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Mechanosensitive channels (MSCs) play key roles in
sensory processing and have been implicated as pri-
mary transducers for a variety of cellular responses
ranging from osmosensing to gene expression. This pa-
per presents the first structures of any kind known to
interact specifically with MSCs. GsMTx-4 and GsMtx-2
are inhibitor cysteine knot peptides isolated from
venom of the tarantula, Grammostola spatulata
(Suchyna, T. M., Johnson, J. H., Hamer, K., Leykam, J. F.,
Gage, D. A,, Clemo, H. F., Baumgarten, C. M., and Sachs,
F. (2000) J. Gen. Physiol. 115, 583-598). Inhibition of cat-
ionic MSCs by the higher affinity GsMtx-4 (K;, ~500 nm)
reduced cell size in swollen and hypertrophic heart
cells, swelling-activated currents in astrocytes, and
stretch-induced arrhythmias in the heart. Despite the
relatively low affinity, no cross-reactivity has been
found with other channels. Using two-dimensional NMR
spectroscopy, we determined the solution structure of
GsMTx-4 and a lower affinity (GsMTx-2; K;, ~6 um) pep-
tide from the same venom. The dominant feature of the
two structures is a hydrophobic patch, utilizing most of
the aromatic residues and surrounded with charged res-
idues. The spatial arrangement of charged residues that
are unique to GsMTx-4 and GsMTx-2 may underlie the
selectivity of these peptides.

All cells are responsive to mechanical stimulation, and mech-
anosensitive ion channels (MSCs)! are the most sensitive
transducers (1). In higher animals, exteroceptors transduce ex-
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ternal stimuli such as sound, vibration, touch, and local grav-
ity, whereas interoceptors provide feedback for the voluntary
musculature and autonomic signals that provide information
on filling of the hollow organs (blood pressure regulation, filling
of the bladder, etc.). Interoceptors include cellular transducers
that permit local control of blood flow, dilation-induced changes
in heart rate, and regulation of cell volume and thirst; hormon-
al-coupled transducers that convert mechanical stimuli into
release of factors such as renin and atrial naturietic factor; and
autocrine and paracrine transducers that are responsible for
local secretion of agents such as endothelin and other growth
factors and gene regulators that affect cell division and cell
size, as in bone and muscle growth. MSCs are the only known
primary mechanical transducers and may drive many of these
processes. The three-dimensional structure of a bacterial MSC
is known (2), but in eukaryotes, the only MSCs that have been
cloned are a family of K" -selective channels (3—5). The number
of different subtypes of MSCs in eukaryotes is unknown. They
can be classified in a broad spectrum as stretch-activated chan-
nels (SACs) and stretch-inactivated channels. Some of each are
K" -selective, and others are nonselective cation channels (6).

Despite the widespread nature of mechanical transduction in
biology, no specific activator or inhibitors of MSCs have been
known until recently. Gd3" (10—20 um) inhibits SACs in both
plant and animal cells, suggesting a functional homology be-
tween the channels, but Gd®>* is not specific for SACs; nor can
it be considered a useful lead compound for the development of
therapeutic agents. Furthermore, it is not clear if the effects of
Gd3* are directly on SACs or mediated by a stiffening of mem-
brane lipids (7-9). Both amiloride (10—13) and some cationic
antibiotics (11) can inhibit SACs, but again they lack specific-
ity. Recently, we discovered a family of peptides from the
venom of the Chilean rose tarantula, Grammostola spatulata,
that inhibit SACs in astrocytes and heart cells. The more
potent of these toxins, GsMTx-4, not only blocks MSC currents
seen with patch clamp recording but exhibits effects at the
cellular level that appear to involve MSC activation. GsMTx-4
can reduce the cell size in swollen and hypertrophic heart cells,
decrease volume-activated currents in astrocytes (14), and in-
hibit stretch-induced arrhythmias in the heart (15).

We have determined the solution structure of GsMTx-4 and
a lower affinity inhibitor (GsMTx-2) using homonuclear and
heteronuclear two-dimensional NMR spectroscopy. The back-
bone folds of both peptides exhibit the inhibitor cysteine knot
(ICK) motif, which is characteristic of a family of invertebrate
toxins directed toward a variety of ion channels (16, 17) as well
as at least one mammalian protein (18). A dominant feature of
the structures is a hydrophobic patch, similar to that described
for Hanatoxin (19), encompassing most of the aromatic resi-
dues that have been suggested to be important for toxin-recep-
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tor interaction. As with Hanatoxin, MSC peptides have
charged residues surrounding the hydrophobic patch, but the
distribution of the charges differs between GsMTx-4 and
GsMTx-2, suggesting structural correlates that may account
for differences in affinity. Hanatoxin is ineffective on MSCs.
The ICK motif can be viewed as a well defined scaffold upon
which side chains are placed to produce specificity for a partic-
ular target. Knowing the structure of MSC-directed ICK pep-
tides, we can design modified structures that are labeled with
various indicators, peptides that have higher affinity, and pep-
tides that have differing specificity within the family of MSCs.
A high affinity tag may allow isolation of this very difficult
group of ion channels.

MATERIALS AND METHODS

Toxin Isolation—The method for venom fractionation and toxin iso-
lation is described in detail by Suchyna et al. (14). Briefly, G. spatulata
(Theraphosidae) spider venom was produced by an electrical milking
procedure (20) and stored at —80 °C. The venom was fractionated by
high performance liquid chromatography, incorporating Beckman Sys-
tem Gold 126 solvent delivery and 168 photodiode array detector mod-
ules (Beckman Instruments, Fullerton, CA) using linear gradients of
solvent A (0.1% trifluoroacetic acid in water) and solvent B (0.1%
trifluoroacetic acid in acetonitrile). A Zorbax RX-C8 (9.4 X 250 mm, 5
um, 300 A; Mac-Mod Analytical, Inc., Chadds Ford, PA) reversed-phase
column was used in conjunction with a 40-min linear gradient (15-55%
B) with a flow rate of 3.5 ml/min. Fractions were lyophilized and tested
for MSC blocking activity on outside-out patches. Fractions that tested
positive were further fractionated with slower gradients on a Vydac C18
column (10 X 250 mm, 5 um, 300 A; The Separations Group, Hesperia,
CA) until a single component was isolated that showed blocking activ-
ity. The purity of specific peaks was assessed by analytical chromatog-
raphy on a Jupiter C18 column (4.6 X 150 mm, 5 um, 300 A; Phenome-
nex, Torrance, CA) with a 40-min gradient of 20-28% B. The average
yield of GsMTx-4 and GsMTx-2 from several purifications was ~8 and
~24 mg/ml of venom fractionated, respectively. Thus, GsMTx-4 is at
least 2 mM in whole venom, whereas GsMTx-2 is at least 6 mm.

Mass Spectrometry—0.5 ul of the sample solution in 0.1% trifluoro-
acetic acid was mixed on the sample plate with 0.5 ul of a saturated
solution of 4-hydroxy-a-cyanocinnaminic acid in 50% acetonitrile, 0.1%
trifluoroacetic acid containing insulin as the internal calibrant. The
solution was air-dried before introduction into the mass spectrometer.
Spectra were acquired on a PerSeptive Voyager-DE STR matrix-as-
sisted laser desorption ionization time-of-flight instrument operated in
reflectron delayed extraction mode (200 ns). The instrument was
equipped with a nitrogen laser (3-ns pulse, 1950 power). The acceler-
ating potential was 25 kV, and the grid voltage was 72%.

Sequencing—The toxin was further purified by microbore reversed-
phase HPLC (0.8 X 250-mm C18 column, with a linear gradient from
15-70% B over 90 min, with a flow rate of 40 ul/min, monitored at 214
nm). The toxin peak was collected at 24.6 min. The HPLC fraction (~1
nmol) was dried down and taken up in 80 ul of 8 M guanidine-HCl, 100
mM Tris, 5 mM tributylphosphine at pH 8.5 and incubated for 8 h at
55 °C. N-Isopropyliodoactamide (1 mg in 20 ul of MeOH plus 80 ul of
Tris) was added, and the solution was incubated for an additional 2 h at
room temperature. The reduced and alkylated peptide was then de-
salted by HPLC on a C18 column as described above (elution time 30.1
min). N-terminal sequencing was carried out on an ABI 477 after
loading the reduced and alkylated peptide on polyvinylidene difluoride
membrane.

Digestion with BNPS-skatole was carried out by dissolving the puri-
fied reduced and alkylated peptide in 50 ul of 0.1% trifluoroacetic acid
and 15 pl of BNPS-skatole. The solution was incubated at room tem-
perature for 8 h. The digestion products were separated by HPLC as
described above. Two main peaks were collected and sequenced by
Edman degradation. Asp-N digestion was performed by dissolving the
purified reduced and alkylated peptide in 100 mm Tris, pH 8.0, and
treating with 1% (w/w) Asp-N for 20 h at 35 °C. The fragments were
separated and analyzed by mass spectrometry prior to Edman degra-
dation. For mass spectrometry, 1 ul of the sample solutions (intact toxin
or fragments) in 0.1% trifluoroacetic acid (or the HPLC elution solvent)
were mixed on the sample plate with 1 ul of a saturated solution of
4-hydroxy-a-cyanocinnamic acid in 50% acetonitrile, 0.1% trifluoroace-
tic acid. The solution was allowed to air-dry before being introduced into
the mass spectrometer.
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Astrocyte Cell Culture—Activated adult astrocytes isolated from gel-
atin-sponge implants taken from adult Sprague-Dawley rat brain were
generously provided by Dr. Thomas Langan (SUNY Buffalo) at passage
numbers 2—4. Astrocytes were maintained in Dulbecco’s modified Ea-
gle’s medium, 10% fetal bovine serum, and 1% penicillin/streptomycin
and were used in experiments between 2 and 5 days after passage. Cells
between passages 4 and 35 expressed SACs with the same properties.
Flat, polygonal, fibroblast-like cells and stellate cells were used.

Astrocyte Single Channel Patch Clamp—An Axopatch 200B (Axon
Instruments) amplifier was used for patch clamping, whereas experi-
mental protocols and data acquisition were controlled by Axon Instru-
ments pClamp8 software via a Digidata 1322A acquisition system.
Currents were sampled at 10 kHz and low pass-filtered at 2 kHz
through the four-pole Bessel filter on the Axopatch 200B. All potentials
are defined with respect to the extracellular surface. Electrodes were
pulled on a model PC-84 pipette puller (Brown-Flaming Instruments,
CA), painted with Sylgard 184 (Dow Corning Corp., Midland, MI) and
fire-polished. Electrodes were filled with KClI saline (140 mm KCl, 5 mMm
EGTA, 2 mm MgSO,, 10 mm Hepes, pH 7.3) and had resistances ranging
from 6 to 8 megaohms. Bath saline consisted of 140 mm NaCl, 5 mm KCl,
2 mm CaCl,, 0.5 mm MgSO,, 6 mM glucose, and 10 mm Hepes, pH 7.3.
Pressure and suction were applied to the pipette by a HSPC-1 pressure
clamp (ALA Scientific Instruments) controlled by the pClamp software.
Perfusion of toxin samples was performed by a pressurized local perfu-
sion system BPS-8 (ALA Scientific Instruments) with eight separate
channels. Off-line data analysis was performed with Clampfit and
Origin 6.1 software.

Diffusional Translation—In order to determine whether the proteins
were aggregated, the coefficients of self-diffusion (D,) for GsMTx2 and
GsMTx4 were measured using a longitudinal encode-decode pulse se-
quence (21) with the proteins lyophilized and resuspended in D,O.
Lysozyme was used as a standard control for slope calibration. D, for 2
mM lysozyme in a "H,O0/?H,0 mixture at 298 K was taken to be 1.08 X
10~ % cm? s~ (21). Data from experiments utilizing 10 different gradient
strengths, ranging from 4 to 60 gauss, were analyzed. Increments of ¥4,
V4, Y%, and % maximum were run in triplicate to provide estimates of
error in the exponential fit. Peak intensities were fit to the equation,

In(l) = In(Iy) + G*y*&*(A/3 — 8/3)D, (Eq. D

where I represents measured peak intensity, G is the gradient strength
in gauss/cm, v is the gyromagnetic ratio of protons (26,753 radian s—*
G™1), 8 is the length of the gradient pulse (1.5 ms), A is the diffusion
time between gradients (600 ms), and D, is the self-diffusion rate.

NMR Spectroscopy—Samples from the Vydac C18 column were ly-
ophilized and resuspended in distilled H,O to 2 mM toxin. The samples
were then titrated to pH 4.5, and D, O was added to 8%. A 250-ul aliquot
of the protein solution was transferred to a 5-mm Shigemi tube for NMR
spectroscopy. All experiments were performed on Varian Inova 600 and
500 spectrometers equipped with triple resonance Z-gradient probes at
the Cornell Biomolecular NMR Center. Data were collected in States-
TPPI mode (22) for quadrature detection. Homonuclear two-dimen-
sional NOESY (23), TOCSY (24), and COSY (25) spectra were obtained
at 5, 16, 20, 25, and 35 °C with presaturation during the recycle period
followed by SCUBA recovery (26). A DIPSI-2 (27) sequence of 60—90 ms
was used in the TOCSY experiments, and a 150-ms mixing period was
used in the NOESY experiments. Two-dimensional H,'® N HSQC and
TH,'3C HSQC (28) spectra were acquired with natural abundance pro-
teins. Data were processed either with a modification of version 2.3 of
Felix software (Accelrys, Inc.) or NMRPipe (29). Sparky (30) was used
for data visualization, assignments, and peak integration. Dihedral
angle constraints were obtained from the chemical shift index (31-33)
and from measurements of coupling constants using a two-dimensional
COSY experiment with 8192 points in t2. Stereospecific assignments
and y; constraints were determined using an exclusive COSY (34) and
the NOESY experiments.

Structure Calculation—Distance constraints for structural calcula-
tions were obtained from a series of two-dimensional homonuclear
NOESY experiments at 5-35 °C in either 90% H,0/10% D,O or 100%
D, 0. Distance constraints were classified into four categories according
to the intensity of the NOE cross-peak (<2.4, <3.4, <4.0, and <5.5 A).
On the basis of the chemical shift index and coupling constants from a
high resolution COSY experiment, backbone dihedral angles were con-
strained to favorable regions of ¢, space: a-helix, ¢, —80 = 30°; s,
—20 = 30° B-strand, ¢, —105 = 65°; s, 145 + 45° (35). x; constraints
and stereospecific assignments of B protons were made based on the
exclusive COSY and NOESY spectra (36). The distance and dihedral
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Fic. 1. Comparison of GsMTx-4 and GsMTx-2 association rates and homology with other ICK motif peptides. GsMTx-4 (A) and
GsMTx-2 (B) inhibition of average MSC currents from rat astrocyte outside-out patches held at —50 mV. A, control current (black) is the average
of 37 pressure steps ranging from 35 to 70 mm Hg, whereas the GsMTx-4 current (red) is the average of 29 pressure steps ranging from 38 to 80
mm Hg (n = 7 patches). B, control and GsMTx-2 currents; the average of 35 pressure steps ranging from 50 to 100 mm Hg (n = 5 patches). Black
bars, pressure application; red bars, indicate peptide application. Difference currents are shown on the right. The difference currents were fit with
a single exponential of the form I = I, + Ae” ““? (red curves), and the time constants (7) are shown below each curve. The steady state currents
(I) used to calculate K, were derived from the curve fit in the case of GsMTx-2, and the measured residual current from Fig. 6 in Ref. 14 for
GsMTx-4. C, sequences of GsMTx-2 and GsMTx-4 with the four most homologous toxins to GsMTx-4 listed in order of their similarity. Sequences
are aligned to show the ICK motif cysteine residues in boxes. Green shaded residues show conserved hydrophobic clusters that combine to form a
hydrophobic patch on the folded peptides. Blue and lavender residues on GsMTx-4, GsMTx-2 and Hanatoxin show the positive and negative
residues, respectively, that surround the hydrophobic face. Relative to GsMTx-4: TXP5, K* channel blocker (55), 40% identity and 54% similarity;
SNX-482, blocks E-type Ca?* channels (56), 40% identity and 49% similarity; o-GramTX S1A, blocks N-, P-, and Q-type Ca?* channels (not L-type)
(57), 34% identity and 46% similarity; Hanatoxin, K* channel blocker (58), 28% identity and 37% similarity; GsMTx-2, 11% identity and 28%
similarity.

restraints were used as inputs to determine preliminary structures
using the distance geometry/simulated annealing protocol in CNS 1.0
(Crystallography and NMR System) (37). Hydrogen bonding con-
straints were added in subsequent calculations based on deuterium

RESULTS

Comparison of MSC Blocking Activity—G. spatulata whole
venom was fractionated by reversed-phase HPLC, and frac-

exchange data, characteristic NOE patterns (see Fig. 3), and likely
hydrogen bonding partners determined from the preliminary struc-
tures. Three hundred structures were calculated using CNS, and the 20
lowest energy structures were aligned to the average structure using
XPLOR version 3.851 (38). The structures were visualized using Swiss-
PdbView (39) and analyzed using Procheck-NMR, Aqua (35), and NMR-
CLUST (40). The hydrogen-bonding pattern was verified by recalculat-
ing a set of 200 structures without the hydrogen bonding constraints.
The 20 lowest energy structures were analyzed. The NH and carbonyl
oxygens of the hydrogen bonding pairs were oriented correctly in almost
all structures, although in some cases, the distance between the NH
and oxygen was somewhat greater than that observed when the hydro-
gen bonding constraints were included in the calculation.

tions were superfused onto outside-out patches from rat astro-
cytes to assess MSC activity. Fractions that showed activity
were again fractionated on successively shallower gradients
until a single active component was isolated. Suchyna et al. (14)
described the properties and primary structure of GsMTx-4, a
peptide with the highest affinity of any known blocker of MSCs.
At a concentration of 5 um, GsMTx-4 blocked ~92% of the MSC
current with an association rate of 3.4 X 10° M~ ! s ! (Fig. 1A4).
The ratio of association and dissociation rates produced an
equilibrium constant of ~500 nM. A similar number resulted
from treating the reaction as a simple bimolecular reaction and
using the residual (steady state) current as a measure of the
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unbound fraction (see Figs. 5 and 6 in Suchyna et al. (14)).

The largest HPLC peak in Grammostola whole venom was
actually a complex of several peaks, one of which could block
MSCs but showed lower activity than GsMtx-4. The active peak
eluted at 21.5 min on a 15-50% acetonitrile 40-min linear
gradient (see Fig. 3A in Ref. 14). At 5 um, this peptide (desig-
nated GsMTx-2) blocks ~45% of the MSC current with an
association rate constant of 1.7 X 10° M~ ' s~ ! (Fig. 1B). As-
suming a single binding site, the ratio of the residual unblocked
steady state current (I) to the peak current in the absence of
toxin (1) is I/I, = 1/(1 + T/K},), where T is the toxin concen-
tration. For 5 um GsMTx-2, I/, is 0.55, giving a K, of ~6 uM.
Thus, the affinity of GsMTx-2 for astrocyte MSCs is ~12 times
lower than that of GsMTx-4.

Sequence Homology of Related Tarantula Toxins—The se-
quence of GsMTx-2 has less than 25% homology to GsMTx-4 as
shown at the bottom of the sequence alignment in Fig. 1C. The
four ICK tarantula peptides shown in the middle of Fig. 1C
have the highest sequence similarity to GsMTx-4 (and higher
than that of GsMTx-2) but are not mechanotoxins (toxins that
inhibit MSCs). Given that the peptides that are not mechano-
toxins have much higher sequence similarity to GsMTx-4 than
GsMTx-2, the structures of GsMTx-2 and GsMTx-4 may pro-
vide clues as to the origin of specificity for MSCs.

Of the peptide sequences shown, three-dimensional struc-
tures only exist for Hanatoxin, GsMTx-2, and GsMTx-4 (see
below). For these three peptides, the hydrophobic amino acids
that form a cluster on the surface of the three peptides are
shown in green (Fig. 1). Assuming structural homology, the
corresponding hydrophobic amino acids on the other three tox-
ins (TXP5, SNX-482, and w-GsTx-S1A) are also shown in green.
The hydrophobic patch of Hanatoxin has been suggested to be
part of the channel-binding domain, based on homology to
other toxins. The charged residues that surround the hydro-

phobic patch are shown in blue (+) and lavender (—), but since
their sequence positions vary significantly, the charges are only
marked on the toxins where structures are known.

Diffusion Measurements—In order to determine whether
GsMTx2 and GsMTx4 were aggregated in the samples used for
NMR spectroscopy, D, was measured at 500 MHz using a
pulsed field gradient method (21) with lysozyme as a standard.
Plots of In() versus G® (Equation 1) were linear over the range
of gradient strengths used for experiments for all three pro-
teins (the two toxins and lysozyme). The average D, for
GsMTx2 was 2.26 X 10 ¢ cm? s~ 1, and that for GsMTx4 was
2.22 X 10”8 cm? s 1. Using the known hydrodynamic radius of
lysozyme (R, = 20.5 A), R;, of GsMTx2 and GsMTx4 could be
estimated as ~12.8 and 13.3 A, respectively (41). These values
are what would be expected given the empirical relationship,
R, = 4.75n%%°, for the hydrodynamic radius of a globular
protein having n = 31 and 35 amino acids (41). Likewise, these
values are consistent with the overall shape and dimensions of
the calculated structures described below, confirming that, un-
der the conditions used, both toxins are monomeric.

Resonance Assignments and Torsion Angles—Sequence-spe-
cific resonance assignments (excluding the first residue) were
made for both peptides using both homonuclear and hetero-
nuclear experiments. A natural abundance 'H,'N HSQC ex-
periment provided a fingerprint of the amide nitrogen and
amide proton correlation for each residue except proline (Fig.
2). Homonuclear TOCSY, DQF-COSY, and NOESY experi-
ments were then used to do the bulk of the assignments, which
employed standard techniques (42). The assignments were as-
sisted by the analysis of a *H,'*C HSQC spectrum. Using the
proton chemical shifts in this spectrum, the peaks could be
assigned to a particular spin system by comparison with the
TOCSY experiment. The corresponding carbon chemical shift
of the C* and C” could then be used to aid in identification of
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Fic. 3. Summary of the assignments and secondary structure of GsMTx-4 and GsMTx-2. A, NOEs between backbone atoms used to
make sequential assignments are indicated with a line. Residues for which the amide proton-deuterium exchange was slower than 1 day are shown
with a dot. The arrows indicate the position of the 8 strands. B, schematic of the antiparallel 8 sheet in both GsMTx-4 and GsMTx-2. Amide protons
exhibiting slow exchange with solvent are circled. Observed NOEs are shown with arrows, and hydrogen bonds used in the structural calculations
(inferred from the NOEs and hydrogen-deuterium exchange) are shown with dashed arrows.

the amino acid type. Backbone NOEs used to make sequential
assignments and to aid in the assignment of hydrogen bonds
are summarized in Fig. 3A. Using chemical shift index analysis
and analysis of the high resolution DQF-COSY spectra, a total
of 14 (GsMTx-4) and 17 (GsMTx-2) ¢, distance constraints
were obtained.

Disulfide-bonding Pattern—Characteristic of the ICK motif,
both GsMTx-2 and GsMTx-4 exhibit three disulfide bonds in
relatively close proximity. For GsMTx-4, if the structures are
calculated without assuming a disulfide-bonding pattern, the
bond between Cys? and Cys'” can clearly be assigned due to the
proximity of the two side chains and an NOE between an H of
Cys? and an HP of Cys'”. Of the remaining four cysteines, Cys®
is positioned close to both Cys®® and Cys2? (3.69 = 0.32 A and
4.13 = 0.69 A, respectively). If one assumes a disulfide bond
between Cys® and Cys3°, then Cys'® and Cys?® would not be
positioned correctly to form a disulfide (9.51 = 0.99 A apart).
On the other hand, if Cys® formed a disulfide with Cys??, then
Cys®° could easily form a disulfide with Cys'®. This pattern is

supported by an observed NOE between an HF of Cys!® and an
HP of Cys®°. The lowest energy structures and lowest r.m.s.
deviations were obtained from structures with explicit disul-
fides between Cys®-Cys?® and Cys'®~Cys3° as opposed to the
two other possible patterns (Cys®-Cys3%/Cys'®—Cys?® and
Cys®—Cys!%/Cys?3—Cys®°). In order to test this pattern further,
structures were calculated, restraining the disulfide dihedral
to within +10° of the ideal values (i.e. 90 = 10° and —90 = 10°).
50 structures were calculated for each of three combinations of
disulfide bonds holding 2-17 constant (Cys®—Cys?3/Cys!®—
Cys®%, Cys®—Cys39/Cyst®~Cys?3, and Cys®-Cys'®/Cys?®-Cys®?)
and each of eight combinations of two dihedral constraints
(90 = 10° and —90 = 10°) on the three disulfides (i.e. 400
structures for each of the three disulfide-bonding patterns). For
Cys2—Cys!"/Cys®-Cys?%/Cys'®~Cys2?, less than 3% of the struc-
tures had no NOE violations, and all had relatively high overall
energies. Both Cys?>-Cys!”/Cys®~Cys??/Cys!6-Cys®® and Cys?-
Cys!"/Cys®—Cys'%/Cys?*~Cys®® produced structures with no
NOE violations (56 and 45% of the 400 structures, respective-
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ly), but the energies were 50% higher for the Cys?>~Cys!”/Cys®-
Cys!%/Cys?3—Cys®° structures. Thus, given the specific NOEs
between HF atoms, the distances between SY atoms in the
structures calculated without disulfide distance constraints,
and the overall energy terms with and without disulfide dihe-
dral constraints, the Cys2-Cys!”/Cys®-Cys?3/Cys!®~Cys®° pat-
tern was used for all subsequent refinement. Given this dihe-
dral bonding pattern, the dihedral angle for Cys'®—Cys®® could
be uniquely defined as approximately —90°, since the lowest
overall energies were produced with this constraint. The dihe-
dral angles for Cys2—Cys'” and Cys?-Cys?® were not as well
defined. Considering the structures calculated without disul-
fide dihedral constraints, the dihedral angles for Cys?—Cys!”
and Cys®-Cys?3 cluster in the range of 80—-120° for the majority
of the structures (80% for both Cys>—Cys!” and Cys?-Cys23),
whereas the remainder are either extended (—135° to —170°)
for Cys?~Cys'” or in the range of —95° to —105° for Cys®-Cys?3.
In the case of Cys'®~Cys?°, the disulfide dihedrals cluster in the
range of —70° to —110° for the majority of structures (65%),
whereas the remainder are extended, with none near 90°.
Given the propensity of Cys>~Cys'” and Cys®-Cys?® to cluster
near 90° and Cys'®—Cys®° to cluster near —90°, a final series of
200 structures were calculated with and without these disul-
fides constrained to within *+10° of the ideal values (i.e. 90 *+
10° for Cys®>~Cys'” and Cys®~Cys?® and —90 + 10° for Cys'®-
Cys®9). No significant differences in overall energy or r.m.s.
deviation were observed with these constraints or without
these constraints. In summary, the disulfide-bonding pattern
consisting of Cys?-Cys!”/Cys®-Cys?3/Cys'®~Cys®® was most
consistent with the data, with a disulfide dihedral for Cys'¢-
Cys® of approximately —90° and the dihedrals for Cys®~Cys2?
and Cys'®~Cys3° of approximately +90°.

A similar strategy was used to define the disulfide-bonding
pattern of GsMTx2, the pattern was even more apparent from
the differences in the quality of the structures. Both the Cys?—
Cys!® (homologous to Cys?>-Cys'” of GsMTx4) bond and the
Cys!®~Cys?® (homologous to Cys'®—Cys?° of GsMTx4) were ap-
parent from the structure calculated without assuming a dis-
ulfide-bonding pattern. Explicitly defining the Cys?-Cys!”,
Cys!®-Cys?®, Cys?-Cys?! pattern provided the lowest energy
structures of all those tested. Finally, restraining the disulfides
to within +10° of the ideal values produced lower energy struc-
tures for the Cys2—Cys!”?, Cys!®~Cys??, Cys®-Cys?! pattern, as
described above for GsMTx4, although within this disulfide-
bonding pattern, several combinations of dihedral angles pro-
duced low energy structures. Thus, the disulfide-bonding pat-
tern is conserved between GsMTx2 and GsMTx4 and is similar
to other ICK proteins (16).

Structural Analysis—Overlays of the 20 lowest energy struc-
tures of GsMTx-2 and GsMTx-4 are shown in Fig. 4A, and the
structural statistics are given in Table I. As discussed above,
the structures of both GsMTx-2 and GsMTx-4 have three di-
sulfide bonds (I-IV, II-V, III-VI,; see Figs. 1C and 3A) typical of
the ICK motif (16, 17) and exhibit a secondary structure (Figs.
3B and 4B) characteristic of other ICK proteins (e.g. w-cono-
toxin GVIA (43), a calcium channel blocker). The secondary
structure is composed of three B strands, two of which form an
antiparallel B sheet (Fig. 3B) and a third that crosses over the
first two (Fig. 4B). As is typical of the ICK motif, the disulfide
III-VI penetrates a ring formed by the other two disulfide
bonds. The N and C termini in both structures show some
disorder, which is a reflection of the lack of long range NOEs to
constrain this region of the protein. Likewise, in both proteins,
loops 2 and 4 are somewhat less well defined relative to the
remainder of the protein (Fig. 4A). Backbone dynamics studies
of a structurally related protein (precursor form of w-conotoxin

Structure of Mechanosensitive lon Channel Inhibitors

I loop 2 -

loop 4

..l;_l;lp 4

FiG. 4. Three-dimensional structures of GsMTx-4 and
GsMTx-2. A, overlay of the 20 lowest energy structures for both pep-
tides. The structures were superimposed using the backbone atoms
between the first and sixth cysteine. Deviations of the structure from
the average structure are given in Table I. The figure was prepared
using Swiss-PdbView (39). B, The most representative structure (40)
from each of the peptides is shown with the secondary structure indi-
cated. The figure was rendered using Molscript (59) and Raster3D (60).

MVIIA) (44) are consistent with chemical exchange processes
in the corresponding portions of the peptide. This would sug-
gest that at least two loops of the protein not directly involved
in secondary structure show mobility on the millisecond time
scale.

DISCUSSION

Homology among Structures Suggests Function—Although
none of the tarantula toxins shown in Fig. 1C have more than
50% sequence homology to GsMTx-4, two common features are
immediately apparent from the primary sequences: 1) the in-
tercysteine spacing requiring only a few space substitutions for
proper alignment and 2) the hydrophobic amino acids that form
two clusters at the ends of the peptides around a conserved
central leucine located two residues upstream of cysteine V
(Fig. 1C). Because the structure of Hanatoxin has been solved
(19) and its inhibitory function has been thoroughly studied
(45—-48), it can guide predictions about the structure and func-
tion of GsMTx-2 and GsMTx-4. However, it should be noted
that no mutagenesis studies have been reported on any of the
toxins listed in Fig. 1C to delineate their sensitive residues.
Hanatoxin and GsTx-S1A have both been shown to be gating
modifiers of their respective targets (49), but the inhibitory
mechanisms of GsMTx-2 and GsMTx-4 have not yet been
determined.

The distribution of charges on Hanatoxin shows a hydropho-
bic patch surrounded by charged residues that have been sug-
gested to interact directly with K™ channels. Identification of
this region as the binding interface is based on the structures of
other toxins that have been shown to modify gating and on
receptor mutagenesis studies (50). A similar hydrophobic patch
in GsMTx-2 and GsMTx-4 (Fig. 5A) is formed by the aromatic
residues in loop 1 and those surrounding cysteine VI (Fig. 1C).
All hydrophobic/aromatic residues in these three peptides con-
tribute to the hydrophobic patch. The patch may be involved in
the binding interface, but is unlikely to provide specificity for
binding to MSCs, since most of the hydrophobic amino acids are
spatially conserved among GsMTx-4, GsMTx-2, and Hanatoxin
(Fig. 5B, 0° orientation). The backbone folds of the three pep-
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TABLE I
Structural statistics
GsMTx-4 GsMTx-2
Coordinate precision® .
r.m.s. deviation CO, C%, N residues (A)Q” 0.61 + 0.20 0.56 = 0.15
r.m.s. deviation heavy atom residues (A) 1.17 £ 0.21 1.25 + 0.21
Statistics for structure calculation
r.m.s. deviation from experimental restraints
NOE distances (A) 0.024 = 0.001 0.020 = 0.003
Dihedral angles (degrees) 0.34 = 0.05 0.24 = 0.08
r.m.s. deviation over secondary structure
Bonds (A) 0.002 0.002 = 0.0002
+0.0001
Angles (degrees) 0.38 = 0.02 0.43 = 0.02
Impropers (degrees) 0.18 = 0.02 0.26 + 0.04
Procheck analysis
Most favored (%) 49.7 49.5
Additional allowed (%) 45.2 35.0
Generously allowed (%) 1.6 6.2
Disallowed region (%) 3.5 9.3

“ Determined from the 20 lowest energy structures relative to the average of the 20 structures calculated by XPLOR (38).
® r.m.s. deviations were calculated over residues 2-31 on GsMTx-4 and residues 2-25 on GsMTx-2.

A GsMTx-4

GsMTx-2 Hanatoxin

GsMTx4/( GsMTx4/1

L21 - Gsd
L19 - Htx

Fic. 5. Comparison of the GsMTx-4 structure with GsMTx-2
and with Hanatoxin, a homologous toxin ineffective on MSCs. A,
space-filling models of GsMTx-4, GsMTx-2, and Hanatoxin are shown.
Aromatic and hydrophobic residues are shown in green, positively
charged residues are shown in blue, and negatively charged residues
are shown in red. B, the backbones of Hanatoxin and GsMTx-2 (ma-
genta ribbons) are aligned with the backbone of GsMTx-4 (cyan rib-
bons). The three disulfide bonds are shown in yellow. 0° orientation
(same as the orientation in A) has labeled aromatic groups (green) that
share spatially equivalent domains. All appear along one face of the
peptides. The 180° and 90° orientations have spatially equivalent
charged residues labeled (red, negative; blue, positive). The position of
the equivalent charged residues in the two mechanotoxins differs sig-
nificantly from the homologous groups shared by GsMTx-4 and
Hanatoxin.

tides and the disulfide bonds are nearly superimposable, allow-
ing us to reliably predict the spatially conserved residues. The
centrally located, conserved leucine is particularly striking,
since it shares a nearly identical spatial position among all
three peptides. It is positioned internally, beneath the hydro-
phobic patch (Fig. 5B, 0° orientation), allowing it to interact
with the hydrophobic side chains on the surface. It may act to

stabilize the patch and/or facilitate folding and disulfide for-
mation. Adding to speculation that the hydrophobic patch may
be involved in binding, Phe® in GsMTx-4 was the only amino
acid besides the terminal glycines and prolines that could not
be assigned in the 'H,">N HSQC spectrum of GsMTx-4 (Fig. 2).
A weak signal may indicate significant chemical exchange on
the NMR time scale, suggesting a relatively high flexibility.
Flexible regions of proteins (loop regions in particular) may be
important for facilitating the induced fit that occurs during
protein-protein interactions (51-54). In this regard, loops 2 and
4 are also less well defined than the rest of the protein (exclud-
ing the flexible N and C termini).

It has been suggested that the charged residues surrounding
the hydrophobic patch of Hanatoxin may be important for toxin
binding. The locations of charged residues that surround the
hydrophobic patch vary significantly as illustrated by high-
lighted residues in Fig. 1C for the structurally determined
toxins. One notable feature of GsMTx-4 is that whereas all six
peptides shown in Fig. 1C have a similar total number of
charged residues (from 8 to 11), GsMTx-4 has a net positive
charge of +5 compared with +2 or —2 for the other five pep-
tides. However, charge itself is not the key variable, since we
found that di- and trilysines have no effect on the open proba-
bility (data not shown). Thus, the distribution of charges dis-
played on the ICK scaffold may be the critical determinant in
receptor selectivity.

Significant differences arise in the distribution of charged
residues surrounding the hydrophobic patch (Fig. 1C, blue and
lavender highlighted residues). The overall distribution of
charged residues around the hydrophobic patch can be viewed
in the orientation shown in Fig. 5A. Establishing the contribu-
tion of each side chain to specificity will require mutagenesis
studies. Although there is little overlap of charged residues on
the surfaces shown in Fig. 5A, GsMTx-4 and GsMTx-2 do share
a unique feature away from the hydrophobic patch. Both mech-
anotoxins have a series of negatively charged residues followed
by one or two positively charged residues immediately preced-
ing cysteine III (GsMTx-4, Asp®-Lys!®; GsMTx-2, Asp'’—
Lys!; Fig. 1C). The other nonmechanotoxins have only nega-
tive charges preceding cysteine III. Furthermore, two of these
charged residues (GsMTx-4, Asp'® and Lys!®; GsMTx-2, Glu!?
and Lys'%) share similar spatial positions (Fig. 5B, 180° orien-
tation). This charged sequence lies in loop 2, one of the more
flexible regions of the protein described above. On loop 4, the
other flexible region of the peptide, positively charged residues
with similar spatial positions extend from all three peptides
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but in different positions for the mechanotoxins (Lys?5/Arg??
for GsMTx-4/GsMTx-2 and Lys?®/Lys®® for GsMTx-4/Hana-
toxin, respectively).

Although other Grammostola toxins (Hanatoxin and
w-GsTx-S1A) are more homologous to GsMTx-4 than GsMTx-2,
they were not identified as MSC blockers during screening of
fractions from whole venom. If we assume the same inhibitory
mechanism for both GsMTx-2 and GsMTx-4, the few similari-
ties that exist between them could be useful for predicting
residues involved in binding. Because cation-selective MSCs
have not been cloned, these toxins may be useful tools in
determining physiological function and histological distribu-
tion as well as assisting in receptor isolation. Whereas the
relatively low affinity of both mechanotoxins makes histologi-
cal studies and receptor isolation difficult, the three-dimen-
sional structure will guide the interpretation of mutagenesis
studies aimed at increasing peptide specificity.
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Note Added in Proof—We recently determined the cDNA sequence
for GsMTx-4 and it differed from the published sequence that was
determined directly from the protein. The new C-terminal sequence is
Ser-Phe-amide. It should replace the published C-terminal sequence
Ser-Ser-Gly-amide. The molecular mass of the peptide with the cor-
rected sequence matches the experimentally determined exact mass
(4092.96 Da, MH " ion) of the wild-type toxin. In retrospect, a weak Phe
peak is visible in the original peptide sequencing chromatograms. No
differences were observed in the recalculated structure since this region
of the protein is part of the unstructured C terminus.
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