0026-895X/07/7103-676—-685$20.00

MOLECULAR PHARMACOLOGY

Copyright © 2007 The American Society for Pharmacology and Experimental Therapeutics
Mol Pharmacol 71:676-685, 2007

Vol. 71, No. 3
28225/3178466
Printed in U.S.A.

Isolation and Structure-Activity of u-Conotoxin TIIIA, A Potent
Inhibitor of Tetrodotoxin-Sensitive Voltage-Gated Sodium

Channels

Richard J. Lewis, Christina |. Schroeder, Jenny Ekberg, Katherine J. Nielsen,
Marion Loughnan, Linda Thomas, Denise A. Adams, Roger Drinkwater, David J. Adams,

and Paul F. Alewood

Institute for Molecular Bioscience, the University of Queensland, St. Lucia, Queensland, Australia (R.J.L., C.I.S., J.E., K.J.N.,
M.L., L.T., D.A.A., P.F.A.); School of Biomedical Sciences, the University of Queensland, St. Lucia, Queensland, Australia
(R.J.L., J.E., D.J.A.); and Xenome Ltd., Indooroopilly, Queensland, Australia (K.N., R.D.).

Received June 22, 2006; accepted November 16, 2006

ABSTRACT

n-Conotoxins are three-loop peptides produced by cone snails
to inhibit voltage-gated sodium channels during prey capture.
Using polymerase chain reaction techniques, we identified a
gene sequence from the venom duct of Conus tulipa encoding
a new u-conotoxin-TINA (THIA). A '2°I-TIlIA binding assay was
established to isolate native TIIIA from the crude venom of
Conus striatus. The isolated peptide had three post-transla-
tional modifications, including two hydroxyproline residues and
C-terminal amidation, and <35% homology to other w-cono-
toxins. TIIIA potently displaced [®H]saxitoxin and "2°I-TIlIA from
rat brain (Na,1.2) and skeletal muscle (Na,1.4) membranes.
Alanine and glutamine scans of TIIIA revealed several residues,

including Arg14, that were critical for high-affinity binding to
tetrodotoxin (TTX)-sensitive Na™ channels. We were surprised
to find that [E15A]TIIIA had a 10-fold higher affinity than TIIIA for
TTX-sensitive sodium channels (ICg,, 15 vs. 148 pM at rat brain
membrane). TIIIA was selective for Na,1.2 and -1.4 over Na, 1.3,
-1.5, -1.7, and -1.8 expressed in Xenopus laevis oocytes and
had no effect on rat dorsal root ganglion neuron Na* current.
"H NMR studies revealed that TIIA adopted a single confor-
mation in solution that was similar to the major conformation
described previously for u-conotoxin PlIA. TIIIA and analogs
provide new biochemical probes as well as insights into the
structure-activity of u-conotoxins.

Voltage-gated sodium channels (VGSCs) control the influx
of sodium ions responsible for action potentials in excitable
cells (Catterall, 2000). VGSC subtypes are classified Na,1.1
to Na, 1.9 according to a-subunit sequence (Catterall et al.,
2005). They are further characterized by their sensitivity to
TTX, a toxin initially isolated from the Pacific puffer fish.
TTX-sensitive (TTX-S) subtypes are inhibited by TTX in the
nanomolar range and include the neuronal subtypes Na 1.1,
-1.2, -1.3, -1.6. and -1.7 and the skeletal muscle Na,1.4
(Goldin et al., 2000). The VGSC Na,1.5, -1.8, and -1.9 are
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inhibited by TTX in the micromolar range and classified as
TTX-resistant (TTX-R).

VGSC channelopathies underlie a number of neuromuscu-
lar and cardiovascular diseases including long QT syndrome
and epilepsy (George, 2005). Certain VGSC subtypes, such as
Na,1.3, -1.7, -1.8, and -1.9 are likely to be involved in pain
pathways (Wood et al., 2004) and represent attractive targets
for the development of pain therapeutics. The general pau-
city of selective VGSC blockers remains a major obstacle to
the development of drugs at these targets; currently avail-
able modulators cause side effects as a consequence of actions
at multiple subtypes. Inhibitors of VGSCs with greater se-
lectivity may allow the development of improved thera-
peutics.

Six toxin binding sites (sites 1—6) and a local anesthetic
site have been identified on VGSCs (Catterall et al., 2005). At

ABBREVIATIONS: VGSC, voltage-gated sodium channel; TTX, tetrodotoxin; TTX-S, TTX-sensitive; TTX-R, TTX-resistant; STX, saxitoxin; SAR,
structure-activity relationship; GIIIA, p-conotoxin-GllIA; GlIIB, w-conotoxin-GllIB; PlIA, w-conotoxin-PllIA; SmIlIA, w-conotoxin-SmlllA; TIIA,
un-conotoxin-TIIIA; 3D, three-dimensional; PCR, polymerase chain reaction; RP, reversed-phase; HPLC, high-performance liquid chromatography;
MS, mass spectrometry; DRG, dorsal root ganglia; NOESY, nuclear Overhauser effect spectroscopy; COSY, correlation spectroscopy; RMSD, root
mean square deviation; NOE, nuclear Overhauser effect; PBD, Protein Data Bank.
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site 1, two classes of Na™ channel inhibitors have been iden-
tified that act competitively in the outer pore region of the
a-subunit of TTX-S VGSCs (Cestele and Catterall, 2000); the
three-loop peptidic p-conotoxins from the venom of fish-hunt-
ing cone snails and the guanidinium-containing TTX and
saxitoxin (STX) from puffer fish, bacteria, and dinoflagel-
lates. The sequences of u-conotoxins identified so far are
provided in Table 1. Each of these has six cysteines forming
three disulfide bridges in the 1-4, 2-5, 3-6 configuration. Of
these, u-conotoxin-GIITA (GIITA), u-conotoxin-GIIIB (GIIIB),
and p-conotoxin-GIIIC inhibit skeletal muscle VGSCs and
p-conotoxin-PIITA (PIITA) nonselectively inhibits nerve and
muscle TTX-S Na™ channels (Shon et al., 1998; Safo et al.,
2000; Nielsen et al., 2002), whereas u-conotoxin-SmIITA
(SmIITA), p-conotoxin-SIITA, and u-conotoxin-KIITA inhibit
the amphibian TTX-R Na™ channel (West et al., 2002; Keizer
et al., 2003; Bulaj et al., 2005). The interesting diversity of
activity displayed by u-conotoxins makes them important
tools for probing the various VGSC subtypes.

Previous structure-activity relationship (SAR) studies
have shown that all u-conotoxins possess either a conserved
arginine (Chahine et al., 1995; Chang et al., 1998) or a
conserved lysine in loop 2 (Bulaj et al., 2005) that is critical
for high-affinity block. NMR structures of GIITA (Lancelin et
al., 1991), GIIIB (Hill et al., 1996), PIITIA (Nielsen et al.,
2002), and SmIITA (Keizer et al., 2003) reveal that this basic
residue is highly exposed, allowing it to enter into the mouth
of the channel, where it overlaps with the TTX binding site.
In early studies, the 3D structure of GIIIA was used as a
probe to investigate the dimensions of the outer vestibule of
the VGSC (French et al., 1996). However, recent studies
revealed the existence of multiple conformation of PIIIA in
solution, with the major conformation differing from the ma-
jor conformation of GIIIA and GIIIB. The presence of multi-
ple conformations makes it difficult to identify the true bind-
ing conformation of u-conotoxins.

Here, we report the isolation and characterization of
p-conotoxin TIITA identified from a Conus tulipa gene se-
quence. 'H NMR studies revealed that TIIIA exists as a
single, well defined conformation in solution that is equiva-
lent to the major conformation of PIITA (Nielsen et al., 2002)
but not that of GIIIA and GIIIB (Hill et al., 1996). Structure-
activity studies examining peptides consisting of alanine and
glutamine analogs of TIIIA revealed residues important for
activity at both neuronal (Na,1.2) and muscle (Na,1.4) VGSC
subtypes. A comparison of the three-dimensional structures
of TIITA, PIIIA, GIIIB, and SmIIIA indicate a common set of
structural features that are important for u-conotoxin bind-
ing to VGSCs.

TABLE 1

n-Conotoxin sequences and connectivity (cysteines 1-4, 2-5, 3-6 are
paired)

Peptide Sequence Reference
TIITA RHGCCKGOKGCSSRECRO-QHCC* This article
GIIIA RDCCTOOKKCKDRQCKO-QRCCA* Cruz et al., 1985
GIIIB RDCCTOORKCKDRRCKO-MKCCA* Cruz et al., 1985
GIIIC RDCCTOOKKCKDRRCKO-LKCCA* Cruz et al., 1985
PIITA ZRLCCGFOKSCRSRQCKO-HRCC* Shon et al., 1988
SmIITA ZRCCNGRRGCSSRWCRDHSRCC * West et al., 2002
SITTA ZNCCNG--GCSSKWCRDHARCC * Bulaj et al., 2005
KITTA CCN----CSSKWCRDHSRCC* Bulaj et al., 2005

Z, pyroglutamate; O, hydroxyproline; *, amidated C-terminal.
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Materials and Methods

TIITA Sequence by PCR. cDNA suitable for the production of
either 5’ or 3'rapid amplification of cDNA ends PCR was manufac-
tured from C. tulipa venom duct poly(A) mRNA using polymerase
extension from a Not1-dt(18)-ANCHOR primer. This single-stranded
c¢DNA was converted to double—stranded ¢cDNA using RNAase-H/
DNase-1 method, blunt ended, and ligated with Marathon (Clontech,
Mountain View, CA) adaptors to both the 5" and 3’ ends of the cDNA
templates. A PCR assay capable of identifying p-conopeptides was
based on the PCR primers MuIA plus ANCHOR. The MulA primer
(5'-ATGATGTCTAAACTGGGAGTCTTG-3') was based upon a com-
parison of nucleotide sequences from six different activity groups and
considered specific for p-conotoxins and related peptides.

Peptide Synthesis. u-Conotoxin TIITA and analogs were assem-
bled manually with Boc SPPS chemistry (Schnélzer et al., 1992)
using methods described previously (Nielsen et al., 2002). The side
chain protections chosen were Arg(Tos), Lys(CIZ), Ser(Bzl) and
Cys(p-MeBzl). The crude reduced peptides were purified by prepar-
ative chromatography, using a 1% gradient (100% A to 80% B, 80
min) and UV detection at 230 nm. Peptides were oxidized at 0.02 mM
in either aqueous 0.33 M NH,OAc/0.5 M GnHCI or 2 M NH,OH/0.1
NH,OAc at pH 7.8, 4°C in the presence of both reduced and oxidized
glutathione (peptide/GSH/GSSG, 1:100:10 molar ratio). Oxidized
peptides were purified by preparative RP-HPLC. TIIIA was quanti-
fied initially by triplicate amino acid analysis to produce an external
reference standard for RP-HPLC (HP 1100) quantitation of each
peptide. Mass spectra were acquired on a PerkinElmerSciex Instru-
ments (Boston, MA) API III triple-quadrupole electrospray mass
spectrometer (MS) in positive ion mode over m/z 500 to 2000
(0.1-0.2-Da steps, declustering potential 10—90 V, dwell time
0.4—1.0 s). Data were deconvoluted (MacSpec 3.2; MDS Sciex, Con-
cord, ON, Canada) to obtain the molecular weight from the multiply
charged species. MS was used to confirm purity and to monitor
peptide oxidation. Synthetic TIIIA was used for subsequent charac-
terization.

Radioligand Binding Studies. '?’I-TIIIA was prepared using
1,3,4,6-tetrachloro-3a,6a-diphenylglucoluril, stored at 4°C, and used
within 4 weeks. ?°I-TTIIA was eluted after TIIIA on a Zorbax SB 300
C18 column (Agilent Technologies, Palo Alto, CA) as a broad peak on
RP-HPLC, presumably because of the presence of monoiodinated
His2 or His20. Unlabeled iodinated TIIIA (*27I-TIIIA) coeluted with
1251 TTIIA and MS confirmed that the peak contained only monoio-
dinated species. Whole rat brain (Nielsen et al., 1999) and rat skel-
etal muscle (Yanagawa et al., 1988) were homogenized in 50 mM
HEPES, pH 7.4, filtered though 100-um nylon mesh (muscle only),
and centrifuged at 28,000g (10 min). The pellet was suspended in 50
mM HEPES and 10 mM EDTA, pH 7.4, for 30 min, centrifuged, and
resuspended in 50 mM HEPES, pH 7.4. Attempts to establish the
125 TTIIA and [PH]STX assays using buffers compatible with both
assays were unsuccessful, hence conditions for each assay are de-
scribed separately. [PH]STX displacement studies were performed in
130 mM choline chloride, 5.4 mM KCI, 5.5 mM glucose, 0.8 mM
MgSO,, 1.8 mM CaCl,, and 50 mM HEPES, pH 7.4 with Tris base.
1251 TIIIA displacement studies were performed in 20 mM HEPES,
75 mM NacCl, 0.2 mM EDTA, 0.2 mM EGTA, 0.5 units of aprotinin,
2 mM leupeptin, and 0.1% BSA at pH 7.2. Assays were performed on
rat brain (10 pg of protein, 150-ul total volume) and muscle (50 pg of
protein, 300-ul total volume) that contained labeled ligand [5.6 nM
[PHISTX at 14.9 Ci/mmol (Amersham, Little Chalfont, Buckingham-
shire, UK) or 30 pM ?°I-TIIIA] and varying concentrations of
un-conotoxins, TTX, and STX in assay buffer. Assays were incubated
for 1 h at 4°C or RT for '?I-STX and ?°I-TIIIA, respectively. Mem-
branes were then filtered through GFB filters (Whatman, Maid-
stone, UK) on a Tomtec (Hamden, CA) harvester (brain) or a Milli-
pore (Billerica, MA) manifold (muscle) and washed with [PH]STX
wash buffer containing 163 mM choline chloride, 1.8 mM CaCl,, 0.8
mM MgSO,, and 5.0 mM HEPES, pH 7.4 with Tris base, or '2°I-
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TIIIA wash buffer of 20 mM HEPES and 125 mM NaCl, pH 7.2.
Filters used in '?°I-TIIIA assays were presoaked in 0.6% polyethyl-
eneimine (PEI). Filters were dried, scintillant was added, and re-
tained radioactivity measured on a Wallac Microbeta counter
(PerkinElmer Life and Analytical Sciences, Boston, MA). Nonlinear
regressions were fitted to triplicate data obtained for each experi-
ment with Prism software (GraphPad, San Diego, CA). Initial exper-
iments to identify native TIIIA used an '?°I-[2-22]TIIIA assay to
guide the fractionation by reversed-phase HPLC of an extract of
Conus striatus crude venom. The isolated u-conotoxin TIIIA se-
quence corresponding to the pure active peptide confirmed the PCR-
derived sequence and identified three post-translational modifica-
tions (Table 1).

Electrophysiological Experiments. Sensory neurons from rat
dorsal root ganglia (DRG) were isolated as described previously, and
depolarization-activated Na™ currents were recorded using the
whole-cell patch-clamp technique (Daly et al., 2004). Neurons were
held at —70 mV in the whole-cell recording configuration and depo-
larized to 0 mV every 5 s. The current-voltage relationship was
determined before and after toxin application. TTX-R Na™* currents
were recorded from small (<25 um) neurons in the presence of 300
nM TTX, whereas TTX-S Na* currents were recorded from large
(>25 pum) neurons that exhibited Na* currents with fast activation
and inactivation kinetics and were inhibited to =95% of control
current amplitude by TTX. When TTX-S Na™ currents were studied,
TTX was applied at the beginning of the experiment to determine the
percentage of TTX-sensitive Na™ current and washed out before
application of p-conotoxins.

Xenopus laevis oocytes were prepared as described previously
(Fotia et al., 2004) and injected with capped RNA transcripts encod-
ing subunits of rat Na,1.2 (a gift from A. Goldin, University of
California Irvine, Irvine, CA), rat Na,1.3 (a gift from D. Ragsdale,
McGill University, Montreal, QC, Canada), rat Na,1.4 (gift from
S. R. Levinson, University of Colorado, Denver, CO), human 1.5 (a
gift from R. Kass, Columbia University, New York, NY), human
Na,1.7 (gift from N. Klugbauer and F. Hofmann, Teknishen Univer-
sitdat Munich, Munich, Germany), and human Na,1.8 (cloned from
human DRG tissue by PCR in our laboratory). The rat (r) Na,1.2 was
injected at 0.5 ng/oocyte and other subtypes at 2 ng/oocyte). Three
days after cRNA injection, whole-cell Na® channel currents were
recorded from oocytes using two-electrode (virtual ground circuit)
voltage clamp technique, as described previously by Fotia et al.,
(2004). Selected u-conotoxins were superfused at 3 uM for at least 10
min, and inhibition of TTX-R and TTX-S Na* current in DRG neu-
rons and Na™ current in oocytes expressing Na 1.2, -1.3, -1.5, -1.7, or
-1.8 was recorded. The potency of Na* current inhibition by TIITA
was determined at Na,1.2 and Na,1.4 coexpressed with rat f1 and
rat B2 (gift from A.L. Goldin, University of California Irvine, Irvine,
CA) in oocytes (1 ng of each injected).

'H NMR Spectroscopy. All NMR experiments were recorded on
a Bruker ARX 500 spectrometer equipped with a z-gradient unit or
on a Bruker DMX 750 spectrometer equipped with a x,y,z-gradient
unit. Peptide concentrations were ~2 mM. TIITA was examined in
95% H,0/5% D,0, pH 3.0 and 5.5; 275-298 K, and in 100% D,0. 'H
NMR experiments recorded were NOESY (Jeener et al., 1979; Ku-
mar et al., 1980) with mixing times of 150, 200, and 400 ms and total
correlation spectroscopy (Bax and Davis, 1985) with a mixing time of
80 ms, double quantum-filtered COSY (Rance et al., 1983), and
exclusive COSY in 100% D,O (Greisinger et al., 1987). All spectra
were run over 6024 Hz (500 MHz) or 8192 Hz (750 MHz) with 4000
data points, 400 to 512 free induction decays, 16 to 64 scans, and a
recycle delay of 1 s. The solvent was suppressed using the WATER-
GATE sequence (Piotto et al., 1992). Slow exchanging amides were
analyzed by dissolving the peptide in D,O followed by recording a
series of one-dimensional and total correlation spectra. Amides still
present after 24 h were classified as slow exchanging. When the
exchange was complete, exclusive COSY and NOESY spectra were
recorded. Spectra were processed using UXNMR (Bruker, Newark,

DE) as described previously (Nielsen et al., 1999) and using Aurelia,
subtraction of background was used to minimize T, noise. Chemical
shift values of TIITA and analogs were obtained in 95% H,0/5% D,O
at 275 K and referenced internally to DSS at 0.00 ppm. Secondary
Ha shifts were measured using random coil shift values of Wishart et
al. (1995). 3Jyg 1. coupling constants were measured as described
previously (Nielsen et al., 1999).

Distance Restraints and Structure Calculations. Peak vol-
umes in NOESY spectra were classified as strong, medium, weak, or
very weak corresponding to upper bounds on interproton distance of
2.7,3.5,5.0,0r 6.0 A, respectively. Lower distance bounds were set to
1.8 A. Appropriate pseudoatom corrections were made according to
Wiithrich et al. (1983), and distances of 0.5 A and 2.0 A were added
to the upper limits of restraints involving methyl and phenyl pro-
tons, respectively. Appropriate restraints for the three disulfide
bonds (Cys4—Cys16, Cys5—Cys21, and Cys11-Cys22) were included
in the calculations. 3/ g coupling constants were used to deter-
mine ¢ dihedral angle restraints (Pardi et al., 1984) with 3Jy m.
coupling constants =6 Hz or =8 Hz corresponding to a dihedral angle
of —65 = 30° and —120 =+ 40°, respectively. In cases where *Jyy 11,
was 6 to 8 Hz and it was clear that a positive dihedral angle was not
present, ¢ was restrained to —100 = 70°. 3JH(X_HB coupling constants
gathered from the ECOSY, together with relevant NOESY peak
strengths, were used to determine y1 dihedral angle restraints.
Where there was no diastereospecific assignment for a prochiral pair
of protons, the largest upper bound for the two restraints was used.
Where stereospecific assignments were established, these distances
were specified explicitly.

A total of 473 NOE-derived distance restraints (166 intraresidue,
137 sequential, 170 long/medium range) and 21 dihedral angle re-
straints (13 ¢ and 8 x1) were used to generate a set of 50 structures
of TIITA. Structures were calculated using the torsion angle dynam-
ics/simulated annealing protocol in X-PLOR (Briinger, 1992) version
3.8 using a modified geometric forcefield based on parhdg.pro. Of the
50 structures initially generated, 49 were chosen for further refine-
ment. Structural refinements were performed using energy minimi-
zation (200 steps) under the influence of a full forcefield derived from
Charmm (Brooks et al., 1983) parameters. Visualization and super-
impositions of 20 structures with the lowest energies were done
using Insight II (Accelrys, San Diego, CA). Surface calculations,
RMSDs, and H-bond analysis were done using MOLMOL (Koradi et
al., 1996). The quality of the structures was analyzed using pro-
check-NMR (Laskowski et al., 1998).

Results

Discovery of TIIIA. The MulA primer yielded a PCR
product with a distinct band of DNA at ~800 bp as well as a
band at ~400 bp. The 800-bp band was excised, purified, and
cloned into PCR direct TA-plasmid vectors (Invitrogen,
Carlsbad, CA), and white recombinant clones were randomly
selected and amplified in overnight cultures. Plasmid DNA
was extracted from each culture and used as templates for
DNA sequencing. The MulA primer identified p-conotoxin
GIITA from Conus marmoreus, C. tulipa, Conus magus, and
Conus geographus. A single new peptide (that we named
TIITA) having the same cysteine framework as GIIIA and
PIITIA was found in C. tulipa (Table 1). No other conotoxins
with this cysteine framework and an arginine in loop II were
identified. The derived amino acid sequence, including two
predicted hydroxyproline residues and an amidated C termi-
nus, revealed considerable sequence divergence from other
p-conotoxins. Excluding the conserved cysteine residues,
TIIIA had 25% sequence identity with PIITA, 29% sequence
identity with GIIIA, 18% sequence identity with GIIIB, and
35% sequence identity with SmIIIA (Table 1).



TIITA Isolation from Crude Venom. Given its detection
in cDNA by PCR, native TIITA was not detected in batches of
crude venom obtained from C. tulipa. Instead, native TIITA
was isolated from a batch of crude venom of C. striatus using
an '?°1-[2-22]TIIIA assay to guide fractionation, indicating
that its production may be transcriptionally regulated. Se-
quencing of the isolated peptide confirmed the PCR-derived
sequence, including the presence of Argl, which was unex-
pectedly retained in native TIIIA (Table 1) and not cleaved at
this site by endogenous processing proteases (Milne et al.,
2003).

Radioligand Binding Studies. Synthetic p-TIITA dis-
placed [PH]STX from VGSCs in rat brain and rat skeletal
muscle with similar potencies (Fig. 1). However, TIITA was
unable to fully displace [*’H]STX from rat brain, disclosing a
TIITA-resistant component of ~15%, equivalent to the resis-
tant component remaining in the presence of PIIIA (Fig. 1D).
1251_TIIIA labeled a single site in rat with nonspecific binding
of ~10% at the K, (Fig. 1A). Of the naturally occurring
wn-conotoxins assayed, TIIIA had the highest affinity for neu-
ronal VGSCs and was similarly potent to several other native
p-conotoxins at skeletal muscle VGSC (Fig. 1, Table 2). SAR
analysis across the analogs revealed Argl4 to be the most
critical residue for high-affinity interactions at both the neu-
ronal and muscle subtypes, and this residue could not be
substituted with alanine, glutamine or tyrosine (Fig. 2). In-
dividual replacements of Lys6, Lys9, Argl7, or His20 with
either Ala or Gln resulted in modest drops in potency,
whereas a slight increase in potency at skeletal muscle
VGSCs occurred when His2 and GInl9 were replaced
with Ala. It is noteworthy that replacing Glul5 with Ala
([Ala15]-TIIIA) produced the highest affinity ligand known
for both rat brain and muscle VGSCs. As expected for com-
petitive inhibitors, all p-conotoxin displacement curves
had a Hill slope of ~—1.

Effects of TIIIA on Na* Currents in DRG. TIIIA and
GIIIA were assessed for inhibition of TTX-R and TTX-S Na™
currents in isolated DRG neurons. Neither toxin produced
detectable block of the depolarization-activated Na* currents
at 3 uM, nor did they affect the current-voltage relationship
(data not shown).

Effects of pu-Conotoxins on Oocyte-Expressed VGSC
Subtypes. The u-conotoxins GIITA, GIIIB, PIIIA, and TIITA
were assessed for inhibition of VGSC subtypes expressed in
X. laevis oocytes (Fig. 3). TIIIA at 3 uM inhibited rNa, 1.2 to
~95% but was inactive at the other VGSC subtypes tested
(Fig. 3A). This effect was reversed upon washout for ~30
min. TIITA inhibited rNa 1.2 current with an IC;, of 40 nM
(pICyp, 7.4 £ 0.04 M) and rNa,1.4 current with an IC,, of 9
nM (pICy,y, 8.0 = 0.09 M). PIIIA at 3 uM also completely
inhibited the inward Na* current mediated by rNa 1.2 and
caused a small (~30%) inhibition of hNa,1.7 but did not
affect the other VGSC subtypes tested in this study (Fig. 3B).
The block of rNa, 1.2 by PIITA was slowly reversible, whereas
the inhibition of hNa, 1.7 was completely reversed upon
washout for 30 min. We were surprised to find that GIIIB at
3 uM almost completely abolished rNa 1.2 current and in-
hibited ~50% of rNa, 1.3-mediated Na* current. GIIIB also
caused a small inhibition of hNa 1.5 but was without effect
on hNa,1.7 or hNa,1.8 (Fig. 3C). The block of VGSCs by
GIIIB was reversed upon washout for ~15 min. GIIIA at 3
uM did not affect any of the neuronal VGSC subtypes exam-
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ined (data not shown), consistent with its selectivity for
muscle-type VGSCs demonstrated previously (Cruz et al.,
1985). In addition, SmIITIA was also assessed for inhibition of
hNa, 1.8 because this toxin has previously been shown to
inhibit TTX-R VGSCs in amphibian sympathetic and DRG
neurons (West et al., 2002). SmIITA at 3 uM did not inhibit
hNa,1.8 (data not shown) indicating that SmIIIA is active at
amphibian but not human TTX-R VGSCs.

'H NMR Spectroscopy. The 'H NMR spectra of u-cono-
toxins have historically been difficult to interpret because
they exhibit broadened lines indicative of conformational
exchange among distinct conformations as a result of cis/
trans isomerization of a hydroxyproline (Hyp) in loop 1. As a
result, the constraints derived from this less definitive NMR
data have not resulted in well defined 3D structures. In
contrast, the 'H NMR spectra of TIIIA and its analogs show
no evidence of conformational exchange in solution; instead,
they produce narrow and well dispersed peaks and well de-
fined NOEs. In support, both Hyp8 and Hyp18 of TIITIA show
strong sequential Hé-He, ; NOEs, indicating that they exist
in the ¢rans conformation. No evidence for the cis conforma-
tion of TIITA was found.

To identify any structural effects of residue replacements
on the backbone conformation of TIITA measurements of
secondary Ha chemical shifts, HB shifts and 3Jyy 5, cou-
plings were measured for each of the TIITA analogs. All
analogs of TIITA had similar values, indicating they have the
same overall fold and a high retention of backbone and side-
chain structural integrity across the set of peptides. This is
exemplified by the conservation of secondary Ha shifts, indi-
cating no differences in backbone conformation among TIIIA,
[2—22] TTITA and Ala-substituted (Fig. 4A) or Gln-substituted
(Fig. 4B) TIIIA. Minor differences in secondary Ha backbone
chemical shifts were seen for His2 and for Gly7 and Gly10.
Small local changes were also observed for [Alal7]TIIIA,
[Alal19]TIIIA, [GIn2]TIIIA and [GIn20]TIIIA around the site
of the substitution. None of the analogs exhibited spectra
indicative of conformational exchange between multiple con-
formations, indicating that the TIIIA scaffold is resilient to
single residue changes. The three-dimensional structure of
TIIIA is described below.

3D Structure of TIITA. Of the 50 structures generated,
49 converged to a similar fold with no NOE violations greater
than 0.2 A and no dihedral violations greater than 3°. These
49 structures were subjected to further refinement (see Ma-
terials and Methods) and the 20 lowest energy structures
chosen for final structural analysis. Comparison of these
structures revealed that the backbone structure of TIIIA was

TABLE 2

p-Conotoxin and TTX potency (pICy, = S.E.) to displace [*H]STX or
125T_TTIIA binding to rat brain and rat muscle membrane

Data are means of three to seven separate experiments.

Rat Brain Rat Muscle

p-Conotoxin

[H]STX 1251 TIIIA [BH]STX 1251 TIIIA
TIIIA 7.8 0.1 9.2 +0.2 7.8 +0.1 9.7+ 0.3
[A15]TIITIA N.D. 10.2 £ 0.1 N.D. 10.1 = 0.1
PIITIA 6.5+ 0.2 8.7+ 0.1 6.9 + 0.1 9.1+0.1
GIITA 4.6 = 0.2 6.5 +04 75+0.1 9.8+ 0.1
GIIIB 5.8+ 0.2 7.9+0.2 7.8+0.3 9.9 +0.1
GIIIC <5 6.3 £0.2 75+0.1 9.8 +0.1
TTX 8.2+0.1 8.3 0.2 7.7+0.1 73+05

N.D., not determined.

highly defined over residues 3 to 22, as evidenced by high
average angular order parameters (S = 0.97) over this region
for the ¢ and s backbone dihedral angles and the low back-
bone RMSD (Fig. 5). The local medium-range NMR data that
provide information on the secondary structure of TIIIA are
given in Fig. 6. The presence of several Ha-NH,, , and Ha-
NH;_ ; NOEs suggests that several turns are present across
the peptide, and despite the presence of several long-range
NOEs, there was no evidence in TIIIA of the B-hairpin iden-
tified in GIIIB (Hill et al., 1996). Superimposition of the 20
lowest energy structures (Fig. 7) revealed the existence of a
well ordered central region dominated by a series of turns,
with some disorder present at the N-terminal tail. Like
SmIITA (Keizer et al., 2003), TIIIA showed signs of a dis-
torted 3,,-helix across residues 12 to 15, including the pres-
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Fig. 2. Potency and selectivity of TIIIA and analogs at rat brain (A) and
rat skeletal muscle (B). C, neuronal versus muscle selectivity is ordered
from the most neuronally selective ligand (TTX). Potency is the IC;, (M)
values for displacement of ***I-TIIIA (mean * S.E.M.).



ence of small 3Jyy 51, coupling constants and several i, i+3
NOEs in this region (Fig. 6).

Analysis of the TIIIA surface area revealed that Serl3 is
relatively buried in the molecule in a manner that promotes
greater exposure of Argl4 (Fig. 8), as seen previously for
PIITA (Nielsen et al., 2002), Replacing Glul5 with the
smaller Ala in [Alal5]-TIIIA may further promote Argl4
exposure, perhaps contributing to the enhanced affinity ob-

A (THIA) B (PIIIA)

C (GIIIB)
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served on removal of the glutamic acid. Aside from Glul5,
most of the polar and hydrophilic residues are surface-ex-
posed, including Argl, His2, Lys6, Hyp8, Lys9, Argl?7,
Hyp18, and His20, which in the 3D structures are spread
across the molecule. The SAR analysis of TIIIA revealed that
with the exception of His2, all of the exposed basic residues
identified in the structure contributed at least modestly to
the activity of TIIIA at both neuronal and skeletal VGSCs.

~70]

=70

hNa 1.

T
-10 -9 8 E 6
log [THIA], M

Fig. 3. Effects of u-conotoxins on different neuronal Na,
expressed in oocytes. Superimposed Na™ current through
Na,1.2,-1.3, -1.5, -1.7, and -1.8 before and after addition of
3 uM TIIIA (A), PIITA (B), and GIIIB (C) are shown (single
traces indicate no observable change in current). D, con-
centration-response relationships for TIIIA inhibition of
Na* currents mediated by Na,1.2 (IC,, 40 nM) and Na,1.4
(IC5, 9 nM). Superimposed inward Na™ currents evoked by
a voltage step to 0 mV from a holding potential of —70 mV
are shown in the absence (control) and presence of 10 nM
TIIIA for Na,1.4 and Na_,1.2.

10 nM TIHA
Control

1 pA

5ms
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These activity data are consistent with TIIIA binding to
neuronal and skeletal VGSCs in a similar manner. Further-
more, the overlap between structure and activity supports
the view that the 3D structure of TIIIA is the p-conotoxin
conformation that binds to VGSCs.

Discussion

This study reports the isolation and characterization of
p-conotoxin TIITA. The sequence of TIIIA was initially deter-
mined by PCR amplification and cloning of C. tulipa venom
duct cDNA, and the sequence was confirmed by assay-guided
fractionation of crude C. striatus venom. Synthetic TIITA at
low nanomolar concentrations displaced [*H]STX binding to
both rat muscle and nerve TTX-S sodium channels. A resid-
ual component of [’H]STX binding (~15%) was not displaced
by TIITA, suggesting it discriminates among native TTX-S
VGSC subtypes found in rat brain.

Given the high affinity of TIIIA for TTX-S Na™ channels in
rat brain, it was somewhat surprising that TIITA was with-
out effect on the TTX-S Na* current in DRG. Rat DRG
neurons express Na,l.1, Na, 1.6, Na, 1.7 (Schaller et al.,
1995; Felts et al., 1997; Toledo-Aral et al., 1997), and Na,1.3

in neuropathic pain states (Black et al., 1999). Using a X.
laevis oocyte expression system, we confirmed that TIIIA was
without effect on depolarization-activated Na™ current from
TTX-S Na,1.3 and -1.7 and TTX-R Na, 1.5 and -1.8. In con-
trast, TIIIA potently inhibited Na™ current through Na, 1.2
(and Na,1.4). This inhibition occurred without otherwise af-
fecting the I-V relationship for the VGSC. Thus w-conotoxin
TIITA is selective for the dominant VGSC subtype present in
the brain (Na,1.2) and not TTX-S channels expressed in DRG
neurons. Lack of detectable inhibitory activity in rat DRG
neurons confirms that significant levels of Na, 1.2 are not
expressed in adult DRG neurons (Black et al., 1996). The
incomplete inhibition of [*’H]STX binding in rat brain pro-
duced by TIIIA is consistent with a selective effect on Na,1.2
over other brain VGSCs, including Na_1.1.

To examine selectivity differences among the known
p-conotoxins, we also determined VGSC subtype selectivity
for PIIIA, GIITA and GIIIB. The previously reported selectiv-
ity of PIITA (Na,1.2 > Na,1.7) was confirmed in the present
study. PIIIA inhibits the TTX-S Na™ current in rat DRG
neurons (Shon et al., 1998; Nielsen et al., 2002), consistent
with an ability to inhibit Na 1.7. GIIIB, previously consid-
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ered be selective for Na, 1.4 (Hill et al., 1996), also inhibited
Na,1.2, Na, 1.3, and, to a lesser extent, Na 1.5. GIIIB differs
from both GIITA and GIIIC at only two positions, indicating
that at least one of these residues has an important effect on
VGSC subtype selectivity. The lack of effect of u-conotoxins
on Na 1.8 is in contrast to the action of u-conotoxins that
preferentially target this VGSC subtype and produce an an-
tinociceptive effect when administered intrathecally in ani-
mals (Ekberg et al., 2006).

A high-resolution 3D NMR structure of TIIIA was deter-
mined and is compared with the published structures of
GIIIB (Hill et al., 1996), PIITA (Nielsen et al., 2002), and
SmIITIA (Keizer et al., 2003) in Fig. 9. This comparison re-
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Fig. 5. Backbone angular order parameters (S) for the ¢ and ¢ dihedral
angles for TIITA and average backbone RMSDs versus TIIIA residue
number.
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veals a similar overall global structure as well as a number of
structural differences among the u-conotoxins. Although
GIIIB has a short stretch of distorted «-helix and an antipa-
rallel B-sheet joined by a B-hairpin, the major conformation
of TIIIA, like PIIIA and SmIIIA, contained no B-sheet region
and instead comprised several well defined turns. In addi-
tion, the spectra of TIITA indicated that only a single confor-
mation existed in solution. In contrast, PIIIA occurred as two
distinct conformations in a 3:1 ratio. These PIITA conforma-
tions arose from cis/¢rans isomerisation at Hyp8, with the
minor conformation resembling the N-terminal part of GIIIA
and GIIIB, which have a cis Hyp in loop 1 (Nielsen et al.,
2002) and broadened lines indicative of conformational ex-
change (Hill et al., 1996). In contrast, both Hyp residues in
TIIIA are found in the trans-conformation, and no inter-
change between the ¢rans and cis states was observed. It is
noteworthy that the recently reported SmIIIA structure also
adopts a single conformation (Keizer et al., 2003) that was
attributed to the absence of Hyp in the peptide. Given the
well defined nature of the TIIIA structure and its resilience
to substitution, combined with the inability to adopt a cis
conformation, we propose that w-conotoxins bind to VGSCs in
the ¢trans confirmation originally identified in PIITA (Nielsen
et al., 2002). The extent to which these structures differ from
the structure of TIIIA that binds to the VGSC remains to be
determined.

Overlaying the structure of GIIIA, GIIIB, PIIIA, and
SmIIIA (Ott et al., 1991; Hill et al., 1996; Nielsen et al., 2002;
Keizer et al., 2003) with TIIIA, it is evident they share a
similar backbone conformation over the C-terminal region
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Fig. 6. Summary of local and medium
range NOE, ®Jyu . coupling con-
stants and slow exchange data for
TIIIA (283 K, 100% D,0O, pH 3.5). O,
NH protons present 2 h after addition
of D,0; [, *Jypre = 6 Hz; B, 3y
H, = 8 Hz; half-filled squares, 6 Hz <
3 nime < 8 Hz. For NOE data, height
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Fig. 7. Structure of TIIIA. A, backbone superimposition
over the region 3 to 22 for the 20 lowest energy structures.
B, 180,° rotation of the structures shown in A, with the
disulfide bridges indicated in orange.
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despite significant sequence divergence. Superimposing the
C-terminal region (12-22) of TIIIA with PIITA (12-22), GIIIA
(11-21), GIIIB (11-21), and SmIIIA (11-21) gave RMSD val-
ues of 0.65, 0.77, 0.70, and 1.88, respectively, confirming
their structural similarity. The relatively high RMSD values
for SmIIIA compared with TIIIA across the C-terminal re-
gion presumably arise from the extra residue in loop 4 of
SmIIIA (Keizer et al., 2003). Superimposing TIITA across the

200 -

R14

Surface Area

1 4 7 10 13 16 19 22
Residue

Fig. 8. Surface area of TIIIA as calculated in Insight II highlighting the
exposed charged residues including Lys6, Lys9, Argl4, Argl7, and His20.

(A)

H20

Fig. 9. Ribbon representation of u-conotoxin TIIIA in red (A), GIIIB in
cyan (Hill et al., 1996; PBD code 1GIB) (B), PIIIA in green (Nielsen et al.,
2002; PBD code 1R9I) (C), and SmIIIA in purple (Keizer et al., 2003; PBD
code 1Q2J) (D). Peptide superimposed across the backbone residues 11 to
18 of TIITA with the corresponding residues in PIITA (11-18), GIIIA
(10-17), and SmIIIA (10-17). A comparison of surface residues is shown
with side chains colored: Arg/Lys/Gln, blue; Asp/Glu, red; Hyp, pink; Trp,
green; and His, orange. Residues are numbered according to their indi-
vidual primary sequence (see Table 1) highlighting the similarities and
differences between peptides.

ordered region of PIITA (4-22), GIITA, GIIIB and SmIITA
(83-21) gave RMSDs of 1.32, 1.70, 1.87, and 2.22, respectively.
These higher RMSD values reflect greater disorder in this
region as well as distinct N-terminal conformations. For
GIIIA and GIIIB, this can be attributed to the cis-conforma-
tion of Hyp7 giving rise to a B-hairpin that is not present in
the major conformation of PIITIA or the single conformations
of TIITA and SmIIIA.

Previous structure-activity studies have identified Argl4
in PIITA as the key residue contributing to binding at the
skeletal muscle VGSC subtype (Shon et al., 1998). For GIIIA,
the corresponding Argl3 is the most important residue for
binding to the muscle VGSC (Sato et al., 1991; French et al.,
1996). Other residues in GIIIA identified as contributing to
interactions with Na 1.4 are Argl, Lys8, Lys9, Lyl6, and
Argl9 (Becker et al., 1992). Consistent with these earlier
studies, replacing the exposed Arg14 in TIITA with Ala, Tyr,
or Gln resulted in the greatest decrease in potency at both
muscle and neuronal VGSCs. The absence of secondary Ha
chemical shift changes associated with replacement with Ala
indicates an unaltered backbone conformation, confirming
that the decrease in potency arises from the loss of a direct
Argl4 binding interaction. Replacing the surface-exposed
residues Lys6, Lys9, Argl7, or His20 with either Ala or Gln
caused a modest reduction in affinity, whereas replacement
of His2, Glul5, or Argl9 with Ala enhanced affinity. It is
noteworthy that residues 6 and 9 are located on the side of
the peptide opposite residues 14, 17, and 20, consistent with
the view that p-conotoxins use a broad surface area to oc-
clude the pore of VGSCs. Again, these potency changes were
not associated with NMR-detectable structural changes. Sato
et al. (1991) previously observed that replacing non-Cys res-
idues with either Ala or Lys in p-conotoxin GIIIA did not
significantly change secondary Ha-chemical shifts.

TIITA has a negatively charged Glul5 adjacent to Argl4,
whereas previously reported p-conotoxins have either a Gln,
Arg, or Trp residue in the corresponding position (see Table
1). Replacing Glul5 with Ala increased the binding affinity
by 10-fold without affecting the backbone conformation, in-
dicating that a negative charge in this position creates an
unfavorable interaction with the sodium channel. It is note-
worthy that [Alal5]-TIITA was the only p-conotoxin tested
that was more selective for brain (Na,1.2) over muscle
(Na,1.4) VGSCs. Replacing the relatively exposed His2 with
an Ala also resulted in a small increase in affinity at brain
VGSCs. Removing Argl ([2—-22]TIITA) did not alter the sec-
ondary Ha chemical shifts but did cause a slight drop in
affinity at both rat brain and muscle VGSCs.

In conclusion, this study reports the isolation and charac-
terization of TIIIA, a selective and potent probe for Na,1.2
and Nav1.4. Residues critical to binding and selectivity of
TIITA at both Na,1.2 and Na,1.4 were identified and their
relative positions on the structure of TIIIA determined. A
mode of binding for TITTA common to both Na 1.2 and Na, 1.4
is proposed based on a comparison of u-conotoxin structures.
TIITA provides a rigid structural template for guiding the
development of improved pharmacophore models of the
p-conotoxin binding site on VGSCs and potentially new sub-
type-selective inhibitors. The *?’I-TIIIA binding assay estab-
lished in this study provides a rapid and sensitive measure of
Site 1 Na* channel activity that could replace [*H]STX in
binding assays for the detection of STX, TTX, and related



toxins contaminating seafood products. Given the relative
ease of probe synthesis, fluorescently labeled TIIIA or
[Ala15]-TIITA might prove useful for assays and selectively
marking the distribution of Na,1.2 and 1.4 in nerve and
muscle tissue.
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