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ABSTRACT We have investigated the action of SNX482, a toxin isolated from the venom of the tarantula Hysterocrates
gigas, on voltage-dependent calcium channels expressed in tsa-201 cells. Upon application of 200 nM SNX482, R-type a4g
calcium channels underwent rapid and complete inhibition, which was only poorly reversible upon washout. However, upon
application of strong membrane depolarizations, rapid and complete recovery from inhibition was obtained. Tail current
analysis revealed that SNX482 mediated an ~70 mV depolarizing shift in half-activation potential, suggesting that the toxin
inhibits «4¢ calcium channels by preventing their activation. Experiments involving chimeric channels combining structural
features of a4z and «, subunits indicated that the presence of the domain Il and IV of «¢ is a prerequisite for a strong gating
inhibition. In contrast, L-type a4 channels underwent incomplete inhibition at saturating concentrations of SNX482 that was
paralleled by a small shift in half-activation potential and which could be rapidly reversed, suggesting a less pronounced effect
of the toxin on L-type calcium channel gating. We conclude that SNX482 does not exhibit unequivocal specificity for R-type
channels, but highly effectively antagonizes their activation.

INTRODUCTION

Voltage gated calcium channels (VGCCs), are transmemdropyridines (Bean, 1984; for review, see Zamponi, 1997).
brane proteins involved in the regulation of cellular excit- Furthermore, the isolation of highly specific toxins from the
ability and C&" homeostasis. VGCCs, classified as L-, N-, venoms of predatory animals such as spiders or cone snails
P-, Q-, R-, and T-type based on their functional and pharhas yielded highly selective blockers of non-L-type chan-
macological properties, are critical for many cellular func- nels. For examplep-conotoxin GVIA (Conus geographus
tions including muscular contraction, neurotransmitter re-marine snail) andv-agatoxin IVA (American funnel web
lease, and excitability. To date, nine neuronaf Cehannel  spider) are specific blockers of, respectively, N-type and
genes have been identified and termeg, through «;, P/Q-type calcium channels (Olivera et al., 1984; Mintz et
(Perez-Reyes et al., 1998). When transiently expressed ina., 1992; Adams et al.,, 1993). These two toxins differ
host system together with their ancilla/and «,-8 sub-  fundamentally in their mechanisms of current inhibition,
units, a,, exhibits the characteristics of P- and Q-type with w-conotoxin GVIA mediating physical pore block (see
channels (Bourinet et al., 1999, encodes an N-type Zamponi, 1997), whereas-agatoxin IVA functions as an
channel (Dubel et al., 1992),, a,p, and oy constitute  activation gating inhibitor (Mintz et al., 1992; McDonough
three different L-type channels (Tomlinson et al., 1993;et al., 1997a). More recently, SNX482, a toxin from the
Williams et al., 1992; Bech Hansen et al., 1998), and  tarantulaHysterocrates gigakas been described as the first
appears to correlate to what has been described as R-typetent and selective antagonist afg calcium channels
channels (Soong et al., 1993; Williams et al., 1994). Finally,(Newcomb et al., 1998) and has started to be used as a tool
a6 @1 @Nnday;, the most recent genes to be identified, to unravel the physiological role of these channels (Wang et
have been unambiguously characterized as members of tlad, 1999). Structurally, SNX482 shares a similar size and
T-type C&" channel family (Perez-Reyes et al., 1998; cysteine disulfide bond arrangement with two other spider
Cribbs et al., 1998; Lee et al., 1999). toxins, hanatoxin (Swartz and McKinnon, 1995) and gram-
The identification of the native counterparts of the clonedmotoxin SIA (McDonough et al., 1997b), that respectively
calcium channel isoforms has been made possible in part bylock potassium and calcium channels by altering their
their pharmacological properties. For example, L-type changating, suggesting the possibility that SNX482 might per-
nels are characterized via their selective inhibition by dihy-haps also function as a gating modifier.
Here, we have examined the mechanism by which
Received for publication 16 June 2000 and in final form 26 March 2001 SNX482 inhibits recomb.mam rat brain, e (?hannels n
_ , , —"HEK cells. Our results indicate that SNX482 is a member of
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subunit are required for the pronounced effects ip Freelance Graphics (Lotus). Steady-state activation curves were fitted
channel gating. Finally, we show for the first time that using a single Boltzmann equation. All error bars indicate standard errors,
SNX482 mediates partial and reversible block of transientlyP values reflect Studentstests.

expressed L-type channels. Thus, SNX482 is not entirely

selective fora, ¢ channels, and appears to inhibit R-type and

L-type calcium channels. RESULTS

SNX482 irreversibly blocks a4 calcium channels

MATERIALS AND METHODS The calcium imaging data of Newcomb et al. (1998) indi-
cate that SNX482 prevents calcium influx via R-type cal-
cium channels. To more directly investigate the detailed
The calcium channel chimeras used here are identical to those described §ittion of this toxin, we transiently transfectegk (+8,, +

detail in Spaetgens and Zamponi (1999). Briefly, cDNAs encoding rat S ; ; :
-8) calcium channels into tsa-201 cells, and studied the
brain a,¢ and a; (GenBank accession numbers L15453, M67515) were o2 )

used to introduce silent restriction enzyme sites via site-directed mutagerf';'ﬁe_Ct of SNX482 via whole-cell patch_clamp.
esis at the carboxyl end of domain I, II, and Il of eaef subunit, and Fig. 1A depicts current records obtained freny + B,,

chimeras were constructed by using these unique sites. Given the positiong a,-8 calcium channels in the absence and presence of 200

of the restriction sites, each domain remains linked to the precedinghM SNX482 in 5 mM external barium. As evident from the
cytoplasmic linker. The nomenclature used herein is in the form of a )

four-letter code indicating the origins of the individual transmembrane_f'gure' ap_pllcanon of 200 I’_]I\/I SNX482 cpmplete_ly abol-
domain (i.e., CEEE contains domain | ef. and domains I, Ill, and IV ished barium currents carried hy;g, consistent with the
of ay9). imaging and electrophysiological data of Newcomb et al.
(1998) and Wang et al. (1999). Block was dependent on the
membrane potential, such that outward currents at very
Transient expression of recombinant calcium positive potentials were affected to a much smaller degree
channels (Fig. 1B). Fig. 1 C depicts the time course of development
cDNAs encoding wild-type and chimerie,, «,, and 8 subunits and a of aqd r_ecovery from SNX482 |nh|b|t|qn af e Ch_annEIS'
reporter gene (CD8 or GFP) were inserted in vertebrate expression vectofSpplication of 200 nM SNX482 mediated rapidf, =
(eyd s chimeras in pMT2, rat braitg, ¢, g, Boa Bin aNday-8in 33 £ 7 s,n = 14) and complete inhibition of the channels
pMT2: Stea et al., 1994, 1999; Soong et al., 1993; Tomlinson et al., 1993Within ~1 min of application The inhibition was only
CD8 and GFP in a CMV promoter-driven vector). Human embryonic | ibl h ) — 496+ 73 - 6)
kidney cells were grown in DMEM medium supplemented with 10% fetal poorly reversi e upon vyas Ou’to('f B - s\n= )’
bovine serum and 1% penicillin/streptomycin (v/v). For optimal transfec- however, consistent with the strong voltage dependence
tion, cells were plated at 50—70% confluence. A calcium phosphate transrevealed in Fig. 1B, currents could be recovered nearly
fection procedure was used with aga,6-B-CD8 (or GFP) cDNA mix at completely within one minute upon application of a train of
a molar ratio of 1:1:1:0.1. Cells were plated at low density 24 h after t d larizi | — 20+ 5 - 10
transfection and used for patch clamp studies 24 h later. Positively trans> " 019 G€polarizing prepu Seso{_f e s,n = 10).
fected cells were identified using anti-CD8 antibody-coated beads (Dynal)f hese data suggest that the dissociation of SNX482 from
or via fluorescence (for GFP). the channel is highly voltage-dependent and appears remi-
niscent of the actions ob-agatoxin IVA andw-grammo-
toxin SIA on a,, calcium channels (Bourinet et al., 1999;
Electrophysiology McDonough et al., 1997a, b).

. . , We also examined the dose dependence of SNX482 ac-
Positively transfected cells were examined via whole-cell patch clamp . .
using an Axopatch 200A amplifier (Axon Instruments, Foster City, CA). tiOn ONe; ¢ channels. Wher?as complgte block was obtained
Leak and capacitive currents were subtracted using a P/-5 method. Unle@t each of the concentrations examined (not shown), the
indicated otherwise, currents were evoked with 50-ms-long depolarizingjme constant for the development of current inhibition was
pulses from—100 mV to the potential giving the maximum inward current . . ~
delivered at 0.1 Hz. The extracellular solution contained (in mM): 5 BaCl dependent on the Concemratlon of SNX482. FI@ “'95 .
160 TEACI, 10 HEPES (pH to 7.4 with TEAOH). To avoid toxin adsorp- trates the dependence of the inverse of the blocking time
tion to tubing, 1 mg/ml BSA (fraction IV, Sigma, L'Isle d’Abeau Chesnes, constant on the toxin concentration. A linear relation con-
France) was added to the recording solution. Pipettes of typical resistancgistent with a 1:1 interaction between the channel and

of 0.9-2 M}, made of borosilicate glass, were filled with an internal : : .
solution containing (in mM): 110 CsCl, 3 MggI10 EGTA, 10 HEPES, 3 SNX482 mcely describes the data. The Slohﬁ:].(l.498><

—4 a1 1 : . —3 1
Mg-ATP, 0.6 GTP (pH to 7.2 with CSOH). Synthetic SNX482 amgram- 10~ NM™~s"7) and the intercepti(s: 2.843X 10 °s™7)
motoxin SIA were prepared daily in the external recording solution from aOf the regression line predict an equilibrium dissociation
1 me _stock. '[he”v;lrliaous ?iluti%ns \INere prlieddt_o celr|1$ bybgrav.ittz-drivenlIconstant Kq = Kosi/Kon) Of 19 NM, consistent with the 15
periusion controted by Solenoid vaves. A recording chamber with & smaling 30 n\ found by Newcomb et al. (1998). Overall, our data
volume (~200 ul) was used to minimize the amount of toxin applied. o . .
Data were acquired and analyzed using pCLAMP V. 6. Fitting of the INdicate that SN X482 binds to R-typg calcium channels

raw data was carried out with Prism software. Figures were prepared using/ith high affinity and in a voltage-dependent manner.

Construction of chimeras
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FIGURE 1 SNX482 block of, ¢ calcium channelsA) Current records obtained fromg + ,,+ a,-8 calcium channels transiently expressed in tsa-201 cells.
Currents were elicited from a holding potential-e£00 mV to a test depolarization of 0 mV. Application of 200 nM SNX482 mediates complete block of current
activity. (B) Current-voltage relation obtained under the same conditions A% iN@te that little block of outward currents is observed in the presence of SNX482.
(C) Typical time course of development and recovery from block. Currents were elicited from a holding potenti@DahV to a test potential of 0 mV. SNX482
block develops rapidly and is poorly reversible upon washout unless a train of strong depolarizing prepulses is apd®d (). ©) Dependence of the
blocking kinetics on SNX482 concentration. The time constant for development of block was determined from experiments such as thaC3hana iis (
inverse plotted as a function of SNX482 concentration. The slope from the regression line and the intercept were, respectivefL0I4081 * s~* and
2.843x 10 s 1. Means of 5 to 14 experiments are included in the figure, and error bars represent standard errors.

SNX482 prevents activation gating activation curve was reduced4-fold in the presence of

. . o
The strong voltage-dependence observed in Fig. 1 togeth“?e toxin (3.79= 0.43). The plateau leve] of the activa

. : . ; .tion curve, however, remained reduced over the whole
with the prepulse relief of toxin action suggests the possi- : .
bility that SNX482 might act as an inhibitor of R-type range of test potentials. To rule out the pOSSIbI|IFy that the
g L2 . . . .observed effects were due to the typesubunit used
calcium channel activation gating. To examine this possi- . .
bility, we used tail current protocols to record steady-statén our experiments, a set of recor_dmgs was conducted
activation curves in the presence and absence of the toxin>'N9 dae channels coexpressed V,V'm? and a5, and
Fig. 2 A depicts representative current traces illustrating tail'demIcal results to those shown in Figs. 1 and 2 were
currents in the presence and absence of the toxin at thréPt@ined (data not shown). o
different test potentials. With increasingly positive test po- AS showninFig. 2, the magnitude of inhibition of theg
tentials, a substantial tail current develops in both the apoutward current at+140 mV induced by SNX482 was
sence and the presence of the toxin. However, whereas tisdearly less prominent than that of the inward tail current at
tail current under control conditions is already saturated at-80 mV. This asymmetric effect of SNX482 occurred in
+60 mV, tail current amplitude continues to increase in theevery single cell and resembles previous observations with
presence of the toxin to membrane potentials as high ag-agatoxin IVA on P-type currents (McDonough et al.,
+140 mV. This is examined in more detail in the form of 1997a). The reduction in tail current amplitude following a
steady-state activation curves (Fig. B for a single strong membrane depolarization may reflect rapid deactiva-
representative cell. As seen from the figure, the half-tion of the channel in the presence of the toxin upon repo-
activation potential underwent a dramatic shift towardlarization (deactivation time constants -a60 MV: 7.y
more positive potentials, which on average amounted t®.42 ms ( = 5), Tgyx 0.27 ms (1 = 5)). These results and

66 = 3.9 mV (h = 4). In addition, the slope of the the slowing of the activation kinetics at positive potentials
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FIGURE 2 Effect of SNX482 on activation gating @fg + B, + «,-8 calcium channelsA) Tail current analysis in the absence and the presence of 200 nM
SNX482 at three different test potentials (0 m60 mV, +140 mV). The currents were elicited by stepping frerhi00 mV to the appropriate test potential,

the tail current was measured upon repolarization 8 mV. The filled circles indicate the presence of SNX4&).Example of steady-state activation curves
obtained before and after application of 200 nM SNX482. The data shown are from a single experiment. Data points were fitted with the Boltzmann equatio

closely parallel previous observations witkagatoxin IVA  similar to that of the inward tail current at negative poten-
block of the P-type, and suggest that SNX482 is a gatindials. This is likely due to the notion thaé-grammotoxin
modifier of rat braina, g channels. SIA exerts only a moderate speeding of the deactivation
kinetics of the N-type calcium channels compared with the
effects of SNX482 onn, ¢ deactivation, which is clearly
evident upon comparison of the effects of the two toxins on
the tail current kinetics at 0 mV (Fig. 3). The relatively
SNX482 shares a number of sequence similarities and amall effect ofw-grammotoxin SIA on deactivation kinetics
similar cysteine disulfide bond arrangement witkgram-  is consistent with data obtained previously in intact neurons
motoxin SIA, another spider toxin known to potently inhibit (McDonough et al., 1997b).

N-type calcium channels (Newcomb et al., 1998). To de- Finally, whereas saturating SNX482 concentrations me-
termine any putative similarities in the modes of action ofdiated only little kinetic slowing of currents activated by a
these two toxins, we compared the properties of SNX48&trong membrane depolarization, the activation kinetics of
inhibition of o, to those seen withw-grammotoxin SIA  N-type calcium channels in the presence of saturating con-
block of transiently expressed N-type,§) calcium chan-  centrations of w-grammotoxin SIA were dramatically
nels under identical experimental conditions. The action ofslowed. This may reflect a more stable interaction between
the two toxins displayed a number of similarities, including N-type calcium channels ane-grammotoxin SIA.

a shift of the activation curve to more positive potentials and

more rapid dissociation following application of train of SNX482 does not affect R-type

positive prepulses (not shown, but see McDonough et al'éhannel permeation
1997b). However, in contrast with our observations with

SNX482 (Fig. 2), the degree af-grammotoxin SIA inhi-  One of the characteristics of gating modifier toxins is that
bition of outward currents at very positive potentials waswhereas they mediate complete inhibition of all the inward

Comparison of SNX482 and w-grammotoxin
SIA action

Biophysical Journal 81(1) 79-88



SNX482 Block of ae 83

A B

Q1E 1B
+150 mV +150 mV
® SNX482
0mV
-100 mV .
-100 mv EGTx-SIA
\/”_——T +20 mV
-100 mV
| |
-100 mv
4nA 20A

4 ms 4 ms

FIGURE 3 Relaxation of current at the potential of the peak of the current-voltage relation after activation by a depolarizétihrio/. The presence
of the toxin mediates more rapid deactivation of the current and hence a decrease in the tail current an#yliftiet (of 200 nM SNX482 on they, ¢
+ Boa T ay-6 tail current measured at 0 mV. The filled circles indicate the presence of SNXBBEffect of 200 nMw-grammotoxin SIA on thex,g
+ Byp + ay-d tail current measured &@t20 mV. The filled squares indicate the presence-gframmotoxin SIA. Note that the-grammotoxin SIA mediates
only a moderate speeding of the tail current kinetics, and consequently only a small reduction in tail current amplitude.

currents by divalent cations, outward currents carried by Overall, the characteristics of SNX482 inhibition of R-
monovalent cations can be observed despite the presencetype o, channels appear strikingly similar to the actions of
the toxin. To determine whether SNX482 affects the per-Other calcium channel gating modifier toxins known to date.
meation characteristics, we recorded instantaneous current-
voltage (-V) relationships in the presence and the absenc
of the toxin. As seen in Fig. 4, instantanedd¥ curves
obtained with ;e channels display a sigmoidal shape, To assess whether SNX482 was specific for R-type chan-
which reflects their higher conductances at negative andiels, we applied the toxin to two other types of high voltage-
positive potentials compared to the region near the reversa&ctivated calcium channels, , anda, c. P/Q-type channels
potential. Application of SNX482 shows that there is nogdenerated by, , did not exhibit any detectable inhibition in
apparent change in the reversal potentials, showing that tH8€ presence of 200 nM SNX482 (not shown). However, as
toxin does not affect channel selectivity. However, theShown in Fig. 5A, L-type channels underwent25% inhi-
shape of the measured instantanedué relationship bition in the presence of 200 nM S_NX482. Ur_1I|ke in the
changed slightly, with more reduction of the inward current®@S€ Of aie, block of a,c was rapidly reversible upon
than outward current. This could reflect small effects Onwashout (Fig. 58). To t?St Whe_ther 200 nM prqduced a

. : : aximal effect we applied a higher concentration of the
permeation, but the most dramatic reduction of current af__: . )
hyperpolarized potentials is probably at least partially due toooxm. Whereas 500 n_M produce_d o_nly a smaller increase in

e . . . . lock (36 = 5%, n = 2), application of 1.5uM SNX

the difficulty in resolving the very fast tail currents, which

. SRS ' substantially increased, current inhibition (56 4%,
were faster in the presence of the toxin. Similar observations _ 4), but the inhibition was still partial and completely

were made foro-grammotoxin SIA inhibition of N-type  reyersible (Fig. ). We tested whether the SNX482 effect
calcium channels (Fig. 48 andD), although the reversal g, a,c could be reversed by applying trains of positive
potential obtained withy,;g channels was more negative prepulses in analogy with, ¢ (Fig. 1C). Indeed, even in the
than that seen withn,e channels, which may reflect a continued presence of 1,5M of the toxin, a substantial
greater permeability of N-type channels for cesium ionsportion of the inhibition could be removed by application of
and the shape of theV relationship was negligibly af- depolarizing prepulses such that only 22:44% (n = 4)
fected. block remained (compared with 56 4% inhibition without

§NX482 incompletely blocks L-type channels
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FIGURE 4 SNX482 and-grammotoxin SIA fail to, respectively, affeat . anda,g channel permeationAf «,¢ + B,, + a,-8 channels were opened
maximally with a 12-ms prepulse 6150 mV, then the instantaneous current was measured at different test potentials in the absence and in the presence
of 200 nM SNX482. The records reflect instantaneous currentsé@ mV, +80 mV, and+150 mV. B) Analogous experiment toA] performed with

a1 T B1p T ay-8 and 200 nMw-grammotoxin SIA. Instantaneous current traces presented were recordd&®d anV, + 70 mV, and+150 mV. C)
Instantaneous current-voltage relations obtained wjthchannels in control conditionsifen circle$ and with SNX482 fjlled circles). (D) Instantaneous

current-voltage relations obtained withg channels in control condition®en squargsor with GTx SIA (filled square$. Traces presented are from the
same cells as those shown in Fig. 3.

prepulsesn = 4, see Fig. B). The effect did not depend on nels, but that the gating machinery @fg is affected to a
the type of calcium channeB subunit coexpressed, as much greater degree.

similar results were obtained in the presencggf(data not

shown).

In the presence of SNX482, the current-voltage relatio . . I
was shifted toward slightly more positive potentials; hOW_r!Domalns lll and IV of the ;g subunit participate

ever, this effect was much smaller compared to that ob" the inhibition of activation gating
served witha, . This is illustrated in the form of tail current To investigate the channel structural determinants that par-
analysis in Fig. C. As shown in the figure, the presence of ticipate in the inhibition of activation gating af,e chan-
SNX482 mediated only a small shift in half-activation po- nels, we examined several chimeric calcium channels com-
tential by 9= 0.5 mV (0 = 4) with little change in the slope bining the major transmembrane domains of wild-type
of the activation curve, which may account for the smalland «, channels (see Spaetgens and Zamponi, 1999). To
inhibition seen at typical test potentials. Application of 1.5 maximize the magnitude of the differences in the effects of
uM SNX482 revealed a slighter more pronounced effecthe toxin on the two channel types, and to conserve the
(shift in half-activation potential of 16 mV). Consistent with limited supply of the toxin available to us, 200 nM concen-
Fig. 5 B, the shift in half-activation potential was fully trations were chosen as the standard in all chimeric exper-
reversible upon washout. Thus, the interaction betweeiments. Fig. 6 compares the time course of development of,
SNX482 and the L-type calcium channels appears to be lesand recovery from, SNX482 for the wild-type channels and
stable than that seen with tlag - channel. a series of C-E chimeras. Replacement of the first two
Overall, these data suggest that the basic mechanistnansmembrane domains af ¢ with the corresponding re-
underlying the inhibition is conserved i - anda, e chan-  gions of a; (CCEE) had little effect of SNX482 block.
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FIGURE 5 SNX482 block of L-type calcium channeld) [Tail current analysis of, + ., + @,-8 calcium channels under the experimental conditions
described in Fig. 2. Note that 200 nM SNX482 mediates a small depression of current adivifypical time course of development of SNX482 block

of L-type channels. Note that significant block occurs already at 200 nM concentrations. Also note that block is fully reversible upon washout, and is
relieved following strong depolarizing prepulses. Application of 3@ cadmium completely blocks the channeC)(Steady-state activation curves
obtained before and after application of SNX482, and following washout. The curves were fitted with the Boltzmann equation and were obtained from a
single representative cell.

Block remained rapid, complete, and was not reversiblef the channel. The notion that both CECC and CCCE
upon washout. In contrast, additional replacement of doexhibited «,-like partial inhibition by the toxin, and that
main Il (CCCE) resulted in block that corresponded closelyCCEC exhibited almost no block, indicates that domain 11l
to the behavior of wild-typex, - channels, suggesting that may be involved in the weak inhibition seen with L-type
domain Il is an important determinant of the inhibition of calcium channels, suggesting that there may be some over-
a,e channels by SNX482. Interestingly, however, CCEClap in the structural requirements fafe and o, block.

failed to exhibita, -like inhibition, indicating that the pres-

ence of domain Il ofa,e is not sufficient for a;e-like

inhibition, and that domain IV of, - may also participate in DISCUSSION

the large effects of SNX482 on R-type channel gating. A
with wild-type a,e channels, the inhibition of CEEE and
CCEE could be reversed only following application of 9
strong depolarizing prepulses (Fig.®. Furthermore, any A vast number of peptide toxins isolated from the venoms
chimeras containing domains Il plus IV of, ¢ exhibited a  of various predatory animals have been shown to interfere
dramatic positive shift in half-activation potential in re- with cellular signaling and electrical activity in mammals.
sponse to SNX482 application (Fig.0. In contrast, chi- Among the prime targets of many of these toxins are volt-
meras lacking either domain 1l or IV aof,¢ did not un- age-gated ion channels. For example, agitoxin, charybdo-
dergo shifts in half-activation potential, nor were prepulsegoxin (from scorpion venom), and hanatoxin (tarantula spi-
required for recovery from block. Taken together, our re-der) block various types of potassium channels (Park and
sults indicate that the pronounced toxin-mediated effects oMiller, 1992; Swartz and McKinnon, 1995, 1997), the
a,e channel activation gating are primarily due to an inter-u-conotoxins (i.e.Conus geographumarine snail) block
action between SNX482 and the domain Ill and IV regionsvoltage-gated sodium channels (French et al., 1996; Becker

SSNX482 belongs to the family of calcium channel
ating blockers
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FIGURE 6 Channel structural determinants of SNX482 blog). Time course of development of block of wild-typge (n = 11) and two chimeric
(CEEE,n = 4; CCEE,n = 7) calcium channels (coexpressed wi}), + «,-8). Note that the wild-type channels and the chimeras display a similar time
course of development of block, and that the presence of domainIM of «, ¢ are sufficient fora, e-like block. B) Time course of development of block

of wild-type a; (n = 7) and three chimeric (CCCH,= 4; CCEC,n = 5; CECC,n = 4) calcium channels,, + «,-8). Note that replacement of; o

domain Il results in loss of the partial inhibition seen with the wild-type channel, and that the presence of only one of domain Illarlié ofsufficient

to confera, -like block. (C) Effect of depolarizing prepulses on the recovery from SNX482 inhibition of the wild-&pehannels and CEEE and CCEE
chimeras. D) SNX482-induced shift in half-activation potential for wild-type and chimeric calcium channels. Note that only those chimeras that exhibit
a,-like development of and recovery from SNX482 block display large depolarizing shifts in half-activation potential. All error bars are stamdard err

et al., 1992), and-agatoxins (American funnel web spider) calcium channels (McDonough et al., 1997b) were respec-
and w-conotoxins Conus geographusnd Conus magus tively ~55 mV, ~85 mV, and~100 mV. Thus, our data fit
marine snails) selectively block voltage-dependent calciunmwell with previous observations obtained with other gating
channels (Olivera et al., 1984; Adams et al., 1993). Thesenodifiers.

blockers fall into two principal categories: they either phys-
ically occlude the pore of the channel (i.e., conotoxins and
charybdotoxin), or they prevent channel opening throughB
either direct or allosteric interactions with the voltage sensor
of the channel (i.e.w-agatoxin IVA, hanatoxinw-gram-  The incomplete inhibition of the L-type calcium channels
motoxin SIA). Our present data indicate that SNX482 ap-can also be explained by inhibition of channel activation,
pears to belong to the latter class of molecules. Qualitativelylthough this effect was much less pronounced than that
similar to what has been reported foragatoxin IVA (Mc-  seen with thex, ¢ channel. In the presence of the toxin, the
Donough et al., 1997a) ang-grammotoxin SIA (McDon- L-type channels underwent a reversible small shift in the
ough et al., 1997b), SNX482 mediated a largerQ mV)  position of the steady-state activation curve. In the range of
depolarizing shift in the midpoint of the steady-state acti-the typical test potentials, this shift could account for the
vation curve without apparent change in reversal potentialinhibition seen at high toxin concentrations. In contrast with
and its blocking action could only be recovered upon apthe R-type channels, the inhibition of the L-type channels
plication of strong depolarizing prepulses. For comparisonwas fully reversible upon washout. Furthermore, voltage-
the shifts inV, 5 observed withw-agatoxin IVA block of  dependent destabilization of the toxin effect occurs at very
native P-type calcium channels (McDonough et al., 1997apositive potentials. This likely reflects a less stable interac-
b) and w-grammotoxin block of native N-type and P-type tion between the L-type channels and the toxin, in line with

lock of L-type channels
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what it was recently shown fow-aga IVA and N-type does not affect gating of this channel. Taken together, while
calcium channels (Sidach and Mintz, 2000). there is partial overlap in the domain requirements for

Although SNX482 was shown to exhibit some effects onL-type and R-type channel block, it is likely that specific
N-type channels, the notion that transiently expressed raleterminants contained within domains Ill and IV are re-
brain L-type channels showed some sensitivity to the toxirsponsible for the toxin’s distinct actions on R- and L-type
is surprising in view of previous observations of Newcombchannels. These distinct actions appear to be due to a
et al. (1998) with the GH3 cell line. Although these cells combination of a smaller effect of the toxin on L-type
expressa; ., they expressy;, channels at higher levels, channel activation, and a lower binding affinity.
such that any effects om,- channels may have been Recent work of Tottene et al. (2000) suggests the exis-
masked. Nonetheless, our observations indicate thdence of multiple R-type channel isoforms in mammalian
SNX482 is not as commonly believed an entirely selectivebrain. By using single-channel patch clamp recordings the
antagonist of R-type calcium channels in the submicromolaauthors identified three channel subtypes with distinct sen-
range. sitivities to SNX482, one of which was blocked with an
IC5, Oof 6 NM, a second blocked with~10-fold lower
. affinity (IC5, = 81 nM), and a third, an SNX482 insensitive
Structural determinants of SNX482 block isoform. Asr?tisense treatment directed against dhe se-
Our experiments with chimeric calcium channel subunitsquence reduced expression of all three components, sug-
suggest that the pronounced effect on R-type channel gatingesting that all three might encode variants ofdhg gene.
requires the presence af domains Ill plus IV. In view of ~ Given the lack of calcium channglsubunit-dependence of
the size of the toxin, the involvement of multiple binding the SNX482 blocking effects reported here, the differences
sites may not be surprising. Indeed, the involvement ofn SNX482 sensitivity observed with native channels is
multiple contact points on the channels has been suggest@dore likely due to alternative splicing of the g gene rather
previously by McDonough et al. (1997b) regarding thethanp subunit heterogeneity. In view of the importance of
action of the closely related-grammotoxin SIA molecule. domains Il and 1V in gating block of, channels, it will
We have shown previously that gating blockegf, calcium  thus be of interest to examine the possibility of alternatively
channels byw-agatoxin IVA is strongly reduced upon in- spliced regions in thex,e channel gene in one or more of
sertion of an asparagine and proline residue (Asn-Pro) in ththe extracellular loops connecting the individual transmem-
extracellular loop connecting the S3 and S4 regions obrane segments. Given the parallels witragatoxin IVA
domain IV (Bourinet et al., 1999), and Winterfield and block of a; 5 channels (Bourinet et al., 1999), the domain IV
Swartz (2000) have reported that a single glutamate residu@3-S4 region could be a prime candidate for such an effect.
in this region is an essential determinantefigatoxin IVA At this point, it is not clear whether both,g variants
action. More generally, this linker is thought to be importantidentified by Tottene et al. (2000) exhibit gating block or if,
for the action of all gating modifier toxin known to date under certain circumstances, pore blockf channels by
(Li-Smerin and Swartz, 1998). It is possible that SNX482SNX482 could occur. Identification of the nature of the
involves a similar interaction with both domain 11l and IV putatively spliced regions and subsequent electrophysiolog-
S3-S4 regions of; . The S3-S4 regions af, < in domain  ical characterization will be required to further elucidate the
Il and IV differ from those of other calcium channel nature of the differential interaction of this toxin with var-
isoforms (see Stea et al., 1995), thereby perhaps accountin@us types ofx, ¢ calcium channels. Nonetheless, despite the
for the selectivity of SNX482 for R-type channels. Ulti- lack of complete selectivity fos, - channels reported here,
mately, however, a detailed examination of the domain Ilithe unique blocking profile of SNX482 may form a conve-
and IV S3-S4 linkers with point mutations would be re- nient tool for subclassification of native R-type calcium
quired to determine whether these regions are indeed irchannels, and therefore identification of their physiological
volved in SNX482 block of the channel. role.

The presence at, - domain Il was sufficient to mediate
the weak inhibition and complete reversibility seen with This article is dedicated to the memory of Dr. Rob Newcomb for his

wild-type a; ¢ channels. It is thus possible that the toxin is ;i ion 1o ion channel physiology through the discovery of highly

Capable of binding to botl, ¢ ar!d a1 (?hffmndsa pUt that  selective specific toxins. The synthetic SNX482 used for that study was
unique structural features contained within domains Il anckindly provided by Dr. Newcomb. We are grateful to Dr. Snutch for
IV of oy result in a larger effect on gating of this channel providing the wild-type calcium channel subunit cDNAs, to Dr. Perez-
subtype. In addition, the notion that the presence of domain&eyes for the;, subunit, and to Dr. Lamp for the-grammotoxin SIA.
. We thank Steve Dubel for reading of the manuscript.

Il and IV was required for an all-or-none effect may =
perhaps be indicative of some cooperativity between thd"is work was supported by NATO Grant CGR971546 (to E.B. and
two domains. The notion that the CCEC construct did nOG.W.Z.), by Association Frardse contre les Myopathies (AFM), Fonda-

e : e . ttion pour la Recherche Micale (FRM), Association de Recherche contre
exhibit any detectable block could indicate that the toXinie cancer (ARC), Institut UPSA de recherche contre la Douleur (IUD), and

either does not bind to this channel at all, or that bindingRégion Languedoc-Roussillon (to the J.N. group), and by operating grants
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