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dent calcium channels (VDCCs) are multimeric complexes composed-l-he L-type voltage-dependent calcium channels (VDCCs)
of a pore-formingx, subunit together with several accessory subunitg,re formed by one of four possible pore formiag subunits:
including a8, B, and, in some casesg,subunits. A family of VDCCs ays (found in skeletal muscle) (Tanabe et al. 198@) )
known as the L-type channels are formed specifically framy (nlﬂ?’;\inly cardiac) (Mikami et al. 1989),p (in ne.urons aﬁd

(skeletal muscle)y, - (in heart and brain), 5 (mainly in brain, heart, . AP,
and endocrine tis;(lje), and,. (retina). Neuroendocrine L-type cur- Neurosecretory cells and heart) (Seino et al. 1992; Williams et

rents have a significant role in the control of neurosecretion and cah 1992; Wyatt et al. 1997; Yaney et al. 1992),0q (retinal,

be inhibited by GTP-binding (G-) proteins. However, the subunflot yet functionally expressed) (Strom et al. 1998). The VDCC
composition of the VDCCs underlying these G-protein—regulatd@mily nomenclature was recently revised by Ertel et al.
neuroendocrine L-type currents is unknown. To investigate the bi@2000): ;g ¢, @1p, @anda, - were renamed G4.1, Cg 1.2,
physical and pharmacological properties and role of G-protein moda, 1.3, and Cgql.4, respectively. They; subunits are co-
ulation of o, calcium channels, we have examined calcium chann@ssembled with the accessory subumisa,6 (and vy, in
currents formed by the human neuronal L-type, subunit, co- skeletal muscle). L-type currents have been defined pharma-
expressed witl,8-1 andBs,, stably expressed in a human embryonicologically by their sensitivity to low (nM tquM) concentra-
kidney (HEK) 293 cell line, using whole cell and perforated patchtions of 1,4-dihydropyridine (DHP) antagonists (e.g., nifedi-
clamp techniques. The, ,-expressing cell line exhibited L-type cur-pine and nicardipine) and agonists [e.g., -SBayK8644]
rents with typical characteristics. The currents were high-voltagganguinetti and Kass 1984). In addition, L-type channels
activated (peak at-20 mV in 20 mM B&") and showed litlle exhibit the following biophysical characteristics: “long-last-
inactivation in external B&, while displaying rapid inactivation ing” currents that show little inactivation in B4 (Nowycky et
kinetics in external C& . The L-type currents were inhibited by theg| 1985); some selectivity for B4 over C&* and CA&*-

1,4 dihydropyridine (DHP) antagonists nifedipine and nicardipine ar&bpendem inactivation (Soldatov et al. 1997).

were enhanced by the DHP agonist BayK-$8644. Howevera,o  GTp_pinding (G-) proteins exist as heterotrimeric com-

L-type currents were not modulated by activation of a number g}‘lexes, composed of a dGsubunit and a By dimer. On

G-protein pathways. Activation of endogenous somatostatin recepior: .. - L i
subtype 2 (sst2) by somatostatin-14 or activation of transiently tran (_:rtlvatlon of a G-protein—coupled receptor (GPCR), the het

fected rat D2 dopamine receptors (i by quinpirole had no erotrimer dlssomates_mto freed&GTP and @y dimers. I_t is
effect. Direct activation of G-proteins %{?the nonhydrolyzable GTEhese free @y SUbu_mt_S that are thought to be reSpon$lb.|e f.or.
analogue, guanosine-B-(3-thiotriphospate) also had no effect on thd@St, membrane delimited, voltage-dependent G-protein inhibi-
;5 currents. In contrast, in the same system, N-type currents, fornié@n Of certain neuronal VDCCs, including, 5, a1p, anda;e
from transiently transfected, 5/a,8-1/8, showed strong G-protein— (Herlitze et al. 1996; lkeda 1996; Page et al. 1998; for a review
mediated inhibition. Furthermore, the I-II loop from thg,, clone, See Dolphin 1998). VDCCs undergoing voltage-dependent G-
expressed as a glutathione-S-transferase (GST) fusion protein, did@igtein modulation display the following characteristics: a
bind GBy, unlike thea, 5 |- loop fusion protein. These data showdecrease in whole cell current, depolarizing shift in the current-
that the biophysical and pharmacological properties of recombinafltage (-V) relationship, and slowed activation kinetics (Bean
humana,, L-type currents are similar te,- currents, and these 1989). Another characteristic is the loss of G-protein modula-
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tion at large depolarizations (Bean 1989); consequently a largien vector pRKS5 except for the clones used in dhg |4 transient
depolarizing prepulse immediately before a test pulse traifansfection study, which were subcloned into the expression vector
siently removes inhibition, and the activation kinetics beconfT2 (Genetic Institute, Cambridge, MA) (see Swick et al. 1992).

At e rataye (rbEll, L15453) clone has a truncated N-terminus, eom
Eﬁilri,eaept)hjnggngeor;on termed prepulse facilitation (Bean 19%—gf‘ed with otherx, ¢ clones. Page et al. (1998) extended this clone

Nati diac -t h Is h | b K rsing a rata, e N-ter.mingl extension (AF057029). Thg resulting
allve cardiac L-lyp€ channeis have fong been Known o, e ong ClONE used in this study has homology to published mouse

exhibit G-protein-induced stimulation viadg and a CAMP- (| 29346), human (L27745), and rabbit (X67855). clones. The3,,,

dependent protein kinase pathway (Reuter 1983). Recenflisunit used in this study is that of Tomlinson et al. (1993). It is

stimulation of smooth muscle L-type currents bg{has also identical to the ratp,, clone defined in the GenBank database

been reported via a phosphinositide 3 kinase pathway (Viard(®61394) except for two substitutions (R41% S and V435— A)

al. 1999). Inhibition via activation of ,,, and subsequent and the deletion A431 (T. P. Snutch, personal communication).

inhibition of adenylyl cyclase, is another G-protein modulatory

path that regulates caydiac L-type channels (Fischmeister dD Stable cell line (HEK 293¢1D)

Hartzell 1986). In native endocrine and neurosecretory ce

and cell lines, G-protein inhibition of L-type currents has also Standard techniques were used to transfect HEK 293 stably with

been observed (Degtiar et al. 1997; Gilon et al. 1997; Hawshetman neuronak,, (M76558), a,,8-1 (M76559) and3;, (not pub

al. 1993; Hernandez-Guijo et al. 1999; Kleuss et al. 199fished); for clarity this cell line (#5D12-20) will subsequently be

Mathie et al. 1992; Tallent et al. 1996). This is thought to bigferred to as HEK 293,. The cloning of these VDCC subunits is

involved in the inhibitory modulation of secretion. Howeverg's‘cus_s‘ecI in Williams et al. (1992). The clonal;, cell line "r‘%is

the subtype(s) of VDCGy, subunit(s) involved and type of stablished by transfecting HEK293 cells using a standard™ Ca

hosphate procedure (Brust et al. 1993) with 10, 5, andy®f the

G-protein modulation observed for these L-type currents hal € -1, and B, expression constructs, respectively. Tag,

not been fully defined (see Dolphin 1999, for review). IRypunit expression plasmid, pcDNALRBS, does not contain an
neuronal and neurosecretory tissue, L-type currents are form@@biotic resistance gene, whereas égs-1 andg,, subunit expres
from «, as well asa, ¢ subunits (Chin et al. 1992}, has  sion plasmids, pRc/CMY,,6-1 and pZeoCM\B,,, contain the neo
also been shown to be expressed in heart (Hell et al. 1993;cin and Zeocin resistance genes, respectively. Geneticin G-418
Wyatt et al. 1997). The consensus of current research suggesttate (final concentration 1Q@g/ml, Life Technologies) and Zeocin
that L-type currents resulting from expression of neuronéinal concentration 4ug/ml, Invitrogen) were used for selection of
(Bourinet et al. 1996; Canti et al. 1999) or cardiac (Meza arfg!onies. The selection medium was added to the cells 48 h after
Adams 1998), . isoforms do not exhibit the voltage-depentranSfeCt'pn' Antlplonc-rgsnstant colonies were trans_ferred to 9(_3-we||
dent G-protein inhibition that is typical of N or P/Q currents?zl""te.S using cloning cylinders, 2—4 wk after selection was initiated.
. . ell lines containing functional channels were selected with a fluo3-
Nevertheless_, in experiments whgre clonegd has _been CO- pased calcium flux assay.
expressed with accessory subunitsXi@nopus laevisocytes
(Oz et al. 1998) and HEK 293 cells (Dai et al. 1999; Kamp et _
al. 2000), other forms of facilitation and second-messengegell culture and transfection

based inhibition have been observed. L .
; ; : The culture medium in which the HEK 298, , and control HEK

The existence of G-protein modulation of cloneg, L-type %l?f cells were grown consisted of Dulbecco’s modified Eagle’'s

. . . ium (DMEM) with 4.5-g glucosel™* (DMEM, Life Technolo
HEK 293 cell line expressing the huma#, subunit, together gies) This was supplemented with 5% bovine calf serum (Hyclone,
with the human accessory subunitss-1 andps, to establish yT), penicillin (100 1U- mI~?) and streptomycin (10Qg - ml~%; Life
the biophysical and pharmacological properties of the eXechnologies) and the additional selection antibiotics for the HEK
pressed current and whether the resultant current shows 283 «,, cell line (as described above). The cells were grown in this
protein modulation. medium at 37°C, 5% CQ and passaged every 2—-3 days.

For transient transfection of the, 5, «,6-1, B3, VDCC subunits
and mut-3 GFP expression marker into HEK 293 cells, a mixture was
made containing, respectively, 15, 5, 5, angllof the cDNAs (at a
Materials concentration of Jug/ul). In experiments where the r2, was used,

5 g of this cDNA was added; in experiments where this D2 receptor

The following compounds were stored-aR0°C (stock concentra- pathway was not investigated u& of blank pRK5 vector was used to
tion in mM unless stated, solvent, and source): nifedipine, NIF (8jve a final cDNA amount of 3kg. The same amounts were used for
ethanol, Sigma, St. Louis, MO); nicardipine, NIC (3, ethanol, Sigmajhe transfection otx,g, «,6-1, B, and mut-3 GFP (using pg of
BayK S-(—)8644, BayK (3, ethanol, RBI, Natwick, MA); somatosta-blank pMT2 to make the mixture up to a final amount of;2g). For
tin-14, SST (0.1, deoxygenated double-distilled water, RBI, Natwickiansfection, 1Qul of Geneporter reagent (Genetic Therapy Systems,
MA); quinpirole, Quin (10, double-distilled water, RBI); forskolin San Diego, CA) and 2l of the cDNA mix were added to each 1 ml
(10, dimethyl sulfoxide, Sigma); geneticin G-418 sulfate (100 mg/mbf DMEM (no supplements) and incubated at 20°C foh before
double-distilled water, Life Technologies, Paisley, Scotland); Zeocaddition of 1 ml to each 35-mm-diam culture dish containing approx-
(100 mg/ml, supplied in solution form, Invitrogen, Carlsbad, CA); anainately 2 X 10° cells. Transfected cells were then grown at 37°C for
amphotericin-B (80 mg/ml, dimethyl sulfoxide, Sigma). 36 h and subsequently at 28°C for 36 h. This process of 37°C/28°C

The following cDNAs were used in transient transfections: rabbiibcubation was also the standard procedure for the stabjeell line
a,5 (GenBank accession number D14157), aat (rbEIl, L15453), before electrophysiological experiments. In experiments on the HEK
rata, g ong(S€€ below for details), rf;, (Tomlinson et al. 1993), rat 293 o, cells where additional transient transfection of [a2 ex-

B3 (M88571), rata,6-1 (neuronal splice variant, M86621), rat B2,  pression was required, the cDNA mix was formed of (R2(5 ug)
receptor (rD2,,,, X17458, N5— G), and mut-3 green fluorescentand mut-3 GFP (1ug) cDNA, and made up to 3kg with blank
protein (GFP, U73901). All cDNAs were subcloned into the exprepRK5, with the transfection procedure being as described above (for

METHODS
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a5 and oy ). Successful transfection was determined by expressiMMLV-Reverse Transcriptase (Life Technologies, Paisley, Scotland)

of mut3-GFP. and random hexamer primers (Promega, Southampton, UK). PCR was
performed using eithePfu (Promega) orPfx (Life Technologies)
Electrophysiology high-fidelity DNA polymerase in the supplied polymerase buffers.

BanHI and EcaRl restriction sites (underlined) for directional, in-

The internal (pipette) and external solutions and recording tedfame cloning of the resulting fragments into pGEX2T (Pharmacia, St.
niques were similar to those previously described (Campbell et albans, UK) were present in the primer sets as follows:
1995). For whole cell patch-clamp recordings, the patch pipette soluw,, Forward: BSCTCAGGATCO TTGCTAAGGAGCG3
tion contained (in mM) 140 Cs-aspartate, 5 EGTA, 2 Mgd.1 Reverse: AGAAGAATTAO GCCTTCACCATGC3
CaCl, 2 K,ATP, 0.8 TrisGTP, 10 HEPES; pH 7.2, 310 mOsm with «, Forward: BGTGGATCOTCTCAAAGGAAAGAG3’
sucrose. In experiments where guanosirie0§3-thiotriphospate)  Reverse: SAGGAATTGGTGACAGACTTCAC3
(GTP+yS) and guanosine '®-(2-thiodiphospate) (GDBS) were Amplification was for 30 cycles before the resulting products were
used, the GTP was replaced with either M GTP-yS (Sigma) or separated by agarose gel electrophoresis, digestedBaittidl and
2 mM GDPS (Boehringer, Mannheim, Germany). For perforated=coR| and subcloned into pGEX2T (Pharmacia). The resulting con-
patch clamp recordings the patch pipette solution contained (in migtructs are GSa&; gl-Il loop and GST, Il loop, respectively. The
100 CH,04SCs, 25 CsCl, 3 MgGJ 40 HEPES; pH 7. 3, and freshly sequences of all the fusion protein constructs were verified by cycle
supplemented (withi 1 h of recording) with 240ug/ml amphoteri- sequencing (Sequitherm, Epicentre laboratories, Madison, WI) or
cin-B. The external solution contained (in mM) 160 tetraethylammautomated sequencing, before use in protein expression studies.
nium (TEA) bromide, 3 KCI, 1.0 NaHC9 1.0 MgCl, 10 HEPES, 4 Expression cultures of BL21(DE3)-Codon Plus-(RE3cherichia
glucose, 10 or 20 BagGlor CaCl; pH 7. 4, 320 mOsm with sucrose. coli (Stratagene, Amsterdam, NL) were grown overnight at 37°C in
The perfusion rate was 1-2 ml/min. Pipettes of resistance 265 M_B medium supplemented with 34g/ml chloramphenicol, 5@.g/ml
were used. An Axon 200A or an Axopatch 1D amplifier (Axorampicillin, and 1% (wt/vol) glucose. The saturated cultures were
Instruments, Foster City, CA) was used, and data were filtered atliluted 10-fold in the same medium and grown for a further 2.5 h.
kHz and digitized at 5-10 kHz using a Digidata 1200 interface (Axdpefore cooling to 25°C and induction with 0.1 mM isopropyl-thio-
Instruments). Membrane capacitance measurements were recogigectopyranoside. Induced cultures were grown at 25°C for a further
from the amplifier following capacitance compensation. Analysis was5 h before harvesting. All further purification steps were performed
performed using pClamp 6.02 (Axon Instruments) and Origin &t 4°C. Cells were lysed by sonication in phosphate-buffered saline,
(Microcal Software, Northampton, MA). Current records are showpH 7.4 (PBS: 10 mM phosphate buffer, pH 7.4, 137 mM NaCl, 2.7
following leak and residual capacitance current subtraction (P/4 or R KCI) containing 1% sarcosyl, 25 mM EDTA, 0.5 mM dithio-
protocol). Data are expressed as meanSE. Statistical analysis was threitol, and protease inhibitors (1 tablet per 50 ml of lysate, Complete
performed using paired or unpaired Studertttest, as appropriate, EDTA-free, Roche Diagnostics, Lewes, UK) followed by a 10-min
where significance was defined@s< 0. 05 (*) andP < 0. 01 (**). incubation at 4°C. TritonX-100 was then added to a final concentra-
Where indicatedl-V relations were fitted with a combined Boltzmanntion of 2% and the lysate re-sonicated and incubated at 4°C for a

and linear fit further 10 min. before centrifugation at 20,080g for 15 min at 4°C.
The resulting supernatant was then applied to a 1-ml GSTrap column
lv = GralV = Vie) {1 + exf =(V = Vo ol K} (1) (Pharmacia) and the column washed with 10 column volumes of

: : ; ; indi ini % Triton X100, 20 mM
wherel,, is the current density at voltagé G,.., is the maximum Pinding buffer (PBS, pH 7.4 containing 0.1% Trit '
conduc\t/ancepF’l, Vo acidS the mid-point of voltage dependence ofEDTA, 0.5 mM dithiothreitol and 1 protease inhibitor tablet per 200

activation,V,., is the reversal potential, aridis the slope factor. m_I). Bou_nd GST-fu5|_on Pproteins were then eluted from the co_lumn
Steady-state inactivation data were fitted with a Boltzmann functig§th €lution buffer (binding buffer, at pH 8.0, supplemented with 5
of the form mM reduced glutathione). Glutathione was removed from the fusion
protein preparations by dialysis against HBS-EP buffer [10 mM
I/l max = L1 + exf(V — Vsoinacd K1} (20 HEPES, pH 7.4, 150 mM NaCl, 3 mM EDTA, 0.005% (vol/vol)

) ) ] Tween 20] before samples were frozen in aliquots-20°C.
wherel\/l .., is the current normalized to maximum curréiy ..cc ~ Bovine brain G-proteins were purified to apparent homogeneity
is the mid-point of voltage dependence of inactivatidh,is the ysing conventional chromatographic techniquegyGlimers were
conditioning potential, and is the slope factor. Current activationthen liberated from @ subunits in the presence of aluminum fluoride
was fitted with a similar Boltzmann function Wi'k}/lmax substituted (Exner et al. 1999) |solation and final purification OfB@ was
by Gy/Gnax (normalized conductance) anWsginac: Substituted achieved using a Mono Q FPLC column (PharmacigdyGubunits

by Vsoar _ i were identified by their immunoreactivity and stored in aliquots at
The holding potential was 80 mV, unless otherwise stated. Volt-_go°C until required for use.

ages were not corrected for liquid junction potential, measured usingp fyll-length g,, with C-terminal hexa-histidine tag (HE&,) was
the method described in Neher (1995), which were up 27 mVin  produced by PCR (10 cycles) usirRfu polymerase (Stratagene,
whole cell recording solutions anet5.4 mV in perforated-patch amsterdam),3,,, in pMT2 as template and the following primers:

solutions. Forward: BGGGAATTCATGGTCCAGAAGAGCG3
Reverse: 5 GGGAATTCTCAATGATGATGATGATGATGGC-
Construction, expression, and purification of proteins GGATCTACACG 3

The resulting PCR product (approximately 1.9k.b.) was digested

The polymerase chain reaction (PCR) was used to amplify (fromith EcaoRl and subcloned into the pKK233-3 vector (Amersham
full length clones) regions of cDNA encoding the calcium chann&harmacia, Little Chalfont, UK). To maximize yields of the full-
I-1l loops of the rabbitx, ; and humany,, clones (M76558). As the length H6@3,,, protein the 600b.p. '3 Ncd-EcoRl fragment of
full length clone of the humar;,, was unavailable for PCR, it was H6CB,, and the 1.3k.b. ™cd-Ncad fragment ofg3,, were subcloned
necessary to perform RT-PCR from the HEK 283, cell line. into Ncd-EcoRl digested pET28b (Novagen, Nottingham, UK) to
Approximately 16 HEK 293 «,, cells were lysed using the give H6Q3,,-pET28b. BL21(DE3)-Codon Plus-(IRLEscherichia
QiaShredder and the total RNA extracted using the Qiagen RNEayi (Stratagene) were transformed with H8G-pET28b, and cul
kit (Qiagen, Crawley, UK). After a further phenol/chloroform extractures were grown overnight to saturation at 37°C in LB (pH 5.5)
tion and precipitation the total RNA was reverse transcribed usisgpplemented with kanamycin (38y/ml), chloramphenicol (34wg/



L-TYPE (a;p) CALCIUM CHANNEL PROPERTIES AND MODULATION 819

ml) and 1% wt/vol glucose, diluted 1:10 with the same media arid the bar chart in Fig. B. The 1,4-DHP antagonist block was
grown for a furthe 3 h before cooling to room temperature anchlso characterized by an increase in the inactivation kinetics of

incl'UCtiO“ with 0.5 me izoﬁmpy',th(ijq;'D'ga'aCtOSide (IPTG). Thehl%aduring the test depolarizationr-00 mV, V), which can be
cultures were grown for postinduction at room temperature ; it ;
harvested by centrifugation, pellets were stored-&0°C until re- Bbserved by comparing the inhibition at peak compared with

quired the end of the 200-ms test pulse &énd®, respectively, in Fig.

Escherichia colipellets containing expressed HB(, protein were 1A _and_D _alr_u_:il in F'g' 1'.3): However,alp lsa showed_ very
lysed at 4°C by sonication in 20 mM phosphate buffer (pH 7.4 l|m|_lar inhibition by nifedipine at three different holding po-
containing 1 protease inhibitor tablet per liter of culture pelleted. Sollgntials ¥, = —80, =50, and—30 mV). AtV = =50 mV, 3
NaCl was added to the lysate to a final concentratiohM before the 1M nifedipine inhibited o,y 1z, by 62 = 7% (at peak) and
lysate was cleared at 20,0809 at 4°C for 15 min. Imidazole solution 94 = 3% (at the end of 200 ms pulse= 5); atV,, = —30 mV
(pH 7.4) was then added to the resulting supernatant to give a filaé inhibition was similar, being 56 7% (at peak) and 9%
concentration of 40 mM before loading onto a nickel-primed 5 ng94 (at 200 msn = 6).

HiTrap Chelating column (Amersham Pharmacia) equilibrated with The agonist BayK S-{)8644 (3 M) produced a marked
loading buffer (20 mM phosphate buffer, pH 7UM NaCl, 40 MM anpancement of the current (325 25% increasen = 5, at
Imidazole, 0.15% wt/vol octylglucoside and 1 protease inhibitor tablgf _ ", 14" v/ in 10 mM B&" 680 + 84% increasen = 14
per 100 ml). The column was washed thoroughly with wash buffer (a% V. = +10 mV in 20 M’B§+'_F' 10). Th ’ 'f

load buffer but 70 mM imidazole) before HBG, was eluted from the at vy = + mv-in £0-m o g )- e onset o
column in elution buffer (as load buffer but 200 mM imidazole). €nhancement was rapid (reaching steady-state enhancement

Peak U\, absorbance fractions were rapidly buffer exchanged oMithin 1-2 min of application, Fig. @) and was accompanied
a Sephadex G-25 (Amersham Pharmacia) column into IEX buffer (By a characteristic hyperpolarizing shift in th¥ relationship
mM 2-[N-morpholino]ethanesulfonic acid, pH 6.0, 1 protease inhidFig. 1D). In some recordings BayK S-()8644 enhanced,
itor tablet per 200 ml) supplemented with 500 mM NaCl, beforeurrents also displayed the characteristic slowing of tail current
dilution 1:10 with IEX buffer. The diluted sample was loaded onto geactivation (for an example, see the enhanced current trace in
1 ml SP-Sepahrose HP column (Amersham Pharmacia), the colupyg. 6g).
was washed with IEX buffer before HEZ, proteins were eluted in a
linear gradient of 0d 1 M NaCl in IEX buffer. Fractions containing . o
H6CB,,, were identified by SDS-PAGE analysis, with Coomassie blugiophysical characteristics of the; current
staining, before dialysis against storage buffer (20 mM borate, pH 8.0, - . -

500 mM NacCl, 1 mM EDTA, 1 protease inhibitor tablet per 200 ml). The actlvqtlon. and Steal_dy'State 'naCt'Vat'omQE? currents
H6CB,,, prepared in this manner was found to have a half-life A€ shown in Fig. &. Fitting the current activation gave a
excess of 60 days at 4°C as judged by SDS-PAGE and Coomaéég'ﬁ’actOf +1.8 = 1.2 mV. Examining the steady-state inacti

blue staining. vation properties of thex; currents showed that at test-po
tentials up to+30 mV theq, currents did not fully inactivate

(n = 6). The inactivation kinetics af, = +10 mV were very
All assays were performed on a Biacore 2000 (Biacore AB, Upgiow in B&* (see examples of control traces in Fig.AL,C,
sala, Sweden) at 25°C in HBS-EP buffer (10 MM HEPES, pH 7.4, 150, D). Single exponentials were fitted to the inactivatin
mM NaCl, 3 mM EDTA, 0.005% vol/vol polysorbate 20) unles hase)during long F21’200_1’600 ms) depolarizing steps, (egg.,

stated otherwise. Glutathione S-transferase (GST) fusion prote T g
were immobilized on CM5 dextran chips using an anti-GST mon H% white line in the example trace shown in Fig) 2The i,

clonal antibody kit according to the manufacturer's instructions (BidVas 439 = +50 ms (1 = 4).+The inactivation kinetics with
core AB). To obtain identical molar loadings of the different molecexternal C_é- rather than B& ‘were far more rapid, shown by
ular mass fusion proteins, the following resonance unit (RURe overlaid example traces in FigC2Almost complete inac-
correction factors were used during immobilization (GST 1, tivation was observed during a 200-ms depolarizing pulse in
GSTaypl-Il loop = 1.52, GSTgl-Il loop = 1.57). G3y dimers Ca&" (7,,,cc = 44.3* 1.1 ms,n = 7). Additionally, the peak
were diluted in HBS-EP buffer before use, ang+ainjections were current in 20 mM C&" was smaller than in 20 mM Ba (Ica
performed using a flow rate of §d/min for 5 min. Experiments using was ~20% of Ig,). The meanl-V relationship in 20 mM

H6CB,,, were performed in modified HBS-EP buffer containing 502+ 3nd 20 mM C&" exemplifies these differences (FidpR
mM NacCl, with the same flow rate and injection time used for the

GpBy experiments. ) ) o
a;p Currents do not show G-protein—mediated inhibition

RESULTS Having established some basic biophysical and pharmaco-
a,p, Sensitivity to DHPs logical properties_oth currents, we then examined .v.vhether
these currents displayed G-protein modulation. Initially the

From electrophysiological recording of the HEK 283, modulation of thex, currents was compared with that @fg

(a1 p/a6-11B3,) cell line, 43% of cells were found to expressurrents (known to be G-protein modulated), transiently ex-

calcium channel currents, and for those currents that wemessed in HEK 293 cells, by activating the endogenous soma-

stable, the mean current density wasl0 = 2.1 pA/pF tostatin receptor subtype 2 (sst2). Application of somatostatin

(mean+ SE,n = 21)in 20 mM B&" at a test potential of 10 (SST, 100-500 nMn = 8) had no effect on they, current

mV (and approximately half this value when recorded in 10Fig. 34). Using the same endogenous receptor-based signaling

mM Ba®"). As expected, the; currents displayed sensitivity pathway, application of SST (500 nM) caused a rapid inhibi-

to DHP antagonists. The effects of 3 and/ A nifedipine are tion of a;g currents, observed in all cells tested (see Fig,. 3

shown in the time course in Fig.Al and the percentagemean inhibition, 40+ 7%, n = 8).

inhibition of 15, by 3 uM nifedipine and nicardipine is shown Due to the nature of whole cell patch clamping, the internal
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FIG. 1. Thea,p currents are sensitive to 1,4 dihydropyridines (DHRSs)the «,p currents show inhibition by the DHP
antagonist nifedipine (NIF). Time course of currents measured at pgak at the ende) of the 200-ms test pulse. Depolarizing
test pulses\; = +10 mV) were given every 30 s from a holding potentidl)(of —80 mV. Application of NIF (3 and 1G«M)
are denoted by the horizontal bars. Tiheetshows example traces taken from the time course for control (CTRL, 10 nf¥)Ba
and for 3 and 1QwM NIF; the test pulse protocol is above these example trd&ekar graph depicting mean current inhibition
(%) at peak () and end of the 200 ms test pulsé €or nifedipine (NIF, 3uM, n = 7) and nicardipine (NIC, &M, n = 6). C:
sensitivity of a5 currents to the DHP agonist Sf-BayK8644. An example time course of measured peak curtgrme¢orded
with step depolarizations froii, = —80 mV toV, = +10 mV, at 30-s intervals (see pulse protocol abimgetof example traces).
Application of S(-)-BayK8644 (3uM) is denoted by the horizontal bar below time cou@ean example cell showing a family
of current-voltageI¢V) traces in control (20 mM B4 ; CTRL) and during S¢)-BayK8644 (3uM; BayK) enhancement of the
current.l-V families were formed by depolarizing from80 mV to between-40 and+60 mV in 10-mV increments, every 5 s
(see pulse protocol below the CTRL family of traces). For clarity example traces are shown for currents measured by stepping to
—40, —20, 0, and+20 mV only. In each condition, peak current was measured and plottedlag eaationship Hottom;CTRL,

»; with BayK, e) and fitted by a modified Boltzmann equatideg( 1, SeeMETHODS).

contents of the cell can be disrupted, resulting in loss of norntdbwever, application of the D2 agonist quinpirole (300 nM),
signaling pathways within the cell. Such “wash out” effects camad no effect on,, currents (0 = 7, Fig. 47), although a clear
be minimized by using the perforated-patch clamp technigirhibitory effect was observed in 10/16 of thegg/a,8-1/B;
(Horn and Marty 1988). To ensure that the loss of G-protegxpressing cells (with a mean inhibition of 397%, n = 10;
modulation was not due to such wash out, amphotericinfBg. 4B). This inhibition was greater than that produced by
perforated patches were also used; however, no modulatioraofivation of the endogenous sst2 receptor, suggesting more
a,p currents by SST was observed at any test potential b, efficient activation of this G-protein pathway by D2 receptors,
Fig. 3C). |-V relationship pulse protocols were performedbut despite this, no inhibition of,p currents was observed
during control, SST perfusion and wash conditions in a perf¢~ig. 4C).
rated patch-clamp recording (example traces from thége  The GTP analogue GTRS can be used as a more direct
relationships are shown at thettomof Fig. 3C). The results way of activating G-proteins since it is nonhydrolyzable and
exemplify the lack of effect of SST with almost identicaleads to their sustained activation. Conversely, the GDP ana-
values forVsg o (CTRL = —6.1 mV; SST= —6.6 mV; logue GDPBS can be used to block G-protein activation.
WASH = —5.7 mV) andk (CTRL = 8.6 mV; SST= 8.2 mV; Using these guanine nucleotide analogues, the existence of
WASH = 8.4 mV). tonic modulation was examined with a prepulse (PP) protocol.
To examine another G-protein—coupled receptor pathwasigure 5A depicts the ratio of current in the absence (no PP) or
the rD3,,4 receptor was transiently co-expressed with GFP asmediately following (-PP) a large depolarizing prepulse
an expression marker in the 5 cell line and was also tran (+PP/no PP ratio) for control (CTRL, gray columns and asso-
siently co-expressed withy,g/a,8-1/B5; in HEK293 cells. ciated example traces), with 1M GTP-yS (black columns
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A A Steady-state inactivation itation, and the activation ttp 90%, were unaltered by inclusion
of GTP-yS or GDP§BS.
10{ A ¥ Activation In comparison, in recordings made from cells transfected

with a5 channels, there was no evidence of prepulse facilita
+30§_|W tion of a, 5 currents using control intracellular pipette solution.

However, following direct activation of G-proteins with
GTP+S (Fig. &), there was a marked facilitation of thePP
current compared with the no PP current. Under these record-
ing conditions, the ttp 90% was also greater in the no PP
current than in the current preceded by a prepulse, whereas in
control conditions this was not apparent (FidR)5

Normalised |, or G,
o
)]
Il

0.0 - . G-protein modulation of calcium currents can be also iden-
1 i 1 " 1 e . . P
80 . N0 40 tified by a decrease in the current amplitude and a depolarizing
shift of thel-V relationship with intracellular GTBS, while
B C e 20C25 O opposite effects (increase in current density and hyperpolariz-
20Ba” M“‘#-‘;J' < ing shift of thel-V relationship) are seen with GDBS (due to
y_,r""*“"'soo 2 m20Ba O & removal of tonic G-protein modulation). However, in the HEK
T
s 150ms -
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FIG. 2. Biophysical properties o&, currents.A: activation and steady- SST —_—
state inactivation curves af, currents in 20 mM B%'. To determine the
steady-state inactivationa) a standard+10-mV test pulse for 40 ms was C Ti .
elicited fromV,, = —80 mV, and was then preceded by a 5-s (steady-state) ime (min)
incremental depolarization from 70 to +30 mV every 20 s (depicted in the 212
pulse protocol, which lies above an example family of traces for such a Perforated
protocol; seeinset tracey Peak currents were normalized to the current < Patch
measured with no prepulse (meanSE; n = 6). The resulting steady-state e
inactivation curve was then fitted with a Boltzmann equati&ag.(2, see - tceegecs Sl
METHODS). The fit gave the steady-state inactivatidgy j,oc,= —13.4 = 1.8 N
mV, andk = 11.9 = 1.7 mV. The activation ) was calculated using the
following equationG,, = I /(V — V,.). Gy andl,, are the conductance and WASH

current measured at each voltagejn thel-V relationship pulse protocol (see
Fig. 1D). The -V relationships were fitted with a combined Boltzmann and
linear fit (Eq. 1,seemMETHODS) to determineV,.,. The resultings,, values were
normalized to the peat,,,, for eachl-V relationship, and averaged (me&n
SE;n = 10). The resulting data points were fitted with a Boltzmann equation
(Eq. 2,seemeTHODS). The fit gave the activatio¥sg ;= +1.8 + 1.2 mV, and
k = 7.3 = 1.1 mV.B-D: comparison ofy,, currents in 20 mM B&" vs. 20
mM C&"*. B: long test pulses (1,200-1,600 ms) were used to determige .
in Ba2*. An example of such a fit is shown for a trace recorded in 20 mgfBa  FI6. 3. The lack of G-protein—coupled receptor (endogenous sst2) modu-
with a +10-mV, 1,200-ms test pulse; this gave;a,., of 436 ms.C: example lation of a;; currents A: a time course of peak; ; currents from whole cell
traces in B&" and C&* obtained by depolarizing the cells ¥ = +10 mv  Patch-clamp recording. Currents were evoked every 30 s ¥pm —80 mV
for 200 ms in each condition. By fitting a single exponential to the inactivatid@ Vi = +10 mV () in a,;, expressing cells in 20 mM Ba. Somatostatin
of the trace recorded in 4, a7, Of 39.1 ms was obtained®: using the (SST; 500 nM) and NIF (M) application are denoted by the horizontal bars.
samd-V pulse protocol described in FigDl(depolarizing fronV,, = —80 mV No response was observed in response to SST appllcatlon_ (100-500-xM,
to betweenV, = —40 and+60 mV in 10-mV increments)-V relationships 8)- Theinsetsshow overlapping example traces observed in control (CTRL)
from 6 cells were measured in 20 mM Baand then in 20 mM ¢&. and SST (500 nM)B: peak currents measured from whole cell patch-clamp
Measurements for B4 (peak,s; end of pulseq) and C&* (peak,e; end of ~recordings ina,g/a,8-1/8; expressing cells\, = —80 mV,V, = +20 mV,
pulse,0) were made and plotted against tieto give thel-V relationship. ~ €very 30 sa). SST (500 nM) application inhibited the current by 407%

(n = 8). Insetshows example traces in control and during SST inhibit@n.
and associated example traces) and with 2 mM CﬂSHntra— peak currents measured during an amphotericin-B perforated patch-clamp

ularl hi | d iated | experiment. Time course of peak, currents evoked in 20 mM B4 by
cellularly (white columns and associated example tl"”‘Ces)'dﬁ;;olarizing fromv,, = —80 mV toV, = +10 mV every 30 s. Application of

can be seen in both the histogram and also in the examgdatostatin (SST, 500 nM) is denoted by the hatched box area. During this
traces relating to these PP/no PP ratios (Fig.A, that there time coursel-V relationships were performed in CTRL, SST, and WASH
was a small degree of facilitatios-PP/no PP ratio>1) in all conditions (denoted by “IV” during the time course). Below the time course are

: e R : amples of families of traces evoked by the standawdpulse protocol
of the intracellular conditions. Furthermore, the activation ti epolarizing fromV, = —80 mV to between—40 and-60 mV in 10-mv

to 90% pe?-k (ttp 90%) was shorter for atiPP than no PP_ increments) for CTRL, SST, and WASH conditions (for clarity examples only
currents (Fig. B). However, the magnitude of prepulse facilfrom v, = —40, —20, 0, and+20 mV are shown).

J+20mV
I
100ms|
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o a modulation of 1,4-DHP-sensitive currents in neuroendocrine
Time (min) Time (min) cells have appeared (Degtiar et al. 1997; Gilon et al. 1997;
0 0 1 2 3 0 o 1 .2 3 Haws et al. 1993; Hernandez-Guijo et al. 1999; Kleuss et al.
! 5 Quin - 1991; Tallent et al. 1996). One possible explanation is that
CTRL i ;( at "m 1,4-DHPs may be blocking non—L-type currents, and it is these
§ N r g / currents that exhibit the G-protein modulation. Previous re-
450! ] M 400 € | /CTRL |
z | 100ms\ < | 100ms | +120mV PP
S Quin = " Quin A L [pomv C
= emene— - ..lll
...... ®o._ 00 |m — -80mvV
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e : N B R
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FIc. 4. The lack of G-protein—coupled receptor (transiently expressed
rD,R) modulation ofalD currents: whole cell recordingé: «,, expressing 39
cells were co-transfected with r32, receptor and GFP (expression marker);
application of the D2 agonist quinpirole (Quin, 300 nM) had no effect ons
current o = 7, e); test pulses (fronV,, = —80 mV toV, = +10 mV) were E 2
given every 15 s. Traces during Quin and control (CTRL) conditions are showm_
in the inset (overlapping).B: transient expression af,g/a,6-1/3; and co-
expression rDg 4 receptor: time course of measured peak current (same puIseE
protocol as inA, exceptV, = +20 mV, =): application of Quin (300 nM) E':‘ 11
inhibited I, in 10/16 cells tested. Example traces during CTRL and Quin'g
application are shown in thaset. C bar graph showing %inhibition (meah
SE) for SST application oa, anda, g currents (1st 2 columns), and for Quin 0
ona,p anda; g currents (additionally co-transfected with rR2 receptor; 3rd
and 4th columns, respectively).

204
293 o, cell line no difference was observed in th¥ rela
tionships across the G-protein activating conditions (contrc
n = 21; +GTP+S, n = 23; +GDPS, n = 17; data not __
shown). 2 10

#

a;p Currents are also resistant to G-protein modulation in gsf
the presence of a 1,4-DHP agonist

0

In a recent study by Hernandez-Guijo et al. (1999), a form « - + - +
voltage-independent G-protein modulation was observed of rat; 5 | ack of G-protein modulation af,, via GTP+S and GDPBS.
_Chromaffln_ cell L-type CUrrentS- Inhibition was observed qu'Fhe following shading is used in all histograms: control intracellular (CTRL,
ing perfusion of a cocktail of BayK S-()8644, by a combi- gray), with 100uM GTP-yS (+GTP+S, black) and with 2 mM GDEBS
nation of a number of receptor agonists including ATP, 0pioid§GDP'BSv white).A andC: using the pulse protocol depicted in tog right,

; ; i ; : ; which the test pulse was applied either precedeBR) or not (no PP) by a
with or without the additional inclusion of catecholamines. It} 0-ms prepulse te-120 mV. The measurements of PP/no PP) ratio were

. . . . 1
Fig. 6, we investigated whether there was any G-protein mQé)easured in CTRLA+GTP+S, and +GDPS for cells expressingy;p
ulation of thea, p currents during BayK S-{)8644 perfusion. (A) and a,5 (C). The +PP/no PP ratios were calculated by measuring the

The a; 5 expressing cells were also transiently transfected wivBlues oflz, at 20 ms after the start of the test pulse. Figures below columns

denote the numbers of experiments. Statistical significance was determined by
rDZ'Ong receptors, and after enhancement of éhg current by using an unpaired Studenttgest (**P < 0.01) between CTRL and experi-

BayK S-(—)8644 (3uM), a _Coc_:kta” of BayK 8'6)864_4 (3 mental conditions. Example traces for no PP aneP in a,p with CTRL,
uM), SST (500 nM), and quinpirole (300 nM) was applied. No-GTP-yS and+GDP-3S intracellular conditions are shown at the topAof
effect was observed of this cocktail of drugs= 5, Figs. 6, A and ina,g with CTRL and+GTP+S intracellular conditions at the top &f
and B). B andD: using the same cells used for thé°P/no PP determination #hand
C, the ttp 90% was measured for both sets of currents. The ttp 90% values were
. . measured by determining the maximum current amplitude, and measuring the
Selectivity of 1,4-DHP antagonists for L-type currents time at which the current reached 90% of its maximum amplitude. Statistical
. . . significance was determined using a paired Studestést between the ttp90%
Despite the lack of G-protein modulation of expressgd for no PP ¢) and+ PP (+) currents, for each of the conditionsR*< 0.05,
channel currents in HEK 293 cells, several reports showing the < 0.01).
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A Time (min) are shown in Fig. B, for three concentrations (10, 25, and 50
y 10 15 nM) of GBy exposed to thew,z I-Il loop, and a single
' ' concentration of By (100 nM) exposed to the, |-l loop.
In contrast to the data for the,g I-Il loop, which showed
QO concentration-dependent binding off§ no binding of GBy
1 was observed to the,p I-Il loop. A similar lack of binding
COCKTAIL was observed for up to 4M Gy exposed to a fusion protein
I of the I-Il loop from a rat pancreatie,, clone (D38101,
4

K=

\ results not shown).
C< 3 Kinetic analysis was performed for the lowest concentration
~1000 %20 of GB+vy (10 nM) binding to thex,g |-l loop. Single exponen

BayK tial fits were made to the binding and dissociation phases of the
CTRL 1 [

sensorgram (Fig.B). The observed on-raté],o,s) for GBy
KD = koff/kon
FIG. 6. a,p does not exhibit sensitivity to a cocktail of SST and Quin in th

binding was 0.0121°s, and the off-ratek,) after termination
of GBy perfusion was 0.0104°s. Assuming a unimolecular
L,_g,—{__‘ reaction in which
COCKTAIL 4
BayK 3 kon(ubs) = kon[GB'y] + koff
and

presence of a DHP agoni#t: time course of measured peak currentsip ethe KD_ fO_I’ GBy bmdmg was ?alcmatec_l to be 62.2 nM' ThIS IS
expressing cells\(, = —80 mV, V, = +10 mV every 15 s). Application of VEIY similar to theK, determined previously for @y binding
BayK S-(—)8644 (BayK, 3uM) and the receptor agonist cocktail are depictedo parts of thea, , I-Il loop (De Waard et al. 1997).
by the horizontal bars. The cocktail consisted of BayK (3 mM), SST (500 nM), As a positive control for the integrity of the GST fusion

and Quin (300 nM) and had no effect @anp currents fi = 5). B: example ; il if ; ;
traces taken from the time course are denoted by number;(left: CTRL proteins, the ability of purified H6@,,, (Fig. 7A) to bind to the

(1) vs. current enhanced by BayK (2ight: overlapping currents for BayK (3) same |-l |OOpS was _examir_]ed- BO&i_D and oy -l |00pS
vs. cocktail (4) application. bound H6@3,, reversibly (Fig. T), with the oy I-Il loop

demonstrating a higher binding affinity withk, of 10 nM
search has shown that the selectivity of DHP antagonists t@mpared with 21 nM for, 5, determined as above, using the
L-type channels may not be as absolute as previously thou@core kinetic analysis software with 1:1 interaction.
(Diochot et al. 1995; Furukawa et al. 1999). To further exam-
ine this possibility ofa,g C_h_annels providing_ a G-_protein—DISCUSSION
modulated, 1,4-DHP-sensitive current, we investigated cur-
rents resulting from transient expressionaQg IongaZS_llﬁlb- L-type current characteristics exhibited by expression of the
It was observed that thesg g currents were inhibited by both human neuronaby,, clone
nifedipine and nicardipine (1M), although the onset of
inhibition is slower than for inhibition o, currents (data not .
shown). The % inhibition was comparlgd at the [()eak of tfg@icium channel currents expressed by the HEK agcells
current and at the end of the 200-ms depolarizing test pul At are acknowledged as_belng_ traits of L-type currents. Sen-
For nifedipine, there was 1% 4% inhibition of the peak Sitivity to_the DHP antagonists (nifedipine and nicardipine) and
current and 32+ 9% inhibition at 200 ms = 9). For an agonist [BayK S-)8644] were observed. The degree of
nicardipine, there was 63 5% inhibition of the peak current inhibition and enhancement are comparable with other studies
and 87+ 7% inhibition at 200 msr( = 3). Thus the increased INVestigating the pharmacology of expressed cloned L-type

inactivation that was associated with 1,4-DHP inhibition dfiannels (Tomlinson et al. 1993; Williams et al. 1992). In
a,p CUrrents is also apparent for thesg. currents. addition, the increased inactivation observed during DHP an-

tagonist application that has been reported previously for na-
tive cardiac L-type channels (Lee and Tsien 1983) was also
apparent for thex, currents. This effect of DHP antagonists
on the inactivation kinetics was recently investigated by Han-
To examine biochemically the basis for the lack of G-proteidrock et al. (1999), who suggested that it is due to a second
modulation of thew;, VDCC, the cytoplasmic loops betweenDHP binding site. However, care must be taken when using the
transmembrane domains I-Il of the humay, and rabbite,z  characteristics of antagonism by DHPs, since, as was observed
clones used in this study were expresseBscherichia colias by the application of nifedipine and nicardipine to cells tran-
GST fusion proteins and purified as describedgiémHops. The  siently expressing, e channels in this study, - channels also
purified fusion proteins are shown after separation on 12.58%hibit inhibition by DHP antagonists (Stephens et al. 1997),
SDS-PAGE gels (Fig. &). The proteins were bound via theincluding the characteristic increase in inactivation (compare
GST moiety to the Biacore 2000 CM5 sensor chip, as dpeak inhibition with that at 200 ms into the depolarizing
scribed, and GST itself was used as a control. Purified bovipeepulse). More selective pharmacological definition of L-type
brain G3y subunits were then applied to the sensor chipver a,g or other non—L-type currents might be obtained by
surface at a rate of 50l/min, for 5 min. The sensorgram tracesusing low micromolar concentrations of nifedipine (rather than

100ms

There are a number of key characteristics shown by the

GpBy and VDCC} subunit binding tox, I-II loops
expressed as GST fusion proteins
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the more promiscuous nicardipine; an effect also observedadp, currents observed in inner hair cells were shown to have
oocytes) (Furukawa et al. 1999). However, in the present studhy/ relationships approximately 20 mV negative to th¥

10 uM nifedipine was required to completely inhibit,

relationship observed in this study (Platzer et al. 2000); this

currents. Enhancement by BayK S¥8644 remains a defining difference may be partially accounted for by the lower external
characteristic of L-type currents, sineg. currents have pre Ba& " concentration used (10 mM). They also exhibit the ion
viously been shown to be insensitive to BayK S)8644 Selectivity (B&" > C&") typical of other native and cloned
(Stephens et al. 1997). L X .
Many of the biophysical characteristics expected of L-type® MM B& " being approximately five-fold greater than that

currents are also observed for the, currents. Thd-V rela
tionship in Fig. D shows that the currents activate at abo
—20 mV and with the peak at approximately20 mV in 20
mM Ba?*, as also observed for other native L-type channel
and for a, ¢ currents (Lacinova et al. 1995). However, native

Low GST GST GST H6C High
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L-type channels (Kalman et al. 1988), with current density in

seen for 20 mM C&. The activation observed for the,,

%rrents expressed in this studysg ,0f +1.8 mV; see Fig.

) is very similar to expressed cardiac” (Be-Garca et al.
!15995) and neuronal (Tomlinson et al. 1998)- L-type chan
&l currents. The steady-state inactivatidfo(ac0f —13.9
mV; see Fig. 2), is also comparable to expressed cardiag
L-type currents (Lacinova et al. 1995). The inactivation kinet-
ics are also typical of “long-lasting” neuronal L-type currents
(Nowycky et al. 1985). In 20 mM B4, very little inactivation
of a,p currents was observed, while rapid and striking- cal
cium-dependent inactivation was observed in 20 mM Ca
(see Fig. 2B-D).

Another characteristic of the,; currents that correlates
well with other studies of expressed - channels (Dai et al.
1999; Kamp et al. 2000) is the small but reproducible facili-
tation following a large depolarizing prepulse (see Fig. 5).
Such attributes are often indicative of G-protein modulation;
however, for thea, current this effect was independent of
G-protein modulation, as it was similar in the presence of
GTP+S and GDPgS.

As yet there are no biophysical characteristics or pharmaco-
logical tools that can differentiate between currents resulting
from either native or expressed. anda,, channels. Previous
research has shown that the block by DHP antagonists is
voltage dependent, with greater inhibition being observed
when the holding potential is more depolarized (Sanguinetti
and Kass 1984). However, for they currents no such voltage
dependence of block by DHP antagonists was observed, with
similar block occurring (at both peak current and 200 ms) at all
holding potentials examined. Another aspect that may prove to
be different is ther,,,., Of a; currents in B&". In a previous
study examining the;,,.; 0f a;c when co-expressed wiiBy in
Xenopus laevigocytes (Soldatov et al. 1997), slower rates of

FIc. 7. Lack of By binding and binding of voltage-dependent calcium
channel (VDCC)3 subunit toa, , I-II loop. A: silver-stained SDS gel (12.5%)
(Brabet et al. 1988) of the proteins used in the surface plasmon resonance
binding assays. Approximately 05y was loaded of the following proteins:
GST, GST,gl-Il loop and GS™,l-Il loop, and VDCC B, subunit, as
indicated. The positions of molecular mass markers (Sigma) are shown for
comparison in the outside landx.Biacore 2000 sensorgrams. Approximately
4 fmol of each fusion protein was immobilized on an individual flow cell of a
CM5 dextran sensor chip via an anti-GST monoclonal antibody according to
the manufacturer’s instructions. This corresponds to approximately 100 refer-
ence units (R.U.) of GST, 157 R.U. of GS¥gl-Il loop, and 152 R.U. of
GSTa,pl-l loop. GBy dimers were diluted to the concentrations stated, in
HBS-EP buffer before use and injected over all flow cells at a flow rate of 50
wl/min for 5 min. The resulting sensorgrams from the flow cell containing GST
were subtracted from those containing the G@{J-Il loop (solid line) and
GSTha,pl-Il loop (dashed line) as a correction for bulk refractive index
changes during By perfusion and for nonspecific binding of the3ganalyte
to the GST moieties of the fusion proteir. Biacore 2000 sensorgrams for
B1p binding to thea, g anda;,p I-1l loop GST fusion proteins immobilized as
in B. B,, was applied at 10 nM to the, 5 |-l loop and 100 nM to they, g |-l
loop in HBS-EP buffer containing 500 nM NacCl, at p@ml for 5 min. The
data were subjected to the same subtraction procedure as describegbiiid
line, a,g |-l loop; dashed lineq, I-1 loop.
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inactivation were observed<1,300 ms) than seen here @y, they are found in tsA-201 cells which are an HEK 293—derived
currents. Nevertheless, care must be taken in interpreting saeli line (Johnson et al. 1997).
results since expression system (oocyte vs. HEK 293) and~rom these results, the , L-type clone used in the present
specific accessory subunit composition (particulgBlysub- study does not appear to be the molecular counterpart of the
units) will have marked effects on the inactivation propertiesative neuronal and endocrine L-type channels that have been
shown to exhibit G-protein modulation in several neuroendo-
Lack of G-protein modulation af,, currents crine preparations (Degtiar et al. 1997; Gilon et al. 1997; Haws
et al. 1993; Hernandez-Guijo et al. 1999; Kleuss et al. 1991;
The preceding biophysical and pharmacological charact@mallent et al. 1996).
ization clearly defined thex,, currents as being L-type in
nature. We then investigated the possibility of G-protein mods,,;rce of G-protein-modulated neuroendocrine
ulation of this L-type current. G-protein modulation was ex pe current?
amined either by activation of the endogenous sst2 receptors o%/
by transient expression of another GPCR, thgg3receptor.  Since we have shown that thgy/a,5-1/B3, currents do not
However, no modulation was observed @f, currents via exhibit inhibitory G-protein modulation, what is the molecular
either pathway. To ensure that the G-protein pathways weareunterpart of the native L-type current in neuroendocrine cells
intact and capable of coupling to calcium channels in the HEKat do exhibit G-protein modulation? L-type currents are
293 cells, both the endogenous sst2 and the transiently generally identified by their sensitivity to DHP antagonists;
pressed exogenous r32, receptors were stimulated via theithowever, we previously demonstrated DHP antagonist block of
respective agonists in HEK 293 cells expressing currents, a rata,g isoform, rbEIl (Stephens et al. 1997). Because this
which have been shown to be G-protein modulated by maigpform has a 50 amino acid truncation of the N-terminus
groups (for review, see Dolphin 1998). These positive contratempared witha,g clones from other species (Page et al.
showed obvious G-protein modulation, confirming that modud998), and may therefore not represent a native isoform in rat
lation is possible by these pathways. Furthermore, the moduain (Schramm et al. 1999), we have now confirmed and
lation of thea, 5 current was also investigated during applicaextended the finding of DHP sensitivity ef,c currents, using
tion of BayK S-(~)8644, since G-protein—mediated inhibitionu, g, an isoform whose extended N-terminus is homologous
of L-type currents had been observed in native rat chromaffim the cloned human (L27745), rabbit (X67855), and mouse
cells, during enhancement by BayK S)8644 (Hernandez- (L29346) (Williams et al. 1994y, sequences. The partial
Guijo et al. 1999). However, a combination of BayKDHP sensitivity (particularly to nicardipine) af,z currents
S-(—)8644, SST, and quinpirole did not reveal inhibitory Gebserved, as well as the DHP sensitivity of other cloned
protein modulation of BayK S-{)8644—enhanced;, cur- non-L-type currents observed recently (Furukawa et al. 1999)
rents co-expressed with rgg, (see Fig. 6). suggests the caveat that some studies apparently demonstrating
Another method to examine G-protein modulation is to us@-protein modulation of “L-type” currents (according to their
the nonhydrolyzable GTP and GDP analogues GBPand sensitivity to DHP antagonists) may need to be reviewed.
GDPS. The advantage of using these guanine nucleotitl®wever, this uncertainty over identification of L-type currents
analogues is that they act directly on all G-proteins, producifly DHP antagonist sensitivity may only be relevant to a few
sustained activation (in the case of G¥B) or blockade of studies, and the significant bank of evidence for G-protein
activation (GDPBS) (Dolphin and Scott 1987). Using a stanmodulation of neuroendocrine L-type channels will be unaf-
dard large depolarizingi{120 mV) prepulse protocol to detectfected, particularly those studies in which L-type currents have
G-protein modulation, no GTRS—dependent effect was ob-been defined by $()-Bayk8644 enhancement (Hernandez-
served orny,  currents, yet thex, g currents do exhibit marked Guijo et al. 1999).
tonic G-protein modulation in these conditions. Additional «, isoforms have been cloned from pancreatic
The lack of G-protein modulation of thisy, clone is B-cells in rat (lhara et al. 1995) and hamster (Yaney et al.
corroborated by the lack of @y binding to a GST fusion 1992). There is little functional expression data available for
protein of thea, I-Il loop, whereas in parallel experimentsthese clones. Expression @fp clones appears to be problem
reversible binding of By was observed to the,g I-Il loop. atic with relatively low current density yields (even in the clone
In contrast, both thex, and a5 I-1l loops reversibly bound used in this study, a low percentage of cells exhibited stable
purified 3, subunit, indicating that they are probably folded irturrents), a problem that has hindered research in this area and
a native conformation (see FigCy. While the I-Il loop is not may indicate that the full-length clones currently available are
the only region of thex, g calcium channel that is involved in not naturally occurring splice variants. A number of sequences
its G-protein regulation (Canti et al. 1999; Page et al. 199&ithin the @, 5, @;5, anda; g VDCC subunits have been shown
Zhang et al. 1996), nevertheless it is certainly one of the kéybe important for G, binding and modulation of the channel.
sequences contributing to the inhibition of neuronal calciuithese important,; VDCC subunit sequences include the in
channels (De Waard et al. 1997). tracellular loop between domains | and Il (De Waard et al.
Gg-protein modulation of L-type currents was also investil997), a region within the N-terminus (Canti et al. 1999; Page
gated by activation of the @denyl cyclase pathway with et al. 1998) and the C-terminus (Qin et al. 1997; Zhang et al.
forskolin. No effect of forskolin was observed € 4, data not 1996). Two particularly relevant motifs present in the I-II loop
shown). Protein kinase A (PKA) modulation of channels hgQQIER) (Zamponi et al. 1997) and the N-terminus (YKQ-
been shown to require A-kinase anchoring proteins (AKAPSJAQRART) (Canti et al. 1999) a%, ; are not conserved in the
(Johnson et al. 1997). The presence of AKAPs was not examy, clone used here. Furthermore, when comparing sequence
ined in this study, although they are likely to be present sinedignments of the pancreatf-cell o, clones with the neu
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ronal a; clone used in this study, most elements in putativBrust PF, SvErson S, McCUE AF, DEAL CR, SCHOONMAKER S, WILLIAMS
regions pertinent to G-protein modulation are homologous toVE. VELIGELEBI G, JHnsoN EC, HarpoLD MM, AnD ELlis SB. Human
each other. This suggests that these additional publighgd neuronal voltage-dependent calcium channels: studies on subunit structure

| Iso b dicted t hibit G tei dul and role in channel assembMeuropharmacologg2: 1089-1102, 1993.
clones may also be predicted 1o exnibit no -protein moau é&MPBELL V, BERROW NS, HTzGERALD EM, BRICKLEY K, AND DoLPHIN AC.

tion. Indeed, similar results have been obtained regarding theibition of the interaction of G-protein Gith calcium channels by the
lack of inhibitory G-protein modulation of anothes;, clone  calcium channeB-subunit in rat neurones. Physiol (Londy85: 365-372,

(Yaney et al. 1992) (A. Scholze, T. D. Plant, A. C. Dolphin, 1995.

and B. Nunberg, unpublished results). However, tg, se CanTl C, Page KM, STEPHENSGJ,AND DoLPHIN AC. Identification of residues
quences show least conservation in the C-terminal tails, WitHn the N terminus ofa,g critical for inhibition of the voltage-dependent

. . . calcium channel by By. J Neuroscil9: 6855-6864, 1999.
either Iong (as in the‘1D clone used here) or short C_termlnu%ASTELLANO A aND PerezREYEs E. Molecular diversity of C&" channelB

isoforms (as in Yaney et al. 1992) providing scope for the gypynits Biochem Soc Trang2: 483-488, 1994.

possibility that the C-terminus of alternativg splice vart  cuin H, Swith MA, Kim H-L, anp Kim H. Expression of dihydropyridine-
ants may provide a means of G-protein modulation of certainsensitive brain calcium channels in the rat central nervous sysEBS Lett
splice variants. 299: 69-74, 1992.

As further progress is made in the elucidation of neuroeF’?A' S, KLUGBAUER N, ZONG X, SEISENBERGERC, AND HOFMANN F. The role of
subunit composition on prepulse facilitation of the cardiac L-type calcium

docrine L-type channels,_lt is becomlng clear that a So,phlsu_channeI.FEBS Lett442: 7074, 1999.
cated level Of CQmP'eX'tY 1S “kEIy tQ exist. For example, In th%EGTIAR VE, HARHAMMER R, AND NURNBERG B. Receptors couple to L-type
GH; (a rat pituitary derived) cell line alone, several MRNA caicium channels via distinct Goroteins in rat neuroendocrine cell lines.
transcripts encoding splice variants of thg, subunit have  J Physiol (Lond)502: 321-333, 1997.

been reported (Safa et al. 1998). Further complexity of theBeWaaro M, Liu HY, WALKER D, ScoTT VES, GURNETT CA, AND CAMPBELL
channels will be added due to the differing combinations ofKP. Direct binding of G-proteirBy complex to voltage-dependent calcium

: c i channelsNature 385: 446-450, 1997.
accessory subunits. Althoqub appears to be a SIgnIfICantDl CHOT S, RCHARD S, BaLDY-MoULINIER M, NARGEOT J, AND VALMIER J.

accessory subunit associated with neuronal L-type channe éihydropyridines, phenylalkylamines and benzothiazepines block N-, P/Q-

(Pichl_er et a_'- 1997), neverthelesg, is also prominently  and R-type calcium current®fiiigers Arch431: 1019, 1995.
associated with neuronal L-type channels, gagandB,,are DotpHin AC. Mechanisms of modulation of voltage-dependent calcium chan-

also associated with a small proportion of the channels (Pichlepels by G-proteins] Physiol (Lond)506: 3-11, 1998.

et al 1997) Betweep subunit isoforms there are also SpliC@OLPHIN AC. L-type calcium channel modulation. I#dvances in Second
L £ ’ . Birnb L 1998: C I Messenger and Phosphoprotein Researchg8&ed by Armstrong DL and
variants (for reviews see Birnbaumer et al. ; CastellanQqoesie 5. san Diego, CA: Academic, 1999, p. 153-177.

and Perez-Reyes 1994) that add to the channel subunit C@®prin AC anp ScoTT RH. Calcium channel currents and their inhibition by
plexity. Among these combinations af , splice variants and (—)-baclofen in rat sensory neurones: modulation by guanine nucleotides.

accessory subunits, there may be a sub-set that do exhibit thlefhyi%' (ngd)\?}f& 1—% 1323/ LHRH and GTR S modify calcium

. . . . . LIE s U W, AND JONE .
G_prOteI.n mOdU|at.lon Observed.m native neuroendogrme CelIﬁ%urrent activation in bullfrog sympathetic neuroheuron5: 75—-80, 1990.
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L-type channels to G-protein inhibitory pathways, or modula- CATTERALL WA. Nomenclature of voltage-gated calcium channels [Letter].
tion may involve C&*-dependent mechanisms (Mathie et al. Neuron25: 533-535, 2000.

1992 ti tigated in th t stud NER T, JENSEN ON, MANN M, KLEuss C, AND NURNBERG B. Posttrsansla-
), a process not investigated in the present study. tional modification of Gr,, generates @3, an abundant G-protein in brain

Proc Natl Acad Sci USAR6: 1327-1332, 1999.
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