked shortly after Ba?* ((J) and the C&" (@) current-voltage relationships
the voltage step with,;; = 2 + 1 msec i = 3) and were similar with activation threshold of —40 mV and
inactivated during the 450 msec-pulsévgt = -10 mV ~ peak currents at 0 mV. As expected for monovalent cat-
with 2 time constants®,,.., = 18 £+ 2 msecif = 3) and ions, the Li current-voltage relationship was shifted in
et = 257 = 34 msecr( = 3). In contrast, divalent the hyperpolarized direction, with an activation threshold
whole-cell currents were described by, = 2 + 0.5 around -50 mV and a peak current at —20 mV.

msec (0 = 7) andt’, ., = 18 £ 3 msec1f = 3) and It is unlikely that the slight increased inactivation
Thact = 138 £ 27 msecr( = 3) for 10 v C&" and  shown in Fig. 1 was caused by a corresponding increase
et = 18 24 ms = 4) andr®, ., = 158 £ 18 msec  in macroscopic conductance since whole-cefl, Ba#*,

(n = 4) for 10 mv B&a?*, which are not significantly and C&* peak currents were not significantly different.
different. Our data contrast with the results reported forln contrast to recombinant cardiag channels (Parent
the humana, ¢ 5 expressed in HEK-293 cells, that dis- et al., 1995), Fig. 2 (top) shows thaj carried B&" and
played slower inactivation in the presence of C&wil- C&" ions with the same whole-cell conductance. The
liams et al., 1994). Similar results, showing slightly voltage-dependence of inactivation was not significantly
faster C&" current traces, were also obtained for otheraffected by the nature of the divalent cation between
channel combinations such@go, g, o, o d/Ba0,d  Baé™ and C&* (seeFig. 2, bottom panel). Steady-state
B5; and o /B,, calcium channelsrésults not shown  inactivation was reported fak,e channels in the pres-
There is thus a small but notable contribution of theence of 10 mn Ba?* or in the presence of 10mCa&™, by
charge carrier to the inactivation kinetics @f¢ chan-  measuring the relative current obtained at the end of a
nels. Recombinant human ¢ channels remained none- 5-sec prepulse. Fraction of the inactivating currant (
theless fastert(,,. < 300 msec) than recombinaat-.  imax ori relative) was obtained from the ratio of the peak
channels whether the current was carried by monovalenturrent measured at the test potential of 0 mV before and
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O subunit alone e /BZa
100 uM

Fig. 3. Calcium block of whole-cell Li
currents fora, ¢ (left) and o, /B3,, provided
additional evidence that Ghaffinity requires
glutamate residues in the SS2 region of the
P-loop. C&* block was estimated from the
decrease in the whole-cell peak current, as
measured in the presence of 12@mi* + 5
mm EGTA atV,, = —20 mV, after perfusion
with a C&* solution. Normalized currents were
plotted against the —log[free €4 and fitted to
single inhibition curves. Data were found to
deviate from the one-site model at higher’Ca
which could be explained by the multi-ion
nature of the calcium channel pore.
Coexpression witl,, subunit did not alter
channel affinity for C&" although whole-cell
currents appeared significantly slow&d =
0.13 + 0.02um for o, (N = 3) andKd =

0.14 £ 0.02uMm (n = 4) for a, B, channels.

100 ms

Kd = 147 nM
n=4

Kd =127 nM
n=3

9 8 7 6 5 4 3 9 8 7 6 5 4 3
pCa pCa

after the 5-sec prepulse. Each set of experiments wathese conditions was easily reversible after washout with
performed in triplicate after preincubation with 10 EGTA in the bath. The relative current plotted as a func-
Bapta-AM or after injection of 10 m Bapta-Hepes (fi- tion of the free C&' concentration was fitted by a single
nal [Bapta] = 10 uwm). The mean fractional current was inhibition curve with aKd of 0.127um for o, and 0.147
then fitted to a modified Boltzmann equation (Eq. 1) pm for a,¢/B,, Values which are not significantly dif-
where E, 5 is the mid-inactivation potential. Ba&and ferent from what we reported for €aaffinity for the
Ca&* macroscopic currents inactivated completely at thewild-type o, (Parent & Gopalakrishnan, 1995). €a
end of a 5-sec prepulse wikh - = -54 mV for B&*and  affinity was not influenced by the coexpression with the

E,s = -52 mV for C&*. Fits were indistinguishable ,, subunit, however the whole-cell current traces were
with identicalz parameters= 2.2 for inactivation mea- significantly slower in the presence of tifig, subunit.
sured with 10 mn Ba?* and 10 nm C&™. For instance, 60% of the Liwhole-cella, ¢ currents had

The pore region of thex,¢ calcium channel gene decayed after a 400-msec pulse to —20 mV as comparec
displays high primary sequence homology to othgr to only 30% of the whole-cell current fat, /B,, chan-
calcium channel genes such@g.. Among other simi-  nels. This significant difference in whole-cell current in-
larities, o, ¢ possesses the ring of four glutamate residuesctivation kinetics prompted us to study in detail auxil-
known to play a major role in G&Na" selectivity in  iary subunit regulation oé, ¢ currents.
calcium channels (Yang et al., 1993; Parent & Gopal-
akrishnan, 1995). The presence of the glutamate ring in
pores I, II, lll, IV predicts that,z should also display RECOMBINANT a;g CALCIUM CHANNELS ARE
high affinity for C&Z*. Experiments performed with,z =~ MODULATED BY a,0 AND [35, SUBUNITS
anda,/B,, channels confirmed that the braing chan-
nel has a high affinity, in thewm range, for C&". Aswe  Previous studies have shown tigasubunits are impor-
had previously demonstrated for recombinapt chan-  tant regulators of the;; subunit activation and inactiva-
nels, whole-cell LT current can be progressively blocked tion kinetics, such thgd are said to “normalize” recom-
by increasingly larger C4 concentrations added to the binant cardiac C& channel kinetics (Lacerda et al.,
bath. Figure 3 shows the actual current traces. Whole1991; Singer et al., 1991; Hullin et al., 1992) and phar-
cell Li* currents were large, usually arounguA, in the  macology (Wei et al., 1995). While the effects@pbub-
complete absence of added®Cand in the presence of 5 units on o,z channels have been well documented
mMm EGTA. The addition of C& to the bath progres- (Schneider et al., 1994; Olcese et al., 1994} subunit
sively reduced this current with 10dm C&* blocking  regulation of o,z calcium channels remains unclear
all whole-cell currents. Cd block measured under (Wakamori et al., 1994). To achieve a comprehensive
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20.mV\/ Fig. 4. Modulation ofo, e channels byx,,8 andp,,
= channelsLeft panel.Whole-cell current traces for
|-100 -100) 250 ms -100 recombinanty,c channels were recorded in the

presence of 10 m Ba?*. From top to bottom, are
shown; B) o, alone; B) a;dad; (C) o dBoa

and D) a,da,,d/B,, Triplicate experiments were
carried out on the same day. Holding potential was
—-100 mV. Approximately 70% of the,g currents
inactivated during a 450 msec pulse at +10 mV. In
contrast, only 22% of the current inactivated when
oy e Was coexpressed in a 1:1 ratio wgh, As
seen, Ja,,B/B,, Kinetics are not significantly
different froma, J/,, current kinetics. At +20 mV,
whole-cell current activated with,., = 1 msec ¢,
ando,doyd) andt,e = 4 msec §,do,10/B,,).
Inactivation time constants wetg,... = 98 msec
(16); Tinact = 87 Msec dydard); Tinaet = 202
msec §,Jo,d/B,.). Coexpression with eithed,, or
a,d failed to increase the macroscopic barioqg
current but coexpression with boff, and o, d
resulted in a 10-fold increase in the whole-cell
current suggesting a synergistic effect of auxiliary
subunits on thex, ¢ subunit.Right panel(E)
Normalized peak current-voltage relationship¥ {
are reported for, ¢ (O) anda,Ja,d (@). The

mean of 3-5 experiments, for each channel
composition, is shown with theem. Error bars
appear smaller than the data point. The neuronal
ifimax o, subunit showed no discernible effect on the rate

k._r/‘_’.“__‘ of o, inactivation but significantly shifted the peak
40 -20 20 40 current from 0 to +10 mV.K) Normalized peak

Qe[ O2p

500 nA
100 ms

a1E/[32a

W 0e/P2a
A O4g/ Ot/ B2a

-60
:83 :1': g) PR current-voltage relationship&V) are reported to
(11E/(7~2b/|32a 0(1!5/[.323 _(l) a_ndoclEIaZbB/BZa V). Furth(_er

d) - coinjection with the neuronat,.8 subunit does not

significantly modify the rate of inactivation of
[ o, /B, but shifted the macroscopic current-voltage
relationship back to the right from =10 m\¢{J/B..)
to 0 mV (o Jo,9/B50)- (G) Expression of the
humana, g subunit with3,, anda,d subunits

W e
O O4e/0l2o

Oaue/Bza increased=10-fold expression levels, dramatically
® e/ 02/ slowed current inactivation, and reset the whole-cell
i uA) peak current to 0 mV. On this figure as well as on
SuA the following onesgp, anda,, stand systematically
100 ms for a,d. Time scales are 100 msec throughout.

understanding of the mechanisms controlling br@jp ~ Table 1. o, peak current expression as a functionogfs andp,,
channel properties, we have coexpressedthesubunit

with and withoutB, ., B1p, Baa Ba Ba aNda,d subunits. Subunit_ _ Mean peak current n Batch

Figure 4 shows whole-cell current traces obtained with®®"Pos!on * SEM

the human brainx, ¢ subunit &) coinjected with either

apd (B); Baa (C); or both a,8/B,, (D) subunits in the  axe -1.3£0.4pA 10 X814

presence of 10 mBa®*. Corresponding pedkV curves uljgzt@ ‘i-? ‘i 8-2#2 g igﬂ
; ; a a =-1.7£0.

are shown to the righ§,F,G). From these experiments, aiE/oczbS/Bza _15_315_2ﬁA 6 814

coexpression with neuronal,8 subunit appeared to
show little influence onx, channel inactivation kinet-
ics. At —-10 mV, the macroscopic currents were de-

scribed by similar time constants with = 2 * 0.6 channel compositions. Since mRNA translational efficiency was found
1 2 .
. = + A = +
mSEC’T 'r;caCt Zlh‘ > m?ec and inact 149 ‘_20 msec to vary between batches, all data reported here were collected within
(n - 52 Or a;g Channels as cozmpared et = 2+1 the same oocyte batch. The numbesf experiments for each channel
MSEC;T inact = 22 + 3 msec and . = 169 + 23 MSEC  isindicated. Data are mearsem. Currents were measured with 16/m
(n = 3) for o, o, ® channels. However, coexpressing Ba* as the charge carrier. Holding potential was 80 mV.

Comparison of the peak current amplitudes obtained for variqgs
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Fig. 5 Left panel.Steady-state inactivation of re-
combinanta, ¢ calcium channels. Whole-cell cur-
rents were measured in the presence of 10Ba?*.
Steady-state inactivation was measured at 0 mV af-
ter a 5-sec prepulse applied from -100 to +20 mV.
Current inactivation was measured at the test poten-
tial of 0 mV. Holding potential was —100 mV and
pulses were applied at a frequency of 0.1 Hz. Data
were filtered at 1 kHz. Triplicate experiments were
performed the same day for each experimental con-
dition. Right panelInactivation was reported as the
fractional peak current as a function of the prepulse

/ﬁ . X TOOC voltage. Mean data of 3 to 5 independent experi-
M 60 -30 0 30 ments was fitted to a Boltzmann-like function (Eq.
SOEJ 1 V prepulse (mV) 1). Under these conditions, whole-cell current inac-
S

tivated completely fory, ¢ with E, 5 = -44 mV and
for a; o, ,® With Ep 5 = =38 mV. However, a significant fraction (44%) of the whole-cell current generated 8., anda, Ja,5/B,, remained
after the 5-sec prepulse witfy 5 = —31 mV. Estimated slope factors from the fit were= 2.3 fora,g; z = 2.5 fora, o, 9; z = 2.4 foro,JBoa
and fora, /Ba?*/oyd.
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a4 channels withw, 8 clearly shifted the peakV curve  scopic inactivation properties (Perez-Reyes et al., 1992;
toward more depolarized potential&)( Macroscopic Parent et al.unpublished observatiopsThese results
currents peaked at0l+ 2 mV (n = 10) for a;ga,d confirm thatp subunit-regulation of calcium channel ac-
channels as compared 0 £+ 3 mV (h = 10) for oy tivity is dependent upon the nature of the subunit.
channels. This result contrasts with the complete ab- As seen in Fig. 4A, B, C,coexpression with either
sence of regulation by the saneg, 8 subunit ona;,  B,,0r o, failed to significantly increase, - whole-cell
channels when injected in the absence d8 aubunit currents ¢ee alsoTable 1). Nevertheless, coexpression
(DeWaard & Campbell, 1995). In this latter paper it waswith both 8,,anda,d subunits resultechia9 £ 2 o =
shown thata,d failed to modify the peak-V curve, 6) -fold increase of whole-cell B4 currents from 1.3 +
activation and inactivation kinetics of; 5, channels. 0.4 pA (n = 10) for ;e to 15 £ 5pA (n = 6) for
Coinjection with the auxiliary subuni,, from rat  o;da,0/B,4(Fig. 4D), suggesting a synergistic coupling
brain (Perez-Reyes et al., 1992) slowed down the rate dbetween auxiliary subunits i, channels. The accrued
inactivation ofa,g channels. As seen earlier, the time current expression with both auxiliary subunits is similar
course of inactivation of the, ¢ subunit recorded in the to what has been reported f@§ 5/o,,0/B1p VS. oqaltpd
presence of 10 m Ba?* can be described by a sum of 2 anda; /B, (DeWaard & Campbell, 1995). In addition,
exponential functionstf, ., = 18 msecy?,. = 148  the macroscopit-V curve fora, o, /8., peaked at 0
msec) at —10 mV. Coinjection with, appeared to have + 2 mV (n = 10) indicating that the +10 mV positive
eliminated the fast component of inactivatioh,,.,and  shift caused bya,® and the -10 mV negative shift
further decreased the slow componefit,..to 655 + 43  caused byB,, have canceled each other outoip/a,d/
msec ( = 6). Furthermore, the relative contribution of B,, Despite their differences in macroscopic peak cur-
Tinact 10 Tacr decreased from 56 + 8% (= 4) for g rents,o, Jo,,d/B,, anda, B, channels displayed iden-
alone to 19 = 9%1{ = 6) in a;J/B,, Whole-cell current tical activation and inactivation kinetics, suggesting that
recordings. This decrease in the rate of inactivation aftethe neuronab, 8 subunit does not reverse the effect of
coexpression with3,, was observed at all membrane B subunits onx, ¢ kinetics, unlike previously reported for
potentials between -20 to +30 mV. Noteworthy, thethe skeletak, subunit (Wakamori et al., 1994}, /
slowing of ;¢ kinetics was also observed in the pres-,, and o, Ja,,0/B,, channel inactivation kinetics are
ence of 120 m Li* and 10 nm C&* as charge carriers virtually identical. The results obtained with, = chan-
(results not shown This observation has important nels contrast with the reported effects of the neuronal
physiological implications since botk, g andp,,could a8 and the skeletak,® on the activation and inacti-
be expressed together in neurons. Coinjection \Bith  vation kinetics ofa,c calcium channels (Singer et al.,
alone shifted thex,g peak current by —10 mV along the 1991; Hullin et al., 1992; L. Parent et aunpublished
voltage axis (from +10 to 0 mV) without significantly observations
affecting expression with peak currents of 1.3 + QA These changes ia, g channel kinetics were corre-
(n = 10) for oy @alone and 1.7 + 0.A (n = 6) for  lated to similar changes in the steady-state properties of
a16/B24 Channels. On the other hand, J/B,, channels channel inactivation. The voltage-dependence of inacti-
displayed a 5-fold increase in peak macroscopic currentation fora, e channels was investigated in the presence
expression as compareddg- channels, a negative shift of the same channel composition. Figure 5 shows
in the peak current, but showed little change on macrowhole-cell current traces obtained in the presence of 10
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Table 2. B-induced peak current stimulation af ¢ channels B, appeared to have a dominant effecteon inactiva-
tion.

Subunit Mean peak current n Batch

composition + SEM
B SuBUNIT REGULATION OF THE HUMAN BRAIN ;¢

0 od/Bra -2.9+0.5pA 5 X852

o loodBry -1.8+0.2pA 6 X852 . o

Y/ -3.0 + 0.4pA 6 xg52  To determine whether other cloned brain“Cahannel

o ndBs -0.7+0.1pA 5 xg852  subunits may functionally interact witl, ¢ channels, we

e 0pdIBy -0.8+0.1pA 6 X852 performed a series of coexpression studies with rat brain

: : : : Biw B2a Bz, @andp, subunits. All subunit channel com-
Comparison of the peak current amplitudes obtained for diffexggt position were injected in the same oocyte population and
a,0/B, channel compositions. Since mMRNA translational efficiency §tudied within 5 days after injection Coexpression with

was found to vary between batches, all data reported here were co bunit i d th . f the'B
lected within the same oocyte batch. The numbef experiments for any § subunit increased the average size of t a

each channel is indicated. Data are measew. Currents were mea-  current recorded as comparedd@: and o gla,pd cur-
sured with 10 mu Ba2* as the charge carrier. Holding potential was rents measured the same day. Table 2 shows the averag

-80 mV. peak current measured for each channel composition.
Figure 6 shows macroscopic current traces recorded aftel
injection in Xenopusoocytes of mMRNA coding fow, ¢/

mm Ba®", for ayg; oy fond; aydBog andadandiBas  axd/Ba aigangdiBay arglond/Big ardand/Ba; and

channels (Fig. 5A-D). Steady-state inactivation was «;ga,8/B,, The calcium channek,da,8/B,, is the

measured after a series of 5-sec prepulses applied benly channel combination that produced whole-ceffBa
tween -80 to +20 mV from a holding potential of =100 currents with slower inactivation than, ¢ channels. As

mV. Normalized current amplitudes were compiled for shown in Table 3, all channels activated with a single

n = 4, plotted against the prepulse voltage, and meanime constantr, ranging from 3 to 3.6 msec. Macro-

data points were fitted to a modified Boltzmann equationscopic currents generally peaked between 4 and 7 msec

(Eg. 1). Fits to the mean inactivation data points areafter the pulse. For al,c channels but fokx, o9/

shown. As seeny, g and ooy currents inactivated B,,, Ba?* currents were best described by a sum of two

completely within the 5-sec prepulse with midpoint of time constants with the most important being the fast
inactivationE, s = =50 mV fora g andEy s = 44 mV 1% .. in the 10 to 20 msec range and a minor contribu-
for a;a,,d channels. The rightward shift observed for tion from the slower?,,,.,in the 100 to 160 msec range.
a;da,d channels might be related to the +10 mV shift Coinjection with,, generated whole-cell currents with
of their peak current-V curve. Coexpression witB,, inactivation kinetics faster than wit,, Mean normal-
subunit shifted further the midpoint of inactivati®® ;  ized |-V curves show that whole-cell currents activated
to the right from =50 mV ¢, ) to =31 mV @, /B,.) with  sensibly around —-40 mV in the presence of 1Q Be®*

a substantial fraction (45%) of noninactivatingBaur-  with no appreciable difference between channel compo-

rent. Inactivation data points were identical foy/B,,  sition as shown from data obtained from 5 independent

anda, Jo,,8/B,, channels confirming that, 8 has little  experiments. Whole-cell currents peaked at —10 mV for
additional effect onx,;/B,, channel inactivation, that is o;g0,0/B1 o1/a0/B1a AN oy 8/B,, channels

[33> |31> [34>> Bza

N oy g /% /Bip - aqg/0op/Bia Fig. 6. B subunit modulation ot ¢ whole-cell
- r currents measured in the presence of 10 Ba?".
The neuronakx,d subunit was present throughout.
Holding potential= —80 mV. Current traces
shown were recorded from the same frog donor.
1A 0.5 A Current traces were fitted to a sum of three (3)
100 ms | 100 ms| 100 ms exponential functionst,.; ™nacs Tinace FOT @
pulse from —-80 to —10 mV, the time constants

o /agy/Ba

aqe/oop/Ba , ayg/oop/Boa were the following €.c; ™inace Tinac):
FE = " oo, d/B5 (3 msec; 18 msec; 107 msec);
/""’M a;od/Byy, (3 msec; 23 msec; 126 msec);

NN

a;od/B1, (3 msec; 19 msec; 172 msec);
a;da,,d/B,4 (3 msec; 20 msec; 181 msec). Only
two time constantsr,, = 3 msec and, o =
173 msec, were required to fit the Jo,,5/B2,
current traces.

0.5 uA 1.0 uA
100 ms 100 m
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100 ms|

Table 3. a,da,,d/B, whole-cell current time constants 120 Li 10 Ba
. o . } e/ Oy /By
Subunit T activation 7 inact 72 inact n
composition (msec) (msec) (msec) /
o dBra 3.0+£0.1 20+5 145+ 20 5 % 2pA
oo DBy 3.6%0.3 17+3 120+ 18 6 100 ms 190 ms
DB 3.0+01 235+31 11 Oy / O/ Boa
oo DB 35+%0.2 16+4 109 +13 5
oo DB, 29+04 20+5 158 +15 6
Activation and inactivation time constants measured at -10 mV, from //"’/
d channels coinjected with differe@t subunits. Current traces ;;; Al 1 1A
a0ty I f tai

were fitted to Eq. 2. The time course of inactivation was best fitted by
a sum of 2 exponential functions but fagg/o,5/B,, channels. Each
time constant is the mean of 5 to 11 experiments measured wittvLO m L

Ba®* as the charge carrier. Holding potential was —80 mV. /
2uA
1020F’$4 100 ms|

. g/ 0y / By

Oye /0oy / By

and at 0 mV fora,; Jo,0/8, and oy g, 8/B5 channels.

B-induced rates of inactivation were (from fastest to 1 7 4

slowest)B; > B; > B, > B,. The potency order was ,

similar to the one found fos, (Hullin et al., 1992) and V7

a1, (Sather et al., 1993) who fourggl, > 3, > B3, in their o /

respective channels. Since thg- recombinant channel IOOurn_sJ 1@ frosun

has been the most widely studied calcium channel, it
remains the standard f@-subunit induced regulation. Fig. 7. Whole-cell current traces recorded for the rabbit cardiacin

To compare oup-subunit regulation data am, . to pub-  the presence of 120mLi" (left); 10 mv Ba*" (middle); and 10 m
lished data, we performed a similar series of experiment§ " (right) after injection of 10 m Bapta. Holding potential was -60
on the recombinantlc channel. Figure 7 shows whole- mV throughout. 450 msec voltage pulses were applied from —60 to +30

: mV. The alC channel was co-injected with,d throughout, ang, ,
cell current traces recorded in the presence of 120 M (i, row): g, (second row)g, (third row): andg, (last row). Capaci-

Li* (left), 10 nm Ba®* (middle), and 10 ma C&* (right) tive transients were erased for the first msec after the voltage step.
for the rabbit cardiac calcium channe] Jo,/B1, (first  Current scales vary between 0.5 and®and time scales are 100 msec
row), a,da,y/Baq, (second row) oy JosBs (third row),  throughout.

and o Josy/B4 (last row). The whole-celi, - currents

were typically faster when measured in the presence of

C&* for it is known that this channel exhibits calcium- a;g/a,9/B, channels. However, despite producing a
dependent inactivation. Nonetheless, as fordhecal-  significant 5-fold increase ok, peak currentsp, had
cium channelB,,andB, induced faster inactivating cur- surprisingly very little effect om, ¢ channel inactivation
rents thanB,, and B,. This observation holds true time constants and voltage-dependence. This lack of ef-
whether currents were measured irf,LBa?* or C&*.  fect ona, inactivation kinetics was unexpected consid-
Steady-state inactivation data were collected in the presering since, has been previously reported to speed up
ence of 10 mn Ba®* using the same pulse protocol. Fig- inactivation kinetics of rabbitx; calcium channels
ure 8 compares th@-induced modulation of steady-state (Castellano et al., 1993. Overall,B-induced regulation
inactivation properties fos, - anda;, ¢ calcium channels can be said to occur in the following order (from fastest
in the presence of the neurona)d subunit. Inactiva- to slowest) for bothx;c anda, el B3 > B 1 > Bo.

tion was measured after a 5-sec prepulse to -10 mV from

a holding potential of -60 mVo(;) or =80 mV (;g). . ]

Each set of experiments was repeated 4 to 6 times. ARIScussion

seen, coexpression wify, or B,, resulted in more com-

plete inactivation than coexpression wigy, for both  In the present study, we have examined the functional
a;c and ;e channels. In addition, the voltage-depen- properties of recombinant,g calcium channels in the
dence of inactivation was systematically more negativepresence, and in the absence of auxiliary subunits. The
for B3 or B,,-coexpressing channels. The main differ- high level of o, calcium channel expression in the ab-
ence turned out iB,-induced channel modulation. In sence of auxiliary subunits, has made this subunit an
our experiments, coinjection witR, produced fast and appropriate model to study subunit-subunit interaction in
complete inactivation o, channels shifting the mid- calcium channels. This feature was especially critical to
point of inactivation from =54 mV fow,to —60 mV for  rule out kinetic contamination from endogenous calcium
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e (0 27} Fig. 8. Comparison of steady-state inactivation
! curves obtained forx,e (left) and o, (right).

£ Eﬂ% £ -?%J j—l Steady-state inactivation curves were measured in
100" ¢——— 5sec ——» 10 T4 ———— 5sec ——» the presence of 10 mBa®* after a series of 5-sec

Bs= ﬁ1 > [34 >>|32a Bs > B1>> [34= Bza prepulse applied from -80 to +30 m\left panel.
aqe current traces obtained witB,, Biy, Ba Ba
inactivated completely after a 5-sec prepulse while
only 60% of thea,gda,9/B,, current inactivated
after a pulse to +30 mV. Coinjection wify ; B1p
BsandB, induced a leftward shift in the midpoint of
inactivationE, 5 from -54 mV; @, alone) to; -60
mV (o, o d/B4); =66 MV (o d/B1); —69 mV
(oo ,d/B1); =73 MV (o Joyd/B5). Only coin-
jection with B,, induced a shift to the right with a
midpoint of inactivationEy s = —42 mV. Slope
steepness or factor were 2.9 ¢;da,0/B,); 3.4
(oyazd/B12); 3.4 (yoad/Brn); 3.3 (yglonpd/
Ba); 3.4 (adad/Boa). Right panel.Experimental
) conditions were identical but for the holding poten-
30 _’60 _4‘0 _2‘0 0 ; tial that was —60 mV forx,c and —80 mV fora, g
Vprepulse (mV) channels. Fot, Jo,,8/B5 andoy Jou d/B1, current
traces inactivated completely after a 5-sec prepulse
to 0 mV while only 60% of thex, Ja,8/B, anda, Ja,8/B,, currents inactivated completely. Coinjection wigh; B, andp; induced a leftward
shift in the midpoint of inactivation from —=10 mV fow, alone; to =16 mV fora,Ja,d/Bsy t0 =24 MV for oy Jo,d/B1 to =34 mV for
o, o, d/Bs. Steady-state inactivation ef;, Ja,,8/B, currents occurred at voltage more positive Wihs = —3 mV. Slope steepness pffactor;
varied from 2.9 ¢, Ja,08/B,); 3.4 (1 dood/Bia); 3-4 @1daod/Bap); 3.3 @1dod/Bs); 3.4 (e dood/Bry)-

g oy By O 1
oeloze/B, M 1.0
ayglazs/Bra ]
ayg/az/Pib @
[ J

g /o9, /By

I |ayc/ogy/ B2a O

aqc/ogy/ B3 @

60  -30 0
Vprepulse (mV)

channels inXenopusoocytes which is more likely to be As observed previously, Ba currents showed fast
observed in the presence of auxiliary subunits (Lacerdanactivation kinetics in the absence of auxiliary subunits
et al., 1994). Expression of the humay subunit alone (Soong et al., 1993; Schneider et al., 1994, this study), a
yielded fast inactivating currents. Coexpression with thefact that was interpreted as to the lack of Ca-inactivation
human neuronab, ;5 subunit shifted the peak current in this channel (DeLeon et al., 1995). Perhaps the most
from 0 to +10 mV without increasing peak current ex- striking observation reported herein is that whole-cell
pression or modulating inactivation rate constants. Co<urrents generated after expression of the subunit
expression with3 subunits modulated whole-cell kinet- alone, can display slightly faster inactivation kinetics in
ics with B,, significantly slowing downy, ¢ inactivation.  the presence of divalent cations (such a§'@ad B&™)
than in the presence of monovalent cations such s Li
with inactivation being faster for G4 = Ba?* > Li".
Although the charge carrier contributiondgg inactiva-

tion turned out to be unquestionably less dramatic than
for oy channels, it was nonetheless significant espe-
cially for a,g alone. This suggests that the calcium-
binding site may exist orx,g with however a much
Sower affinity for C&* than ona,. Recent structure-
‘function studies identified potential sites on the C-
'terminus as the locus for calcium-dependent inactivation
in o, channels (DeLeon et al., 1995; Zhou et al., 1997).
As reported by others (DeLeon et al., 1995; Zhou et al.,
1997), we however observed that®and B&* inacti-
vation seems to occur with similar ratesdp</B,, chan-
nels @ata not showhp It would be highly interesting to
compare the C4 affinity produced by C-terminus-like
peptides of bothy, - anda, channels and study a pos-
sible modulation role by th@ subunit.

REGULATION OF oy INACTIVATION BY THE
CHARGE CARRIER

The humar, g channel studied in this work is a splice
variant of thex, - channel that has been previously func-
tionally cloned and characterized from different specie
such as rat (Soong et al., 1993); rabbit (Wakamori et al
1994); human (Schneider et al., 1994; Williams et al.
1994); and marine ragoe (Ellinor et al., 1993). It is
generally agreed that functional expressiorgf chan-
nels produces fast inactivating Bacurrents whethet, ¢
is expressed inKenopusoocytes (Soong et al., 1993;
Wakamori et al., 1994; Schneider et al., 1994; Ellinor et
al., 1993) or in mammalian cells (Williams et al., 1994).
As suggested by theV curves in Figs. 1 and 6, under
physiological conditions in the presence of 1.8 @&,
a1 channels would probably activate between -50 mV
L+ + +
(Li", no C&) and ~40 mv (10 m Ca"). Thus, ®E  REGULATION OF oz CHANNELS BY THE otp® SUBUNIT
channels would activate at voltages more positive than
—-70 mV where low-voltage-activated calcium channelsAs observed for,- anda;, calcium channelsy, g ac-
classically activate (Hille, 1992). tivation and inactivation kinetics were found to be modu-
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lated by anda,d subunits although there were subtle the a;¢ subunit. The major effect gB-subunit induced
differences in the nature of the,g channel regulation. changes was to modulatg activation and inactivation
We found that coexpression witl,,0 alone had little  kinetics. Our expression data thus nicely mirrored recent
effect ona;,g inactivation kinetics, and om, current  reports that antisense depletion@fubunits decreased
expression. These results are similar to results obtainegfhole-cell calcium currents and shifted the voltage-
on the a;, calcium channel (DeWaard & Campbell, dependence of current kinetics in neuronal cells (Berrow
1995). The only change brought about by the presencet al., 1995; Lambert et al., 1996).

of a,,d, in our experiments, was a small but significant,  The rate of inactivation generally increased after co-
positive shift in the voltage-dependencexgf activation expression withg subunits with@; > B, > B, (from

as measured from peak current-voltage relationships, an@stest to slowest) whil@,, actually slowed downy, ¢

a similar shift on the voltage-dependence of steady-statgactivation kinetics.p subunit induced-hyperpolarizing
inactivation which were absent in thg, channel. This  shjfts in the voltage-dependence of inactivation were
rightward shift in the peak curreritV thus suggests ajso observed with these faster inactivation kinetics with
some functional interaction between g and thex, e Bs > By > Bs > PB,s Of all the subunit investigated in
subunit. Furthermore, additional coinjection wifl},  this study, B, subunit had the most dramatic effect by
was shown to cancel out the effect @§,5 on thea,e  gjowing downa, e whole-cell currents whether currents
current-voltage relationship such thafe/a;5/B2a @nd  \yere measured with Li(seeFig. 3) or BE" as the charge
o, channels both peaked at 0 mV. To our knowledge, 4 rier. In the presence of 10MmB&2*, about 45% of

there is (l)nlylo_ne puEI'She? report O&QB_mOdUIat'tOE_mt_ a,/B., channels remained in the activated state at the
neuronal calcium channel macroscopic current Kinetics, ' %% 's"ec prepulse as opposed to <1%gfchan-

In rabbit braine., e channels (BII), coinjection of skeletal nels. This observation has also been previously reported
oz 10 oy, channels produced whole-cell currents ¢ 0 nmany _ (Olcese et al., 1994) and after coin-

with similar inactivation than rabbit BIl channels, which .~ . ;
S . : jection of B,, with a5 (Stea et al., 1994; DeWaard &
indicate thata, 8 seemingly canceled out the effect of Campbell, 1995). In the latter, 60% of the Bavhole-

the 3, subunit (Wakamori et al., 1994). The d|screpancyce” current remained fag, /.., channels as opposed to

between the two studies might be explained by the in- 0
trinsic differences of the.,d splice variant used, for the only 11% fora, , channels when measured after a 2-sec

skeletala, d alone is also known to modulate recombi- prep.ulse.. I calcium chan_neIsBZacaused faster ac-

nanta,. calcium currents (Singer et al., 1991). Thgs tivation kinetics, faster half-time to peak currents, and
1c " : ’ ;

subunit-induced shifts of macroscopic current kineticslarg_er macroscopic c_urremts (_Per_ez-Reye_s et al_.,_1992)

were not affected by the presence of thgd subunit in but its effect on |n§1ct|vat|0n kinetics remained difficult

a (DeWaard & Campbell, 1995) and in braig, tc_) assess guantitatively, partly becauseg alpne expres-

channels (this study). Hence, o, d/B, and a;o/Bo, sion is low, and partly becausg - already displays slow

whole-cell currents displayed similar rate of macroscopidhactivation kinetics. At best, one might conclude from
inactivation. the original whole-cell recordings (Perez-Reyes et al.,
Our experiments showed that coexpression with1992; Hullin etal., 1992) that there is no apparent change
both a,® and B subunits was required to maximally in the inactivation kinetics oty after coinjection of
stimulate functional expression of the human brajp ~ B2a Despite these dramatic changesif kinetics, co-
channel with a=10-fold increase in expression levels. €xpression with,, did not modify the channel high
Expression WithleS was also shown to increase th affinity for Ca2+ This result further confirms the ab-
and theB, subunit stimulation of, , whole-cell currents ~ sence of modulation of th@ subunit on the calcium
(DeWaard & Campbell, 1995; Gurnett et al., 1996). Inchannel high affinity binding sites formed by the E resi-
other words, the role of,,8 on whole-cell currents ap- dues in the pore region (Yang et al., 1993; Parent &
peared to be more prominent in the presence @ a Gopalakrishnan, 1995).
subunit suggesting a synergistic effect between the cal- According to Neely and collaborators (1993), gating
cium channel subunits on protein expression. charge movement indicated thay, improved the intra-
molecular coupling between the voltage sensor and the
channel pore opening i, . In other words, coinjection
REGULATION OF a3 CHANNELS BY 3 SUBUNITS with B,,would speed up the closed-to-open transitions in
a4 Which should translate into shorter latencies at the
We analyzed the differences in current properties introsingle channel level. In our experiments,c and o,/
duced by the presence of the four genes codingpfor [,,channels activated with the same activation time con-
subunits and used these differences as an index of th&tant, and displayed similar half-time to peak currents.
functional contribution of each of these auxiliary sub- Thus, our whole-cell data do not support a rolefiggon
units ina; function. Our findings demonstrate thy,;  the rate of the closed-to-open transitionsui channels.
Biw Bsa Ba andp, subunits interact functionally with  Our data however indicated th@g, proceeded to keep
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the channel into the open state for a longer period of timgroduced faster inactivation kinetics without affecting
than any other auxiliary subunit tested in this work. Thethe voltage-dependence of inactivation (Castellano et al.,
slower macroscopic inactivation could result from either1993). However, unlike the original report, out,g

an increased open- to- closed state transition (shortestudy was performed in the continual presence of the
mean open time, more frequent reopenings); or fromneuronak,3 which could have affected whole-cell cur-
slower open- to- inactivated state transition (same mearent kinetics. This discrepancy thus prompted us to char-
open time, more frequent reopenings). Additionally, theacterize theB-induced voltage-dependence of inactiva-
situation might be even more complex amg: channels  tion of a;c channels in the presence of thg,d subunit.
inactivation could occur through 2 distinct inactivated Interestingly, our results with, Ja,:3/B, channels con-
states (as suggested by its 2 time constahts. and firmed the previou_s pbs_e-rvatipn made by Cast.ellano et
12 nae)- In this last kinetic scheme, the addition of the @l-, (1993) that coinjection withB, does not shift the
B, subunit could be disrupting the equilibrium between Voltage-dependence of, c inactivation. Howeverg, o/
these two inactivated states such that the “slower” in-®2t9/B4 channels displayed slower inactivation kinetics
activated state appears to be dominant. The possible kihan previously reported far, /8, channels (Castellano
netic models are endless and evidently, our whole-celft @l-, 1998). In fact, according to the reports published
data do not allow us to discriminate between modelsPY this group8, would induce faster inactivation kinet-
Such information can only be extracted from single-IcS thanps (Castellano et al., 19830). There is still a

channel recordings which are beyond the scope of thiS!9ht possibility thatu,,d makes a difference although
paper. ay,® has never been reported to slow down inactivation

The apparent similarity of the overall gating mecha- kinetics. The possibility that the differences between the

nism between voltage-dependent channels suggests th%ustudies might be explained by loy, MRNA transla-

molecular mechanisms can also be related. Given thgonal efficiency was also ruled out since our Whole-cell
physical proximity of 1S6, the putative locus of voltage- a1dezd/B, currents averaged 2.2 + O (seeFig. 7).

; AN / It remains however to be seen whether the kinetics dif-
dependent inactivation in calcium channels (Zhang et al‘1’erences can be due to the presence of the deleted versio
1994), and the I-1l linker, wher@ subunits are believed b

to bind (Pragnell et al., 1994), one can imagine that of the ;¢ (auc ANAC) channel, although this version

. . o has been shown before to behave mostly like the full-
induced changes in inactivation can be caused by Soml%ngth channel
interaction between th@ subunit and IS6. In this :

. . . . . In summary, our results illustrated the wide variety
sch_eme,[32a CO[.JId potentially interfere _W'th th? Inactl- ¢ biophysical properties that can be generated by a
vation mechanism o&, g through some interaction with

L N . single calcium channel, subunit, depending on the as-
its inactivation locus. This model could even be com-gqciatings subunit. This observation was especially apt
patible with a ball-and-chain mechanism wher@sub-  j, the case of the,, and theB,, subunits. Expression of

units, in general, could modulate the interaction betweenp,o aye channel gave rise to fast inactivating channels

the inactivation ball (which remains unidentified) and its \ypile coexpression withB,, subunit yielded channels

receptor in 1S6 (Zhang et al., 1994). ~ with slower kinetics. The combination of expression and
As reported fora,c and ;4 channels, coinjection  stryctural data are thus needed to elucidate the nature o

with 85 and@, subunits generate,¢ calcium channels  cajcium channels present in neuronal cells.
with apparent faster inactivation kinetics (Hullin et al.,

1992; Castellano et al., 1983Sather et al., 1993; Stea (.Et We thank Dr. Terry P. Snutch for the rat braig,d subunit; Dr. Ed
al., 1994; DeWaard & Campbell, 1995). Coexpressionperez-Reyes for the,,, B,. Bs andp, subunits; Dr. F. Hofmann for
with B1 subunits was also shown to generate faster intheg,,subunit; T. Rodriguez, D. Medrano, G. Bernatchez for technical
activation kinetics on the rat brain ¢ channel (Soong et assistance; and colleagues from the Membrane Transport Researct
al., 1993) and the human, channel (Olcese et al., ifozp fdor gonFf“ti a”‘; disc“;;i‘:;‘é ';)P- ig;ﬁiorzsfho'a;fr%md

: - : the Fonds de la Recherche en udec. This work was funde
1994)' Only. the rabbit bra.lml'.z calcium C_hz.inn_el ap-_ through grants from the National Institutes of Health HL54708; the
peared to display slower kinetics after coinjection with Canadian Heart and Stroke Foundation; and the Medical Research
the brainB1 subunit (Wakamori et al., 1994). The effect council of Canada to L.P.
of the B, subunit on channel kinetics turned out to be
more channel-dependent. In neuronal channels, such as
for a4 (Stea et al., 1994; DeWaard & Campbell, 1995) References
and o, (our study), coinjection with3, appeared to

: : o : : _Berrow, N.S., Campbell, V., Fitzgerald, E.M., Brickley, K., Dolphin,
produce little effect on channel inactivation kinetics de AC. 1095, Antisense depletion @-subunits modulates the bio-

spite producmg Clear ”ega“Ve_ Shlf_ts ”j] th¥ relations physical and pharmacological properties of neuronal calcium chan-
and voltage-dependence of inactivation. These results pes 3. physiol.482:481-491

sharply contrast with similar experiments performedgrickiey, K., Campbell, V., Berrow, N., Leach, R., Norman, R.l.,
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