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Cysteine racemization during the Fmoc solid
phase peptide synthesis of the Nav1.7-selective
peptide - protoxin Il

Jae H. Park,* Kevin P. Carlin, Gang Wu, Victor I. llyin and Donald J. Kyle

Protoxin Il is biologically active peptide containing the inhibitory cystine knot motif. A synthetic version of the toxin was
generated with standard Fmoc solid phase peptide synthesis. If N-methylmorpholine was used as a base during synthesis
of the linear protoxin I, it was found that a significant amount of racemization (approximately 50%) was observed during
the process of cysteine residue coupling. This racemization could be suppressed by substituting N-methylmorpholine with
2,4,6-collidine. The crude linear toxin was then air oxidized and purified. Electrophysiological assessment of the synthesized
protoxin Il confirmed its previously described interactions with voltage-gated sodium channels. Eight other naturally
occurring inhibitory knot peptides were also synthesized using this same methodology. The inhibitory potencies of these
synthesized toxins on Nav1.7 and Nav1.2 channels are summarized. Copyright © 2012 European Peptide Society and John
Wiley & Sons, Ltd.
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Introduction

Mammalian voltage-gated sodium channels (VGSC) are com-
posed of a large pore-forming o-subunit and two auxiliary f-
subunits that are presumed to modulate channel activity and
functional expression in cell membranes. Each a-subunit has
four domains (D1-D4), with each domain containing six trans-
membrane segments (S1-S6). Nine different isoforms of the o-
subunit have been described (Nav1.1-Nav1.9), with the Nav1.4
isoform being mainly expressed in skeletal muscle and the
Nav1.5 isoform being mainly expressed in cardiac tissue. The
remaining seven isoforms are expressed in neurons, with
Nav1.7, Nav1.8 and Nav1.9 being predominantly expressed in
the peripheral nervous system [1]. Nav1.7 channels exhibit slow
closed-state inactivation, meaning they can respond to slow
membrane depolarization [2]. As a result, Nav1.7 channels may
act to amplify small excitatory inputs that are close to the resting
potential, thus participating in the spontaneous action potentials
in DRG neurons during pathological firing [3]. In addition to this
mechanistic evidence for Nav1.7 in pain signaling, an impaired
response to inflammatory pain stimuli has been described in
mice in which Nav1.7 channels have been knocked out in a
subset of peripheral nociceptors [4]. In humans, certain nonsense
mutations in the SCN9A gene on chromosome 2qg24.3 (that
encodes the Nav1.7 a-subunit) have been associated with a
phenotype unable to perceive certain noxious stimuli, although
other sensory perceptions are normal [5]. Other mutations of
the human SCN9A gene cause impairment of normal inactivation
of the Nav1.7 channel, causing a persistent painful hereditary
condition known as paroxysmal extreme pain disorder. A
third pathophysiological condition that is hereditarily linked to
mutations in the SCN9A gene is primary erythromelalgia. The
mutations underlying this condition cause channels to activate

at a lower membrane potential, and clinically this condition
manifests as severe burning pain in the extremities [1]. Taken
together, these mechanistic and behavioral observations have
fueled interest in Nav1.7 channels as an important new drug
target for treating various human pain conditions. For the
purpose of alleviating pain without adverse side effects that are
common in existing therapies, the development of a Nav1.7
channel-selective antagonist may be an attractive alternative
approach. One strategy for the design of new molecules that
are intended to have inherent target specificity is to initiate
structure—-activity relationship (SAR) studies on key natural
products that are known to already exhibit some degree of the
desired target specificity. The goal is to optimize the pharmaceu-
tical profile of the molecule in parallel with optimization of the
target specificity, while at the same time simplifying the molecu-
lar structure. The most Nav1.7 isoform-selective, natural product
molecule described to date is protoxin Il, making it a candidate
for this medicinal chemistry strategy.
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Protoxin Il is a naturally occurring toxin isolated from venom of
the tarantula, Thrixopelma pruriens [6]. This toxin has been shown
to selectively inhibit Nav1.7 channels approximately 100-fold
more potently than other Nav isoforms [7]. Protoxin Il has 30
amino acids (YCQKW MWTCD SERKC CEGMV CRLWC KKKLW)
and contains six cysteine (Cys) residues, which participate in
three disulfide bonds that largely stabilize an overall tertiary
conformation that is essential for its Nav1.7 channel-mediated
pharmacology and specificity. This pattern of disulfide bonds is
characteristic of several related toxins that are usually inhibitory
when occupying their respective target ion channels and is
referred to as an ‘inhibitory cystine knot’ motif [8]. The bridging
pattern is Cys1-Cys4, Cys2-Cys5 and Cys3-Cys6.

Cysteine residues are known to racemize during coupling in
Fmoc solid phase peptide synthesis (Fmoc-SPPS) [9-14], and this
problematic issue is even more complex when synthesizing
toxins from venomous animals because of the complex arrange-
ment of multiple disulfide bonds. There are numerous reports on
the Fmoc-SPPS of naturally occurring inhibitory cystine knot
peptides such as protoxin Il [15-22], but interestingly, none of
these previous publications mention the extent (or lack thereof)
of cysteine racemization and thus create possible ambiguity
regarding the chiral purity of the reported peptides. Given that
each cysteine may racemize (5-50%) during the synthetic
process, the desired crude linear toxin may only comprise a small
fraction of the crude product, making it difficult to isolate and
subsequently purify. To improve the overall synthetic vyield,
simplify the purification process, lower the required time and
cost and thus enable this approach to SAR studies, it is critical
to minimize cysteine racemization during synthesis of the linear
toxin. There are reports that cysteine racemization in non-cystine
knot peptides can be minimized by changing conditions such as
coupling reagents, solvents and bases [9-14].

In this report, we describe how standard conditions of Fmoc-
SPPS caused racemization during linear protoxin Il synthesis.
Second, we describe modified synthesis conditions that minimize
the cysteine racemization. Third, we demonstrate the generality
of these new conditions by using them to synthesize several
related cystine knot peptides, and finally using standard manual
patch-clamp electrophysiology techniques, we report the
channel pharmacology of this representative family of toxins as
a start point for additional follow-up medicinal chemistry
research aimed at the design and synthesis of Nav1.7 channel-
selective inhibitors.

Materials and Methods

Materials

The side chain protecting groups for amino acids are tBu for
aspartic acid, glutamic acid, serine, threonine and tyrosine; Trt
for cysteine and glutamine; Pbf for arginine; Boc for lysine and
tryptophan. All of orthogonally protected amino acids were
purchased from Protein Technologies, Inc. (Tucson, AZ, USA),
Anaspec (Fremont, CA, USA) and Chem Impex (Wooddale, IL,
USA). HCTU was purchased from Protein Technologies, Inc. and
Anaspec, H-Trp(Boc)-2-Cl-Trt resin (0.42 mmol/g) was purchased
from Bachem (Torrence, CA, USA). Fmoc-lle-Wang LL resin
(0.29 mmol/g), Fmoc-Leu-Wang LL resin (0.24 mmol/g), Fmoc-
Gly-Wang LL resin (0.35mmol/g) and H-Met-2-CI-Trt resin
(0.64 mmol/g) were purchased from Novabiochem (Gibbstown,
NJ, USA). NMM, DIPEA, piperidine, DMF, DCM, 2,4,6-collidine,

TFA, TIS, 3,6-dioxa-1,8-octanedithiol, thioanisole, phenol, 0.1%
TFA in acetonitrile and 0.1% TFA in water were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Linear Peptide Synthesis

Linear peptide was synthesized on a Pioneer peptide synthesizer
(Applied Biosystems, Carlsbad, CA, USA) and peptides were
assembled stepwise on 0.05-0.1 mmol using sixfold to eightfold
excess of Fmoc amino acids. Fmoc protecting group was removed
using 20% piperidine in DMF and free amine was coupled with
amino acids/HCTU/2,4,6-collidine in DMF/DCM (1:1).

Linear peptide was treated with TFA:TIS:3,6-dioxa-1,8-
octanedithiol : thio-anisole : phenol : H,O (81.5:1:2.5:5:5:5 by vol)
for 2-3h at room temperature to cleave from the resin. Cleaved
peptide was treated with cold diethyl ether to precipitate peptide
out, and precipitated peptide was washed with diethyl ether for
three times. Crude linear peptide was purified by reversed Prep-
HPLC and white solids were obtained.

Air Oxidation

GSH (0.15 mm) and GSSG (0.3 mm) were added to the mixture of
urea (2m) and Tris—HCl (0.1 m) in Milli-Q water (1 mg of peptide/
10 ml; EMD Millipore Corporation, Billerica, MA, USA). pH was
then adjusted to 8 using sat. aq. NaHCOs. A solution of crude linear
toxins in water was added then stirred for 24-48 h at room temper-
ature. Once the reaction is completed, pH of the reaction mixture
was adjusted to 3 and purified by Prep-HPLC. Generally, 5-10 mg
(3-6% overall yield) of toxins were isolated after purifications.

Peptide Analysis

Crude and purified peptides were analyzed using an Agilent 1100
series LC or LC-MS, equipped with a SymmetryShield™, RP18,
5um, 4.6 x 150 mm column (Waters, Milford, MA, USA). Depending
on the availability of the instruments, two gradients were used
10-60%B over 30 min with a flow of 1 ml/min. Buffer A was 0.1%
TFA in water and Buffer B was 0.1% TFA in acetonitrile. Detection
was at 220 nm. Peptide mass was analyzed with low resolution
electrospray ionization.

Electrophysiology
Cells

The Nav1.2 cell line was engineered in-house, whereas the Nav
1.5 and 1.7 cell lines were subcloned from in-licensed cell lines.
The human Nav1.7 isoform as well as the rat Nav1.2 isoform
was expressed in HEK-293 cells whereas the human Nav1.5
isoform was expressed in CHO cells. ND7/23 cells were obtained
from the European Collection of Cell Cultures. These cells were
subcloned to maximize the expression of protoxin Il-sensitive
current. All cells were plated on 35 mm culture dishes pre-coated
with poly-p-lysine in standard DMEM culture media and
incubated in a 5% CO, incubator at 37°C. Electrophysiological
recordings were made from the cultured cells approximately
12-48 h after plating.

Electrophysiology

On the day of experimentation, the 35 mm dish was placed on
the stage of an inverted microscope equipped with a superfusion
system that continuously perfused the culture dish with fresh
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recording media. A gravity-driven fast delivery perfusion system
was used to apply protoxin Il directly to the cell under evaluation.
This system consists of a linear array of glass pipettes connected
to a motorized horizontal translator. The outlet of this fast
perfusion system was positioned approximately 100 um apart
from the cell of interest.

Sodium currents were recorded in the whole-cell patch clamp
configuration using an Axopatch 200B amplifier (Molecular
Devices, Sunnyvale, CA, USA), 1322A A/D converter (Molecular
Devices) and pClamp software (v.8; Molecular Devices). Borosilicate
glass pipettes had resistance values between 1.5 and 3.0 MQ when
filled with pipette solution. Series resistance (<5 MQ) was compen-
sated 75-80%. Signals were sampled at 10-50kHz and low pass
filtered at 3-10 kHz.

Currents were elicited from a holding potential between —120
and —110mV using a repetitive test pulse between 2 and 10 ms
in duration. The size of the test pulse was determined on a cell-
by-cell basis and was chosen to generate the maximal current
amplitude. However, a fixed size of the test pulse was used on
a given cell throughout the experiment.

Estimated I1C50 values were generated by fitting the
concentration-response data with the following equation in
GraphPad Prism 5 software (La Jolla, CA, USA).

Y = Bottom + (Top — Bottom) /{1 + 10"[(Log/C50 — X) x HillSlope]}

The top, bottom and hillslope values were constrained to 1, 0
and —1, respectively.

Solutions

To record sodium currents, the pipette solution contained
(in mm) CsF (140), NaCl (10), HEPES (10), EGTA (1); pH 7.3. To
record rNav1.2, hNav1.7 and sodium currents in ND7/23 cells,
the recording chamber was continually perfused with Hanks
Balanced Salt Solution (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10 mm HEPES. The Hanks solution contained
(in mm) CaCl, (1.26), MgCl,-6H,0 (0.493), MgSO,4-7H,0
(0.407), KCl (5.33), KH,PO, (0.441), NaCl (137.93), Na,HPO,
(0.338), glucose (5.56), pH 7.4. To record hNav1.5 sodium
currents, a ‘low-Na’ external solution was used to reduce the
amplitude of the currents. This solution contained (in mm)
NaCl (78), Choline CI (75), KCI (5.4), CaCl2 (1.8), MgCl2 (1),
HEPES (5), glucose (10), pH 7.4.

Result and Discussion

Synthesis of Linear Protoxin Il

The synthesis of inhibitory cystine knot peptides such as protoxin
Il requires two main steps. First, linear peptide synthesis followed
by disulfide bridge formation among six cysteine residues. Smith
et al. [23] reported results from an alanine scan of protoxin II
and the biological activity of the resultant peptides on Nav1.5
channels. However, some linear protoxin Il analogs were synthe-
sized by recombinant expression and others were purchased,
so no data on their chemical synthetic methodology were
provided. One report [6] on the chemical synthesis of linear
protoxin Il used Boc-SPPS but did not report any cysteine racemi-
zation. Because Boc-SPPS requires TFA in every Boc deprotection
and requires special teflon apparatus when cleaving peptide
from the resin with HF, it was decided to synthesize linear
peptide in the present study with Fmoc-SPPS. Because there have

been many reports on Fmoc-SPPS of multiple cysteine-containing
peptides without cysteine racemization, standard coupling
reagents (HCTU and NMM in DMF) were used to synthesize linear
protoxin Il. When crude linear peptide was analyzed after cleav-
age from the resin, multiple peaks were observed in the LC/MS
analysis (Figure TA). It was difficult to analyze each peak because
the individual peaks were indistinguishable. However, the area
under the multiple peaks showed a similar mass of 3833.6 m/z
((M+4H)*", calc: 3833). These data indicated the possibility
that the racemization had occurred during the cysteine coupling
process. To determine the degree of racemization, a small
fragment from the C-terminus of protoxin II (WCKKKLW) was
synthesized under the same conditions. According to of crude
fragment (Figure 1B), two peaks with the same mass of 990.5 m/z
((M+H)*, calc: 991.25) were observed. This clearly demonstrated
about 53% of racemization has occurred during cysteine coupling.
We also concluded that during the linear protoxin Il synthesis,
similar degree of cysteine racemization occurred to give poor crude
linear protoxin Il purity.

On the basis of the report by Han et al. [10], changing
solvent from DMF to DCM/DMF (1:1) and base from NMM to
2,4,6-collidine suppressed racemization during cysteine coupling.
Therefore, the same fragment (WCKKKLW) was resynthesized
with 2,4,6-collidine as a base and DCM/DMF (1:1) as a solvent.
After changing solvent and base, we only observed 5% of
cysteine racemization to give crude fragment with about 95%
peptide purity (Figure 1C). After successful synthesis of this
fragment with minimal racemization, linear protoxin Il was
resynthesized under these modified conditions (HCTU and 2,4,
6-collidine in DMF/DCM =1:1). According to LC-MS, the crude
linear protoxin Il purity increased significantly (Figure 1D) and
the major peak had the correct mass of 3832.5 m/z ((M+3H)**,
calc: 3833).

Linear protoxin Il was synthesized again with HCTU in DMF/
DCM (1:1), but this time NMM was used instead of 2,4,6-collidine
to see if the solvent (DMF and DCM mixture) itself could suppress
racemization. On the basis of LC/MS analysis after cleavage, the
crude linear peptide had very similar HPLC trace to Figure 1A,
indicating that the base itself is critical in minimizing racemization.

Air Oxidation

After obtaining a racemization-minimized crude linear protoxin I,
crude peptide was then air oxidized to form disulfide bridges.
When disulfides are in the Cys1-Cys4, Cys2-Cys5 and Cys3-
Cys6 bridging pattern, air oxidation is a robust method [15-22]
to form these disulfide bridges with high yield. Steiner and Bulaj
[24] reported a summary of oxidative folding conditions in
which it was observed that a pH of 6-8 was optimal and the ratio
between reduced and oxidized glutathione does not significantly
affect the efficiency. Therefore, the crude linear protoxin Il
was treated with redox reagent (2m Urea, 0.1m Tris-HCl,
0.15mm GSH and 0.3 mm GSSG at pH 8.0) for 24 h and purified
(Figure 1E and F). Purified protoxin Il has an observed mass of
3824.4 m/z (calc: 3827, obsd (M+4H)**: 957.1) and was tested
by electrophysiology.

Biological Activity of the Synthesized Protoxin Il

The success of the synthesis method was tested by electrophysi-
ologically evaluating the activity of the toxin on voltage-gated
sodium channels. The hallmark of protoxin Il function is its ability
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Figure 1. HPLC traces of crude peptides: (A) crude linear protoxin Il with HCTU/NMM as a coupling reagent and DMF as a solvent. Enlarged chromato-
gram is in the box. (B) Crude protoxin Il fragment, WCKKKLW with HCTU/NMM as a coupling reagent and DMF as a solvent; (C) crude protoxin Il
fragment, WCKKKLW with HCTU/2,4,6-collidine as a coupling reagent and DMF/DCM (1:1) as a solvent; (D) crude linear protoxin Il with HCTU/
2,4,6-collidine as a coupling reagent and DMF/DCM (1:1) as a solvent; (E) reaction mixture of air oxidation after 24 h. Enlarged chromatogram is

in the box. (F) Purified protoxin II.

to more potently inhibit the Nav1.7 isoform of sodium channels
compared with other sodium channel subtypes [7,23]. Here we
present data demonstrating that the synthesized toxin was
~100-fold more potent at inhibiting the hNav1.7 current than
at inhibiting the rNav1.2 and hNav1.5 mediated currents. In
addition to this Nav1.7 subtype selective nature, the interaction
of protoxin Il with the various subtypes of voltage-gated sodium
channels has many other identifying characteristics.

In Figure 2A, application of 3 nm of the synthesized toxin inhib-
ited approximately 80% of the hNav1.7 current; this is similar to
potency ascribed to the protoxin Il fraction isolated from venom
[6]. The binding of the toxin to the Nav.17 channel subtype and
the subsequent inhibition of its current were observed to be
quite slow as previously described [6,7]. This rate of current
inhibition with the Nav1.7 channel subtype (Figure 2A and B)
was obviously slower than the rate of current inhibition seen with
both the Nav1.2 (Figure 2C) and Nav1.5 (Figure 2D) subtypes. In
fact, it is this very slow inhibition of the current that did not
permit us to generate a full concentration-response curve.
Furthermore, the ability to unbind or ‘washout’ from the channel
was different for Nav1.7 compared with the other subtypes
tested. This feature was also noted with the native toxin [6]. As

can be seen in Figure 2 when comparing panel A with panels C
and D, the toxin appeared to dissociate from the Nav1.7 channel
much slower than from the Nav1.2 and Nav1.5 channels - where
the current amplitude was completely restored within a few
minutes after removing the toxin [23,25]. In contrast, the Nav1.7
current was only partially restored after washout for an approxi-
mately tenfold longer period (Figure 2A). It was noted that a
greater portion of the Nav1.7 current could recover if the cell
was depolarized for a period. In the example illustrated in
Figure 2B, while still in the presence of the toxin, the cell was
depolarized to +50 mV for a period of 2 min that resulted in the
recovery of approximately 60% of the current. Because the
channels were still exposed to the toxin in this experiment,
the channels again were inhibited with a slow time course. This
ability to dissociate the toxin from the channel with depolariza-
tion is consistent with protoxin's proposed voltage-sensor
trapping mechanism of action [26], where the binding of the
toxin affects the ability of the voltage sensor to move into its
outward position [7] causing a large rightward shift in the
channel’s voltage-dependence of activation. Depolarization is
then thought to force the movement of the voltage sensor into
the outward position and ‘kicks off’ the toxin from the channel.

|
J. Pept. Sci. 2012; 18: 442-448 Copyright © 2012 European Peptide Society and John Wiley & Sons, Ltd. wileyonlinelibrary.com/journal/jpepsci




Journal of

Peptide

PARK ET AL.
A' Time (seconds) B‘ Time (seconds)
0 ] 1000 2000 3000 4000 5000 6000 0 0 400 S0 12000 1600 2000
soo] Navl.? 10007 Nayl.7 -
_ = 2000 / /’
- v = -3000 1 / Depolarize
g E -4000 - “«
g -1500 1.5nA a ; v
o dms ~ 5000 -
2000 6000 - 5
3 nM ProTx Washout ] 10 nM ProTx
|
2500
C+ Time {seconds) D * Time (seconds)
o 0 200 400 600 ROO " 0 100 200 300 400
Navl.2 Navl.5 — ;
1000 — e - 1 'S
% s = £ il S
£ 2000 . ; | g - = A
Z . 2 ' g -4000 - - -
= - =
o - L] -'h
3000 . B . ——
et 2 0et Serraten i -
4000 90 nM ProTx  Washout L —
—— 100 B 1000 Washout
ProTx
E F Time (seconds)
5 £ nﬂl 200 400 600 800 1000
g 500 4
: 5001 ND7/23 P —
£ £ 10004 o L
Té B , i e Depolarize
2 E 15004 * f
g8 ~ .'. 1.5nA
P .100[)4#.\ | ams .
00 1 10 100 1000 i e
ProTx (nM) 30 nM ProTx Washout

Figure 2. Biological activity of synthesized protoxin Il. (A) Application of 3 nm toxin produces a slow but strong inhibition of hNav1.7 channels that are
resistant to washout. Note that at this concentration the toxin required approximately 1h to reach pseudo steady-state. Inset — overlaid raw current
traces taken prior to and at fully established inhibition by the toxin. (B) The inhibition of the hNav1.7 mediated current by 10 nm toxin can be relieved
by depolarizing the cell membrane at the time point indicated by the arrow. In this cell, the membrane was depolarized to +50 mV for 2 min. Current-
voltage relationship data were collected at time points where data are absent. (C) rNav1.2-mediated current is less sensitive to protoxin Il than the
hNav1.7-mediated current. At the same time, the rates of block and recovery from block are much faster. Inset — overlaid raw current traces taken before
toxin application, at the peak of inhibition and during washout. (D) The toxin shows less potent inhibition of the hNav1.5-mediated current compared
with the hNav1.7-mediated current. Note that 1 um toxin produced a similar amount of inhibition of hNav1.5 channels as 10 nm on hNav1.7 channels
(compare panels B and D). Inset — overlaid raw current traces taken prior to toxin application, after application of 100 nm, 300 nm and 1 um toxin and after
washout of the toxin. (E) Concentration-response curves demonstrating the potency of the synthesized protoxin Il on rNav 1.2 and hNav1.5 channels
(IC50 ~80-100 nm). Compared with the partial concentration-response curve generated with hNav1.7 channels, the toxin is ~100-fold selectivity for the
Nav1.7 isoform (IC50 ~ 1 nm). Each data point represents a measurement at a single concentration (hNav1.7 - filled circles (n = 12), rNav1.2 - open circles
(n=4), hNav1.5 - filled squares (n=9)). (F) Synthetic protoxin Il potently inhibits the native sodium current in ND7/23 cells. Inhibition and relief from
block are relatively slow. Channel block was relieved by a period of membrane depolarization (0 mV holding potential with depolarizing pulse to
+90 mV). Inset — raw current traces demonstrating the inhibition by 30 nm toxin compared with control and washout conditions.

Previous studies have also demonstrated the ability of membrane
depolarization to restore control conditions after protoxin Il
application [23,25].

There was no obvious effect of the toxin on current inactiva-
tion kinetic (Figure 2A inset). This is consistent with the initial
report on the native toxin [6] and recombinant toxin [25] but is
opposite to the later report using Xenopus oocytes [27].

Figure 2E illustrates the Nav1.7-selective nature of the synthetic
toxin. The fitted concentration-response data indicate that the
IC50 on rNav1.2 and hNav1.5 channels is approximately 100 nm
compared with an IC50 ~1 nm on hNav1.7 channels. This degree

of Nav1.7 selectivity over Nav1.2 and Nav1.5 channels is similar
to that reported for recombinant [23] and synthetic [7] versions
of the toxin.

Finally, the synthesized protoxin was tested in ND7/23 cells for
its ability to inhibit endogenous (non-recombinant) sodium
channels. Here we demonstrate that 30 nm of the toxin was able
to inhibit a large portion of the evoked current. The block of
the current was relatively slow, as was the washout of the toxin.
Depolarization of the cell to 0 mV, in combination with depolariz-
ing pulses to +100 mV, was able to kick the toxin off the channels
for a complete recovery of the current amplitude (Figure 2F).
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Summary of nine inhibitory cystine knot peptides and their biological activities on Nav1.7 and Nav1.2

Table 1.

Reference

IC50 (nm) Folds®

Retention
time (min)©

Mass

Sequenceb

Abbreviation®

Nav1.2

Nav1.7

Observed

Calculated

105

105+ 20
157 +20
73,939 £ 14,440

1+0
14+10
1,527 £130

153

3+

1

48

14.1

4+

15.8

3+

1

6

255+43
410420
42,4094+ 10,010

249+ 20
70+10
9,261+2,210

1,007 £ 600

16.8
15.7

3+

4+

13.8

3+

2.7
10

2,690 + 460
5000

17.8

3+

423+110
260 £+ 50

12.6

3+

10.3

2,699 +790

14.7

3+

3826.8

3826.66
3606.41

YCQKWMWTCDSERKCCEGMVCRLWCKKKLW
YCQKWMWTCDSKRACCEGLRCKLWCRKII

ProTx Il
JzZTx V

3605.6

3666.9

3666.29

YCQKWMWTCDSERKCCEGYVCELWCKYNL

JzTx Xl

3709.2

3708.46
3979.78
3979.73
3697.5

YCQKWLWTCDSERKCCEDMVCRLWCKKRL

GsAF |

3979.2

YCQKWMWTCDEERKCCEGLVCRLWCKKKIEW

GsAF I
VsTx I

3979.8

YCQKWMWTCDEERKCCEGLVCRLWCKKKIEEG
YCQKWMWTCDSKRKCCEDMVCQLWCKKRL
YCQKWMWTCDSARKCCEGLVCRLWCKKII

36984

GrTx |

3548.7
39231

3549.36
3922.75

PaTx |

YCQKWMWTCDEERKCCEGLVCRLWCKRIINM

GsMTx II/PaTX Il

“Information also obtained from Uniprot (www.uniprot.org).

PToxins have three disulfide bridges in Cys1-Cys4, Cys2-Cys5 and Cys3-Cys6; manner and functional group of C-terminus are COOH.

“10-60%B over 30 min.

9Selectivity for Nav1.7 over Nav1.2.

Journal of
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These characteristics of the protoxin Il block are consistent with
the majority of the current in these cells being mediated by
Nav1.7 channels.

Synthesis of Other Inhibitory Cystine Knot Peptides and
Biological Activity for Nav1.7 and Nav1.2

After successful synthesizing and confirming the biological
activity of protoxin II, eight other natural inhibitory cystine knot
peptides were selected and synthesized using the described
methodology. These peptides were chosen because of their high
homology to protoxin Il. According to Table 1, these highly similar
peptides display a large range of potencies on Nav 1.7 channels
and degree of selectivity over Nav1.2 channels. Among these
peptides, protoxin Il had the highest potency on Nav1.7 channels
and also demonstrated the largest selectivity over Nav1.2. GsAF Il
and VsTx Il differ by only one amino acid (W31 — EG) in the termi-
nal region but GsAF Il displays approximately 130 times more
potency against Nav1.7 than VsTx Il but similar selectivity over
Nav1.2 channels. These data indicate that the flexible tail region
of these peptides may play an important role in determining the
potency on VGSC activity and that W is more favored than EG.
Currently, there are no clear data indicating which amino acids or
part of the tertiary structure contributes to Nav1.7-selectivity.

Conclusions

Protoxin I, a member of the inhibitory cystine knot (ICK) family
of peptides was synthesized and its function confirmed by
electrophysiology. During linear synthesis, significant racemiza-
tion was observed that could be suppressed by substituting base
from NMM to 2,4,6-collidine and solvent from DMF to DCM/DMF
(1:1). Racemization could reoccur by changing the base from
2,4,6-collidine back to NMM.

Eight other ICK toxins were synthesized with this same meth-
odology and electrophysiological assessment of their biological
activity against Nav1.7 and Nav1.2 channels are summarized.
Among the nine peptides tested, protoxin Il had the highest
potency on Navl1.7 channels and greatest selectivity over
Nav1.2 channels.
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