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SUMMARY
w-Grammotoxin SIA, a peptidergic blocker of voltage-sensitive

calcium channel (VSCC) responses, was purified from Grammos-
to/a spatu/ata (tarantula spider) venom by reverse phase high
performance liquid chromatography. Protease-sensitive biolog-
ical activity was monitored by determining the inhibition of K�-
stimulated influx of 45Ca2� into rat brain synaptosomes. Electros-
pray mass spectrometry indicated an average molecular mass
of 41 09.2 Da for the native peptide. Chemical reduction of w-
grammotoxin SIA indicated the presence of three disulfide
bridges. Primary sequence data confirmed the existence of six
cysteine residues and 36 residues in total, with an average
theoretical molecular mass of 41 09.7 Da for the amidated car-
boxyl-terminal species. The biological profile of w-grammotoxin
SIA indicated virtually complete blockade of presynaptic verte-
brate N-type as well as P-type VSCC responses. Specifically, �,-

grammotoxin SIA caused a concentration-dependent and vir-
tually complete inhibition of K�-evoked influx of 45Ca2� into either
rat or chick brain synaptosomes. Similar inhibition profiles were
generated for the inhibition of release of either D-[3H]aspartate
or [3H]norepinephnne from rat hippocampal or [3H]norepineph-
nne from chick cortical brain slice preparations evoked by K�
depolarization. As reported earlier, w-grammotoxin SIA did not
inhibit 125l-�,-conotoxin GVIA, [3HJPN 200-1 1 0, or [3H]desme-
thoxyverapamil binding to neuronal membrane fragments. To our
knowledge, �-grammotoxin SIA is the first ligand identified to
block putative N-channel function without displacement of 125l

�-conotoxin GVIA. �,-Grammotoxin SIA thus represents a novel
vertebrate VSCC antagonist that inhibits neuronal N- and P-type
VSCC responses.

The classification of functionally distinct voltage-sensitive
ion channels is a complicated endeavor dependent upon the

discovery of novel pharmacological agents, both natural and
synthetic, that uniquely interact with these sites. Within the
field of mammalian neuronal VSCC, four distinct channels (T,

L, N, and P) have been proposed on the basis of electrophysi-

ological studies and pharmacological selectivity profiles, using

peripheral and central neuronal populations (1-5). cDNA don-
ing efforts have provided structural information to support the

existence of at least two of these entities (5-9). However, the
existence of additional channels is strongly suspected on the

basis of molecular biological studies in mammalian brain that
have identified multiple mRNA species encoding VSCC (10)
and on the electrophysiological recording of currents that are
insensitive to the current pharmacopoeia (4). Additionally, the

existence of modulatory proteins directly coupled to voltage-

sensitive ion channels (11, 12) has introduced other loci with

potential functional significance. Given this situation, there

exists a need to discover and characterize novel ligands that

interact with VSCC to assist in their functional classification.
Naturally occurring toxins represent one biological reposi-

tory for the identification of new pharmacological agents and,
as such, have greatly facilitated the classification and charac-

terization of voltage-sensitive channels. For mammalian VSCC
specifically, novel ligands have been isolated from the venom

of the predatory fish-hunting cone snail species Conus geogra-
phus (13) and Conus rnagus (5, 14), from the funnel web spider

species Agelenopsis aperta (3, 15-18), and from the black
mamba species Dendroaspis polylepis (19). Except for FTX, the
low molecular mass (200-400-Da) toxin isolated from A. aperta

(3), the toxins are structurally rigid, highly disulfide-bridged
peptides that contain six or more cysteine residues and show a

ABBREVIATiONS: VSCC, voltage-sensitive calcium channel(s); w-CgTx GVIA, �o-conotoxin GVIA; �-Aga-lVA, �-agatoxin IVA; w-Aga-lllA, w-agatoxin
lIlA; w-GsTx SIA, w-grammotoxin SIA; w-CmTx MVIIC, �,-conotoxin MVIIC; KRB, Krebs-Ringer buffer; RP, reverse phase; HPLC, high performance
liquid chromatography; TFA, trifluoroacetic acid; PBS, phosphate-buffered saline; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel
electrophoresis; ES-MS, electrospray mass spectrometry; FAB-MS, fast-atom bombardment mass spectrometry; HEPES, 4-(2-hydroxyethyl)-1 -

piperazineethanesulfonic acid; EGTA, ethylene glycol bis(fl-aminoethyl ether)-N,N,N’,N’-tetraacetic add; DTT, dithiothreitol; NE, norepinephnne.
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significant degree of homologous alignment. w-CgTx GVIA, a
putative N-channel-selective antagonist, irreversibly blocks a
high voltage-activated, fast-inactivating, neuronal Ca2� current

labeled as N-type (2). Its blockade is tissue and species specific,

in that the toxin selectively interacts with neuronal versus non-

neuronal VSCC and preferentially blocks the influx of Ca2�

into avian, amphibian, and fish versus mammalian nerve ter-

minals (20). w-CgTx GVIA does not appear to interact with

dihydropyridine-sensitive L-channels, although it does block a
noninactivating Ca2� current component, as well as acting

reversibly in certain preparations (21, 22). w-Aga-IVA has been
identified as a P-channel-selective ligand due to its ability to

inhibit the residual, non-N/non-L, high-threshold Ca2� current
in cerebellar Purkinje neurons and K�-induced influx of 45Ca2�

into mammalian (i.e., rat) brain synaptosomes (15). The black
mamba venom peptide calciseptine appears to be a selective

cardiac L-channel inhibitor, although its selectivity within
neuronal populations has not been ascertained (19). Several

nonselective spider and snail venom peptides, also highly cys-
teine enriched, that interact with invertebrate and/or verte-
brate neuronal VSCC have been reported (23-26). A recently
identified member of this class is w-CmTx MVIIC, a peptide
whose structure was deduced from cDNA cloning studies of
venom ducts of the fish-hunting snail C. magus (14). w-CmTx

MVIIC is nonselective in the sense that it inhibits the func-

tional responses of both N- and P-type VSCC and displaces
‘251-w-CgTx GVIA in binding studies.

Herein, we report the structural identification and prelimi-
nary pharmacological characterization of w-GsTx SIA, a novel

peptidergic VSCC antagonist isolated from the venom of the
tarantula spider species Grammostola spatulata. Like the pre-
viously described venom neurotoxins this peptide contains mul-

tiple disulfide bridges, and it is intermediate in size, containing

a total of 36 amino acid residues. The pharmacological analysis
directly compared the effects of w-GsTx SIA with those of the
N-channel-selective antagonist w-CgTx GVIA. w-GsTx SIA has
a unique biological profile, in that it appears to inhibit neuronal
N- and P-type VSCC responses but does not inhibit mamma-
han vascular L-type VSCC responses, invertebrate VSCC re-
sponses, or the binding of 125I-w-CgTx GVIA to neuronal mem-
brane fragments.

Materials and Methods

RP-HPLC. RP-HPLC was performed using Zorbax RX-C8 semi-
preparative (25-cm x 9.4-mm) and analytical (25-cm x 4.6-mm) col-
umns purchased from Rockland Technologies, Inc. (West Chester, PA)
and a Vydac (Hesperia, CA) C-18 analytical (25-cm x 4.6-mm) column.
Semipreparative-scale RP-HPLC was done using a 5 mi/mm flow rate,

whereas a 1 ml/min flow rate was used for the analytical analyses. All

separations were conducted with the following mobile phase: buffer A,

0.1% TFA/H20; buffer B, 0.1% TFA/CH3CN. Detection of ehuting
entities was monitored via UV spectroseopy at 215 nm, and fractions

were collected either at 1-mm intervals or manually based upon UV
intensity. Initial injections of 30-50 �tl of crude venom were made.

Consequently, multiple fractionations were carried out at each stage of

the purification, with pooling of individual identical fractions. All
fractions were lyophilized before resuspension in HPLC-grade H20 for
bioassay and storage at 4’. Resuspension volumes were based upon
original crude venom volumes. No detectable loss of activity was seen

with storage or with adherence to either plastic or glass.

Uv spectroscopy. A complete UV spectrum was obtained for w-

GsTx SIA by using a 8452A diode array spectrophotometer (Hewlett

Packard, Avondale, PA). Concentration of the final peptide was cal-

culated using the X� (280 nm) for tryptophan and was found to be in
good agreement with that deduced from amino acid analysis.

Cysteinyireduction, pyridylethylation, and tryptic digestion.

w-GsTx SIA was pyridylethylated using standard protocols. Briefly,
40-50 �ig ofpeptide were resuspended in 100 ml ofa solution containing

6 M guanidine HC1, 10 m� EDTA, and 50 mM Tris, pH 8.0. The tube
was flushed with nitrogen, and DTT was added to a fmal concentration
of 60 mM before incubation at 50’ for 90 mm. After reduction, 1.6 �l
of 4-vinylpyridine were added to the reaction and the sample was

incubated for an additional 60 mm at 50#{176}.The pyridylethylated toxin
sample was desalted by RP-HPLC, using a Zorbax RX-C8 analytical

column, before SDS-PAGE or tryptic digestion. For generation of

peptidergic fragments, pyridylethylated toxin (20 nmol/80 pg) was

incubated for 20 hr at 37’ in 100 mM Tris buffer, pH 8.5, containing
25 mM CaC12 and 1 �tg of trypsin. The reaction volume for tryptic

digestion was 200 �d. Individual fragments were separated by RP-
HPLC (Zorbax RX-C8 analytical column) using a gradient of 0-60%

buffer B over 60 mm. Specific fragments were identified using FAB-
MS and the carboxyl-terminal fragment was subjected to amino acid

analysis and automated Edman sequence analysis.
Amino acid analysis. Amino acid composition analyses were per-

formed using an Applied Biosystems 420H amino acid analyzer.
Amino-terminal sequence analysis. Amino-terminal sequencing

was performed with an Applied Biosystems 475 gas-phase sequencer.

SDS-PAGE was performed using a 16.5% high-cross-linked Tris-Tri-

dine gel (27), and the peptide was electroblotted to ProBlott (Applied

Biosystems) essentially as described by Matsudaira (28). Electroblotted

bands were pyridylethylated in the gas phase as described previously
(29). Covalent attachment of peptides via activation of carboxyl groups

and reaction with arylamine-derivatized polyvinylidene fluoride using

Sequalon membranes (Millipore) was performed according to the man-

ufacturer’s instructions. Alignment of the primary amino acid sequence

of w-GsTx SIA with that of w-CgTx GVIA, w-CmTx MVIIC, and w-

Aga-IVA was done on the basis of cysteine placement, using the
adjacent cysteine residues as the common denominator.

ES-MS and FAB-MS. ES-MS spectra were acquired using a VG/
Fisons QUATTRO mass spectrometer in the multichannel analysis

mode. The (M+3H)3�, (M+4H)4�, and (M+5H)� charge states were

observed for each sample and mathematically transformed to yield the
zero-charge state spectrum shown. Lyophilzed w-GsTx SIA was reduced

in 0.5 M DTT/O.1 M N-ethylmorphylene, pH 8.5, at 38#{176}for 10 mm.
Flow injections containing approximately 200-400 pmol of either re-

duced or oxidized peptide were measured. FAB-MS was performed on
a VG 70-VSE magnetic sector mass spectrometer at 1000 resolution.

The distribution of positive ions sputtered from a sample/matrix-

coated stainless steel surface was measured using 8-kV xenon atoms.

The matrix consisted of 3:1 dithiothreitol/dithioerythritol (magic bul-
let).

K�-stimu1ated 45Ca2� influx into rat and chick synaptosomes

(P2 pellets). Synaptosomes (P2 pellets) were prepared from either rat
or chick brain, minus cerebellum and brainstem, basically as described
by Reynolds et at. (30). Tissue was homogenized in 9 volumes of 0.32

M sucrose using a loose-fitting motor-driven Teflon-glass homogenizer.
The supernatant from a 1000 x g centrifugation (10 miii) was diluted

1/1 with KRB containing choline chloride substituted for NaCl (corn-

position, in mM): choline chloride, 140; KC1, 5; MgC12, 1.3; glucose, 10;
Na-HEPES, 10; pH 7.45; aerated with 02 for 60 mm before centrifu-

gation at 10,000 x g for 15 mm. Resuspension of the pellet was

performed in 3 ml of KRB/g wet weight of tissue (approximately 5 rng

of protein/rnl) with gentle homogenization (five strokes). Synapto-
somes (50 ed/tube; approximately 250 �ig of protein) were kept on ice

for 30 mm, during which time the fractionation samples were pro-
equilibrated with the tissue. During the purification, all individual

fractions were resuspended in H20 to a volume equivalent to 4 times

the original volume of crude venom and were then analyzed at a final

crude venom equivalent dilution of 1/1000. KRB was used for the final

250-fold dilution. �Ca2� influx was initiated by the addition of 450 �il
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of either low (5 mM) or high (50 mM; iso-osmotic substitution with

choline chloride) K�-containing KRB spiked with approximately 2
mCi/ml �Ca2�/1 mM CaCl2. Rapid quenching of the influx, after a 1-

sec incubation period, was accomplished by adding 3 ml of KRB that
contained 10 mM Na-EGTA iso-osmotically substituted for choline

chloride. Samples were immediately filtered through Whatman GF/C
glass fiber filters using a Hoefer FH225V filtration instrument. Filters

were washed with 3 x 4 ml of wash KRB (composition, in mM: choline

chloride, 139; KC1, 5; MgCl2, 1.3; LaCl3, 2; glucose, 10; Na-HEPES, 10;

pH 7.45) and dried at 24#{176}for 16 hr, and the retained radioactivity was
determined by liquid scintillation counting. Net voltage-dependent

�Ca2� uptake was determined as the difference between uptake in the
high K� and low K� KRB buffers.

Protease treatment/sensitivity. Purified w-GsTx SIA (approxi-
mately 13 �Lg; final concentration in assay, approximately 800 nM) was

proteolytically digested in PBS using 240 j�g (1.2 units) of crude
Streptomyces extract (Sigma type XIV, “purified”). Control samples

contained either w-GsTx SIA in PBS without protease or PBS with
protease but no w-GsTx SIA. All samples were incubated at 3T for 1

hr and then boiled for 10 mm (to inactivate proteases) before drying

in a speed vacuum concentrator. Samples were subsequently reconsti-
tuted in KRB and analyzed at an original crude venom equivalent
dilution of 1/1000 (i.e., 800 nM) for inhibition of K�-stimulated influx

of �Ca2� into rat synaptosornes.
K�-evoked neurotransmitter release from brain slices. K�-

evoked release of D-[3H]aspartate and [3H]NE from rat hippocampal

brain slices and K�-evoked release of [3H]NE from chick cortical brain
slices were performed exactly as described previously (31, 32). Brain

slices were pro-equilibrated with w-GsTx SIA for 15 mm before K�
stimulation. The concentrations of K� used to evoke release were as
follows: 25 mM for [3H]NE release from rat hippocampal slices, 50 mM
for [3H]NE release from chick cortical slices, and 75 mM for D-[3HJ

aspartate release from rat hippocampal slices. As discussed previously

(33), these conditions resulted in comparable control total evoked

release values for each neurotransmitter.

Materials. Crude G. spatulata spider venom was obtained from
Spider Pharm, Inc. (Feasterville, PA). D-[3H]Aspartate, [3H]NE, and

�Ca2� were purchased from NEN/DuPont, Inc. (Boston, MA). Se-
quencing-grade trypsin was supplied by Boehringer Mannheim, Inc.

(Indianapolis, IN). All other chemicals were either HPLC or reagent

grade.

Results

RP-HPLC isolation of w-GsTx SIA. Initial fractionation
of crude G. spatulata venom on the Zorbax RX-C8 semiprepar-
ative column, using a gradient of 0-60% buffer B over 60 mm,
is depicted in Fig. 1. The corresponding biological profile pre-

sented in Fig. 2 depicts two fractions (fractions 35 and 36) that

are highly enriched for inhibition of K�-evoked 45Ca2� influx
into rat synaptosomes. Neither fraction was capable of displac-

ing ‘25I-w-CgTx GVIA binding to rat hippocampal membranes

(data not shown). With repetitive initial fractionations, either
fraction 35 alone or fractions 35 and 36 combined were selected
for further purification, depending upon the biological profile
of the pooled samples. Because other arachnid and crustacean

venoms are known to possess multiple VSCC-blocking entities

(17, 18, 20), those fractions demonstrating moderate to low

levels of activity were retained for future analyses.
Isocratic elution at 25% buffer B (i.e., CH3CN) on the Zorbax

RX-C8 column fractionated this highly enriched peak of activ-
ity into three major components and, most likely, several minor

entities eluting on the shoulders of these species (Fig. 3). Peak

collection at this stage was performed manually based upon the
215-nm UV signal, with peak shaving of the major absorbing
components. Selective enrichment of biological activity was

seen for the primary peak eluting at 13-15 mm. Using a shallow

gradient of 24-32% buffer B over 32 mm on the Zorbax RX-

C8 column (Fig. 4A), a highly purified entity was manually
collected, with peak shaving of the shoulders. This purified
peak, henceforth referred to as w-GsTx SIA, was chromato-
graphed on a C-18 RP Vydac column to monitor purity (Fig.

4B) and was used for all subsequent structural and biological
analyses. Protease treatment of the purified w-GsTx SLA sam-

ple led to a significant decrease in activity, whereas boiling for
10 mm resulted in little, if any, loss of activity (Table 1). SDS-

PAGE of the purified sample (data not shown) indicated the

presence of a broad, intensely staining band within the 3.5-4.5-
kDa range and another tighter band at approximately 7.5 kDa.

Based upon this information, either the sample was not purified
to homogeneity or w-GsTx SIA is a heat-stable peptidergic

species of approximately 4 kDa that contains cysteine moieties
and is capable of migrating as a dimer.

Structural analyses of purified w-GsTx SIA. The aver-

age molecular weight of w-GsTx SIA was determined by ES-

MS to be 4109.2 (Fig. 5). After thiol reduction, the average

molecular weight was measured at 4115.0 (Fig. 5). Because each

reduction of a disulfide bond increases the mass of a peptide
by 2 Da, w-GsTx SIA must contain three disulfide linkages,

based on the 6-Da mass shift. FAB-MS confirmed a molecular
weight value of 4110.4 for the protonated molecular ion of

native w-GsTx SIA (data not shown). There was no evidence

for the presence of a peptidergic species at 7-9 kDa, as seen

with SDS-PAGE.

Amino acid composition analysis of �,-GsTx SIA yielded the
data presented in Table 2. The presence of tryptophan and

cysteine, which are destroyed during hydrolysis, was inferred

from UV spectroscopy and ES-MS analysis, respectively. Over-

estimation of the glycine content was attributed to contami-
nation with free glycine. Using norleucine as an internal stand-
ard to correct for recovery, the crude venom concentration of

w-GsTx SIA was estimated to be 2.75 mg/ml or 670 �M. Based
on the same data but using the histidine value alone to deduce

concentration, a value of 3.56 mg/ml or 866 sM was obtained.
Absorbance measurements at 280 nm, in conjunction with the
extinction coefficient for tryprophan, indicated the crude
venom concentration to be approximately 780 tiM. Based upon

these three values, which show good agreement, we have esti-

mated the crude venom concentration to be 800 �tM. All biolog-
ical results are presented with concentration values deduced

from this number.

A sample of the purified toxin (Fig. 4B) was subjected to

SDS-PAGE under reducing conditions, electroblotted to
ProBlott membranes, and stained with Coomassie blue. An
intensely staining band of about 4 kDa was observed and, as

stated previously, a fainter band at about 7.5-8.0 kDa (data not

shown) was presumed to be a dimer. The 4-kDa band was

subjected to amino-terminal sequence analysis and the first 30

amino acid residues were identified (see Fig. 7). The position
of the cysteine residues was determined by sequencing after

pyridylethylation of a duplicate blotted band. Subsequent
analysis of the 8-kDa band gave the same amino-terminal

sequence, confirming dimerization upon SDS-PAGE and ho-

mogeneity of the sample. The carboxyl-terminal sequence of
the toxin was determined by amino-terminal sequencing of the
carboxyl-terminal tryptic peptide after reduction and pyrid-

ylethylation. Five major fragments were present in the RP-
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determined (data not shown). The expected mass of this pep-

Fig. 1. Initial RP-HPLC fractionation of crude G.
spatulata venom. Separations were performed
on a Zorbax RX-.C8 semipreparative column us-
ing a linear 0-60% CH3CN gradient over 60 mm,

� with a 3-mm delay and a 5 mI/mm flow rate.
C) Injection volumes of 30-50 �l of crude venom

I were analyzed. Five-milliliter fractions were cci-
� lected at 1-mm intervals, with pooling of fractions
z across multiple separations. These timed pooled

fractions were lyophilized before resuspension
in H2O and determination of biological activity.
tN-absorbing peaks, detected at 21 5 nm, are
expressed in mV, with 1 V being equivalent to
2.56 absorbance units. Dashed line, acetonitnle
gradient.

80
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Fig. 2. Inhibition of K�-stimulated �Ca2� influx
into rat brain synaptosomes by initial G. spatulata
RP-HPLC fractions. Lyophilized timed (i.e., 1-mm)
fractions were Obtained as described in Fig. 1
and were resuspended in HPLC-grade H2O at a
1/4 original crude venom dilution. Samples were
then diluted 250-fold with KRB to obtain a final
assay dilution of 1/1 000 original crude venom
volume. Synaptosomes, prepared as described
in Materials and Methods, were preincubated
with each fraction for 30 mm. Influx of Ca2�
represents the difference between the signal ob-
tamed in high (50 mM) versus low or basal (5 mM)
K�-containing KRB. Data are presented as per-
centage of inhibition versus control samples that
contained synaptosomes in KRB without HPLC
fractions. Standard error values for all data were
<5%. Fractions 35 and 36 (�) were pooled for
subsequent purification.

HPLC chromatogram after digestion (Fig. 6). The carboxyl-
terminal fragment was identified and the sequence data deter-

mined earlier were confirmed by FAB-MS (Fig. 6). The HPLC
fraction whose mass was measured as m/z 673.4 resulted from
incomplete digestion of the SKWPR fragment. The structure

of the carboxyl-terminal peptide, including amidation of the

terminal carboxyl group, was determined as follows: a sample
of the pyridylethylated carboxyl-terminal peptide was cova-
lently attached via carboxyl groups to a Sequalon membrane

and the sequence NICVWD was determined by amino-terminal

sequencing. A duplicate sample was treated under conditions

likely to partially deamidate a carboxyl-terminal amide, if
present (i.e., exposure to gas-phase 20% aqueous TFA at 110#{176}

for 30 mm), and was then sequenced after covalent attachment

to a Sequalon membrane. The sequence NICVWDGSV was

observed. Amino acid composition analysis of this peptide
fragment indicated the expected molar ratio of the residues

tidergic fragment when amidated was in total agreement with
the mass value obtained from FAB-MS. Therefore, as shown

in Fig. 7, w-GsTx SIA is a 36-amino acid residue peptide

containing three disulfide bonds and an amidated carboxyl
terminus, with an average theoretical molecular weight of

4109.7.

Pharmacological evaluation of w-GsTx SIA effects on
neuronal VSCC responses. w-GsTx SIA caused a concentra-
tion-dependent and nearly complete inhibition of K�-evoked

�Ca2� influx in both chick (Fig. 8A) and rat (Fig. 8B) synap-
tosomes, with ICro values of 270 nM and 180 nM, respectively.

In contrast, w-CgTx GVIA potently inhibited chick synapto-

somal 45Ca2� influx (IC� = 15 nM) (Fig. 8A) but was virtually

inactive against rat synaptosomal �Ca2� influx (IC� > 10,000

nM) (Fig. 8B). Neither w-GsTx SIA (800 nM) nor w-CgTx GVIA

(100 nM) had any effect on unstimulated 45Ca2� influx in either

rat or chick synaptosomal preparations.

w-GsTx SIA caused a concentration-dependent and nearly
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Fig. 4. RP-HPLC analysis ofpurified w-GsTx SIA. A, RP-HPLC separation
performed on a Zorbax RX-C8 semipreparative column using a linear
24-30% CH3CN gradient over 24 mm, with a 5 mI/mm flow rate. UV-
absorbing peaks, detected at 21 5 nm, are expressed in mV, with 1 V
being equivalent to 2.56 absorbance units. B, RP-HPLC separation
performed on an Vydac C-i 8 analytical column using a linear 20-40%
CH3CN gradient over 40 mm, with a 1 mI/mm flow rate. UV-absorbing
peaks, detected at 21 5 nm, are expressed in mV, with 1 V being
equivalent to 0.64 absorbance units.

TABLE 1

I 00

3�0 � 3800 � 4000 4200 � 4400

4115.0

� � � � �L �4kA,4�&�Lf4� mass
3600 3800 4000 4200 4400

Fig. 5. ES-MS analyses of �-GsTx SIA. Top, transformed ES-MS spec-
trum of native ��,-GsTx SIA; bottom, DTT-reduced w-GsTx SIA. The 6-
mass unit shift in molecular weight upon reduction with DII is consistent
with the presence of three intramolecular disulfide linkages. The 3W,
4W, and 5W charge states were observed in each of the untransformed
spectra.

Protaas sensftlvfty of w-G$TX SIA InhIbition of rat synaptosomal
calcium influx
w.GSTX SIA(800 nu)was tested against K�-evoked rat synaptosomal �‘Ca2� influx
before and after protease treatment, as described in Materials and Methods. Heat
treatment (95#{176},10 mm) was used to inactivate protease activity. Heat treatment
(heat control) did not affect �,-GsTx SIA inhibition of synaptosomal flux. The values
represent mean triplicate values from a single experiment that was repeated once
with virtually identical results.

condition w.GsTx 5i�(� flu)

% Inhibition

Control 91
Heat control 88
Protease treatment 27

700 -

>

!. 600-

>.

t� 500�-

C

� %�

Fig. 3. Isocratic RP-HPLC separation of initially
active G. spatulata fractions. Fractions 35 and
36 from the original chromatogram were pooled
and then rechromatographed under 25% CH3CN
isocratic conditions on a Zorbax RX-C8 semipro-
parative column, with a 5 mI/mm flow rate. Injec-
tion volumes corresponded to 50-1 00 �l of orig-
inal crude venom. UV-absorbing peaks, detected
at2l5nm,areexpressedinmV,withl Vbeing
equivalent to 2.56 absorbance units. Discrete
fractions for biological analysis were collected
manually. The dashed lines associated with the
major UV-absor�ng peak depict approximately
the region isolated within the biologically most
active fraction (1’ which was selected for further
purification.
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Expected Mass Mass

1 DCVR 597.2 597.2
2 SKWPR 673.4 673.4

3 FWGK 537.3 537.3
4 NIC??? 1096.4 1096.4

5 CSQTSDCCPHLACK 1915.5 1915.5

. t��s�cJ on remainder from known sequen� and known

mo4ecular weight

(aft cysteines are pyridylethytated)
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TABLE 2
Amino acid composition of w-GSTX SIA
Amino acid composition analyses were performed using an Applied Biosystems
420H amino acid analyzer. Raw data (i.e., moles/,�l of venom) were normalized
with respect to histidine for computation of residues/mel and comparison with
Edman sequence analysis.

Amount E&nan
Residue Tot� amount norm�ized

tohistidine

p�c�,�MJ rssidues/mol residuss/mol

D/N 1746.5 4.0 4
E/Q 767.5 1.8 1
S 1388.0 3.2 4
G 946.0 2.1 2
H 432.0 1.0 1
A 881.0 2.0 2
T 462.0 1.1 1
A 873.0 2.0 1
P 770.0 1.8 2
V 62.0 0.14 0
V 1129.0 2.6 3
M 16.0 ND 0
C 186 ND 6
I 391 0.9 1
L 544.0 1.3 1
F 388.0 0.9 1
K 1412.0 3.3 3
w 0.0 ND 3

a Not determined due to partial or total destruction.

complete inhibition of K�-evoked release of [3H]NE from chick
cortical (IC� = 150 nM) (Fig. 9A) and rat hippocampal (IC� =

75 nM) (Fig. 9B) brain slices, as well as the K�-evoked release

of D-[3H]aspartate from rat hippocampal (IC� = 210 nM) brain
slices (Fig. 9C). w-CgTx GVIA caused a potent and complete

inhibition of chick brain slice [3H]NE release (IC� = 40 nM)

(Fig. 9A) and a potent but incomplete inhibition of rat brain
slice [3HJNE release (IC� 5 nM; approximately 60% maximal
inhibition) (Fig. 9B) and was inactive against rat brain D-[3H]

aspartate release (no effect at 3000 nM) (Fig. 9C). w-GsTx SIA
(800 nM) did not significantly displace ‘251-w-CgTx GVIA, [3H]

PN 200-110, or D-[3H]desmethoxyverapamil binding to rat

brain membrane fragments and had no effect on the K�-
contracted rat aorta [Table 3; data reproduced from Keith et

al. (34)J.

Discussion

The current study describes the isolation, identification, and
preliminary pharmacological evaluation of w-GsTx SIA, a novel

peptide inhibitor of neuronal VSCC responses. w-GsTx SIA
was isolated from the venom of G. spatulata spiders on the basis

of its ability to inhibit the K�-evoked influx of �Ca2� into rat

brain synaptosomal preparations. Similarly to previously iden-
tified peptide inhibitors of VSCC, w-GsTx SIA is a basic peptide
with multiple disulfide bridges. Specifically, w-GsTx SIA is a

36-amino acid residue peptide of 4109.7 Da that contains three
intramolecular disulfide bridges and an amidated carboxyl ter-

minus. It is somewhat larger than the marine snail peptides w-

CgTx GVIA and w-CmTx MVIIC but smaller than the spider
peptides w-Aga-IIIA and w-Aga-IVA from A. aperta. Definitive

assignment of the disulfide linkages is currently unknown but
is suspected to mimic that seen for w-CgTx GVIA.

w-GsTx SIA presents a functional profile that is pharmaco-
logically distinct, compared with those of other known peptide
inhibitors of mammalian neuronal VSCC. Table 4 compares
the effects of the snail venom peptide w-CgTx GVIA and the

A. aperta spider venom peptide w-Aga-IVA with those of w-
GsTx SIA in pharmacological assays that are thought to rep-
resent biochemical measures of nerve terminal VSCC activity.

w-CgTx GVIA has been shown to cause a potent and essentially
complete inhibition of chick synaptosomal 45Ca2� influx and

[3H]NE release from chick brain slice preparations (33, 35, 36).

The relative insensitivity of these preparations to dihydropyr-
idine L-channel antagonists (33) and w-Aga-IVA (15, 37) sug-

gests that these responses are mediated predominantly, if not

Fig. 6. RP-HPLC separation and FAB-MS
analysis of reduced pyndylethylated w-

GsTx SIA tryptic fragments. Tryptic
digestion of w-GsTx SIA was performed
on the reduced pyridylethylated toxin, as
described in Materials and Methods. In-
dividual fragments were separated on a
Zorbax RX-C8 analytical column using a
linear 0-60% CH3CN gradient over 60
mm, with a 1 mI/mm flow rate. UV-absorb-
ing peaks, detected at 215 nm, are ex-
pressed in mV, with 1 V being equivalent
to 0.1 6 absorbance units. Specific frag-
ments were �entified using FAB-MS after
vacuum drying of the peaks and resus-
pension in a 3:1 dithiothreftol/dfthioeryth-
ntol matrix. Mass values correspond to
the protonated molecular ion, (M+H)�.
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5lA

GVIA

MVIIC

D C V R F W G K C 5 Q T S D C C P H L A C K 5 K W P R N I C V W D G S V-NH2

C K S B G S S C S B I S V N C C R S C N B Y T K R C V-NH2

C K G K G A B C R K T M V 0 C C S G S C G R R G K C-NH2

AgaIVA K K K C I A K D Y G R C KWG 0 1 P C C R G R G C I C S I M G I N C E C K P R L

I M E G L G L A -OH

Fig. 7. Primary amino acid sequence of w-GsTx SIA. Alignment of the primary amino acid sequence of w-GsTx SIA (SIA) with that of w-CgTx GVIA
(GV!A), w-CmTx MVIIC (MV/IC), and w-Aga-IVA was done on the basis of cysteine placement using the adjacent cysteine residues (i.e., positions
15 and 16 of w-GsTx SIA) as the common denominator. Except for w-Aga-IVA, all toxins contain an amidated carboxyl terminus. Within the �-CgTx
GVIA sequence, B designates hydroxylated proline.

A) I CFllCKSYNAPT1JSOMAL45Ca�’ INFLUX

100�
w

2
U)
w

-J

0

0
(3

U co-Grammotoxin SIA
0 w-ConotoxinGVlA

B ) � RATSYNA?IX�0MAL45Ca’ + INFLUX

w

2
(1)
w

-J

0

0
C)

U co-GrammotoxinSLA

0 co-ConotoxinGVlA

Fig. 8. Effects of w-GsTx SIA and o-CgTx GVIA on K�-evoked (50 mM)
chick (A) and rat (B) synaptosomal �Ca2� influx. Data are expressed as
means ± standard errors of three experiments, each performed in
triplicate.

exclusively, by N-type VSCC. The observation that w-GsTx
SIA caused a potent and virtually complete inhibition of these
activities implies that w-GsTx SIA inhibits N-type VSCC. The
site at which w-GsTx SIA interacts at the N-channel, however,
must be distinct from the w-CgTx GVIA binding site, because

w-GsTx SIA failed to inhibit lssI�w�CgTx GVIA binding at
concentrations (800 nM) that caused nearly maximal inhibition

of the functional measures of N-channel activity (Table 3).

Rat synaptosomal �Ca2’� influx (33, 36, 38) and the K�-

evoked release of excitatory amino acids from rat hippocampal
brain slices (32, 39) have been shown to be resistant to inhibi-

tion by w-CgTx GVIA and dihydropyridines. Thus, these cal-

cium-dependent neuronal responses represent functional meas-
ures of neuronal VSCC that are distinct from L- or N-type

vSCC. The demonstration that w-Aga-IVA inhibits a major
fraction of rat synaptosomal 45Ca2� influx (15) and excitatory

amino release (37, 40, 41) suggests that P-type VSCC are

primarily involved. Non-L/non-N/non-P-type VSCC may also

play a role in these processes, because w-Aga-IVA appears to

maximally inhibit approximately 80% of rat synaptosomal
�Ca2� influx (15). Electrophysiological evidence for neuronal
high-threshold VSCC distinct from the L, N, and P subtypes

supports this possibility (4). At a concentration of 2.4 MM, w-

GsTx SIA caused a 94 ± 3% inhibition of K�-evoked rat

synaptosomal 45Ca2� influx. This virtually complete inhibition

of rat synaptosomal �Ca2� influx suggests that w-GsTx SIA

can inhibit the functional response of both P-type VSCC and
non-L/non-N/non-P-type VSCC in this preparation.

Whole-cell patch-clamp studies in certain neuronal popula-
tions (i.e., cerebellar Purkinje and CAl hippocampal cells) have

defined an w-CgTx GVIA- and dihydropyridine-resistant cur-
rent that exhibits a pharmacological profile similar to that seen

for rat synaptosomal 45Ca2� influx. In such studies w-Aga-IVA

and �,-CmTx MVIIC have been shown to inhibit this current

(14, 15). Our preliminary electrophysiological examination of

w-GsTx SIA demonstrated that 800 nM w-GsTx SIA inhibited
whole-cell voltage-gated calcium current in guinea pig hippo-

campal CAl neurons more than the combined inhibitory effects
of 10 �M �-CgTx GVIA and 10 �iM nifedipine (34). Although

these observations suggest that w-GsTx SIA can inhibit the

resistant electrophysiological current, a thorough whole-cell

patch-clamp study would be required to determine this une-

quivocally.
Whether the evoked release of excitatory amino acids is

mediated exclusively by P-type VSCC is unclear, because in
most cases sufficiently high concentrations of w-Aga-IVA have

not been tested. We recently showed that w-Aga-IVA (100 nM)
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Fig. 9. Effects of w-GsTx SIA and �-CgTx GVIA on K�-evoked (50 mM) release of [3H]NE from chick cortical brain slices (A), K�-evoked (25 mM)
release of [3H]NE from rat hippocampal brain slices (B), and K�-evoked (75 mM) release of D-[3H]aspartate from rat hippocampal brain slices (C).
Data are expressed as means ± standard errors of two or three experiments, each performed in triplicate.

in rat synaptosomes, with 20%

458 Lamps at at.

TABLE 3
Lack of effect of w-GSTX SIA in selected measures of VSCC activity
w-GsTx SIA (800 flM) was tested in binding studies and with the 80 mu K�-
contracted rat aorta as described previously (41). Values represent mean ±

standard error of three experiments, each performed in triplicate, for binding
studies. For rat aorta studies, two experiments were performed because of limited
sample supply. (Measured parameter: relaxation.)

Assa w-GsTx SIA(800 flu)y effect

% of control

125I-w-CgTx GVIA binding 99 ± 4

[3HJPN 200-1 10 binding 97 ± 3
[3H]-Desmethoxyverapamil binding 94 ± 2
Rat aorta (K�-contracted) 98

TABLE 4
Paptlda toxins and VSCC responses
Effects of w-CgTx GVIA, w-Aga-IVA, and w-GsTx SIA on biochemical measures of
neuronal VSCC activity are shown. Flux studies refer to 50 m� K�-evoked �Ca2�
influx in synaptosomal preparations. [3HJNE release from chick cortical brain slices
was evoked with 50 mM K� and D-[3Hjaspartate release from rat hippocampal brain
slices was evoked with 75 mu K�. ++, Active; NA, not active or minimally active.

w-CgTx GVIA w-Aga-IVA c�-GsTx SIA

Chick �Ca2� flux +#{247}a NAb
Chick [3H]NE release ++� NAd
Rat 45Ca2� flux NA ++�‘

Rat D-[3H]aspartate release NA’ ++d ++

. From Refs. 33, 35, 36.
0 From Ref. 15; co-Aga-IVA lC�o 5 �30 n�

inhibition at 500 nM in chick synaptosomes.
33

0 From Ref. 37.

I From Refs. 33, 35, 36, 38.
I From Ref. 32.

inhibited K�-evoked release of D-[3Hlaspartate (37) from rat

hippocampal slices by approximately 60% (limited sample sup-
ply precluded testing at higher concentrations). Similarly, a
separate investigation has recently shown that 200 nM w-Aga-
IVA inhibits the K�-evoked release of endogenous glutamate

from rat hippocampal brain slices by approximately 60% (41).
Turner et at. (40) showed that �-Aga-IVA caused an incomplete

inhibition of K�-evoked release of glutamate from rat brain

synaptosomes, with the maximal extent of inhibition being

dependent on the stimulus intensity. Thus, as with synaptoso-

mal 45Ca2� influx, P-channels may only partially mediate the

evoked release of excitatory amino acids. At 800 nM, w-GsTx
SIA inhibited K�-evoked D-[3H]aspartate release by 73 ± 4%
(again, testing at higher concentrations was limited due to

peptide supply), demonstrating that it can cause inhibition
comparable to, if not greater than, that produced by w-Aga-

IVA, although it appears to be less potent in this system.

Furthermore, we have proposed that the K�-evoked release of

[3H]NE from rat hippocampal brain slices is mediated by L-,

N-, and P-type VSCC (33, 37). K�-evoked release of [3HJNE

from rat hippocampal brain slices was inhibited 87 ± 3% by
800 flM w-GsTx SIA, a value that is comparable to the combined

inhibitory effects of c�-CgTx GVIA and w-Aga-IVA in this

preparation. This observation provides further support for the

notion that w-GsTx SIA inhibits multiple neuronal VSCC.

The polyamine antibiotic neomycin has been shown to cause

concentration-dependent (IC53 = 90-400 �tM) and virtually com-
plete inhibition of rat and chick synaptosomal �Ca2� influx,

[3H]NE release from rat and chick brain slice preparations, and

D-[3H]aspartate release from rat hippocampal brain slices (33).
On the basis of these studies, we concluded that neomycin is a

relatively nonselective inhibitor of neuronal responses that are
mediated by L-, N-, and non-L/non-N-type VSCC. In this

regard the biological activity of w-GsTx SIA is very similar to

that of neomycin, except that w-GsTx SIA is approximately 3

orders of magnitude more potent. Although not evaluated in all

of these assays, w-CmTx MVIIC may be similarly nonselective,
because it has been shown electrophysiologically to block N-

and P-type VSCC (14) and biochemically to inhibit K4-evoked
rat synaptosomal 45Ca2� influx (14) as well as K�-evoked release
of [3H]NE from rat hippocampal slices (42). In contrast to w-

GsTx SIA, however, neomycin and o,-CgTx MVIIC are effective
inhibitors of ‘251-w-CgTx GVIA binding. To our knowledge, w-

GsTx SIA is unique in its ability to inhibit N-channel function
(e.g., chick synaptosomal 45Ca2� influx and evoked release of

[3H]NE from chick brain slices) without displacing lssI�w�CgTx
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GVIA from neuronal membrane fragments. Additionally, bind-
ing studies have revealed that w-Aga-IVA does not interact

with the 125I-CU-CmTx MVIIC site (14), suggesting that the
inhibitory effects of these peptides on P-channel function are
mediated by distinct binding sites. Preliminary studies have
shown that w-GsTx SIA does not inhibit either w-’251-Aga-IVA
or ‘25I-w-CmTx MVIIC binding.’ These preliminary observa-
tions suggest that the inhibition of rat synaptosomal VSCC
elicited by these peptides results from interactions with at least
three modulatory sites.

In addition to a lack of effect on �ssI�w�CgTx GVIA binding,

w-GsTx SIA (800 nM) was ineffective in inhibiting the binding
ofthe L-channelligands [3H]PN 200-110 and [‘H]desmethoxy-
verapamil to rat synaptosomal membrane fragments (34).

Other functional studies demonstrated that w-GsTx SIA (800
nM) was inactive against 1) K�-evoked contractions ofrat aorta,
a model of vascular L-type VSCC activity (34), 2) invertebrate
pre- and postsynaptic VSCC at the neuromuscular junction,’
and 3) calcium-dependent, carbachol-evoked increase of phos-
phoinositide turnover in SY-N-SH neuroblastoma cells.3 Thus,
at this time, the actions of w-GsTx SIA appear to be limited to
mammalian and avian neuronal VSCC.

In conclusion, the peptide w-GsTx SIA represents a novel

inhibitor of neuronal VSCC that is capable ofblocking neuronal

N- and P-type VSCC responses. Indirect evidence suggests that
w-GsTx SIA may also inhibit neuronal non-L/non-N/non-P-
type VSCC responses. Currently there is no compelling evi-

dence from either binding or functional studies to suggest that
w-GsTx SIA inhibits either neuronal or non-neuronal L-type
VSCC. Electrophysiological analyses of tail currents in primary
neuronal cultures are in progress to directly address this issue.

Thus, although current studies are incomplete, available infor-
mation suggests that w-GsTx has no effect on non-neuronal
VSCC. The nonselective nature of w-GsTx effects on N- and
P-type VSCC responses suggests that the toxin may interact

with a regulatory site that is common to these neuronal high-

threshold VSCC. Studies are ongoing to address this issue.
Knowledge of the effects of w-GsTx SIA on cloned VSCC would

be beneficial to this investigation.
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