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ABSTRACT. We describe the first potent and selective blocker of the class?Ec@annel. SNX-482, a

novel 41 amino acid peptide present in the venom of the African tararttiylsterocrates gigaswas
identified through its ability to inhibit human class EXa&hannels stably expressed in a mammalian cell
line. An ICsoof 15—30 nM was obtained for block of the class ECahannel, using either patch clamp
electrophysiology or K-evoked C&" flux. At low nanomolar concentrations, SNX-482 also blocked a
native resistant or R-type €acurrent in rat neurohypophyseal nerve terminals, but concentrations of
200-500 nM had no effect on R-type €acurrents in several types of rat central neurons. The peptide
has the sequence GVDKAGCRYMFGGCSVNDDCCPRLGCHSLFSYCAWDLTFSD-OH and is homolo-
gous to the spider peptides grammatoxin S1A and hanatoxin, both peptides with very different ion channel
blocking selectivities. No effect of SNX-482 was observed on the following ion channel activitie's: Na

or K* currents in several cultured cell types (up to 500 nM);ddrrent through cloned potassium channels
Kv1l.1 and Kv1.4 expressed Xenopusoocytes (up to 140 nM); Ca flux through L- and T-type Ca
channels in an anterior pituitary cell line (GH3, up to 500 nM); anéBaurrent through class A Ga
channels expressed ¥enopusocytes (up to 280 nM). A weak effect was noted oA'Gaurrent through

cloned and stably expressed class B'Gzhannels (16 > 500 nM). The unique selectivity of SNX-482
suggests its usefulness in studying the diversity, function, and pharmacology of class E and/or R-type
C&" channels.

The diversity of calcium channel isoforms and subtypes channels and native currents suggests that class C and D
underlies a variety of roles for calcium in the regulation of mRNAs encode L-type current8,(23—25), that class B
neuronal function, including neurotransmission and neuro- mRNA encodes N-type current®q, 27), that class A mRNA
secretion, as well as cell membrane electrical activity and encodes P- and Q-type currenis3(28, 29).

cellular metabolism, 2). This diversity of structure and Potent and selective antagonists are available for the L-,
function makes brain calcium channels targets for the N. and P/Q-type calcium channels, and these have provided
development of therapeutic8)( A peptide antagonist of  yajuable tools for the study of the function and pharmacology
the N-type calcium channel (SNX-111, or synthe#icono-  of these calcium channels. Organic compounds such as the
peptide MVIIA) is efficacious in animal models of chronic  dihydropyridines are antagonists of L-type calcium channels,
pain @, 5) and ischemic neuronal damad@® &nd is currently  \hile an increasing number of peptides from animal venoms
in late stage clinical trials7) for these applications in  provide antagonists of L-, N-, and P/Q-type calcium channels.
humans. _ _ _ _ Selective antagonists are used in in vitro experiments to
The mRNAs for the ion-conductingl subunits of brain  g|ycidate the contribution of calcium channel subtypes to
voltage-sensitive calcium channels have been categorized intqdentified physiological processes and are used in whole
five structural classes, AE (8—15), while studies of native  gnimal experiments to define the pharmacological properties

calcium channels have defined a variety of currents with of antagonists of a particular subtype (see B&1d30 for
distinctive electrophysiological and pharmacological proper- reviews).

ties (L, N, P, Q, R, and T16—20, reviewed in ref221 and

22). Comparison of the properties of cloned and expressed The class E calcium channel is widely distributed in brain

(15, 31, 32) and has been reported to possess electrophysi-
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1.61 r100 PA) for use as a positive control in several of the assays.
Purification was over a Sephadex G-50 size-exclusion
1.2 -80
= - column, fqllowed by two or three steps of reverse-phase
S os L60 "g HPLC (using the solvent systems described for SNX-482).
N @ Aga-IllIA provided by Dr. Mike Adams was used to monitor
< 0.4 -40 % elution positions, and identity and concentrations were
ol 20 verified by amino acid analysis, Edman degradation, and
mass spectral analysis.
: — Lo Amino Acid Analysis Amino acid analysis was performed
0 20 40 60 80 100 by reverse-phase chromatography and fluorometric detection

Ficure 1: Isolation of SNX-482. Elution of 2@L of the crude using the chiral analysis method involving derivatization of
venom ofHysterocrates gigaby reverse-phase chromatography  acid or enzymatic hydrolysates wilracetyl+-cysteine and

with 12 mM sodium phosphate, pH 6.2, as the aqueous buffer. The ; ; ;
upper trace is the chromatogram obtained by monitoring absorbanceOPA (38, 39). Acid hydrolysis was wh 6 M hydrochloric

while the lower shows the UV fluorescence. The arrow indicates acid at 110°C for 20 or 48 h with 56-70 pmol of peptide.
the elution of SNX-482. (Inset) Chromatogram of the resolution Replicates of 3-8 analyses were used to calculate the amino

of SNX-482 by a third HPLC system using an aqueous buffer of acid composition of SNX-482, as well as to define concen-
0.05% HFBA (after a second system using 0.1%TFA). trations used in the bioassays.

have shown that antisense oligonucleotides against the class Reduction and AlkylationSNX-482 (2 or 4 nmol of TFA-

E ol subunit reduce R-type currents in cerebellar granule punﬁgd material) was derivatized with 4-vinylpyridine as

cells 36). However, no selective high-affinity antagonist described40). _

has yet been identified for the class E calcium channel. As __Enzymatic DigestionNative or alkylated SNX-482 (250

a result, considerable uncertainty remains with regard to the °00 Pmol) was dried and digested with (.§ of carboxy-

diversity, function, and pharmacology of class E calcium Peptidase Y (Pierce) in 100 of 0.1 M sodium phosphate,

channels. pH 6.2. Aliquots of 1QuL were removed at various times,
As a step toward the further study and potential therapeutic @"d OPA amino acid analysis was used to confirm the

modulation of the class E calcium channel, we describe herePrésence of a single tryptophan residue in SNX-482, as well

the isolation and characterization of a peptide, SNX-482, that S t0 confirm that the OPA-detectable amino acids were the

is the first reported potent and selective antagonist of the Lénantiomers. The tryptophan determination was performed

class E calcium channel. We further describe the initial use With native peptide, using long digests, since these did not

of the peptide to survey the pharmacological properties of proceed past the cystine residues. The analysis of amino

native R-type calcium currents. acid chirality was performed with alkylated peptide, for
which complete digestion of SNX-482 was obtained. Since
MATERIALS AND METHODS the carboxypeptidase Y digest did not give clear sequence

information at the carboxyl terminus of SNX-482, the
carboxyl-terminal Ser-Asp sequence was obtained by diges-
tion of native SNX-482 with agarose-bound carboxypeptidase
A (Sigma), using the same digestion conditions as with the
carboxypeptidase Y.

To confirm the results of Edman degradatior;2Lnmol
of native and alkylated SNX-482 was dried and digested with
1 ug of trypsin (Pierce or Worthington) in 50L of 0.1 M

Purification. The frozen liquid venom (26150 uL) of
adult maleHysterocrates gigaspiders (Invertebrate Bio-
logics, Los Gatos, CA), was thawed, immediately injected
onto a 4.5x 250 mm wide-pore (octadecyl)silica HPLC
column (Vydac; particle size /m), and eluted with a linear
gradient of methanol in 12 mM sodium phosphate (pH 6.2)
of 0—100% over 125 min at 1 mL/min. Elution was

monitored by absorbance at 220 nm and by endogenouspotassium

o N phosphate, pH 7.4 (4 h at’®). Fragments were
fluorescence (excitation 260 nm, emission 340 nm). Fol- . co\ved as above, using a gradient efl0% methanol in
lowing localization of class E antagonist activity (see below 0.1% TFA ove 1 h and subjected to Edman degradation.
and .Figure 1), this peak was further fractionated With a  Edman Degradation.This was performed with an Applied
gradient of 2580% methanol_ in 0.1% TFA over 50 min. Biosystems Model 120 Sequenator, using procedures recom-
Edman degradation and amino acid analysis showed the o qeq by the manufacturer.

ma:er!a: fm th(tah peﬁL(Afractlon tFo be 999/?] purei Theh d Mass Spectral AnalysisPositive ion electrospray ioniza-
material from the Seéparation was rechromatograpned i, magg spectrometry analyses were performed with a

Wi.th anTerxquFaOlle b(;;ffer 0.];0'05% HngBg; /(685% over 50 .. Finnigan MAT 900Q forward geometry hybrid mass spec-
min). e isolated peptide was o o or greater purty yometer. Mass spectra were acquired at full accelerating

and was used to verify activity. potential (5 kV) and a scan rate of 10 s decddeThe

The sp]icc'iAer pl)eptide{—Aga—lllA (3(? ng purifi?:d from th”e electrospray ionization interface used is based on a heated
venom ofAgelenopsis apertgSpider Pharm, Feasterville, glass capillary inlet. Sample solutions were prepared in 80:

15:5 (viviv) acetonitrile/water/acetic acid and infused through

! Abbreviations: BSA, bovine serum albumin; DMF, dimethylfor-  the ES| source at a flow rate ofid min~!. Matrix-assisted
mamide; EDTA, ethylenediaminetetraacetic acid; EGTA, ethylene

glycol bis@-aminoethyl etherN,N,N',N'-tetraacetic acid; FMOC, fluo-  |as€r desorption/ionization mass spectra were acquired on a
renylmethyloxycarbonyl; HEK, human embryonic kidney; HBTU, PerSeptive Vestec LaserTec Research time-of-flight mass
O-benzotriazoleN,N,N',N'-tetramethyluronium hexafluorophosphate; spectrometer operating in the linear mode. Radiation from

HEPESN-(2-hydroxyethyl)piperazin®¥-2-ethanesulfonic acid; HFBA, ; ; ;
heptafluorobutyric acid; HPLC, high-performance liquid chromatog- a nitrogen laser (337 nm) was used in the desorption process.

raphy; MOPS, 34(-morpholino)propanesulfonic acid; OP#sphthal- Samples were prepared in a standard fashion by placing 1
dialdehyde; TFA, trifluoroacetic acid. uL of an agueous solution of SNX-482«10 pmolfL in
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0.1% TFA) and 1uL of the appropriate matrix solution
[approximately 5 mg/mL of either 3,5-dimethoxy-4-hydroxy-
cinnamic acid ont-cyano-4-hydroxycinnamic acid in 1:2 (v/
v) acetonitrile/0.1% TFA (aqueous)] on the sample target.
The sample/matrix solution was then allowed to air-dry at
room temperature prior to analysis.

Synthesis of SNX-482The peptide was synthesized on a
model 433A automated peptide synthesizer (Applied Bio-
systems) using standard FMOC chemistry. Fmoc-Aeft-(
butyl ester)-OH was coupled to chlorotrityl chloride func- ~ Whole Cell Patch Clamp of Stably Transfected Cells.
tionalized resin. Standard HBTU/hydroxybenztriazole Whole cell patch clamp4d) was performed with 26 MQ
activation protocol and piperidine deprotection was used €lectrodes with an Axopatch 200A amplifier interfaced to
resin and deprotected in TFA/thioanisole/ethane dithiol/water currents were recorded with an external solution of the

(87.5/5/2.5/5 viviviv) for 90 min. The crude linear peptide foIIowing (in miIIi_moIar): 1OQ tetraethylammoniu_m chIorid'e,
was subjected to air oxidation in a dilute buffered solution 52 choline chloride, 15 sodium chloride, 2 calcium chloride,

calcium flux through T-type channels, while the difference
between basal and sustained (50 s after stimulation) emission
ratios was measured without added nitrendipine to estimate
flux through L-type channels. Kgvalues were obtained by
fitting a four-parameter hyperbolic logistic function to the
data by a weighted least-squares method. Experiments were
repeated at least 3 times with each cell line, with each
experiment involving 23 assays at each peptide concentra-
tion.

(potassium phosphate, pH 9.5) &t@. The correctly folded
product that coeluted with the native material was isolated
by preparative HPLC with 15 mM ammonium acetate buffer
and acetonitrile 42).

Cell Lines. The human neuroblastoma cell line IMR-32,
the rat pituitary cell line GH-3, and the HEK cell line 293
were obtained from the American Type Culture Collection
(Rockville, MD), and were grown as recommended. S3 and
192C cells are human embryonic kidney (HEK) cells that
stably express the class B and class E calcium channels
respectively, and their preparation and use is described in
ref 35 In addition to the ion-conductingrl subunits
(human), both cell lines also express the auxili@g/andd
(human) ang31c (rabbit) calcium channel subunits. IMR-
32 cells were differentiated by the addition of 1 mM
dibutyryl-cAMP and 2.5¢M bromodeoxyuridine (both from
Sigma) and were used-45 days after differentiation.

INDO-1 Assay of Intracellular Calcium Increase€ells
were detached with 0.5 mM EDTA, resuspended in 1% BSA-
containing assay buffer (Hanks’ solution without bicarbonate
or phenol red containing 10 mM HEPES, brought to pH 7.5
with Tris base) at approximately>l 10°cells/mL, and loaded
with 5uM INDO-1 acetoxymethyl ester (Molecular Probes,
Eugene, OR) for 60 min at 30C. Test compounds or
vehicle controls were incubated with approximately 30°
loaded cells/mL in 0.5% BSA assay buffer for 10 min at 30

0.8 magnesium chloride, 10 HEPES, and 7 glucose, with
0.1 mg/mL cytochrome; adjusted to pH 7.4 with hydro-
chloric acid. The internal pipet solution consisted of the
following (in millimolar): 140 cesium methanesulfonate
EGTA, 10 HEPES, and 4 magnesium adenosine triphosphate;
adjusted to pH 7.2 with cesium hydroxide. Peptide effects
were assayed on currents elicited by changing the voltage
from a holding potential of~90 to 0 mV, as a step pulse of
400 ms duration every 15 s. Data were sampled at 5 kHz
and filtered at 1 kHz. Leak and capacitance currents were
Subtracted after measuring currents elicited by 22 mV
hyperpolarizing pulses. Effects were quantitated on peak
currents at steady state with peptide applied by flowthrough
perfusion.

Sodium and Potassium Currents in IMR-32 Cellghese
were recorded as previously describeth)( but with an
external bath of the following (in millimolar): 140 sodium
chloride, 5 potassium chloride, 10 HEPES, 2 calcium
chloride, 1 magnesium chloride, and 12 glucose, adjusted
to pH 7.4 with sodium hydroxide. The internal pipet solution
contained the following (in millimolar): 15 sodium chloride,
125 potassium methanesulfonate, 10 HEPES, 11 EGTA, 1
calcium chloride, 2 magnesium chloride, and 59 glucose,
adjusted to pH 7.4 with potassium hydroxide. Cells were
placed in a flowthrough chamber (6:2 mL/min) and SNX-
482 was applied by flowthrough perfusion.

Sodium and Potassium Currents in Retinal Ganglion Cells.

°C. Fluorescence measurements were made in triplicate withretinal ganglion cells isolated from the retina of postnatal
a Photon Technology International (South Brunswick, NJ) gay 8 SpragueDawley rats express a mixture of 4-ami-
Model RF-F3004 spectrofluorometer thermostated é#@0  opyridine-sensitive and insensitive potassium conductances

Excitation was at 350 nm and emissions were recorded atanq g tetrodotoxin-sensitive sodium current. Retinal ganglion

400 and 490 nm. After acquiring emission signals for 20 s,
cells were depolarized by the addition of a potassium
chloride/calcium chloride stimulation solution to the stirred
cuvette (final concentration 100 mM potassium, 8 mM
calcium) and signals were acquired for an additionat 30

s. The ratio of emissions (400 nm/490 nm) was plotted for
initial evaluation. For doseresponse curves, data were
converted to intracellular calcium concentrations G

as described4@) and the difference between basal and peak
(5—10 s after depolarization) emission values was calculated.

With IMR-32 cells, 5uM nitrendipine, and for 192C cells,
15-45uM valinomycin (to lower resting membrane poten-
tials) was also included in the incubation mixture. For GH3
cells, peptide effects on peak calcium influx values were
determined in the presence ofiM nitrendipine to estimate

cells were prepared as describetb)(using the immuno-
panning technique described in r47. The extracellular
solution for recording whole-cell potassium currents con-
tained the following (in millimolar): 97 choline chloride, 2
potassium chloride, 0.8 magnesium chloride, 10 HEPES, pH
7.4, and 10 glucose. The intracellular solution for recording
potassium currents contained the following (in millimolar):
88 potassium gluconate, 10 potassium chloride, 4 magnesium
chloride, 10 MOPS, pH 7.25, 3 ATP, and 1 GTP. The
extracellular solution for recording whole-cell sodium cur-
rents contained the following (in millimolar): 40 tetraethyl-
ammonium chloride, 59 sodium chloride, 0.8 magnesium
chloride, 10 HEPES, pH 7.4, and 10 glucose. The intrac-
ellular solution for recording sodium currents contained the
following (in millimolar): 98 cesium methane sulfonate, 4
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magnesium chloride, 10 MOPS, pH 7.25, 3 ATP, and 1 GTP. by a hyperpolarizing P/4 procedure. A cocktail of calcium
Sodium and potassium currents were elicited by depolarizing antagonists (1&M nimodipine, 23 uM MVIIA, and 0.5
voltage steps from a holding potential 880 mV to a test ~ uM MVIIC) was used to isolate the resistant currents.

potential of 0 mV for sodium currents anéi30 mV for Calcium Flux into Synaptosome®at neocortical synap-

potassium currents. Peptides, 4-aminopyridine, and tetro-tosomes were prepared and preincubated with peptides in

dotoxin were dissolved in extracellular solution containing gg well plates for 5 min before addition of salir®4} with

0.1% BSA and were applied via the recording chamber increased potassium (final concentration 30 mM) in com-

superfusion system. bination with 1xCi of calcium-45/mL (final volume 200
Oocyte Assay: Class A Calcium Chann&he cRNAfor  ,1). Incubations were terminated by rapid filtration as

the class Aal subunit (3) was expressed ilXenopus  described%4). The basal flux of calcium-45 was subtracted

oocytes by standard method$8|. The cRNA for theal from the stimulated values, and percent effects were calcu-

subunit was co-injected with cRNA for the rabbi2 ando lated relative to control values. Peptide effects were

(49 and humang (10) subunits in equimolar ratios. determined in triplicate in each experiment.

Approximately 50 nL was injected per oocyte, with a total

cRNA concentration of 0.g@g/uL. Currents were recorded ReSULTS

by two-electrode voltage clamp in a solution containing the

following (in millimolar): 4 barium chloride, 38 potassium Puyrification and Structure of SNX-482

chloride, 36 tetraethylammonium chloride, 5 4-aminopyri-

dine, 0.4 niflumic acid, 5 HEPES (pH 7.5), and 0.1 mg/mL  The venoms of 11 species of large terrestrial spiders were

BSA. Data were sampled at 5 kHz and filtered at 1 kHz diluted to 0.5uL of venom/mL, and whole cell patch clamp

utilizing a OC-725B voltage-clamp amplifier (Warner Instru- recording was used to determine inhibition of current flow

ments) interfaced to PCLAMP software. Leak and capaci- through class E calcium channels stably expressed in human

tance currents were subtracted on-line by a P/4 protocol. Stepembryonic kidney (HEK) cells. Five venoms produced

pulses from—80 to 0 mV were used to elicit currents every inhibition of calcium currents of greater than 50% without

10 s. SNX-482 was applied by perfusion of the recording causing increases in leak current, and these were fractionated

chamber. by HPLC on (octadecyl)silica at near neutral pH. The venom

Oocyte Assay: Potassium ChannelBhe cRNAs from of Hysterocrates gigaseproducibly contained material that
the potassium channel subunit cDNAs described in refs  eluted between 70% and 80% methanol and antagonized the
50 (MKv1.1) and51 (hKv1.2, hKv1.4) were injected into ~ class E calcium current (arrow, Figure 1). This material was
oocytes and the expressed potassium currents were analyzegubjected to further analysis. Purification 8f99%, as
3—6 days later. The external recording solution contained judged by Edman degradation and amino acid analysis, was
the following (in millimolar): 115 sodium chloride, 2.5 achieved by two additional steps of reverse-phase chroma-
potassium chloride, 1.8 calcium chloride, 10 HEPES pH 7.2, tography at acidic pH in aqueous buffers of 0.1% TFA
0.1 mg/mL BSA. Other procedures were as with calcium followed by 0.1% HFBA (inset, Figure 1). The class E
channels, but test pulses were+&0 mV from a holding calcium channel antagonist activity cochromatographed with
potential of—70 mV every 5 s. the predominant material on both of these solvent systems.

Neurohypophyseal Nee Endings. Nerve endings of the The purified material was denoted SNX-482. The y|E|d of
rat neurohypophysis were acutely dissociated and calciumSNX-482 was typically 0.£0.2 nmoliL of venom.
currents recorded by the “perforated patch” technique as Matrix-assisted laser desorption mass spectrometry gave
described%2). The cocktail of calcium antagonists used to an approximate molecular mass of 4500 for SNX-482, and
isolate the resistant current included; nicardipine (2V§, endogenous fluorescence indicated the presence of tryp-
omega-conopeptides MVIIC (144 nM), and MVIIA (aV). tophan. On the basis of these results and the results of amino

Central Neurons.Primary cultures of cerebellar granule acid analysis, an amino acid composition was calculated that
cells were prepared as describet®)(and hippocampal included 34 determined amino acids and assumed six
pyramidal cells were acutely dissociated as describ&l (  cysteines and an undetermined number of proline residues;
Primary cultures of retinal ganglion cells were obtained as indicating SNX-482 to be a peptide of about4l residues.
described above. R-type currents were isolated by the Edman degradation of 0.5 nmol of the full-length Cys-
protocol described1®). Cells were incubated for at least alkylated peptide assigned the sequence up to position 35,
30 min with 500 nM SNX-230 (synthetio-conopeptide showing the presence of six cysteine residues and a single
MVIIC) in Tyrode solution (in millimolar: 119 sodium  proline residue. Trypsin was used to cleave 2 nmol of the
chloride, 5 potassium chloride, 2 calcium chloride, 1 alkylated peptide at position 23. Edman degradation of the
magnesium chloride, 30 glucose, and 25 HEPES, pH 7.3) atcarboxyl-terminal fragment gave the sequence of SNX-482
room temperature. The R-type currents were recorded in 5to position 39, while low yields of serine and aspartate
mM barium chloride (for hippocampal pyramidal and retinal (approximately 1 pmol) were obtained at positions 40 and
ganglion cells) or 10 mM barium chloride (for granule cells) 41. The amino-terminal portion of the sequence was verified
with 160 mM triethylamine chloride and 10 mM HEPES by sequencing the remainder of the tryptic fragments. The
(pH 7.3) and 0.1 mg/mL cytochronge The internal solution  carboxyl-terminal Ser-Asp sequence was verified by diges-
contained the following (in millimolar): 108, cesium meth- tion with carboxypeptidase A, and both carboxypeptidases
anesulfonate, 4 magnesium chloride, 9 EGTA, 9 HEPES, 4 A and Y liberated the free carboxyl form of aspartate. Of
magnesium ATP, 14 creatine phosphate, and 0.3 GTP, pHthose amino acids for which chirality was determined (i.e.,
7.4). The series resistance was partially compensatedall except proline, cysteine, and histidine), only the
(approximately 80%) and all currents were leak-subtracted enantiomers were detected in acid and enzymatic hydroly-
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SNX-482
Hanatoxin
SIA
Agelinin
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Ficure 2: Structure of SNX-482 compared to structurally and functionally related polypeptides from spider venoms. The top part of the
figure compares the structure of SNX-482 to that of other spider calcium and potassium antagonists with the same pattern of cysteine
residues, including hanatoxib6&), o-grammatoxin S1A&7), and agelinin 70). The center part of the figure illustrates the amino-terminal

sequence of the nonselective class E antagenidga-llIA (37). The lower part of the figure illustrates the amino acid sequences of spider
peptides that contain eight cysteine residues and that are selective for P/@%ge (VA, 56) or N-type (SNX-32545) calcium channels.
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Table 1: Calcium Channel Assay Systems
0.2 | subtype preparation subunits species
E | Synthetic Cloned Channels
Py 7 ; classeE  HEKcells olE,f1lc,a2-0 human, human, rabbit
3 ‘ classB  HEK cells alB, f1c,02-0 human, human, rabbit
< 0.1+ “—‘“"J.¥ classA  oocyte alA, flc,a2-0 rabbit, human, rabbit
* Native Native Currents
T N-type  IMR32 cells native human
7 L-type  GH3cells native rat
20 30 T-type  GH3cells
Minutes P/Q-type cortical synaptosomes native rat
R-type  posterior pituitary native rat
Ficure 3: HPLC chromatograms of native and synthetic SNX- granule cells native mouse
482. Elution conditions were as follows: solvent A, 20 mM retinal ganglion cells  native mouse
potassium phosphate (pH 7.0); and solvent B, acetonitrile. Elution hippocampal native mouse
was with a linear gradient of 1% solvent B/min starting at 10% pyramidal cells

solvent B, at a flow rate of 1 mL/min over a Vydac (octadecyl)-

silica column (300 A pore size, &M particle size, 4.6< 250 mm). in Table 1. Synthetic SNX-482 showed equal potency with

. - the native material at blocking calcium flux through the class
sates. The sequence of SNX-482 is shown in Figure 2 and ) -
predicts a peptide of molecular mass 4495.07 Da. This wasE calcium channels (assay with INDO-1 and the 192C cells).

confirmed by electrospray mass spectrometry, which deter- Effects of SNX-482 on Class E Calcium Curreritghole
mined a molecular mass of 4495.00 Da. cell patch clamp electrophysiology was performed on HEK
To confirm the sequence and the assignment of biological cells stably expressing class E calcium channgd8.( A
activity, SNX-482 was chemically synthesized. The syn- typical trace of the recorded calcium current in the presence
thetic peptide had the identical retention time as the native and absence of 33 nM SNX-482 is illustrated in Figure 4A,
peptide when chromatographed by reverse-phase HPLCand the time course of effect is illustrated in Figure 4B. The

(Figure 3). dose-response relationship is summarized in Figure 4C. The
. . ICso for block of the class E current by SNX-482 is
In Vitro Activity of SNX-482 approximately 30 nM. Figure 4C also summarizes effects

Material purified over two solvent systems was used to °f Aga-lllA on the class E current (K 3-10 nM).
characterize the potency and selectivity of SNX-482. This Initial experiments assessing the effects of SNX-482 on
material was typically 9598% pure. In cases where depolarization-evoked calcium flux used HEK cells stably
bioactivity was observed, material purified over the third expressing the class E channel. Representative time courses
(HFBA) solvent system was used to verify the activity of for the potassium-evoked increase in the INDO-1 fluores-
SNX-482. This material was af 99% percent purity. The  cence ratio (400/490 nm), in the presence and absence of
potency of SNX-482 against the stably expressed humanSNX-482, are illustrated in the inset of Figure 5A. SNX-
class E calcium channel in the 192C cells was verified using 482 produced a potent block of the INDO-1 signal change
both whole cell recording and depolarization-evoked changesin these cells. The doseesponse of the effect on the peak
in the fluoresence of the calcium indicator dye INDO-1. change in fluorescence is plotted in Figure 5A, as is a
These results verified that both assay approaches providedcomparison to the effects of Aga-IlIA. An Kgof between
within error, equivalent doseresponse data for SNX-482. 10 and 30 nM was consistently obtained for the SNX-482

Both of the assay approaches, as well as a synaptosomagéffect in a number of experiments. The depolarization
calcium flux assay, were used in a variety of assay systemsevoked increase in internal calcium in these cells was
to determine the selectivity of SNX-482 against calcium resistant to MVIIC (1uM), MVIIA (1 uM), and nitrendipine
channel subtypes, as well as sodium and potassium channelg5 ¢M) (not illustrated). Thus, the results with the calcium-

These various assay systems used to examine the selectivsensitive dye essentially duplicate the results obtained by
ity of SNX-482 against calcium channels are summarized electrophysiology with the same cells.
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Ficure 4. Antagonism of the class E calcium current by SNX-482. (A) Waveform of the calcium current measured in 192C cells in the
presence and absence of 33 nM SNX-482 by whole cell patch clamp. The current is elicited by a pulse to 0 mV from a holding potential
of —90 mV. (B) Peak amplitude over time of the calcium current elicited in 192C cells as in panel A, with perfusion of 140 nM SNX-482

as indicated. (C) Doseresponse relationship of the peak inward calcium current in HEK cells stably expressing class E (192C cells) and
class Bal subunits in the presence of varying concentrations of SNX-482. For comparison purposes, the effects of Aga-lllA on the class
E current are also illustrated. The data were obtained as illustrated in panels A and B. Each data point is the mean and standard deviation

from 3—5 independent measurements at each concentration, with one cell being used at one or two concentrations.

Selectiity of SNX-482: Lack of Effects against Other lon
Channels

Class B and N-type Calcium Current&ffects of SNX-
482 on the cloned expressed class B calcium channel wer
determined by patch clamp electrophysiology using HEK

cells stably expressing the cloned class B calcium channel
(35). Data were obtained as described for the class E
currents, and Figure 4C summarizes the resulting concentra

tion—effect data. SNX-482 has slight effects on the class B
calcium channel but the Kgis well over 500 nM.
The IMR-32 neuroblastoma cell line contains a significant

amount of calcium current that possesses the hallmarks o

the N-type calcium channels: sensitivity éesconopeptide
GVIA and intermediate activation and inactivation kinetics
(55). Effects of SNX-482 on the native N-type calcium

channel, and consistent with previous resub#) (the influx

of calcium-45 into neocortical synaptosomes was, in four
independent experiments, always blocked between 40% and
50% by two different antagonists of the class A calcium
€hannel: MVIIC at 300 nM 30) and Aga-IVA at 300 nM
(56). In the same experiments, 300 nM SNX-482 always
blocked less than 10% of the evoked calcium flux (data not
illustrated). These results independently confirm the data
‘obtained with oocytes showing a lack of effect of SNX-482
on the class A or P/Q-type calcium channel.

L-type Calcium CurrentsThe anterior pituitary cell line,
{GHS, is reported to exhibit both L- and T-type calcium
currents by whole cell patch clamp recording of barium
currents §7). Consistent with this, the dihydropyridine
nitrendipine blocked only a sustained component (no inac-

channel were evaluated with these cells, using the fluorescen!Vation over 69 s) of the depolarization-evoked increase in

calcium indicator dye INDO-1 to measure calcium flux. Flux
through the N-type channel was evaluated in the presenc
of 5 uM nitrendipine, which was added to block the
contribution of the L-type current in these cells. Consistent
with the presence of a significant amount of N-type current
in these cells, SNX-194 (the methionine-32norleucine-

12 derivative ofw-conopeptide MVIIA) nearly completely

e

internal calcium, as monitored by changes in the fluorescence
ratio (400 nm/490 nm) of the calcium-sensitive dye INDO-1
(inset, Figure 5B) The apparentdor this inhibition was
approximately 400 nM.

SNX-482, at concentrations of 56800 nM, had no effect
(<10%) on the total internal calcium increase in GH3 cells
evaluated at 40 s after depolarization and thus did not affect

inhibited the remaining transient depolarization-dependent the L-type component of the signal. As a positive control,

increase in internal calcium with an apparengl6f 1 nM
(Figure 5C). SNX-482 had an effect on calcium flux through
the N-type channel only at relatively high concentrations
(30—50% block at 306-500 nM, Figure 5C), confirming

we showed that Aga-IllA produced a potent but partial block
of the depolarization evoked signal (appareniolC5 nM,
evaluated at 60 s after depolarization), consistent with its
reported potent block of the L-type current in myocyteg) (

the results obtained by patch clamp recording of the stably Concentratior-effect data for the peptides and dihydropy-

expressed class B current.

Class A and P/Q-type Calcium Current3.he Xenopus
oocyte expression system was used to investigate the effec
of SNX-482 on the barium current through the class A
calcium channel. At 250 nM SNX-482 and 4 mM barium,
no effect of the peptide was observed (inhibitis6—10%,

ridines are summarized in Figure 5B.

T-type Calcium Currents. The transient increase in
ténternal calcium remaining after nitrendipine block of the
INDO-1 signal in GH3 cells was completely blocked by
felodipine (apparent 16 600 nM, Figure 5B). This dihy-
dropyridine completely blocks the T-type calcium channel

three independent experiments, data not illustrated). Pre-in myocardial cells at concentrations ofM (58). These
liminary data (Xiao-hua Chen, unpublished results) suggestdata provide strong pharmacological evidence that depolar-

that the doseresponse effects of SNX-482 on the class E
current are similar in 4 mM barium and 2 mM calcium.

As an independent method of checking the activity of
SNX-482 on the class A calcium channel, effects on calcium

ization-evoked calcium flux into GH3 cells has contributions
from both L- and T-type calcium channels. SNX-482, at
600 nM, had no effect on the peak internal calcium (at 10 s
after depolarization) in the presence oi/®l nitrendipine,

fluxes into cortical synaptosomes were assayed. This assayndicating lack of activity against the T-type calcium channel

is sensitive to blockers of the class A or P/Q-type calcium

(n = 3 independent experiments).
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Ficure 6: Effects of SNX-482 on a resistant calcium current in
-------- posterior pituitary nerve endings. Whole terminal barium current
0 s . 5 ” was recorded from the isolated nerve terminals of the rat neuro-
10 10 10 10 hypophysis using the perforated patch technique. Macroscopic
[compound] (nM) barium currents (in 5 mM Bd) were elicited by depolarizations

. o from —80 to+10 mV. The largest currents illustrated in the traces
Ficure 5: Effects of SNX-482 on depolarization-evoked changes gt |eft were recorded after block of L-type currents with 21
in INDO-1 fluorescence. The effects of SNX-482 on depolarization nicardipine. The N-type calcium channel blocker SNX-111 (syn-

evoked increases in internal calcium are compared to those Ofthetij-conopeptide MVIIA, 30) was added ad/ and blocked
w-Aga-lllA and positive controls. The data are the means and g |arge part, but not all, of the transient current illustrated.

standard deviations of triplicate determinations for representative Subsequent perfusion of the P/Q-type channel blocker SNX-230
assays, which were each repeateg#3imes with similar results.  (gynthetic MVIIC,30) at 72 and then 144 nM had no effect on the
(A) Effects of SNX-482 and Aga-lIIA on the evoked increases in remaining current in the terminal illustrated. Perfusion of SNX-

internal calcium in the 192C (class E expressing) cells. The inset 487 4t 40 nM blocked the current that was resistant to the above

shows the time course in the change of the fluorescence ratio (400¢g|cium blockers. The inset shows the time course of the amplitude
nm/490 nm) with different concentrations of SNX-482 included in ¢ the peak current at a time resolution of 1 min/point, with the

the assay. (B) Dose-dependent effects of SNX-482, Aga-lllIA, and pars indicating application of each compound.
the dihydropyridines nitrendipine (Nitr.) and felodipine (Felod.) on g app P

sustained increase in internal calcium in GH3 cells. The data . . -,
illustrated were evaluated at 50 s, and reflect more the L-type Currents (see Materials and Methods section for composition

(nitrendipine-sensitive) signal. The inset shows the time course of Of the cocktail of blockers used). Neuronal cell body
the depolarization-evoked increase in the fluorescence ratio (400 preparations included cerebellar granule cells=(3) (19),

nm/490 nm) and illustrates that addition oft® nitrendipine only retinal ganglion cells ( = 2) (59), and hippocampal
partially blocks total signal. The more rapidly decaying component . _ L )

observed in the presence of nitrendipine is blocked by felodipine pyramidal cellsif = 3) (60). In add't'c_m’ we studied eﬁeCtS.
but is unaffected by 500 nM SNX-482. (C) Effects of SNX-482, Of SNX-482 on the recently described R-type current in

Aga-lllA, and SNX-194 (the methionine to norleucine analogue acutely dissociated neurohyphophyseal nerve endB®s (
of SNX-111, which is synthetia-conopeptide MVIIA) on the peak SNX-482 caused potent block of one of these four R-type
ininternal calcium after potassium depolarization of IMR-32 cells. ., .rents. When applied to the neurohypophyseal nerve
Sodium and Potassium Current#ét 250 nM, SNX-482 endings at 40 nM, SNX-482 produced near-complete block
had no effect on the potassium current in IMR-32 neuro- of this current (Figure 6). In replicate experiments, 40 nM
blastoma cells (less than 4% variation in peak current, SNX-482 blocked 91% of the resistant curreffle% SEM,
3). At 500 nM, SNX-482 had no effect on either sodium or n=4) and 4 nM blocked 48%10%,n = 3). By contrast
potassium currents in retinal ganglion cells maintained in to the posterior pituitary nerve endings, the R-type currents
primary culture (less than 4% effect on peak current; obtained with the neuronal cell body preparations were
3). At 140 nM, SNX-482 had no effect on the cloned insensitive to SNX-482 (data not illustrated). In the presence
potassium channels Kvl.In (= 2), and Kvl.4 ( = 2) of 200—500 nM SNX-482, the R-type currents in neuronal
expressed irKenopusoocytes. cell bodies were reproducibly 988% that recorded in the
absence of the peptide. The magnitude of these R-type
Effects of SNX-482 on Na# Resistant Calcium Currents  currents typically varied from 50 to 250 pA. Even at
g concentrations of 1M, SNX-482 had no significant effect
| On R-type calcium currents in the retinal ganglion cells and
hippocampal pyramidal cells.

The above studies defined SNX-482 as a potent an
selective antagonist of the class E type calcium channe
Since considerable uncertainty remains as to the native
currents that corresponq to the class E calcium chanr)el, SNX'DISCUSSION
482 was tested on a variety of currents that share an important
pharmacological property of the class E calcium channel: A number of polypeptide calcium channel antagonists have
that is, resistance to selective blockers of N-, P/Q-, and L-type been isolated from the venoms of cone snails and spiders
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(30), with a few peptide antagonists isolated from the mamba minor differences across assay systems, such as differences
snake venoms6(, 62). The calcium antagonists from in composition of auxiliary subunits, or species differences
mamba venoms are structurally distinct from spider and conein the ion-conductingxl subunits. However, experiments
snail calcium antagonists and are structurally unrelated toin progressi = 3) show that SNX-482 at 200 nM has no
SNX-482. The cysteine pattern of SNX-482(C—CC— detectable effect on the total voltage-activated barium current
C—C) is the same as that of the- and d-peptides from of the cerebellar granule cells used in the assay of isolated
cone snail venoms, which are, respectively, ligands for R-type currents described above. Since cerebellar granule
voltage-sensitive calcium and sodium channg@ 63—66). cells contain significant components of N-, L-, and P/Q-type
The 6-conopeptides are somewhat similar to SNX-482 in current (9), lack of block of total barium current by SNX-
that both are acidic and have a significant number of 482 independently confirms lack of block of N-, L-, and P/Q-
hydrophobic residues, while the-conopeptides are highly  type currents.

basic and tend to otherwise consist primarily of small or polar In the absence of selective pharmaco|ogica| antagonists
amino acids. Other than in the pattern of cysteine residues,of the class E subtype of calcium channel, considerable
there are no obvious sequence homologies between knownncertainty has remained with regard to the structural identity
cone snail peptides and SNX-482. Among known peptides and diversity of calcium currents that are high-voltage-
with the C-C—CC—C~—C cysteine framework, SNX-482is  activated but also pharmacologically resistant to blockers of
unique in having significant extensions of amino acid N-, P/Q-, and L-type currentd 9, 72—75). We have shown
sequence at both ends of the cysteine residues. that SNX-482 potently blocks the R-type calcium current
The primary sequence of SNX-482 is related to several through a cloned and expressed huraf subunit, as well
peptides that contain the-€—CC—C—C framework of  as through a native R-type current in rat neurosecretory nerve
cysteine residues and that have been isolated from spidefendings. Both these currents are, unlike the low-voltage-
venoms. These include grammatoxin SBY)( and hana-  activated T-type calcium current, activated at higher trans-
toxin (68), which have been isolated from the venom of the membrane voltages. The simplest explanation of these
tarantulaGrammostola spatulataSequence comparisons for  results is that the R-type current observed in the posterior

this group of peptides are shown at the top part of Figure 2. nerve endings reflects the activity of a class E calcium
S1A is a blocker of both N- and P/Q-type, but not L-type, channel.

calcium channel subtypess, 69), and hanatoxin is a By contrast, SNX-482 has no effect on pharmacologically

potassium channel antagoni§8[ whose activity on other  aqigtant calcium currents in several rat central neuron
cation channels has not yet been reported. Although theponarations; including the cultured cerebellar granule cells
degree of homology is less, there is also structural similarity originally used to describe the R-type curreb®) Since

with the calcium antagonist agelinin froAgelina opulenta " concentration of SNX-482 required for effective block
(70). There is no apparent homology in the non-cysteine ¢ e neyrohypophyseal R-type current has no effect on N-,
amino acids with calcium antagonists from spider venoms | _anq p/Q-type currents, the current blocked in the pituitary
that contain greater than six cysteine residues, some examplegqpye endings is pharmacologically distinct from R-type

of which are shown in the lower part of Figure 2. pituitary currents that we tested in neuronal cell bodies.
Among those peptides that are homologous to SNX-482, In conclusion, on the basis of the results presented here
a distinct pattern of amino acid substitutions is observed in we believe tha,t SNX-482 as well as its ps nthetic and '
the comparison with hanatoxin. The amino acid Sequencesnaturall occurring analo ués will be a useful tgol for further
of the two peptides are nearly identical in the regions between |~ y 9: gues, wil . )
defining both calcium channel diversity and the potential

the first and second cysteine residues and between the fourt . ) i ;
and fifth cysteine residues, as well as in the carboxyl-terminalQher"’lpeunc beneflts of a new class of novel selective calcium
channel antagonists.

extension following the sixth cysteine residue. By contrast,
the sequences between the second and third cysteine reSidupﬁ?CKNOWLEDGMENT
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