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ABSTRACT. u#O-Conotoxin MrVIB is a blocker of voltage-gated sodium channels, including TTX-sensitive

and -resistant subtypes. A comprehensive characterization of this peptide has been hampered by the lack
of sufficient synthetic material. Here, we describe the successful chemical synthesis and oxidative folding
of MrVIB that has made an investigation of the pharmacological properties and therapeutic potential of
the peptide feasible. We show for the first time that synthetic MrVIB blocks ratlNasodium channels

and has potent and long-lasting local anesthetic effects when tested in two pain assays in rats. Furthermore,
MrVIB can block propagation of action potentials in A- and C-fibers in sciatic nerve as well as skeletal
muscle in isolated preparations from rat. Our work provides the first example of analgesia produced by
a conotoxin that blocks sodium channels. The emerging diversity of antinociceptive mechanisms targeted
by different classes of conotoxins is discussed.

Numerous efforts have focused on the discovery of novel site | on sodium channels; several were shown to be selective
antagonists of sodium channels, in particular, for subtypes for skeletal muscle subtypes (GIHAGIIIC). Recently, small
resistant to the classical inhibitor of Na channels, tetrodotoxin 4-conotoxins were shown to preferentially target TTX-
(1, 2). These channels include the N&8 and -1.9 subtypes resistant sodium currents in amphibian systems (KIIIA and
that mediate nociceptive signals in dorsal root ganglion SllIA), while someu-conotoxins exhibited broader targeting
(DRG) neurons, making them potential therapeutic targets specificity (PIIIA or SmllIA). Table 1 summarizes the
for the treatment of neuropathic pain. TTX-resistant sodium structural differences betwe@®- andu-conotoxins target-
channels are antagonized by several drugs, including lidocainejng TTX-resistant sodium channels.

that are used to treat neuropathic pan-§) as well as by Since the original discovery and preliminary characteriza-
other compounds such as ambrox6) @nd ketamine 7). tion of £O-conotoxins MrVIA and MrVIB a decade agd§

The conotoxins produced by venomous cone snails 19), relatively little progress has been made in studying this
comprise a rich pharmacopoeia of diverse ligands that targetgroup of conotoxins20, 21). These 31-amino acid peptides
sodium channels8( 9). Two conotoxin families, namely,  contain a large number of nonpolar residues and three
the «O- andu-conotoxins, are sodium channel antagonists, disulfide bridges that stabilize the native conformation.
whereasod-conotoxins, such as TxVIA, PVIE, and SVIE, MrVIA and MrVIB are highly homologous, differing only
inhibit Na channel inactivatiorl0—17). u-Conotoxins target  in three amino acid positions (Table 1). Recently, nati@e
MrVIA and uO-MrVIB isolated from the venom o€onus

* This work was in part supported by NIH Program Project GM- marmoreusvere shown to block TTX-resistant Na currents
499%’2 (tvehghM'cC())'rrzggo[r){ng{ce should be addressed: Department ofin rat DRG neurons ZO)'; MrvIA blockeo_l TTX-resistant
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UT 84112. Phone: (801) 581-8370. Fax: (801) 585-5010. E-mail: s ! cu!
bulaj@biology.utah.edu. structure of the native conotoxin MrVIB, confirming the

zThe University of Utah. inhibitory cystine knot (ICK) topology of the disulfide

Cognetix, Inc. bridges; the authors noted that the lack of efficient synthetic

"Max Plank Institute for Experimental Medicine. - .
1 Abbreviations: ACN, acetonitrile: BSA, bovine serum albumin; Methods precluded further characterizatiop©fconotoxins.

dcc'?rgélCrgQ%%Un'zﬁiaa}céir?]gCp%t?‘lzg?'e?namgih‘gjgﬁg&%w%gﬂe?re%'sgé 4 Inthisreport, the efficient chemical synthesis and oxidative
glutathione; GSSG, oxidized glutathione; HPLC, high-’pressfjre liquid folding of MrVIB are described in detail. After a two-step,

chromatography; KIlIAz-conotoxin KIIIA; MTBE, methyltert-butyl cosolvent-assisted oxidative folding had been optimized,
ether; MALDI-TOF, matrix-assisted laser desorption ionization time- milligram quantities of synthetic MrVIB were produced. The

of-flight; MrVIB, uO-conotoxin MrVIB; NMP,N-methylpyrrolidinone; ; inhihi _roci ;
SIIA, u-conotoxin SIIIA; SmIlIA, u-conotoxin SmiilA; TCEP, tris.  SYNthetic MrVIB potently inhibited TTX-resistant sodium

(2-carboxyethyl)phosphine; TFA, trifluoroacetic acid; TTX, tetrodot- Channels in DRG neurons, as well as cloned rayIN&
oxin; VGSCs, voltage-gated sodium channels. channels expressed in oocytes. Its antinociceptive activity
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Table 1: Structures of Conotoxins that Block TTX-Resistant Sodium Channels

Peptide Sequence Conus species Ref
pnO-conotoxins

MrVIA ACRKKWEYCIVPIIGFIYCCPGLICGPFVCV C. marmoreus 19)
MrVIB ACSKKWEYCIVPILGFVYCCPGLICGPEFVCV C. marmoreus 19
pu-Conotoxins

SmIlIA ZRCCNGRRGCSSRWCRDHSRCC# C. stercusmuscarum (€2))
SIIIA ZNCCNG--GCSSKWCRDHARCC# C. striatus 32)
KIIIA CCN----CSSKWCRDHSRCC# C. kinoshitai 32

aZ is pyroglutamate; # denotes amidated C-terminus.

was tested using both local anesthetic and postincision Oxidative Folding.The lyophilized reduced MrVIB was

allodynia assays; in both tests, MrVIB was active and

resuspended in 90% acetonitrile and the 0.1% TFA/water

produced antinociceptive effects that lasted up to 24 h. This mixture to yield a 40QuM peptide solution, followed by a
is the first report of analgesia produced by a conotoxin that 2-fold dilution with the 0.1% TFA/water mixture. The first

blocks sodium channels.

EXPERIMENTAL PROCEDURES

Chemical Synthesi€onotoxin MrVIB was synthesized

oxidation step was carried out by mixing the following
reaction components (final concentrations in parentheses):
2-propanol (30%), water, Tris-HCI buffer (100 mM, pH 8.7),
EDTA (1 mM), GSSG (1 mM), and GSH (2 mM). This

on a 357 ACT automatic peptide synthesizer (Advanced Mixture was stirred slowly with a magnetic stirrer while the

ChemTech, Louisville, KY) using Fmoc chemistry on a
preloaded Fmoc-Val-Wang or NovaSyn TGA resin (Nova-

peptide solution was slowly added to a final concentration
of 20 uM. The slow stirring of the folding solution continued

biochem). Orthogonal protection of the Cys pairs included for 1 h atroom temperature (2325 °C). If any visible

the acid-labile trityl groups (S-Trt) on Cys2, -19, -20, and
-30 and the acid-stabl&-acetamidomethyl group$S{Acm)

precipitation occurred, up to 5% acetonitrile (v/v) was added
to the folding solution. The reaction was quenched with

on Cys9 and Cys25. Side chain protection of non-Cys formic acid (final concentration of 1%), and the mixture was

residues was achieved witart-butyloxycarbonyl (Lys and

diluted 2-fold with 0.1% TFA and applied to a preparative

Trp) andtert-butyl (Glu, Ser, and Tyr). To synthesize the diphenyl HPLC column at a flow rate of 5 mL/min. No more
peptide on a larger scale, four reaction vessels, each at 75¢han 10 mg of peptide was applied to the column in a given
uM scale, were used. A double-coupling procedure included "Un- Identical HPLC conditions, as described for the purifica-

N,N'-diisopropylcarbodiimide (DIC) anél-hydroxybenzo-
triazole (HOBt) for 60 min (first coupling), followed by
HBTU [2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium

tion of the reduced form, were also applied to purify the
folding intermediates. The fractions containing the correctly
folded isomer were pooled and stored &Clovernight. To

hexafluorophosphate] for 65 min (second coupling). For the Monitor folding reactions, ( reversed-phase analytical
last five N-terminal residues, the coupling time was extended HPLC separations were carried out in a linear gradient of

to 2 h. Following assembly of the peptide, the N-terminal
Fmoc group was removed with 20% piperidine in DMF
(dimethylformamide). The peptide was removed from the
solid support iy a 3 htreatment with reagent K. The peptide
was precipitated with cold methyért-butyl ether (MTBE)
chilled to —20 °C. The precipitate was washed four times
with cold MTBE. The final precipitate was resuspended in
90% acetonitrile and 0.1% TFA in water, followed by a
dilution with a 0.1% TFA/water mixture to a final concentra-
tion of 30% acetonitrile. The peptide concentration did not
exceed 2 mg/mL. The purification of the linear form was

acetonitrile in 0.1% TFA in water, changing from 25 to 75%
of 90% acetonitrile in the 0.1% TFA/water mixture over 25
min.

The second folding step involved formation of the disulfide
bond between Cys9 and Cys25 and was carried out at a
peptide concentration of 50M in 40% acetonitrile, 1 mM
iodine, and 2.5% TFA for 20 min at room temperature. The
reaction was quenched by adding ascorbic acid until the color
disappeared, followed by a 2-fold dilution of the mixture
with 0.1% TFA. The oxidation product was purified on the
diphenyl preparative HPLC column, as described for the

carried out on the same day as the cleavage. A reversedlinear form. The fractions containing the correctly folded
phase HPLC purification was performed using a preparative MrVIB were pooled, and the peptide concentration was

diphenyl column (Vydac, model 219TP510) eluted with a
linear gradient of acetonitrile in 0.1% TFA in water, changing
from 30 to 90% of 90% acetonitrile in the 0.1% TFA/water
mixture. The flow rate was 12 mL/min, and the elution was

determined by measuring the UV absorbance at 280 nm using
a calculated molar absorbance coefficientpf 8400. The
peptide was aliquoted and dried in a Speedvac.

Tests To Compare the Identity of the Synthetic and:.Mati

monitored by measuring the absorbance at 220 nm. Ap- MrVIB. The identity of the folded MrVIB was first confirmed

proximately 26-30 mg of peptide was applied to the column

using HPLC coelution experiments with the native peptide.

per run. The collected fractions containing the reduced The latter was purified from the venom &f. marmoreus

peptide with a purity o>90% were pooled, frozen at80
°C, and lyophilized.

as previously describedl®. The HPLC analyses were
carried out using & (Vydac 218TP54) and diphenyl (Vydac
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219TP54) columns. For the coelution experiments, a gradienttion of papain, trypsin, and collagenase at’87for 40 min,

of acetonitrile was as follows: from 5 to 55% of 90% triturated, and plated on coverslips coated with polyornithine
acetonitrile in the 0.1% TFA/water mixture over 15 min and and polyp-lysine. Cultures were then placed in a £0
then from 55 to 70% over 45 min. The flow rate was 1 mL/ incubator at 37C in a culture medium consisting of DMEM/
min, and the elution was monitored by measuring the F12 supplemented with fetal bovine serum, B-27, penicillin
absorbance at 220 nm. and streptomycin, and nerve growth factor (N2).

In the second analytical test, the disulfide fingerprints of  Cells on coverslips were placed in a recording chamber
the synthetic and native peptides were compared. Theand perfused at a rate of 6:3 mL/min with an extracellular
disulfide fingerprints were generated by a mild acidic recording solution containing 140 mM NaCl, 3 mM KCl, 1
reduction of the peptides using tris(2-carboxyethyl)phosphine mM CaCk, 1 mM MgCl, 10 mM glucose, and 0.001 mM
(TCEP), as described in r@2. Two nanomoles of synthetic ~ TTX, 10 mM HEPES, NaOH (pH 7.4). The perfusion system
MrVIB was resuspended in 1Q4. of 0.2 M sodium citrate consisted of eight gravity-fed valves operated by a valve
buffer (pH 3.0) containing 20 mM TCEP dr6 M guani- controller (Valvelink 16, Automate) that could be triggered
dinium hydrochloride. The mixture was incubated at ambient from the data collection software (pClamp8, Axon Instru-
temperature and then injected directly onto a diphenyl ments). For whole-cell recording, electrodes were pulled from
analytical HPLC column after a given reaction time. A linear borosilicate glass capillary tubing (Warner, GC150TF-10),
gradient of acetonitrile in 0.1% TFA in water, changing from fire-polished, and filled with an intracellular recording
40 to 80% of 90% acetonitrile in the 0.1% TFA/water solution containing 140 mM CsF, 10 mM NaCl, 1 mM
mixture over 40 min, was used. The complete time course EGTA, and 10 mM HEPES (pH 7.4) with CsOH. Whole-
of this reaction is provided as Supporting Information. An cell voltage clamp recordings were obtained with a patch
identical TCEP reduction procedure was used for the native clamp amplifier (Axopatch 200B, Axon Instruments) and
peptide isolated from the venom. collected with a PC-based data hardware and software

Electrophysiology of Frog DRG Neuronécutely dis- collection package. Data were filtered at 2 kHz, digitized at
sociated neurons from dorsal root ganglia were obtained from 20 kHz (Digidata 1200A), and analyzed with pClamp version
2.5-3 in. adult frogs Rana pipienp of either sex as  8.0. For analysis of TTX-r sodium currents, cells were held
previously described®@). Briefly, ganglia were treated with at —70 mV and stimulated with voltage-step protocols
collagenase followed by trypsin. Cells were mechanically designed to characterize properties of activation, inactivation,
dissociated by trituration, washed, suspended in 73% Lei- and recovery from inactivation (at this holding potential, most
bowitz’s L15 solution (supplemented with 14 mM glucose, Nay1.9 sodium channels are inactivated and the resulting
1 mM CaC% 7% fetal bovine serum, and penicillin/ TTX-r currents represent predominantly Xla8 channels).
streptomycin), and stored at°C. From the activation protocol, the voltage step producing the

Neurons were perfused with an extracellular solution maximum inward current was used to continuously activate
containing 117 mM NacCl, 2 mM KClI, 2 mM MgG|2 mM the cell at a rate of 0.1 Hz. After a steady baseline response
MnCl,, 5 MM HEPES, and 10 mM TEA (pH 7.2). To record had been established, the valve controller was used to switch
TTX-resistant currents, &AM TTX was added to the bathing the source of bath perfusion. The delay between switching
solution. Recording pipets (12 MQ) contained 10 mM  valves and a change in peak inward current (when observed)
NacCl, 110 mM CsCl, 2 mM MgGJ 0.4 mM CaC}, 4.4 mM varied from 0.5 to 1 min. After a new stable response had
EGTA, 5 mM HEPES, 5 mM TEA, and 4 mM NATP (pH been established, the source of perfusion was then switched
7.2). These solutions inhibit voltage-gated potassium andto a valve containing the next higher concentration in the
calcium currents and thereby permit recording of sodium dose-response analysis or to the control extracellular record-
currents alone. Neurons were voltage clamped in the whole-ing solution after the highest concentration was applied.

cell configuration, held at=80 mV, and VGSCs were To generate inhibitory doseesponse relationships, re-
activated by a 50 ms step to 0 mV (for desesponse  sponses obtained in the presence of a given concentration
curves) or steps ranging from80 to 60 mV (forl—V of antagonist were allowed to stabilize, indicating that the

curves), applied every 20 s. Each test pulse was precededath had reached the desired concentration. Three responses

by a —120 mV prepulse lasting 50 ms. Current signals, immediately preceding the next concentration change were

acquired with a MultiClamp 700A amplifier (Axon Instru-  averaged, plotted as a function of antagonist concentration,

ments, Union City, CA), were filtered at 3 kHz, digitized at and fit with the following logistic equation:

10 kHz, and leak-subtracted by a P/6 protocol using in-house

software written in LabVIEW (National Instruments, Austin, =1+ (imax— Imind[1 + (ILVIC 59"

TX). Conopeptide MrVIB was freshly dissolved in an

extracellular solution containing:AM TTX and 0.1% bovine wherel is the average response amplitude at ligand concen-

serum albumin (BSA) and applied to neurons being studied tration [L], Imin andlmax are the response amplitudes at 100%

by bath exchange. Toxin exposures were conducted in a statidlock and in the absence of block, respectivelysliS the

bath, and doseresponse antt-V data were obtained after ligand concentration producing 50% inhibition, amé the

responses had reached a steady state following toxin ap-Hill coefficient. Typically, all four parametersin, Imax 1Cso,

plication. andh) were permitted to vary during the fitting procedure,
Electrophysiology of Rat DRG Neuron®o test TTX- which involved minimizing the least mean square error using

resistant (TTX-r) sodium currents in a mammalian system, a simplex algorithm (Origin 6.0, Microcal).

cells were cultured from dorsal root ganglia (DRG) obtained  Electrophysiology of Rat Sciatic Nex and Skeletal

from postnatal day 9 rat pups. Following dissection, tissue Muscle PreparationsSciatic nerves and diaphragm muscles

was incubated in an enzyme solution containing a combina- were dissected from adult Sprague-Dawley rats. Before being
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used, the sciatic nerve was desheathed and the muscle wa®n the following day, the denuded patch was intracutane-
cut longitudinally into~1 mm strips. Compound action ously injected with 0.1 mL of lidocaine, bupivacaine, MrVIB,
potentials (CAPs) were recorded as previously described foror vehicle (phosphate-buffered saline modified with 1%
frog sciatic nerves and skeletal muscl@8)( Briefly, the Tween 80). The injection produced a raised wheal on the
recording chamber was made from a Sylgard (Dow Chemi- surface of the skin, which was circled with a felt-tipped pen.
cal, Midland, MI) wafer with a linear array of circular wells  Typically, four injections were made on the back of each
punched in it. Each well was 4 mm wide and 4 mm deep animal. The stimulus consisted of mild pinpricks with a 26
(50 uL volume) and separated from its neighboring well by gauge needle. The response was a localized skin twitch. A
a 1 mm partition. The muscle chamber had three such wellsunit test consisted of six uniform pinpricks;-3 s apart,
and the nerve four. Each preparation was stretched acrossvithin the injected area. Unit scores range from 0 (complete
the wells with one end of the preparation pinned to the floor anesthesia) to 6 (no anesthesia). For potency experiments,
of the first well and the other end pinned to the floor of the the unit test was repeated at each site at 5 min intervals for
last well (i.e., third well for muscle and fourth for nerve). 30 min, and unit test scores were summed (with 36
Portions of the nerve or muscle overlying the partitions representing no anesthesia to O representing complete
between wells were covered with Vaseline. All wells were anesthesia). For duration experiments, unit tests were per-
filled with mammalian Ringer’s solution consisting of 140 formed as described over the course of several hours to days.
mM NaCl, 5 mM KCI, 1.1 mM MgC}, 2 mM CaC}, and 5 A rat incisional pain model26) was used to assess the
mM HEPES (pH 7.4). Segments of the preparation in a efficacy of local infiltration of MrVIB. Male Sprague-Dawley
nonend well were held below the meniscus by a pin overlying rats under isoflurane anesthesia were infused with test articles
the tissue and StUCk hOfiZOI’\ta”y intO the Wa.” Of the We” (MrV|B or Vehic'e Composed Of 1% DMSO in Saline)
Each compartment was maintained as a static bath, and itssybcutaneously into the plantar surface of the foot (0.2 mL).
fluid contents were refreshed by manual exchange every 15 Ten minutes latera 1 cmlongitudinal incision was made
30 min. Extracellular stimulating electrodes were placed in through the skin and fascia of the plantar surface of the foot
the first and second wells, and the latter also contained astarting 0.5 cm from the heel and extending toward the toes.
ground electrode. Extracellular recording electrodes were The plantaris muscle was then injected with 0.1 mL of test
placed in the third and fourth wells for nerve and second article. Approximately 2 min later, the muscle was elevated
and third wells for muscle. Supra maximal stimuig Vv x and incised longitudinally, leaving the muscle origin and
0.1 ms, for muscle;-10 V x 1 ms, for nerve) were applied  insertion intact. The skin was then closed with two sutures,
once per minute to evoke CAPs. CAPs, recorded with a P-55 and the animals were allowed to recover from the anesthesia.
differential AC amplifier (GraSS'Te|8faCt0r, West WarriCk, Prior to the foot incision procedure, rats were p|aced in
RI), were band-pass filtered (1 Hz to 1 kHz) and digitized plexiglass chambers on an elevated wire mesh frame and
(4 kHz sampling frequency) using in-house software written ajlowed to habituate for at least 30 min. Mechanical allodynia
in LabVIEW. All electrodes were stainless steel wires. was assessed with calibrated von Frey filaments using an
MrVIB was dissolved in mammalian Ringer's solution yp—down method described by Chaplan et &7)( With-
containing 0.1% BSA and applied to the third well of the drawal responses to mechanical stimulation with von Frey
nerve preparation or the second well of the muscle prepara-filaments were assessed at the medial side of the wound near
tion. the heel. The 50% withdrawal threshold (the amount of
Electrophysiology of Oocyte§he a-subunit of the rat  pressure required to produce a flinching response) was
Na 1.8 channel (NM017247) and the rat Na chanfigt calculated. At various times after the incision (1, 2, 4, 6,

subunit (M91808) were generous gifts from J. Wood and 24 h), mechanical allodynia was reassessed in the rats.
(London, U.K.) and from T. Zimmer (Jena, Germany),

respectively. Both subunits were expressedXanopus RESULTS
oocytes as described previoush24). Whole-cell currents
were recorded under two-electrode voltage clamp control Chemical Synthesis and OxideeiFolding.For a decade,
using a Turbo-Tec amplifier (NPI Instruments, Tamm, the major bottleneck in the characterization of two cono-
Germany). The intracellular electrodes were filled with 2 M toxins, MrVIA and MrVIB, has been the availability of
KCI and had a resistance between 0.5 and @.\MCurrents sufficient material. AIthough chemical synthesis of MrVIB
were low-pass filtered at 3 kHz-@3 dB) and sampled at 10  Was achieved in the original characterization of these peptides
kHz. The bath solution was normal frog Ringer's solution (19), relatively low yields and, consequently, small quantities
containing 115 mM NacCl, 2.5 mM KCl, 1.8 mM Caghnd were obtained (0.1 mg). The authors used Fmoc chemistry
HEPES (pH 7.2) (NaOH). Toxin-containing solutions were to assemble the peptide in a two-step oxidation protocol, in
directly applied to the bath by using a Gilson pipet. All Wwhich the native Cys pairs were orthogonally protected using
electrophysiological measurements where performed at roomAcm and Trt groups.
temperature (1922 °C). For the synthesis carried out in this study, the standard
Antinociception AssayMale Sprague-Dawley rats (250 Fmoc solid-phase protocols were used. Both the Wang and
300 g, Charles River Laboratories) were housed in a the NovaSyn TGA resin yielded a comparable quality and
temperature-controlled (28 3 °C) room with a 12 h light quantity of the crude, reduced MrVIB. A single-coupling
dark cycle with free access to food and water. The local protocol resulted in a significantly lower quality of the
anesthetic test was performed in rats essentially as describegheptide. Adding Triton X-100 to the solvents (1:1 DMP:
in ref 25. On the day prior to the test day, a patch on the NMP ratio) did not improve synthesis. Since lower coupling
back of the rat was denuded of hair by shaving it with electric yields were observed after Trp6, the coupling time for each
clippers followed by treatment with depilatory cream (Nair). of the last five residues was extended to 2 h. After the
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HPLC retention time [min]

Ficure 1: HPLC analysis of the oxidative folding of MrVIB.
Folding reactions were monitored by reversed-phase HPLC analysis

using a diphenyl Vydac column as described in Experimental Synthetic A __ A~
N

Procedures. The top trace shows the folding reaction after oxidation

for 1 h in the presence of 1 mM GSSG, 2 mM GSH, 30% VGIIL___/\/‘/\_,/L____—.

2-propanol, and 100 mM Tris-HCI (pH 8.7). The asterisk denotes L ! ) \ ! L
the main folding product that was subjected to the second oxidation 20 0 o 50 & 7
step. The bottom trace shows the folding reaction after incubation HPLC retention time [min]

for 20 min in the presence of 1 mM iodine, 40% acetonitrile, and £ - 2. compari : :
X ; At ; . : parison of the synthetic and native MrVIB by HPLC
2.5% TFA. The purity of the final oxidation product is shown in . J4| tion and disulfide fingerprints. (A) HPLC coelution experi-

Figure 2. ments. The first three HPLC traces represent the synthetic, the
) _venom-derived peptide, and a 1:1 mixture of the two peptides
assembly of the peptide, MrVIB was cleaved from the resin (Coelution) analyzed on a diphenyl Vydac HPLC column. The

and purified by reversed-phase HPLC with an estimated 10%bottom HPLC trace (Coelution C18) represents the same 1:1

; ; ; ; mixture, but separated on a C18 Vydac HPLC column. (B)
yield using preparative diphenyl columns, rather than more Comparing disulfide fingerprints of the synthetic and the venom-

commonly used &-based columns. o derived MrVIB. Both HPLC traces represent products of a 20 min
To produce larger quantities of peptides containing more acidic reduction with 20 mM TCEP in the presence of 6 M

than two disulfide bridges, a single-step oxidation is often guanidinium hydrochloride and 0.2 M sodium acetate buffer (pH
preferable. Therefore, our initial efforts were focused on 3.0). The reaction solutions were directly injected into a diphenyl

. A . . HPLC column and eluted in a linear gradient of acetonitrile, as
detergent-assisted oxidative folding methods previously u‘Q’eddescribed in Experimental Proceduresq N denotes the peak corre-

to produce highly hydrophobic conotoxins suchdaSVIE sponding to the folded MrVIB. The complete time course of the
and 0-PVIA (15, 28). Our experiments indicated that TCEP reduction of the synthetic MrVIB is available as Supporting

nonionic detergents could indeed improve folding yields of Information.
MrVIB (data not shown). However, this approach presented
problems during scale-up preparative HPLC separations of (Figure 2A). The peptide had the expected molecular weight,
the folding mixtures containing the detergent: Tween as determined by MALDI-TOF mass spectrometry [MH
prevented the peptide from sticking to the column when = 3407.7 (calculated average [MH= 3407.2). Using the
applied in larger volumes. protocol described above, several milligrams of MrVIB were
A two-step oxidation method that involved orthogonal producgd. The final yield fr_om the purified reduped peptide
protection of the Cys pairs and a regioselective formation t the final product was estimated to be approximately 10%.
of disulfide bridges was then employed9( 29, 30). The solubility of uO-conotoxin MrVIB in aqueous solu-
Oxidation of four Cys residues results in three isomers, of tions has been a problem in the previous electrophysiological
which only one contained the proper connectivity of the studies. The synthetic peptide could not be efficiently
disulfide bonds. To improve the yield of the correct isomer, resuspended in water or saline solutions at concentrations
several folding conditions were tested, including addition of of >5 uM. Addition of organic solvent at 2640% or 1%
organic cosolvents or nonionic detergents. The presence ofTween 80 dramatically improved the solubility of the peptide,
higher concentrations of methanob30%), 2-propanol  making 26-100 M stock solutions feasible.
(>20%), or 2% Tween 20 detergent significantly improved  Chemical Identity of Synthetic and Nagi MrVIB. To
the relative accumulation of the correct isomer. In scaled- establish that the synthetic MrVIB was identical to the native
up separations of the folding mixture, the 2-propanol-assisted peptide (purified from venom), two different analytical
oxidation protocol proved to be the most efficient. Figure 1 methods were employed: HPLC coelution experiments using
shows the HPLC analysis of the folding mixture from the two different stationary phases and a comparison of disulfide
first and second oxidation steps. After a large-scale purifica- fingerprints. As illustrated in Figure 2A, the synthetic and
tion, the isomer was further oxidized using iodine as native peptides had identical HPLC retention times when
described in Experimental Procedures. Extending the oxida-eluted on a Vydac diphenyl analytical HPLC column.
tion time beyond 20 min resulted in lower yields of recovery Subsequently, the two peptides were mixed in a 1:1 ratio
of the folded MrVIB. After final HPLC purification, the  prior to injection on Vydac diphenyl or HPLC columns.
correctly folded MrVIB was>90% pure, as determined by The two HPLC coelution experiments yielded a single peak
analytical HPLC using diphenyl andi£Vydac columns (Figure 2A), indicating that both peptides behaved identically
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on the two different stationary phases, consistent with their 1
chemical identity.

The synthetic and native MrVIB were also compared using
so-called “disulfide fingerprints” (Figure 2B). Disulfide
fingerprints are generated by a partial reduction of disulfide-

rich peptides with tris(2-carboxyethyl)phosphine (TCEP), &
followed by HPLC analysis22). Under acidic conditions “

(pH 3.0), the peptide disulfide bonds are reduced without § 06 |-
the possibility of any intramolecular thiedisulfide rear- £
rangements (disulfide scrambling). Thus, for the native §
peptide isolated from the venom, the resulting distribution & 04 |
of partially unfolded species represents only intermediates §
containing the native disulfide bridges. Comparison of the §

HPLC elution patterns of the unfolding intermediates (di-
sulfide fingerprints) of the native and synthetic MrVIB thus 02 [
provides a robust assessment of the identity of their disulfide
connectivities.

First, the synthetic MrVIB was subjected to partial TCEP

reduction under denaturing conditions (see Experimental 0.01 0.1 1 10 100
Procedures), and the time course of the TCEP reduction was [MrVIB] (M)

established (see the Supporting Information). Since a 20 minFicure 3: Dose-dependent block of TTX-resistant currents in frog
reaction yielded equally distributed unfolding species (di- DRG neurons by synthetic MrVIB. Sodium currents were acquired

. . : e+ ; as described in Experimental Procedures. The fraction of peak
sulf;(rj]et_flnge;prlntt)_, this tltr_ge pOIntIdeS chosen ZO éheth current blocked by MrVIB at steady state is plotted as a function
Synthetic and native peptdes could be compared. BON ot hentide concentration. The solid line represents the best fit curve

peptides were subjected to a 20 min TCEP reduction, to the equation for a rectangular hyperbola, fraction blocked(1
followed by HPLC analyses. As illustrated in Figure 2B, the + I1Cs¢/[MrVIB]), with an ICso value of 0.53uM. N = 3—4 cells

disulfide fingerprints generated by the partial reduction of for each concentration.

the synthetic and the native MrVIB were identical. Thus, ) .

by both HPLC coelution and TCEP fingerprinting, the 6A.C). The C-CAP that persisted in4M MrVIB had a

synthetic and the native MrVIB were indistinguishable. ~longer latency, indicating that the toxin slowed the conduc-
Electrophysiological StudiesThe effect of synthetic tion velocity of the action potential in the C-fibers that

MrVIB on TTX-resistant sodium currents in dissociated frog remained active; furthermore, the C-CAP could be com-

DRG neurons was characterized. Whole-cell recordings from pletely blocked within 20 min when the MrVIB concentration

frog DRG neurons showed that MrVIB blocked TTX- Wwas increased to aM (not illustrated). Like A-CAPs in

resistant currents in these neurons with ag k& 530 nM sciatic nerve, action potentials in skeletal muscle were largely

(Figure 3). The recovery from block was slow and incomplete blocked by 1uM MrVIB (Figure 6B), albeit with a slower

even after washing had been carried out for 20 min. time course (Figure 6C).

Furthermore, the voltage sensitivities of the TTX-resistant  antinociceptie Tests.To explore the antinociceptive

current before and during partial block by MrVIB are similar - potential of MrVIB, the synthetic peptide was tested using
(Figure 4), indicating that the peptide does not affect the tyg assays that utilize the response of a rat to a mildly painful
gating properties of the TTX-resistant channel. Previously stimylus as a reversible end point: local anesthesia and
published results which showed thé®-conotoxins potently  ostincision allodynia. The peptide produced a dose-depend-
inhibited TTX-resistant sodium currents in rat DRG neurons gt and long-lasting suppression of the skin twitch response

(20) were confirmed using synthetic MrVIB. Synthetic 4,0 g hcutaneous wheal test in male rats (Figure 7). The
MrVIB blocked rat DRG neuron TTX-resistant currents with EDso for producing a local anesthetic effect (approximately

an 1G; of 13 nM. 100 pmol) was at least 2 orders of magnitude lower than

TT-l;? |nv_estt|g?tleilthe E|olog||cal aCt't\ﬂt%.Of I|\\/|/|r\\//l|g on Spetc'f'tc q that for lidocaine. The duration of action of MrVIB was also
-resistant INa channels, synthetic Mr was tested 1 ch longer than that of lidocaine. Full recovery from the

22a|rrésstst:§ ?rl]o?ﬁg(:]towﬁssozlib%pi os]jttehn?] sc_)r(\j/:ltcj)rj"élcer;:etlpon de;, local anesthetic effect of the conotoxin was observed after
b P yie sy X 24 h (1 nmol dose) and 48 h (10 nmol dose), while with

voltage clamp experlme.nts were pe(formed in the abser?Celidocaine, full recovery from the treatment occurred aft&
and presence of MrVIB; as shown in Figure 5, synthetic h

MrVIB (0.5 uM) resulted in a profound inhibition of the
evoked currents. Local infusion of MrVIB (30 nmol) into the plantar surface
To study the effects of MrVIB on the propagation of action ©f the foot prior to the incision produced a long-lastirgd(
potentials, CAPs were recorded from isolated sciatic nerve h) reduction of postincision allodynia in rats (Figure 8). This
and skeletal muscle preparations from rat, as described inwas manifested as an increase in the withdrawal threshold
Experimental Procedures. In the sciatic nerve, two biphasicto mechanical stimulation. Local infiltration of tetracaine
CAPs were recorded, a fast conduction velocity A-CAP and (0.5%) produced a modest reduction of allodyrié b which
slower C-CAP, and both were susceptible to MrVIB (Figure was gone § 2 h postincision. No untoward effects on healing
6A). Following exposure to kM MrVIB, >97% of the of the incision were noted in rats that were observed for
A-CAP and ~50% of the C-CAP were blocked (Figure several days after the incision in any treated group.
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Ficure 4: MrVIB blocks TTX-resistant sodium currents in frog DRG without affecting its voltage sensitivity. Sodium currents were
acquired as described in Experimental Proceduresl{A)curves before®) and during @) exposure to kM MrVIB. (B) Corresponding
current traces before (left) and during (right) exposure (dMLMrVIB. TTX (1 uM) was present throughout the experiment.

A Control material. In this paper, we describe the chemical synthesis

and oxidative folding of MrVIB with yields sufficient to
allow a much more comprehensive characterization of the
pharmacological properties and therapeutic potential of this
class of peptides to be feasible.

Our chemical synthesis protocol, including a two-step
oxidative folding, produced milligram quantities of MrVIB
with a purity exceeding 90% and a final yield of 10%.
Although this yield, as calculated from the purified reduced
500 nM MRVIB peptide to the final product, may seem rather modest, it
represents a major improvement over existing methods for
producing such hydrophobic peptides. Our initial attempts
to follow the original two-step protocoll@) resulted in
producing only analytical amounts of the synthetic material

o

I < with yields significantly lower that 1%. Scaling-up chemical
- synthesis and oxidative folding of MrVIB presented a major
5ms technological challenge, since such a hydrophobic peptide

has a strong tendency to aggregate and precipitate at every
processing step, including oxidation and HPLC purifications.
This challenge is further reflected by a fact that all recent
studies with MrVIA and MrVIB, including structural and
electrophysiological experiment2() and antinociceptive
assays in animal model83), have all been performed with
natural toxins isolated from the venom Gf marmoreus
There were several technical improvements over the
previous method that made the chemical synthesis of MrVIB
more efficient. Adding organic solvents improved folding
yields and recovery of the synthetic MrVIB at every
processing step. In particular, the cosolvent-assisted folding
T T T T T T 1 resulted in an improved accumulation of correctly folded

% 60 40 20 n‘:’v 20 4 60 80 forms (Figure 1). The largest losses of peptide were observed

Ficure 5: MrVIB blocks Na,1.8 channels. (A) Whole-cell currents du”r_‘g two prep_a_ratlve HPLC steps: (i) when the_ reduced
were recorded fronXenopusbocytes expressing N&.8 channels  Peptide was purified from a crude, postcleavage mixture and
as described in Experimental Procedures. Depolarizing pulses from(ii) during purification of the correctly folded isomer after
—60 to 40 in 10 mV steps from a holding potential 100 mV the first folding step. Two improvements in the preparative
f‘erguigg‘r’]"”ih A(‘Z(?J?:’t(:,‘?]rtls O(fbc?t(t)gmn'\garl\lﬂerl\)/ '%é;aggnzgaﬁsgffgf“qge purification steps were application of the peptide mixture to
current-voltage relationship under control conditions and in the an HPI_‘C column eqwllbr_ated with a _r(_elatlvely high con-
presence of 500 nM MrVIB. centration of organic mobile phase (initial concentration of
27% acetonitrile in the 0.1% TFA/water mixture) and the
DISCUSSION :
change from G- to diphenyl-based reversed-phase columns.
Conotoxins that act like sodium channel blockers belong The availability of much greater amounts of MrVIB has made
to two families, theuO- and u-conotoxins (Table 1). In it possible to carry out a more extensive pharmacological
contrast to the progress made in the characterization of thecharacterization, including assessment of the activity of the
u-conotoxin family (see, for example, re28, 31, and32), peptide in antinociceptive assays using animal models.
uO-conotoxins have not been extensively investigated; this Our pharmacological characterization demonstrated that
is largely due to the failure to obtain sufficient synthetic u«O-MrVIB blocked TTX-resistant sodium currents in both

=] -o- Control
—e— 500 nM MRVIB




Analgesic Conotoxin Blocking Sodium Channels Biochemistry, Vol. 45, No. 23, 2006411

AJ L — B C o ACAP

-
o
o

=4
Y

o
9
T

Fracton of response remaining
o <
b
L ad

100 pv

L M
| U = ' il iiii{ﬂ?ggigﬂﬁiﬂwd&

= Q 5 10 25 30 35 40
ms
SOms Time {min)

Ficure 6: MrVIB blocks action potentials in rat sciatic nerve and skeletal muscle. CAPs were recorded as described in Experimental
Procedures. Representative recordings that are shown are the average of five responses before (gray dotted traces) and during (solid black
traces) exposure toAM MrVIB. (A) Recordings from sciatic nerve. Electrical stimulus, applied at the arrow, evoked a large biphasic fast
A-CAP within a millisecond, followed~30 ms later by a smaller biphasic C-CAP. The A-CAP amplitude (as measured from the baseline

to the peak of its negative phase) was blocked by 97% following toxin exposure. The inset shows the same traces with the vertical axis
expanded to more clearly show the C-CAP. In the control trace, the C-CAP rides on the second, positive phase of the A-CAP; this phase
of the A-CAP was essentially obliterated following MrVIB exposure, leaving behind an attenuated C-CAP whose amplitude (from the peak
of its negative phase to the peak of its positive phase) was approximately half of that in the control response. (B) Muscle responses. The
stimulus (see the artifact at the arrow) was followed within a few milliseconds by a biphasic CAP whose peak amplitude (from the baseline
to the peak of its negative phase) was reduced by 99% after exposure to MrVIB. (C) Time course of bladW Mr¥IB of sciatic nerve

A-CAP (O) and C-CAP [0) and muscle CAP€). MrVIB was applied at time zero. Each point represents the average respbribe (
standard error of the mean) from three preparations each of nerve and muscle.
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- Ficure 8: MrVIB reduces postincision allodynia following sub-
2 100 Lot . cutaneous infusion of 30 nmol of the peptide. Data represent the
= ¢ - calculated 50% withdrawal threshold at a given test period. Each
I/” point represents the mean of five to seven observations.
Pl .’
5 . .
// nM, 6-fold lower than the I of venom-isolated MrVIA
R 1. (83 nM) (20). The observed difference might be ascribed to
7 i B MtVIB 10nmol X .
5069 1 A MIVIE frmol either (1) the structural differences between MrVIA and
¥ @ MiVIB 0. 1nmol MrVIB (see Table 1) or (2) technical differences in the
/X @ MHVIB 0.01nmol handling of the peptides. In two previous reports, MrVIA
By /' O Vehicle and MrVIB had comparable activities in blocking transient
7 sodium currents in rat DRG neuron®0f and potencies in
L | | | | blocking Nal.4 sodium channels3§). However, the latter
12 o 36 48 authors 84) observed a significantly different potency of
Time (h) MrVIA in blocking Na,1.2 channels as compared to that

FIGURE 7: Antinociceptive activity of MrVIB conotoxin. (A) published in reB5. It is possible that the observed differences
MrVIB in_hibits skin flinch sensitivity in th_e rat local anes_thetit_: in the potency of MrVIB or MrVIA in different laboratories
assay with gre?t«frrl potency :ha“ e';hﬁf "ﬂoca'”g or bLép'Vﬁca'”?- result from solubility problems witkO-conotoxins: these
ata represent the percentage of flinches observed after six . :
pinpricks (the unit test) at the time of peak effect (the 30 min time peptides h.ave a tendency.tc.) stick to, test tubes at '9‘”3’
point for bupivacaine and lidocaine andetl3 h time point for concentrations and to preCIpItate at higher concentrations.
MRVIB). Each point represents the mean of at least four observa- Thus, the doseresponse curves may depend on what
tions. (B) MrVIB produces a long-lasting inhibition of skin flinch  solvents and containers are used for resuspension and dilution
sensitivity in the rat local anesthetic assay. Data represent theof the peptides
percentage of flinches observed of six total at each time point. Each We h | ) directly d trated that MrVIB block
point represents the mean of at least seven observations. € have also directly aemonstrated that Mr OCKs
Na,1.8 channels (Figure 5), a subtype of great potential
frog and rat DRG neurons. The desesponse curves for interest in the antinociceptive drug development field. In
the synthetic MrVIB on rat neurons gave ans@f ~13 knockout mouse studies, MR8 was shown to be involved
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Table 2: Diversity of Analgesic Conotoxins and Their Molecular Tafgets
Conotoxin Structure Molecular Reference
target/mechanism
o-MVIIA CKGKGAKCSRLMYDCCTGSCRSGKC Voltage-gated (40)
calcium channels
Antagonist

HO-MrVIB ACSKKWEYCIVPILGFVYCCPGLICGPEVCY  Voltage-gated sodium  This work
channels
Antagonist

x-MrIA NGVCCGYKLCHOC Norepinephrine (41-43)
transporter
Inhibitor

ACV-1 GCCSDPRCNYDHPEIC Neuronal nicotinic (44, 45)

(Vcl.1) receptors
Antagonist

Contulakin-G =~ ZSEEGGSNATKKPYIL G-protein coupled (46)
receptors
Agonist

Conantokin-G =~ GEyyLQYNQyLIRYKSN NMDA receptors 47)
Antagonist

aZ is pyroglutamate; O is hydroxyproline.

in processing pain signals; mice deficient inJN&8 were mirrors the effects of local anesthetics on A- and C-fibers
less responsive to noxious mechanical stimuli and demon-in rabbit vagus nerve3Q).
strated a delayed development of inflammatory hyperalgesia 1 synthetic material described above has been used in
(36). o - a collaborative effort with the laboratory of S. Heinemann
MrVIB also inhibits TTX-sensitive currents. All reports (Jena, Germany) for a much more thorough biophysical
on the effects of MrVIB on TTX-sensitive currents have characterization of the effects of MrVIB on neuronal voltage-
yielded 1Go values of >200 nM @0, 21, 35, B. Klein,  gated sodium channel84). The data reveal that MrVIB has
unpublished data). TTX-sensitive currents also play a critical gignificant differences in the affinity for various sodium
role in neuropathic pain states since TTX itself reduces channel subtypes and have unequivocally established that
mechanical allodynia after nerve injur@q). The in vivo 6 peptide is not an open channel blocker. Rather, MrVIB
effects of MrVIB demonstrated in this study utilized 5556415 10 act at a unique site in domain 111, It is tempting
responses to the transmission of acute nociceptive pain iny, gnecylate here that perhaps this unique interaction between
normal animals. Both TTX-resistant and -sensitive sodium MrVIB and the sodium channels may be in part responsible
_(I:_r;]annetls pga)é%rolet.m th? %orrpﬂal\}lrgnsr?ls.tslon of aICléte ptﬁm'for the long-lasting local anesthetic effect of the conotoxin
it € e)t( in € i ura;l:orr:]o haennrl r?g 'X'i{;coﬁp? V\g 0 (shorter-acting lidocaine is known to target the inner vestibule
Its potency at sodium c €S underlying nNociception, ¢ o channel). The biophysical studies have also clearly
indicates its potential therapeutic utility in the treatment of differentiated betweep- and xO-conotoxins on the basis
pain. ) , L of such parameters as changes in the open state probability
In view of MrVIB's apparent broad selectivity, its effects o yoxin binding. Thus, the availability of substantial

on the propagation_of action potentials in nerve and muscle amounts of synthetic toxin has already led to mechanistic
of rat were examined. Skeletal muscles express (TTX- insights into how MrVIB interacts with its target sodium
§ensmve) Nal.4, and as might b.e expected,the_ muscle CAP channels and suggests that MrVIB, which is the first
is 99% blocked by LM MrVIB (Figure 6B,C). Sciatic nerve s . . .
has A-fibers with TTX-sensitive sodium channels as well conotoxin with analgesic properties that acts on sodium
’ : e . channels, does so through a unique mechanism.
as C-fibers with both TTX-sensitive and TTX-resistant - . 9 q . _ _
channels. The corresponding action potentials supported by What is remarkable is the emerging collection of various
A- and C-fibers are manifested in extracellular recordings analgesic conotoxins that act through diverse mechanisms,
as A- and C-CAPs, respectively. In rat sciatic nerve, TTX With none involving opioid receptors. As summarized in
readily blocks the A-CAP, and although the C-CAP is also Table 2, several conotoxins have potential therapeutic
largely blocked by TTX, a minor fraction can persi88( application in pain management, each working through a
B. Fiedler and D. Yoshikami, unpublished observations). At distinct mechanism. The first analgesic conotodirMVIIA,
a concentration of kM, MrVIB blocked essentially all of also known as ziconotide or Prialt, was recently approved
the A-CAP and approximately half of the C-CAP (Figure for treatment of chronic intractable pain in both the United
6A,C); the C-CAP that persists has a longer latency (Figure States and Europe. Other conotoxins are currently at various
6A) and can be totally blocked by &M MrVIB (not stages of preclinical and clinical development. The work
illustrated). This differential effect on A- versus C-fibers presented here adds one more important example of the
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unprecedented analgesic pharmacopoeia that is being pro-

vided by Conussnails.

SUPPORTING INFORMATION AVAILABLE

One figure illustrating the complete time course of the
TCEP reduction of the synthetic MrVIB. This material is

available free of charge via the Internet at http://pubs.acs.org.
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