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v-Grammotoxin SIA (GrTx) is a 36 amino acid residue protein toxin from
spider venom that inhibits P/Q and N-type voltage-gated Ca2þ channels
by modifying voltage-dependent gating. We determined the three-dimen-
sional structure of GrTx using NMR spectroscopy. The toxin adopts an
“inhibitor cystine knot” motif composed of two b-strands (Leu19-Cys21
and Cys30-Trp32) and a b-bulge (Trp6, Gly7-Cys30) with a þ2x, 21
topology, which are connected by four chain reversals. Although GrTx
was originally identified as an inhibitor of voltage-gated Ca2þ channel, it
also binds to Kþ channels with lower affinity. A similar cross-reaction
was observed for Hanatoxin1 (HaTx), which binds to the voltage-sensing
domains of Kþ and Ca2þ channels with different affinities. A detailed
comparison of the GrTx and HaTx structures identifies a conserved face
containing a large hydrophobic patch surrounded by positively charged
residues. The slight differences in the surface shape, which result from
the orientation of the surface aromatic residues and/or the distribution
of the charged residues, may explain the differences in the binding affinity
of these gating modifiers with different voltage-gated ion channels.
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Introduction

Voltage-gated channels are expressed by many
cells and play a crucial role in regulating mem-
brane potential and various cellular functions.
A variety of toxins isolated from scorpions, snakes,
snails, and insects are known to inhibit voltage-
gated channels. In many instances, these toxins
interact quite selectively with specific channel
types and thus have been useful pharmacological

tools for investigating channel structure and func-
tion and for evaluating specific channels as targets
for drug development. The structure determination
of these toxins provides a foundation for investi-
gating the molecular basis of toxin binding and
selectivity and for the design of drugs affecting
nervous system function.

Toxins that interact with voltage-gated ion
channels can be distinguished into two basic
types: pore blockers and gating modifiers. Pore
blockers are thought to bind to the central pore
region of the channel and to inhibit by physically
occluding the ion-conducting pore.1 The three-
dimensional structures of many pore blockers
have been determined using NMR.2 – 9 Although
pore-blocking toxins can interact with the same
ion selective pores in channels with different
gating mechanisms,10 they do not cross-react
between channels with different ion selectivity
filters. It is therefore not surprising that few
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structural similarities exist between pore blockers
that interact with channels containing different ion
selectivity filters.11– 19

A number of gating modifier toxins target the
voltage-sensing region within the extracellular
border of the channels a-subunit and alter
voltage-dependent gating.20 – 24 The structures of
several Naþ channel gating modifiers including
the a and b-scorpion toxins and the sea anemone
toxins have been determined.25,26 As for the Kþ

channel, the structure of Hanatoxin1 (HaTx), a
gating modifier of the drk1 Kþ channel,20,27 was
determined in our previous study.28 A comparison
of the structures of the Naþ and Kþ channel gating
modifiers suggests that a conserved motif, consist-
ing of a hydrophobic patch surrounded by posi-
tively charged residues, may be functionally
important for the binding activity of these gating
modifiers.25,26,28

v-Grammotoxin SIA (GrTx) is a 36-amino-acid
gating modifier that was first identified as an
inhibitor of the P/Q and N-type voltage-gated
Ca2þ channels.27,29 – 31 However, GrTx is closely
related to HaTx (42% sequence identity) and both
toxins cross-reactive with Ca2þ and Kþ channels.32

Mapping studies in the drk1 voltage-gated Kþ

channel suggest that both GrTx and HaTx interact
with the C terminus of S3, a region that is con-
served in several repeats of both P/Q and N-type
Ca2þ channels.21,32 Although these observations
argue for a common binding site on the Kþ and
Ca2þ channels, the affinities of GrTx and HaTx for
these channels vary considerably. The binding con-
stant of HaTx to the Kþ channel is about 200-fold
higher than that of GrTx, whereas GrTx binds to
the Ca2þ channel with much higher affinity than
HaTx.32 A comparison of the three-dimensional
structures of these two toxins would help one to
clarify the structural basis of this interesting cross-
reactivity and selectivity. In the present study, we
determined the solution structure of GrTx using
proton nuclear magnetic resonance (1H-NMR)
spectroscopy along with dynamical simulated
annealing calculations. On the basis of the struc-
ture, we discuss the structure–function relation-
ships between GrTx and HaTx to better
understand their different selectivities for voltage-
gated ion channels.

Results and Discussion

Characterization of synthetic GrTx

We studied the interaction of synthetic GrTx
with the a1A voltage-activated calcium channel
expressed in Xenopus oocytes using two-electrode
voltage clamp recording techniques. The calcium
channel was activated by moderate strength
depolarization of the membrane, repeated at ten-
second intervals, before and after adding the toxin
to the recording chamber. At a concentration of
200 nM, synthetic GrTx produced complete

inhibition of calcium channel currents elicited by
depolarization to 215 mV (Figure 1(a), left). Even
with these relatively high toxin concentrations, the
onset of inhibition by the toxin was rather slow,
occurring with a time constant of ,30 seconds
(Figure 1(b)). Lower concentrations of toxin
(25 nM) inhibited the calcium channel by 90%, but
with much slower kinetics (ton , 200 seconds).
The slow apparent binding kinetics observed with
sub-saturating concentrations of toxin made it
very difficult to reach equilibrium and therefore
to examine the concentration dependence for
inhibition by the toxin. Nevertheless, the extent of
inhibition observed at 25 nM indicates that the
binding affinity of the synthetic toxin must be in
the low nM range or less. Similar results have
been observed with GrTx inhibition of native
calcium channels.31

Like other gating modifier toxins, GrTx is known
to inhibit voltage-activated calcium channels by
shifting activation to more depolarized voltages.
One rather unique hallmark of GrTx is that calcium
channel currents elicited by strong depolarization
can be larger in the presence of the toxin when
compared to control conditions, possibly due to
an increased maximal open probability for the
toxin bound channel.31 Figure 1(c) shows the vol-
tage dependence for the effects of synthetic GrTx
on the a1A calcium channel. While the toxin
produced complete inhibition of the channel at
negative voltages (230 to þ40 mV), large depolari-
zations (þ100 mV) resulted in macroscopic
currents through the toxin bound channels that
are larger than recorded for control channels. In
addition, the activation kinetics following strong
depolarizations were significantly slower for the
toxin bound channels (Figure 1(a), right). All
of these voltage-dependent properties are similar
to those previously reported for the interaction
between GrTx and native P-type calcium
channels.31

Structure calculations

We established the sequence-specific resonance
assignments for all of the observed protons in
GrTx according to standard method for small
proteins.33 On the basis of the established
sequence-specific assignments, we carefully ana-
lyzed the NOE cross-peaks on the NOESY spectra
and translated them into four classes of 536
distance constraints for the structural calculations.
In addition, three distance constraints for disulfide
bonds and ten distance constraints relating to
hydrogen bonds, which were unambiguously
determined in the initial runs of the structural
calculations, were also used in the structural
calculation. The disulfide bond patterns were
determined to be Cys2-Cys16, Cys9-Cys21, and
Cys15-Cys30, which are the most agreeable with
the experimental data and the most rationally
folded without serious bad contact. For the hydro-
gen bonds, out of the 11 slowly exchanging protons
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of the main chain amide groups that were observed
in the hydrogen–deuterium (H–2H) exchange
experiments, five hydrogen-bonding pairs
were unambiguously determined: (Cys9(HN)–
Asn28(CO), Cys16(HN)–Val3(CO), Ala20(HN)–
Val31(CO), Cys30(HN)–Gly7(CO), and Val31(HN)–
Ala20(CO)). For the backbone f torsion angles, 13
constraints were applied: three residues with
3JNa , 5.5 Hz (Cys2, Lys8, and Ser35) were con-
strained to f ¼ [2908, 2408], and ten residues
with 3JNa . 8.0 Hz (Cys9, Ser10, Cys16, Leu19,
Ala20, Cys21, Ser23, Lys24, Cys30, and Val31)
were constrained to f ¼ [21608, 2808]. For the x1

torsion angles seven constraints were used. The
torsion angle for Ser35 fell to x1 ¼ [08, 1208], those
for Cys16 and Pro17 fell to x1 ¼ [1208, 2408], and
the others (His18, Cys21, Trp25, and Trp32) fell to
x1 ¼ [21208, 08].

To determine the solution structure of GrTx, we
carried out the simulated annealing calculations
starting with 100 initial random structures, and
obtained 69 acceptable structures with no viola-
tions .0.5 Å for the distance constraint and .5.08
for the angle constraint. From these structures,
we have chosen the 20 final converged structures
with the lowest X-PLOR energy. The evaluated
structural statistics for these 20 converged struc-
tures are summarized in Table 1. The low values
of the Lennard-Jones van der Waals energy and
the small deviations from the idealized covalent
geometry indicate the absence of serious bad
contact and distortion in the converged structures.
Figure 2(a) shows the best-fit superposition of the
backbone atoms (N, Ca, and C) for the 20 final con-
verged structures. The N-terminal residue (Asp1),
C-terminal segment (Asp33-Val36), and two loop
regions (Ser10-Cys15 and Lys22-Asn28) showed
some apparent deviations among the obtained
structures. The remaining part of the structures
and the disulfide bonds of Cys9-Cys21, Cys15-
Cys30 were well defined, with root mean square
differences of 0.27 Å for the backbone atoms and
0.96 Å for all heavy atoms. In the Ramachandran
plot for the defined segments, 57.5% of the back-
bone dihedral angles fell in the most favored
region and the remaining were in the generally
allowed regions.

Description of structures

Figure 2(c) shows the ribbon representation of
the secondary structures in GrTx. GrTx contains
two b-strands (Leu19-Cys21 and Cys30-Trp32) and
a “classic type” b-bulge structure at (Trp6, Gly7)-
Cys30, which are stabilized by three disulfide
bonds.34 In the b-strands and the b-bulge structure,
slow H–D exchange rates of the amide protons
were observed for Ala20 and Asn31 and for Trp6,
Gly7, and Cys30, respectively. These observations
indicate the existence of the hydrogen-bond
network within the structures. Considering the
b-bulge as a modified b-strand, GrTx is classified
into the topology of þ2x, 21.34 The topology of

Figure 1. Voltage-dependent inhibition of the a1A

calcium channel by synthetic GrTx. (a) Currents elicited
by depolarization to 215 mV (left) or þ100 mV (right)
in either the absence and presence of 200 nM GrTx.
Extracellular charge carrier was 1 mM Ba2þ and intra-
cellular charge carrier was endogenous Kþ (,100 mM).
Leak and capacitive currents have been isolated and sub-
tracted using 100 mM Cd to block Ca2þ channel currents.
Holding voltage was 290 mV and tail voltage was
260 mV. (b) Time-course for inhibition by GrTx. Steady-
state Ba2þ current elicited by depolarizations to 215 mV
at 10-second intervals before and after the application of
toxin. Inward Ba2þ currents were measured 10 ms after
depolarization. Same cell as in (a). (c) Steady-state Ca2þ

channel currents elicited by depolarization to various
membrane voltages before and after the application of
200 nM GrTx. Current measurements were made 28 ms
after depolarization. Same cell as in (a).
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þ2x, 2 l is also observed in the Ca2þ channel pore
blocker v-conotoxins5 – 10 or the Ca2þ channel gating
modifier v-agatoxins,35 – 38 but is distinct from the
two b-stranded motif observed for the Kþ channel

gating modifier HaTx,28 all of which have the
same disulfide bonding patterns similar to GrTx.

In GrTx, there are four chain reversals, the seg-
ments of Arg4-Gly7 (turn 1), Gln11-Asp14 (turn 2),

Figure 2. Converged structures
of GrTX. (a) Stereo pairs of the
backbone heavy atoms (N, Ca,
and C) for the 20 final converged
structures. These are the best-fit
superpositions of the backbone
heavy atoms for the central part
(residues 2–9, 16–21, and 29–32)
of the molecules. The side-chains
of the cysteine residues are
shown and colored in orange.
The side-chains of the central
core residues (Leu19, Ile29, and
Val31), and the surface aromatic
residues (Phe5, Trp6, and Trp32)
are also represented in green and
magenta, respectively. (b) Stereo
pairs of the backbone heavy
atoms (N, Ca, and C) for the loop
from residues 22–29. These are
the best-fit superpositions of the
backbone heavy atoms for the
turn 3 segment (residues 23–26).
The side-chains of two hydro-
phobic residues (Trp25 and
Pro26) are also represented in
magenta. The side-chain of Ser23
and the amide group of Ile29,

which make hydrogen bond within the loop region, are represented in cyan. (c) Ribbon representation of the backbone
peptide folding of GrTx (the lowest X-PLOR-energy structure). The structure topology of the double-stranded anti-
parallel b-sheet was identified by MOLMOL.62

Table 1. Structural statistics for the 20 lowest energy structures

RMS deviation from experimental distance constraints (Å)a,b (536) 0.018 ^ 0.001
RMS deviation from experimental dihedral constraints (deg.)a (20) 0.907 ^ 0.085

Energetic statistics (kcal/mol)c

FNOE 9.15 ^ 0.83
Ftor 1.02 ^ 0.19
Frepel 9.17 ^ 0.57
EL-J 294.0 ^ 12.1

RMS deviation from idealized geometry
Bonds (Å) 0.002 ^ 0.00004
Angles (deg.) 0.610 ^ 0.005
Impropers (deg.) 0.439 ^ 0.014

Ramachandran analysis (residues 2–9, 16–21, 29–32)d

Most favored regions (%) 57.5
Additionally allowed regions (%) 52.5
Generously allowed regions (%) 0.0
Disallowed regions (%) 0.0

Average pairwise RMS difference (Å)
Backbone (N, Ca, C) (residues 2–9, 16–21, 29–32) 0.27 ^ 0.08
All heavy atoms (residues 2–9, 16–21, 29–32) 0.96 ^ 0.20

None of these 20 structures exhibited distance violation .0.5 Å or dihedral angle violations .58.
a The number of each experimental constraint used in the calculations is given in parentheses.
b Distance restraints consisted of 180 intraresidue, 151 sequential, 48 medium range (2 # li 2 jl # 4), and 157 long range NOE

restraints.
c FNOE, Ftor, and Frepel are energies related to the NOE violations, the torsion angle violations, and van der Waals repulsion term,

respectively. The values of the force constraints used for these terms are the standard values as depicted in the X-PLOR 3.1 Manual.57

EL-J is the Lennard-Jones van der Waals energy calculated with the CHARMm empirical energy function.63 EL-J was not used in the
dynamical simulated annealing calculations.

d The program PROCHECK-NMR61 was used to assess the stereochemical quality of the structures.
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Cys16-Leu19 (turn 3), and Ser23-Pro26 (turn 4).
Turn 1 is classified as type IV, a miscellaneous cat-
egory. There is no hydrogen bonding within the
turn conformation. Turn 2 is disordered and has
no significant secondary structure. Turn 3 forms a

type I b-turn, in which the average dihedral angles
for Pro17 and His18 are c2 ¼ 2118; f3 ¼ 2898; and
c3 ¼ 148; respectively. In this turn, the Cys16
oxygen is hydrogen bonded to the Leu19 amide,
and a slow H– 2H exchange rate of the Leu19

Figure 3. Comparisons of the structures between GrTx and HaTx. (a) Surface profiles of GrTx. The left and right
Figures are the 1808 rotations about the vertical axis relative to each other. (b) Surface profile of HaTx.28 Comparison
of the hydrophobic patches and some interesting charged residues between (c) GrTx and (d) HaTx. Hydrophobic resi-
dues (Ala, Cys, Gly, Ile, Leu, Phe, Pro, Trp, Tyr, and Val) are colored in green, and basic (Arg and Lys) and acidic (Asp)
residues are colored in blue and red, respectively. The other residues are colored in white. The residues in the hydro-
phobic patch and the surrounding charged residues are labeled and highlighted by bold characters. Other highly
exposed residues are also indicated. (e) Comparative arrangements of the amino acid sequences of GrTx and HaTx.
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amide is observed in the H– 2H exchange experi-
ment. Turn 4 is classified as type VII, with c2 ¼
358; and f3 ¼ 1728: Turn 4 is part of a long loop
from Lys22 to Ile29. As shown in Figure 2(b), this
loop fits well in the turn 4 segment, but the hinge-
like disorder found in Lys22 and Asn28 does not
define the relative position of the loop with respect
to the other part of the molecule. In this loop, the
Ser23 Og likely form a hydrogen bond between the
amide proton of Ile29 in 13 of the 20 converged
structures.

There are two more hydrogen bonds in the
converged structures of GrTx, i.e. the hydrogen
bond between the amide proton of Cys16 and the
oxygen of Val3, and that between the oxygen of
His18 and the amide proton of Asn33. The slow
exchange rate for Cys16 and the relatively slow
exchange rate for Asn33 support the existence of
these hydrogen bonds. The hydrogen bond
between the amide proton of Cys16 and the
oxygen of Val3 stabilizes the N-terminal segment
(Asp1-Arg4), together with the disulfide bridge
between Cys2 and Cys16. The hydrogen bond
between the oxygen of His18 and the amide proton
of Asn33 fixes the orientation of the side-chain of
Asn33, which is oriented opposite to the aromatic
ring of Trp32.

In the converged structures of GrTx, two disul-
fide bridges Cys9-Cys21 and Cys15-Cys30, and the
side-chains of residues Leu19, Ile29, and Val31 are
well defined and form the hydrophobic core in
GrTx. The orientations of the surface aromatic
rings, i.e. the phenyl ring of Phe5 and the indole
rings of Trp6 and Trp32, are also well determined.
As shown in Figure 2(a), these aromatic rings are
stacked in-line with each other and form a signifi-
cant profile on the surface of GrTx. The phenyl
ring of Phe5 has a “staggered” stacking on the
indole ring of Trp6. The indole ring of Trp32 has a
“tilted” stacking on the phenyl ring of Phe5.
This “tilted” stacking induces an aromatic–aro-
matic interaction between the positively polarized
hydrogen of Trp32 and the cloud of p-electrons of
Phe5, which stabilizes the orientation of the two
aromatic rings by ,1 kcal/mol.39,40 The phenyl
ring of Phe5 is also stacked on Leu19, and the
indole ring of Trp6 is stacked on Ile29.

Surface profile of GrTx

Figure 3(a) shows the surface profile of GrTx. On
the surface of GrTx, there exist five positively
charged residues (Arg4, Lys8, Lys22, Lys24, and
Arg27), three negatively charged residues (Asp1,
Asp14, and Asp33), and interestingly, some hydro-
phobic residues that are highly exposed to the
solvent (Val3, Phe5, Trp6, Pro17, Trp25, Trp32, and
Val36, .30% of the side-chain is exposed). Most of
these highly exposed hydrophobic residues (Val3,
Phe5, Trp6, Trp25, and Trp32) are gathered on one
surface of the structure (Figure 3(a), left), and
compose a large hydrophobic patch with the par-
tially exposed hydrophobic residues (Ile29, and

Val31, .15% of the side-chain is exposed). Five
basic residues (Arg4, Lys8, Lys22, Lys24, and
Arg27) are arranged around the edge of the
hydrophobic patch.

The clustering of the unusually exposed hydro-
phobic patch and the surrounding positively
charged residues is a significant feature of the
GrTx surface. In addition, there is no negatively
charged residue on the same surface of the hydro-
phobic patch. The opposite side of GrTx is mainly
composed of charged and polar residues, and has
no remarkable structural features.

In the previous paper, we pointed out that the
surface motif of a hydrophobic patch surrounded
by positively charged residues on gating modifier
toxins may be responsible for binding to voltage-
dependent channels.28 A comparison of the sur-
faces of GrTx and HaTx show that the hydrophobic
patch and surrounding positively charged residues
are conserved on both toxins. In addition, the
special distributions within the motif are also well
conserved (Figure 3(a) and (b)). For instance,
Phe5, Trp6, Ile29, Val31, and Trp32 in GrTx occupy
the corresponding places of Leu5, Phe6, Tyr27,
Ala29, and Trp30 in HaTx, respectively. As for the
basic residues, Lys22, Lys24, and Arg27 in GrTx
are in the corresponding places of Lys22, Arg24,
and Lys26 in HaTx. From this comparison, we
suggest that the face of GrTx containing Phe5,
Trp6, Lys22, Arg24, Arg27, Ile29, Val31, and Trp32
may interface directly with the voltage-sensing
domains in voltage-gated channels.

Structure–function relationships between GrTx
and HaTx

GrTx binds to P/Q and N-type voltage-gated
Ca2þ channels with high affinity,27,29 – 31 but binds
to the drkl voltage-gated Kþ channel with low
affinity. HaTx has an opposite selectivity, binding
tightly to Kþ channels and weakly to Ca2þ

channels.32 Figure 3(c) and (d) shows a comparison
of the orientations of residues within the
hydrophobic patch on the surfaces of GrTx and
HaTx that we propose interface with voltage-
gated channels. The orientations of the side-chain
of Trp32 in GrTx and that of Trp30, the correspond-
ing residue in HaTx, are different. The x1 angle of
Trp32 in GrTx is 139.9 ^ 1.78, while that of Trp30
in HaTx is 264.6 ^ 5.88. In GrTx, the aromatic–
aromatic interaction and the atomic contact
between Phe5 and Trp32 render the conformation
of Trp32 an “open” conformation. Phe5 in GrTx is
replaced with the hydrophobic but less bulky
Leu5 residue in HaTx. In HaTx, the aromatic–
aromatic interaction and the atomic contact found
in GrTx are broken, and Trp30 takes a “closed”
conformation that directly interacts with the Leu5.
This conformational difference might result in the
difference in binding affinities of GrTx and HaTx
for voltage-gated ion channels.

The different binding affinities of GrTx and
HaTx to Kþ and Ca2þ channels might also involve
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small but significant difference in the distribution
of the charged residues. For example, Val3, Arg4,
and Trp25 in GrTx are replaced with Arg3, Tyr4,
Asp25, respectively, in HaTx. Also, the orientation
of the side-chain of Asp residues is different
between Asp33 in GrTx and Asp31 in HaTx. As
shown in Figure 3(a), left, these replacements lead
to the loss of a negative charge and the addition of
a positive charge on the surface of GrTx, compared
to the equivalent region on HaTx.

Conclusion

In the present study, the three-dimensional struc-
ture of a gating modifier, GrTx, has been deter-
mined by NMR. We find that GrTx possesses a
surface that is very similar to the face of HaTx
that has previously been proposed to interface
with the voltage-sensing domains in voltage-gated
Kþ channels. The observed similarities between
GrTx and HaTx are consistent with the observed
cross-reactivity of these two toxins with voltage-
gated Kþ and Ca2þ channels. A detailed compari-
son between GrTx and HaTx reveals that there
are subtle, but significant, differences in the shape
of the binding surface and the distribution of
the charged residues in this region. These subtle
structural differences may explain the different
affinities of GrTx and HaTx for Kþ and Ca2þ

channels.

Materials and Methods

Sample preparation

The linear precursor of GrTx was chemically syn-
thesized by a solid-phase methodology and then was
oxidized into the native folding as previously
described.29 The synthetic GrTx has the identical proper-
ties and potency as that purified from Chilean tarantula
(Grammostola spatulata ) venom.41 The amino acid
sequence of the linear precursor of GrTx (H2N-DCVRFW-
GKCSQTSDCCPHLACKSKWPRNICVWDGSV-COOH)
was confirmed by an amino acid analysis and a FAB-
MASS measurement. The purity of the synthetic GrTx
was confirmed by reverse phase HPLC.

Chemical reduction of GrTx indicated the presence of
three disulfide bridges.29 However, because of the diffi-
culty in applying the methods using selective proteoly-
sis, no information was available for the disulfide
bridging pattern of GrTx.

Molecular biology

cDNAs encoding rabbit brain a1A (BI-1),42 rat brain
blb

43 and rabbit skeletal muscle a2d
44 were kindly pro-

vided by Lutz Birnbaumer (UCLA, Los Angeles, CA) in
the pAGA2 vector.45 a1A and a2d were linearized with
Xho I and b1b was linearized with HindIII. All subunits
were transcribed using T7 RNA polymerase.

Electrophysiology

Oocytes from Xenopus laevis frogs were removed sur-
gically and incubated with agitation for 1.5 hours in a
solution containing NaCl (82.5 mM), KCl (2.5 mM),
MgCl2 (1 mM), Hepes (5 mM), collagenase (2 mg/ml;
Worthington Biochemical Corp.), pH 7.6 with NaOH.
Defolliculated oocytes were injected with cRNA and
incubated at 17 8C in a solution containing NaCl
(96 mM), KCl (2 mM), MgCl2 (1 mM), CaCl2 (1.8 mM),
Hepes (5 mM), gentamicin (50 mg/ml; Gibco BRL), pH
7.6 with NaOH for 1–7 days prior to electrophysiological
recording. Approximately equal quantities (,10–100 ng)
of cRNA for a1A, b1b and a2d subunits were injected in
each oocyte. Oocyte membrane voltage was controlled
using an OC-725C oocyte clamp (Warner Instruments).
Data were filtered at 2 kHz (8-pole Bessel) and digitized
at 10 kHz. Microelectrode resistances were 0.1–0.8 MV
when filled with 3 M KCl. Oocytes were studied in 160–
200 ml recording chambers perfused with a solution con-
taining BaOH2 (1 mM), NaCH3SO3 (100 mM), Hepes
(10 mM), pH 7.6 with NaOH. Contamination of Ca2þ

activated Cl2 current was minimized by recording in
Cl2 free solution and recording Ba2þ currents
usually less than 2 mA (mostly ,1 mA). Agar salt bridges
containing 1 M NaCl were used to connect the ground
electrode pools and the recording chamber. All
experiments were carried out at room temperature
(,22–25 8C).

NMR experiments

For the NMR experiment, 4 mg of GrTx were dis-
solved in 400 ml of H2O containing 10% (v/v) 2H2O
adjusted to pH 3.5 with HCl. The final peptide concen-
tration of the sample was 2.4 mM. NMR spectra were
recorded on JEOL a-500 and Bruker DRX 600 spectro-
meters. All two-dimensional NMR experiments, i.e.
DQF-COSY, E.COSY, HOHAHA, and NOESY, were
performed using standard pulse sequences and phase
cycling.46 – 50 In a typical experiment, 800 increments of
2 K data points were recorded. For DQF-COSY and
E.COSY, 4 K data points were recorded for an accurate
estimation of the 3J coupling. Spectral widths were
12 ppm. The HOHAHA spectrum was recorded at
283 K with a mixing time of 80 ms. The NOESY spectra
were recorded at 283 K and 300 K with mixing times of
80 ms, 150 ms, and 250 ms. The HOHAHA and NOESY
experiments include the Watergate scheme for water
suppression.51 The DQF-COSY and E.COSY experiments
were carried out at 283 K using a low-power irradiation
of the water frequency during the relaxation delay (1.3
seconds) for water suppression. Slowly exchanging
backbone amide protons of the main chain amide groups
were identified by analyses of a series of the HOHAHA
spectra recorded at 278 K. Immediately after the lyophil-
ized sample was dissolved in 2H2O, the sample was
inserted into the pre-shimmed NMR probe, and four
sets of 4 hour HOHAHA experiments were carried out.
Processing and analyses of the spectra were done using
the Bruker XWINNMR and ANSIG programs.52

Structure calculations

Interproton distance constraints were obtained from
the NOESY spectra recorded with mixing times of
80 ms, 150 ms, and 250 ms. The observed NOE data
were classified into four distance ranges, 1.8–2.7 Å, 1.8–
3.5 Å, 1.8–5.0 Å, and 1.8–6.0 Å, corresponding to strong,
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medium, weak, and very weak NOEs, respectively.
Pseudo-atoms were used for the methyl protons or the
non-stereospecifically assigned methylene and aromatic
protons.53 Correcting factors for the use of pseudo-
atoms were added to the distance constraints. In
addition, 0.5 Å was added to the distance constraints
involving methyl protons.54

Backbone dihedral angle constraints were determined
from the backbone NH–CaH coupling constants (3JNa),
which were estimated on the DQF-COSY spectrum. The
residues with 3JNa , 5.5 Hz were constrained to
f ¼ [2908, 2408], and the residues with 3JNa . 8.0 Hz
were constrained to f ¼ [21608, 2808]. To determine
the x1 torsion angle constraints, the CaH–CbH coupling
constants (3Jab) estimated from the E.COSY spectrum
and the intensity of the intraresidue NOE (Ha–Hb,
HN–Hb) were used. Each residue was classified into
three rotamers, according to the patterns of the 3Jab
coupling constants and the intensity of the intraresidue
NOE (Ha–Hb, HN–Hb).55,56 Residues that were classified
into g2g3, g2t3, and t2g3 were constrained to x1 ¼ [08, 1208],
[1208, 2408], and [21208, 08], respectively. The stereo-
specific assignments were also established for the
b-methylene protons of these residues.

The structural calculation was carried out with the
X-PLOR ver 3.1 program.57 The starting structures, with
randomized backbone f and c torsion angles and
randomized initial velocities for atoms, were ener-
getically optimized with two simulated annealing proto-
cols: the “dgsa” protocol and the following “refine”
protocol.

The disulfide bonding pattern and the hydrogen bond
acceptors for the slowly exchanging amide protons of
GrTx were identified during the structural determination
process. First, to determine the disulfide pairing of GrTx,
the initial run of the structural calculation was per-
formed with ambiguous distance restraints between the
Sg atoms, according to the strategy proposed by Nilges.58

After the disulfide pattern was determined by the
procedure, the Sg atoms within the disulfide bridges
were subjected to a constraint to the target values of
2.0–2.04 Å throughout the structural calculation, except
for the refinement process where they are covalently
attached to each other.

We then examined the obtained structure to identify
the hydrogen bond acceptor for the slowly exchanged
amide protons. This procedure was carried out accor-
ding to the strategy proposed by Fletcher et al.59,60 The
target distance constraint values for the determined
hydrogen bonds are 1.8–2.3 Å for HN(i )–O( j ) and
2.3–3.3 Å for N(i )–O( j ).

Final structural calculations were performed on all
interproton distance constraints derived from the
NOESY spectra, all dihedral angle constraints derived
from the coupling constants (DQF-COSY and E.COSY
experiments) and NOE measurements, the hydrogen-
bond restraints derived from the H–D exchange experi-
ments, and the disulfide bond restraints, which initially
were used as ambiguous restraints. We ran the 100 sets
of the final structural calculations with all of the deter-
mined structural constraints, and chose the 20 best
structures based on the X-PLOR energy for struc-
tural analysis. The structures were analyzed using
the PROCHECK-NMR61 and MOLMOL programs.62 The
solvent accessible surface areas for the side-
chains of amino acid residues were calculated with
the solvent radius of 1.4 Å using MOLMOL program.
Structural Figures were generated using the MOLMOL
program.

Protein Data Bank accession code

The coordinates of GrTx have been deposited in the
PCSB Protein Data Bank, accession code 1KOZ.
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