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ABSTRACT. The peptides isolated from venoms of predatory ma@inaussnails (“conotoxins”) are well-

known to be highly potent and selective pharmacological agents for voltage-gated ion channels and
receptors. We report the discovery of two novel TTX-resistant sodium channel blogkeosotoxins

SIHIA and KIIIA, from two species of cone snails. The two toxins were identified and characterized by
combining molecular techniques and chemical synthesis. Both peptides inhibit TTX-resistant sodium
currents in neurons of frog sympathetic and dorsal root ganglia but poorly block action potentials in frog
skeletal muscle, which are mediated by TTX-sensitive sodium channels. The amino acid sequences in the
C-terminal region of the two peptides and of the previously characterizemhotoxin SmllIA (which

also blocks TTX-resistant channels) are similar, but the three peptides differ in the length of their first
N-terminal loop. We used molecular dynamics simulations to analyze how altering the number of residues
in the first loop affects the overall structuregfonotoxins. Our results suggest that the naturally occurring
truncations do not affect the conformation of the C-terminal loops. Taken together, structural and functional
differences among-conotoxins SmlllA, SllIA, and KIIIA offer a unique insight into the “evolutionary
engineering” of conotoxin activity.

Voltage-gated sodium channels (VGSCxe responsible  be useful pharmacological targets for drugs that can be
for the influx of Na" during action potentials in excitable developed to alleviate various pathological states such as
tissues. Ther-subunits of VGSCs from a variety of organ- neuropathic pain4).

isms have been cloned, and nine subtypes have been The venomous cone snails are a rich source of toxins that
discovered in mammals (reviewed in réfs3). The majority target VGSCs§). Among these are peptides belonging to
of these VGSCs, including the skeletal muscle subtype, arethe 4-conotoxin family. Like TTX, u-conotoxins inhibit
inhibited by tetrodotoxin (TTX) at concentrations in the low - sodium currents by acting at site 1 of VGSCs (seebrgr
nanomolar range. In contrast, two of the subtypes are highly yeview). However, unlike TTX, several members of the
resistant to TTX with G values of>50 uM, and they are ,_conotoxin family selectively block particular subtypes of
primarily expressed in dorsal root ganglia (DRG) neurons the vGSCs. The first, and defining, members of this family
these TTX-resistant (TTX-r) sodium channels because of yGsc, Ngl1.4 (7—10). More recently, a toxin from the
their potential importance in pain perception. Major efforts yenom of Conus stercusmuscarym-conotoxin SmillA

are being made to determine whether the TTX-r VGSCs will (,,_smiIIA), was discovered that irreversibly inhibits TTX-

resistant sodium currents in amphibian sympathetic and DRG
T This work was supported by NIH Grant GM 48677 (to B.M.O.), neurons {1). Althoughu-SmIlIA had little or no effect on
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DRG, dorsal root ganglia; MD, molecular dynamics; MTBE, methyl potentials in frog skeletal muscle. The sequence similarities

tert-butyl ether;u-KIIA, u-conotoxin KIIA; u-SHIA, u-conotoxin _ : il .
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dium channel. ability to target TTX-r VGSCs. The sequence divergence is
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described for the purification of the linear forms. The identity
of each peptide was confirmed by MALDI-TOF mass
spectrometry analysis with a Bruker Daltonics Omni FLEX
spectrometer, operated in the reflectron mode. Samples were
dissolved in 0.1% TFA and mixed with matrig{cyano-4-
hydroxycinnamic acid) suspended in 70% ACN in water
containing 0.1% TFA.

ElectrophysiologyLumbar paravertebral sympathetic gan-
glia and DRG were dissected from 23 in. adult frogs
(Rana pipieny of either sex and dissociated in a manner
similar to that described by other$3, 14). Briefly, ganglia
were treated with collagenase followed by trypsin. Cells were
mechanically dissociated by trituration, washed and sus-
pended in 73% Leibowitz’s L15 solution (supplemented with
14 mM glucose, 1 mM CaGl7% fetal bovine serum, and
penicillin/streptomycin), plated on polylysine-coated cover-
slips, and stored at 4C.

Neurons were perfused with extracellular solution contain-
ing 117 mM NaCl, 2 mM KCI, 2 mM MgG, 2 mM MnCl,,

5 mM HEPES, and 10 mM TEA (pH 7.2). To record TTX-
resistant currents,-110 uM TTX was added to the bathing
solution. Recording pipets contained 10 mM NaCl, 110 mM
FiGurRe 1: Shells from (A)C. kinoshitaiand (B)C. striatus C. CsCl, 2 mM MgC}, 0.4 mM CaCl, 4.4 mM EGTA, 5 mM
kinoshitai is collected in deep water by trawling nets from the HEPES, 5 mM TEA, and 4 mM MgATP (pH 7.2). These
Philippines to Southern Japa. striatusis collected by diversin  golutions inhibit voltage-gated potassium and calcium cur-
i?ﬁggwer water over the entire Indo-Pacific, from Hawaii to East ents and thereby permit recording of sodium currents alone.
' Conotoxins were dissolved in an extracellular solution and
applied to neurons under study by bath exchange. Toxin
exposures were conducted in static baths. Neurons were
voltage clamped in the whole-cell configuration, held-&0
mV, and VGSCs were activated by a 50 ms test pulse to 0
EXPERIMENTAL PROCEDURES mV, applied every 10 s. Each test pulse was preceded by a
—120 mV prepulse lasting 50 ms. Current signals, acquired

Cloning of ConotoxinsPCR amplification, construction at room temperature with either an Axopatch 200B or

of cDNA libraries, and cloning ofu-conotoxins were  MultiClamp 700A amplifier (Axon Instruments, Union City,

presumably responsible for differences in the interactions
observed between the toxins and various™Nzhannel
subtypes.

performed as described by West et dl1)( CA), were filtered at 2 kHz, digitized at 10 kHz, and leak-
Chemical Synthesis of Conotoxiffeptides were synthe-  subtracted by a P/5 protocol using in-house software written
sized on amide MBHA resin using standard Fmde(9- in LabVIEW (National Instruments, Austin, TX).

fluorenyl)methoxycarbonyl] chemistry. The peptides were  Extracellular recordings of compound action potentials
cleaved from the resinyba 4 htreatment with reagent K  (CAPs) from frog skeletal muscle and postganglionic sym-
[trifluoroacetic acid (TFA), water, ethanedithiol, phenol, and pathetic nerve were made essentially as previously described
thioanisole, 90/5/2.5/7.5/5 by volume]. The cleaved peptides (8, 12, 15, 16). Briefly, the cutaneous pectoris muscle or
were filtered, precipitated with methylert-butyl ether lumbar sympathetic ganglia-8.0 and the adjoining 10th
(MTBE) precooled to—20 °C, and washed several times spinal nerve were dissected from 23 in. adult frogs
with cold MTBE. The linear peptides were purified by (R. pipien$ of either sex. The muscle was trimmed longi-
reversed-phase HPLC using a preparatiyg\ydac column tudinally so that only~25—50% of the muscle remained.
(218TP1022) eluted with a linear gradient of acetonitrile This muscle and sympathetic preparations were either used
(ACN) (in 0.1% TFA). The flow rate was 10 mL/min, and on the same day of dissection or refrigerated &tC4and

the elution was monitored by UV detection at 210 nm. The used within 2 days. The trimmed muscle was pinned in a
peptides were dried by lyophilization. Oxidative folding was shallow rectangular recording chamber made of Sylgard
performed by resuspending the linear peptides in 0.01% TFA (Dow Chemical, Midland, MI). The proximal end of the

in water and injecting the suspension into a buffered solution motor nerve innervating the muscle was draped over into a
[0.1 M Tris-HCI (pH 7.5)] containing 1 mM EDTA, 1 mM  two-compartment well adjacent to the rectangular muscle
reduced glutathione, and 1 mM oxidized glutathione. The compartment. For the sympathetic preparation, the recording
final peptide concentration was 20M. Progress of the  chamber consisted of seven circular or semicircular compart-
folding reaction was monitored by analytical reversed-phase ments with diameters between 4 and 5 mm, each separated
HPLC using a G Vydac column (218TP54, 4.6 mmx 250 from its neighbor by an~1 mm wide partition. A bead of
mm) eluted with a gradient of ACN at a flow rate of 1 mL/ Vaseline was placed atop each partition between compart-
min; the eluent was monitored at 220 nm. After the ments. Portions of nerve draped over the Vaseline were
completion of folding, the reaction was quenched by covered with additional Vaseline to prevent drying and to
acidification with formic acid (8% final concentration). The seal off compartments from each other such that the fluid in
peptides were repurified by semipreparative HPLC as each compartment was isolated and independently maintained
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Table 1: u-Conotoxins from Fish-Hunting Cone Snails differential A/C preamplifier (Grass Instruments) with band-

o p PR R e ReF pass filter settings of 1 Hz and 1 kHz. Signals were digitized
- - - at a sampling frequency of 5 kHz and acquired with in-house

software written in LabVIEW (National Instruments).

ZRCCHGRRGCSSRWCRDHSRCCH

C. stercusmuscarnm  SmlILA (1 ) ]
e _ Data were analyzed using Graphpad Prism for Macintosh
C. striatus SINA ZNCCNG--GCSSKWCRDHARCCH this work . .

(version 3.0cx, Graphpad Software, San Diego, CA) or
C, kinoshitai KITLA CCHN- - - -C55KWCRODHSRCCH this work Kaleldagraph for Mac'ntosh (VE‘I’SIOI’] 36’ Synergy Soﬂware,
C. purpurascens PIIIA ZRLEEGFOKSERSROBKOH -REEH @ Reading, PA). Data are presented as the me#re standard
C. geographus GIIIA RDEETOOKKEKDROCKOQ-RECA # (26) error of the mean (SEM)’ and error bars on all graphs

represent the SEM.
aThe number sign (#) denotes C-terminal amidation, Z pyro- .
glutamate, and O hydroxyproline. The underlined Arg or Lys residue Molecular ModelingModels ofu-SIIIA and u-KIIIA were

in the second loop is suggested to play a key role for the potency of generated by comparative modeling methddd (ising the
these peptides. solution structure ofu-SmillA (12, PDB entry 1Q2J,
representative structure 13) as a template. The sequence
and electrical stimulation or recording across compartment alignment present in Table 1 was used to generate 25 initial
partitions was possible. Each compartment was maintainedmodels of the structures using Modeler (6vAB) The
essentially as a static bath except for the test compartmentstructure with the lowest Modeler objective function was
which was perfused when it did not contain toxin. For the used for further analysis in each system. Molecular dynamics
muscle preparation, a stimulating electrode was placed in(MD) simulations were performed using the Gromacs version
each of the two compartments of the well containing the 3.1.4 package of program$9) with the OPLS-aa force field
motor nerve, while one recording electrode was placed in (20). lonizable amino acids were assumed to be in their
the middle, and the other electrode at one end, of the standard state at neutral pH, while histidine was neutral [note
rectangular chamber containing the muscle. For the sympa-that the K, of His19 inu-SmlllA is 6.8 (12)]; the C-terminus
thetic preparation, a pair of electrodes provided stimuli to was in the amidated form, while the N-terminus was charged
the preganglionic nerve between the eighth and ninth ganglia,for u-KIIIA and neutral (pyroGlu) fop-SmilIA andg-SIIA.
while postganglionic CAPs were recorded from the 10th Proteins were solvated in a box of water with dimensions of
spinal nerve. All compartments contained normal frog 40 A; no pressure coupling was applied. The total charge
Ringer’s solution consisting of 111 mM NaCl, 2 mM KCI, on the system was made neutral by replacing water molecules
1.8 mM CacC}, and 10 mM HEPES (pH 7.2). Conotoxins with chloride ions using Genion. The LINCS algorith@)
were dissolved in this solution and applied to the muscle- was used to constrain bond lengths. Protein, water, and ions
containing compartment by replacing its solution with one were coupled separately to a thermal bath at 300 K using a
containing toxin. Toxin exposures were carried out in a static Berendsen thermosta2) applied with a coupling time of
bath to conserve toxin. 0.1 ps. All simulations were performed with a single
Skeletal muscle CAPs were evoked by stimulating the nonbonded cutoff of 10 A, applying a neighbor-list update
motor nerve with~10 V, 0.1 ms rectangular pulses, and frequency of 10 steps (20 fs). The particle mesh Ewald
CAPs in the postganglionic nerve were evoked by stimulating method was applied to deal with long-range electrostatics
the preganglionic nerve witk20 V, 1 ms rectangular pulses, with a grid width of 1.2 A and fourth-order spline interpola-
provided by an S-88 stimulator (Grass Instruments, West tion. All simulations consisted of an initial minimization to
Warwick, RI) through a stimulus isolation unit. All electrodes prevent close contacts, followed by 10 ps of “positional
were platinum wires, and all experiments were performed restrained” MD to equilibrate the water molecules (with the
at room temperature. Recordings were made with a P-55polypeptide fixed). The time step used in the simulations

S3.2
CAA AAC TGT TGC AAT GGG GGA TGC TCC AGC AAA TGG TGC AGA GAT CAC GCA CGT TGT TGC GGT CGA
Q N C C N G G C S S K W C R D H A R C C G R

K3.1
TGT TGC AAT TGC TCC AGC AAA TGG TGC AGA GAT CAC TCA CGT TGT TGC GGT CGA
Cc Cc N C S S K W C R D H S R C C G R

B ! .

SIIIA KIIIA

Ficure 2: Identification and chemical synthesisofconotoxins SIIIA and KIIIA. (A) Relevant nucleic acid sequence and the translated
amino acid sequence fro@ striatusandC. kinoshitai The predicted mature conotoxin sequences (assuming the C-terminus was processed
from C-G-R to C-NH) were chemically synthesized and oxidized in the presence of glutathione. (B) HPLC analysis of the oxidative
folding of u-SIIIA and u-KIIIA. The major oxidation product, indicated by the asterisk, was purified and used for further characterization.
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was 2 fs. Each MD si_mulation was run for_a total length of A 1 UM KITIA DRG 1 UM SIIIA
10 ns. At the completion of the MD simulation, each system - s
was minimized using the method of steepest descents. v Y

——

RESULTS |/ e T L

Identification of Cloned Sequences Encoding@lg-Cono-
toxins from C. striatus and C. kinoshitaiTo identify
u-conotoxins that might exhibit subtype specificity for TTX-r ;

VGSCs, we carried out a survey of cDNA sequences B 1 UM KIIIA Sympathetic 1 uM SIIIA
obtained from the venom ducts of various fish-hunt@anus e

species that encoded peptides of gheonotoxin family. Two e —H/;’?"‘-M P
cDNA sequences, one frof. striatus a well-known fish- |/ '
hunting Conus species from shallow waters in the Indo- o2na__Jotna |f

Pacific, and the other fron€. kinoshitaj a putative fish- 10 ms /

hunting species generally collected in deeper wated(Q

m) from the Southern Philippines to Southern Japan (see
Figure 1), seemed to be particularly promising. The predicted
AA sequences from the cDNA clones (Figure 2A) exhibit
strong sequence similarity to the recently characterized
stercusmuscarurmeptidex-SmilIA (11), and are much less
homologous te:-conotoxins primarily tz_irgeted to the muscle Kope = 0.2 min” T
subtype of VGSCs, such asconotoxin GIIIA u-GlIIA) e S S e e T T ma o e B
from Conus geographud) andu-conotoxin PIIA u-PllIA) Time (min) Time (min)
from Conus purpurasceng). We designate the peptides )

from C. striatusand C. kinoshitaix-conotoxin SIIIA - C 5l 7

SlIA) and u-conotoxin KIIA (u-KI1lIA), respectively. ] ® KIIIA o DRG

Chemical Synthesis and Mass Spectrométhe predicted 0.84® SIIIA O DRG :
conotoxins were chemically synthesized by standard solid- ™, ! :
phase methods. The linear forms were allowed to fold in T
the presence of oxidized and reduced glutathione using the
methods described previously fa-SmlllA (11). HPLC
analysis of the folding reactions indicated the presence of
one predominant product for each peptide (Figure 2B). After ]
purification of this material on a reversed-phasg €Ilumn, 0.0 : : ; . . . ; |
the peptides were analyzed by MADLI-TOF, yielding the 0.0 0.5 1.0 1.5 2.0
expected molecular mass (monoisotopig)SIIIA [MH *] [ p-conotoxin ] (M)
o m/f 2306'9 (calculated [MH] = m'z 22(16'8) ange-KlllA FiIGURe 3: Comparison of effects gf-conotoxins on TTX-resistant
[MH"] = m/z 1883.8 (calculated [MH] = m/z 1883.6). sodium currents. Dissociated frog DRG and sympathetic neurons
Comparison of the Actity of u-Conotoxins SIIIA and  were prepared as described in Experimental Procedures. Neurons
KIIIA to That of Presiously Characterizedu-Conotoxin were held at-80 mV, and a 50 ms test pulse to 0 mV was used.
SmilIA The electrophysiological experiments carried out Each test pulse was preceded by a 50 ms prepulsd29 mV to

. v to d trate th | ificit A relieve steady-state inactivation. All traces represent the average
previously to demonstrate the novel specificityefm of 10 responses, either in the absence (control traces, gray) or in

for TTX-r VGSCs used dissociated neurons from frog the presence of M u-conotoxin (black traces). (A) Representative
sympathetic and sensory ganglia. We therefore assayedrTX-resistant current traces recorded from DRG neurons following
chemically synthesizegi-conotoxins SIIIA and KIIIA on an~55 min exposure ta-KIlIA (left) or an ~30 min exposure to

TTX-r currents of these neurons (see Experimental Proce-#-SHIA (right). (B) Representative TTX-resistant current traces (top)

- - recorded from sympathetic neurons following-a20 min exposure
dures). As shown in panels A and B of Figure 3, botSIIIA to u-KIIIA (left) or u-SIIIA (right). Peak amplitudes (bottom) of

andu-KIllA inhibited TTX-r currents in these neurons. The  the TTX-resistant currents plotted as a function of time (gray points)
kinetics of the block by both peptides followed a single- and corresponding single-exponential best-fit curves (solid black
exponential time course for sympathetic (Figure 3B, bottom) lines). Horizontal black lines represent the times at whietono-

and DRG (not illustrated) neurons, just like the block by toxin was present. Current traces were obtained every 10 s. (C)

) Observed rate constarkyf9 Vs u-conotoxin concentration. Error
u-SmillA (11). On DRG neurons, the observed rate constants bars represent SEMN(= 35 for each data point). The best-fit

6 1pM KIIIA 40 1uM SIIIA
0.2

0.4

TTX-r Tyys (nA)
TTXr Ty (nA)

-0.6

)

Kobs (min

(kobg for 1 uM u-KIlIA and u-SllIA were 0.21+ 0.02 min* linear regression lines (solid lines) are shown for each toxin’s block
(N =5) and 0.10+ 0.01 mir* (N = 4), respectively. On  of TTX-r currents in sympathetic neurons (solid symbols); slope
sympathetic neurons, the respective rates were 8.2305 and intercept values are given in the Results. Khagvalues for

min~1 (N = 3) and 0.12+ 0.01 mirr? (N = 4), respectively. block of TTX-r currents in DRG neurons by AM u-conotoxin

For both types of neurong-KIIIA blocked significantly '€ represented by empty symbols.

faster thanu-SlIIA, and there was no significant difference  concentration dependence. The valukgfincreased linearly

in thekops values for each peptide on DRG versus sympathetic as a function of concentration (Figure 3C). As previously

neurons (Student'stest,p < 0.05). observed fop-SmllIA (11), such results are consistent with
The kinetics of block by both peptides of TTX-r currents a 1/1 interaction between the toxin and its TTX-r sodium

in sympathetic neurons were scrutinized by examining their channel target with kinetics described by the equakign
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Ficure 4: Compared tee-SmllIA, u-conotoxins KIIIA and SIHA

are less potent inhibitors of frog skeletal muscle action potentials.
Extracellular recording from frog nerve muscle preparations were
performed as described in Experimental Procedures-GA
Representative traces of muscle CAPs evoked by indirect stimula-

tion. In each panel, a representative trace in the presence of toxin

is compared with control and wash traces. All toxin exposures were
in a static bath. Note that 0:BVl «-SmllIA (A) reversibly inhibited
muscle CAPs, while 1@M u-conotoxins SIIIA (B) and KIHIA (C)
produced relatively little block. (D) Dosaresponse relationships
for inhibition of skeletal muscle CAPs. The peak-to-peak CAP
amplitude, relative to that of control, was measured after 10 min
exposures to varying concentrationgwefonotoxin SmlllA, SIIIA,

or KIlIA. The averages of these measurements taken from multiple
muscle preparations are plotted as a function of toxin concentration
(N = 2-5). Error bars represent the SEM. At a concentration of 1
uM, a 10 min exposure to eithgrKIIIA (N = 4) oru-SIIIA (N =

2) did not inhibit the muscle CAP, whilg-SmIlIA (N = 4)
inhibited approximately 70% of the peak-to-peak amplitude.

= kon[toxin] + koit. The on-rate constantkof) obtained from
the slopes of the linear regression lines in Figure 3C were
0.23+ 0.04uM~* min~* for u-KIIIA and 0.09+ 0.02uM
min~* for u-SlIIA. These are significantly different from each
other and slower than the, for u-SmllIA of 0.42 + 0.04
uM~1 min~L. The off-rate constantss) obtained from the
Y-intercepts of the lines in Figure 3C were 0:862.06 mi?®
for u-KIIIA and 0.04 £ 0.03 for u-SllIA. Although these
values were not significantly different from zero, the block
by u-KIA and u-SllIA was clearly, albeit slowly, reversible
following toxin washout (Figure 3, bottom), unlike the block
by u-SmllIA, which showed no signs of reversal over a
similar wash period (e.g., see Figure 5 in 1&).

We also compared the effects @fconotoxins SIIIA and
KIIIA with each other and with that ofi-SmIIIA on frog
skeletal muscle CAPs evoked by indirect stimulation. The
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Stimulating
Electrodes

Ground

— Electrode

| Differential A/C
Preamplifier

=— fast-B CAP
slow-B CAP

,// C CAPs

Control

50 uM TTX

50 uM TTX
+ 10 uM SIIIA

Control

10 yM SIIIA

10 uM SIIIA
+10 pM TTX

40 uVl

50 ms

Ficure 5: Effects ofu-SIlIIA and TTX on B- and C-neuron CAPs

in the postganglionic sympathetic nerve of frog. Recordings were
made as described in Experimental Procedures. (A) Sketch of the
sympathetic preparation and arrangement of stimulating and record-
ing electrodes. Shaded ovals represent ganglia. Toxins were applied
to the test compartment (darkened well) that contained a segment
of the 10th spinal nerve (shaded vertical line spanning five wells).
(B) CAPs in control Ringer’s solution (top), in the presence of 50
uM TTX (middle), or in the presence of 5M TTX and 10uM
u-SllIA (bottom). (C) CAPs in control solution (top), in the presence
of 10 uM SIIIA (middle), or in the presence of 1M SIIIA and

10 uM TTX (bottom). Each trace represents the average of 10
responses. The asterisk indicates the stimulus artifact. TTX-sensitive
fast and slow B-neuron CAPs were largely unaffectedidsilIA.
Although C-neuron CAPs were slowed, they were not blocked by
TTX. u-SllIA did not affect C-neuron CAPs unless TTX was also
present; thus, the presence of both toxins was required for

results of these experiments are shown in Figure 4. Panelselimination of C-neuron CAPs.

A—C illustrate representative responses, and dosgponse
curves for the three peptides are illustrated in panel D.
While a 10 min application of 0.6M u-SmllIA reversibly
inhibited the muscle CAP, eithesSIIIA or u-KIIIA at 10
uM had minimal effects. However, at10uM, bothu-SIIA
andu-KIIIA reversibly inhibited muscle CAPs (not shown).

Previously, we reported that in frog sympathetic nerves
u-conotoxin SmIIIA inhibits C-neuron CAPs that persist in
TTX (12). Figure 5 shows that-SIIIA produced similar
effects in this preparation. CAPs were recorded from
postganglionic sympathetic axons in the 10th spinal nerve
in response to stimulation of preganglionic axons in the

These data are summarized in Figure 4D. It is apparent thatsympathetic chain, as illustrated in the sketch in Figure 5A.

u-SIIIA and u-KIA are much less potent inhibitors of frog
skeletal muscle VGSCs thanSmllIA. These results indicate
that the two new peptides are better thasSmlllA in
discriminating between TTX-r VGSCs and the (TTX-
sensitive) skeletal muscle subtype.

Fast and slow B-neuron CAPs were abolished byu®0
TTX, but C-neuron CAPs were spared (Figure 5B). As
shown previously12), TTX slows the conduction velocity

of the C-CAP and causes its two components to merge,
resulting in a C-CAP that can be larger than in control, as
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R13 K11

Ficure 6: Ribbon diagrams afi-conotoxins SmllIA (left), SIIIA (middle), and KIIIA (right) from MD simulations after 10 ns. The side
chains of all ionizable residues, as well as Cys, Trp, and His, are represented as tubes. The figure was generated using VMD (Visual
Molecular Dynamics) software2{).

was the case here. When TTX was supplemented with 10bonding arrangement and the helical region discussed
uM u-SllIA, the C-neuron CAP was abolished. In Figure above.

5C, the order of addition of the toxins was reversed. When pgcussionN

u-SIIIA (10 uM) was added alone, it had no apparent effects
on either B- or C-neuron CAPs. However, whetSIIIA

was supplemented with M TTX, both B- and C-neuron
CAPs were abolished. Since neither B- nor C-neuron CAPs
were affected by-SIIIA alone, this confirms that the TTX-
sensitive VGSCs expressed in these neurons are largel
resistant tou-conotoxin SlIIA. Further, this indicates that
the axons of C-neurons express sufficient levels of both TTX-
sensitive and TTX-resistant VGSCs to allow action potentials

to be propagated when either (but not both) type of channel block TTX-r sodium current as well as those that do not, is

's blocked. , ~_ shown in Table 1.

Structural Consequences of Shortening the Loop Size in - one unusual and divergent sequence feature of the new
#-SIIIA andu-KIIIA . Molecular dynamics simulations were  peptides is the length of the first loop. In all previously
performed to gain insight into the potential structural characterizegt-conotoxins (PIIIA, GIIIA-C, and SmllIA),
consequences of deleting a number of residues in the firstihere are five residues between the second and third Cys; in
loop, i.e., the region flanked by the second and third Cys 1-SIIA, there are only three, and most strikingly drKII1A,

We used a combination of molecular cloning and chemical
synthesis to characterize two novelconotoxins that ex-
hibited unprecedented selectivity for TTX-r sodium currents.
We had anticipated that these peptides might block TTX-r

a" current on the basis of their primary amino acid
sequence, the sequence of which was more similar to that
of C. stercusmuscaruprSmlllA than to those of the muscle-
specific peptidegy-conotoxins GIIIA and PIIIA. A sequence
comparison of all five toxins, including the peptides that

residues. The models ofSIlIA and u-KIIIA, along with there is only one. This surprising variability in the number
the structure ofi-SmlllA resulting from MD simulation, are  gng composition of AA residues in the first loop in
presented in Figure 6. The simulated structurg-&milIA biologically activeu-conotoxins, all of which block some

shows several differences from the structure obtained from ygjecular isoform of the family of VGSCs, was unexpected.
the NMR analysis. In particular, the side chain of Arg2 The deletion of residues in the first loop pfconotoxins
moves away from that of Trp14, in conflict with the observed gjjja and KIlIA without a significant change in their
NOEs between side chains of these residd@s Extended  pjpjogical activity on the TTX-r VGSC is in contrast to a
simulations lasting 50 ns (see the Supporting Information) general observation that the loop sizes are found to be rather
showed that the region containing the first loop (between conserved among conotoxins belonging to individual fami-

Asn5 and Gly9) in the MD model sampled a larger region |ies To the best of our knowledge, this is the first example
of conformational space than that consistent with the NMR- f sch length variation of a conotoxin scaffold. Variation

derived structure. Apart from these differences, the rest of i the sjze of the first loop, such as that seen between
the backbone was largely constant throughout the S'mU|at'0”w-conotoxins SmIlIA and KIIIA, may be viewed as another
and consistent with the NMR structure. Significantly, the ‘mechanism for generating molecular diversity of conotoxins.
side chain groups of the ionizable residues and that of A second notable sequence feature-@lIIA and u-KIlIA
tryptophan and histidine occupy similar positions in the NMR i that the usually conserved arginine residue (designated

and MD model structures f-SmilIA. with an arrow in Table 1) is replaced with Lys in both
The side chains of Trpl4, Argl6, Aspl7, and Arg20 peptides. The extensive structtifeinction work that has
occupy very similar spatial positions in all threecono- been carried out on-GlIIA suggested that this Arg residue

toxins, conferred by maintenance of the structure of the is important for the potency of this peptid@3-25). An
second and third loops through the formation of a short R13K mutation iru-conotoxin GlIIA resulted in a more than
helical segment from Argl3 through Cysl15, and Aspl7 10-fold decrease in its ability to block skeletal muscle VGSCs
through Ser194-SmllIA numbering). Comparison of the (23—25). Thus, such a Lys substitution at this otherwise
three structures in Figure 6 shows that the length of the first conserved locus in naturalconotoxins was surprising.

loop is predicted to have little effect on the overall structure,  The characterization of the new conopeptides provides
which is presumably determined largely by the disulfide valuable leads for defining the important factors in subtype
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selectivity for various VGSCs. A preliminary study on 7.

chimeras of varioug-conotoxins has demonstrated that it
is the C-terminal amino acids, highly conserved among

u-SmllIA, u-SHIA, and u-KIA in the second and third loop, 8.

that are responsible for activity on TTX-r VGSCs, although
precisely which specific amino acids are important for
potency remain to be identified 2). Not surprisingly, the
C-terminal regions are predicted to be almost fully conserved 9
in terms of structure as well (Figure 6), consistent with the
proposed role of this region in selectivity for TTX-r channels,

as suggested by Keizer et al.2f. Thus, even though the 10
structures shown in Figure 6 are models based on molecular
dynamics simulations, they suggest that the surface associated
with the C-terminal region, in particular, Trp12 and His16

of u-SllIA (Trp8 and His12, respectively, in-KIIIA), may

play a key role in binding to TTX-r channels.

Structural features that may contribute to the ability of
u-conotoxins SllIA and KIIA to discriminate between
TTX-r and skeletal muscle VGSCs comparedut&milIA
are the smaller first loop in-SIIA and u-KIIIA, the amino
acid composition of this loop (two vicinal Arg residues
present inu-SmllIA are absent inu-SIIIA and u-KIIA),
the Arg to Lys substitution in the second loop, or a
combination of these features. A detailed structtftanction
study of these peptides has been initiated, as well as a
discovery project to identify additional natugaiconotoxins
that might preferentially target TTX-r VGSCs.
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NOTE ADDED AFTER PRINT PUBLICATION

The name of author Maren Watkins was incorrect in the
version published on the Web 04/21/05 (ASAP) and in the
May 17, 2005, issue (Vol. 44, No. 19, pp 7258265). The
corrected electronic version was published 02/08/06, and an
Addition and Correction appears in the March 7, 2006, issue
(Vol. 45, No. 9).
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SUPPORTING INFORMATION AVAILABLE

One figure documenting a 50 ns molecular dynamics
simulation ofu-conotoxin SmllIA. This material is available
free of charge via the Internet at http://pubs.acs.org.
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