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Abstract: Tsl toxin is a protein found in the venom of the
Brazilian scorpion Tityus serrulatus. Tsl binds to the domain
11 voltage sensor in the voltage-gated sodium channel Nav and
modifies its voltage dependence. In the work reported here, we
established an efficient total chemical synthesis of the Tsl
protein using modern chemical ligation methods and demon-
strated that it was fully active in modifying the voltage
dependence of the rat skeletal muscle voltage-gated sodium
channel rNavl.4 expressed in oocytes. Total synthesis com-
bined with click chemistry was used to label the Tsl protein
molecule with the fluorescent dyes Alexa-Fluor 488 and
Bodipy. Dye-labeled Tsl proteins retained their optical proper-
ties and bound to and modified the voltage dependence of the
sodium channel Nav. Because of the highly specific binding of
Tsl1 toxin to Nav, successful chemical synthesis and labeling of
Ts1 toxin provides an important tool for biophysical studies,
histochemical studies, and opto-pharmacological studies of the
Nav protein.

Voltage-gated ion channels play important roles in excitable
cells including neurons, cardiac muscle cells and skeletal
muscle cells. Voltage-gated sodium ion channels (Nav) are
fundamental for the generation and propagation of action
potentials. Nav forms the rising phase of the action potential
by its rapid opening and contributes partly to repolarization
by its inactivation.['!l The Nav channel is composed of a single
o subunit and several auxiliary f§ subunits. The o subunit is
a single polypeptide chain made up of four domains (DI-DIV)
which form the ion selective pore. Each of the domains (DI-
DIV) carries a voltage-sensor domain (VSD) (Figure 1).
Many natural toxins that bind to the Nav channel have
been investigated and pharmacological studies have identi-
fied functions such as pore-blocking and/or modification of
voltage gating.”! Beta-scorpion toxins are classified as gating
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Figure 1. Cartoon representation of the a subunit of Nav. The Ts1
toxin protein molecule binds to the voltage-sensor domain (VSD) of
DII; a hypothetical binding mode of Ts1 is shown.

modifier toxins. They increase Na* currents by shifting the
threshold of Nav activation in the hyperpolarized direction by
more than 20 mV.®” The biophysical mechanism of f-
scorpion toxins has been proposed as “VSD trapping” in
which the toxin binds to the Domain II VSD and holds that
VSD in the activated state.*” This was determined by site-
directed fluorimetry and gating current measurements by
Campos et al.l!

The neurotoxin protein Tsl is a B-scorpion toxin and was
originally isolated from the venom of the Brazilian scorpion
Tityus serrulatus.® Tsl is one of the most potent ligands for
both mammalian and insect Nav sodium channels. Because
Ts1 locks the Nav channel in the activated state, it would be
useful to have fluorescently labeled Ts1 protein(s) to use as
biophysical probes for the alterations of Nav channel
geometry during activation. Such probes need to be labeled
at single sites within the Ts1 protein molecule, the fluorescent
dyes must retain their optical properties, and the labeled Ts1
must retain native channel gating modifying activity. Here we
report the total chemical synthesis of biologically active Tsl,
and the preparation of two site-specifically labeled fluores-
cent Tsl protein molecules that retain channel gating
modifying activity.

The Ts1 toxin protein has a polypeptide chain of 61 amino
acid residues with 8 cysteines that form 4 disulfide bonds
(Figure 2).

There are conflicting published reports of the chemical
nature of the C-terminus of Tsl toxin. According to the two
crystal structures of Ts1 isolated from scorpion venom,” ' the
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Figure 2. a) Amino acid sequence of Ts1 toxin. b) Connectivity of the
disulfide bonds in the Ts1 toxin.I""

C-terminal of Ts1 toxin is a carboxyl group. However, in the
paper that reported the original determination of the amino
acid sequence of Ts1 toxin,""! the C-terminus was reported to
be a carboxamide. Analysis of the gene sequence supported
the assignment of the C-terminus as a carboxamide."? To
resolve the question of the chemical identity of the C-terminal
of the Tsl1 protein molecule, we decided to synthesize both the
Ts1:COOH and Ts1:CONH,. The total syntheses of
Ts1-COOH and Ts1-CONH, were carried out by the native
chemical ligation of unprotected peptide segments,* as
shown in Scheme 1.

Native chemical ligation sites were chosen at -Tyr**-Cys>-
and -Ala*'-Cys*- so that the peptide segments have approx-
imately the same length. Peptides were prepared by in situ
neutralization Boc chemistry solid phase peptide synthesis
(SPPS),[" then purified by reverse phase HPLC and chrac-
terized by LCMS. For the synthesis of the Ts1-:COOH
polypeptide chain, the three peptide segments were con-
densed by the one-pot method."”! Peptide [Tip-
(CHO)*]|Thz*-Ala*-COSR was first reacted with peptide
Cys*-Cys®:COOH to form product [Trp(CHO)¥]Thz*-
Cys®-COOH. Then N-terminal residue Thz* was converted
to Cys® by addition of MeONH,-HCl at pH 4. After readjust-
ment of the reaction mixture to pH 7.0, peptide Lys'-Tyr*-
COSR was added for the second ligaton reaction. Finally, the
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Trp39 side chain formyl protecting group was removed by
addition of piperidine. The full length Ts1 Lys1-Cys61-COOH
product was isolated by preparative HPLC purification.
Analytical data for the synthesis are shown in the Supporting
Information.

For the synthesis of the Ts1-CONH, polypeptide chain,
peptide Cys*-Cys*:CONH, was prepared by reaction of
peptide  [Trp(CHO)**Thz*-Lys®-COSR  with  Cys®-
CONH,, followed by conversion of the Thz- to Cys- and
removal of the formyl protecting groups. The one pot
synthesis data are given in the Supporting Information. The
versatility of the modular synthetic strategy used for the total
synthesis of the full length Ts1 polypeptide chain is evident
from the ease with which both C-terminal forms of Ts1 were
prepared, and will be useful for the synthesis of Ts1 analogs in
the future.

Folding of the purified Tsl polypeptide chains was
initially carried out under conventional conditions that used
a redox couple and a low concentration of a chaotrope,
Gu-HCI, to keep misfolded/mispaired disulfide intermediates
in solution: 100 mm Tris, 0.5 M GuHCI, 8 mMm cysteine and
1 mm cystine, polypeptide 0.5 mgmL~', pH 8.0, room temper-
ature. However, this approach failed. Alternative folding
conditions were then screened by varying polypeptide
concentration, temperature, cysteine/cystine ratio, and pH;
also by using a GSSG/GSH redox system, or by using air
oxidation. When the folding reaction was performed at 4°C,
and at low polypeptide concentration, yields improved
(Supporting Information, Figure S7). The best folding con-
ditions found were: 0.5M Gu-HCI, 100 mm Tris, pH 8, 1 mm
cystine2HCI, 8mm cysteine, Ts1-COOH polypeptide
0.01 mgmL~"', 4°C. These conditions were used to fold both
Ts1-COOH and Ts1-CONH,; the purified products are shown
in Figure 3.
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Scheme 1. Native chemical ligation-based modular synthetic strategies for: a) Ts1-COOH b) Ts1-CONH,.
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Figure 3. Analytical LCMS data for the synthetic toxins. a) Purified
folded Ts1-COOH toxin. Inset: ESMS data. Obsd 6882.74-0.5 Da; Calc
6882.9 Da (av. isotopes); b) Purified folded Ts1-CONH, toxin. Inset:
ESMS data. Obsd 6881.8 +0.5 Da; Calc 6881.9 Da (av. isotopes). The
MS data shown were collected across the entire UV absorbing peak in
each chromatogram.Both the folded Ts1-COOH and Ts1-CONH,
protein molecules have masses 8 Da less than the corresponding
reduced polypeptides, indicating the formation of 4 disulfide bonds.

Potencies of the folded synthetic proteins were evaluated
using rat skeletal muscle voltage-gated sodium channel
(rNav1.4) expressed in oocyte’s membrane, by the cut-open
oocyte voltage clamp (COVC) technique (Figure 4).% In the
absence of toxin the activation threshold of the rNavl.4
channel was approximately —43 to —44 mV. In the presence
of 72nm Ts1-COOH, the threshold was approximately
—60 mV; that is, the activation threshold was shifted by 16
to 17 mV. This result indicated that Ts1-COOH is active as
a modifier of the voltage dependence, but the extent of shift
was smaller than the data previously reported for similar
measurements using natural Ts1-toxin purified from scorpion

venom.”! In the presence of 72 nm Ts1-CONH,, the activation
threshold was approximately —66 to —67 mV; that is, the
activation threshold was shifted by 22 to 24 mV. This
magnitude of shift of the activation threshold was comparable
to the maximum effect exerted by the natural Tsl toxin as
reported previously.”) These results showed that the synthetic
Ts1-CONH, protein amide has similar potency to the natural
Ts1 toxin. LCMS analysis of natural Ts1 toxin purified from
scorpion venom showed that the natural Tsl toxin has the
same mass as synthetic Ts1-CONH, (Figure S8). Thus, the
activity data and mass measurements confirmed that the
natural Tsl toxin is a C-terminal amide.""

Our next step was to label the Ts1-CONH, protein
molecule with fluorescent dyes. We chose side chains on the
face of the protein molecule remote from residues believed to
be involved in the binding of Ts1 to the sodium channel. In
our initial attempts, residues Trp*® and His® were changed to
cysteines. Then the Bodipy dye was attached at either Cys™ or
Cys® in the course of the synthesis, to give the site-specifically
labeled Tsl polypeptides [WS0C(Bodipy)]Ts1-CONH, and
[H8C(Bodipy)]Ts1-CONH,. We were unable to fold either of
these pre-labeled polypeptide chains. Next we tried to fold the
Tsl polypeptides with an extra Cys, then label the folded
molecules. We made the two polypeptide chains
[W50C]Ts1-CONH, and [H8C]Ts1-CONH,, but we were
able to fold only [H8C]Ts1-CONH,, which was then labeled
with Bodipy and Rodamine. However, neither of these
labeled Ts1 proteins showed any channel modifying activity.

To overcome the challenge of site-specific dye labeling of
the Tsl protein while retaining channel modifying activity, we
explored the use of 1,3-dipolar cycloaddition chemistry.['’2"!
In this case, Trp™ was replaced by L-propargylglycine (Pra™).
This Tsl analogue was prepared by the same modular
synthetic strategy used for the Ts1:CONH, synthesis, as
shown in Scheme 1b. The propargylglycine-containing poly-
peptide chain was folded under the same conditions used to
fold Ts1-CONH, (Figure S10). Then the [WS50Pra]Tsl--
CONH, was reacted with different azido-dyes using Cu'

catalysis. After optimization, the best labeling
reaction conditions were: 1.0M Gu-HCI, 0.2m Tris,

L 101 006 40 mm TCEP, 80 mm CuSO,, pH 8.5, [W50Pra]Ts1:-
Eo.s v | CONH, 37.0 um, azido-Dye 92.5 pMm, room temper-
S s ature. The Tsl protein was labeled with azido-
Eos 5 0.04 .. |, | AlexaFluor 488 (route A in Figure 5a) and y-Azido-
3 0.4] S L-Abu-Bodipy (route B in Figure 5a); each of the
é 02 % 0.0 A, 1 labeled products was purified after the labeling
éo N = NLME + | reaction was over (Figure 5b,c). We also evaluated
o g ,2.001 ] Jj s the absorption and emission spectra of Ts1-Alexa
Voltage (mVj™- Z 0.00 {8~ i'[: s, e and Ts1-Bodipy (Figure S11). These fluorescently
@ No Toxin (n=10) " =70 -60 -50 -40 labeled Tsl proteins showed similar absorption and
M Ts1.COOH (72 nM) (n = 6) ", Voltage (mV)

Il Ts1.CONH, (72 nM) (n = 7)

Figure 4. Synthetic Ts1-toxins activities. Voltage-dependence of rNav1.4 conduc-
tance in the absence of toxin (black circles) and in the presence of 72 nm
Ts1-COOH (red squares) and in the presence of 72 nm Ts1-CONH, (blue squares).
Left: Normalized conductance vs. voltage. Right: enlargement of the threshold
voltage region in the range —70 mV to —40 mV. The dash-dotted line indicates
0.1% of the conductance. The double asterisks indicate statistical significance
where p is <0.01; single asterisk is p <0.05. The “n” indicates the number of data

tested. Error bars indicate standard error of the mean (SEM).
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emission spectra to the dye molecules themselves—
the optical properties of dyes were unchanged after
conjugation to the Ts1 protein molecule.

The channel modifying activities of the dye-
labeled Ts1 proteins were characterized by using the
COVC technique (Figure 6)." At 150 nm Tsl-
Alexa, the conductance versus applied voltage was
similar to the conductance observed using 72 nm
Ts1-CONH, (although the conductance of Tsl-
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Figure 5. Fluorescent labeling of Ts1. a) Synthetic strategy.

b) [W50Pra]Ts1-CONH, labeled with alexa-488. Inset: ESMS data:
Mass (obsd) 7449.64 0.5 Da; calc 7449.5 Da. c) [W50Pra|Ts-CONH,
labeled with Bodipy. Inset: ESMS data: Mass (obsd) 7208.4+0.5 Da;
calc 7209.0 Da. The MS data shown in panels (b) and (c) were
collected across the entire UV absorbing peak in each chromatogram.
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150 nm Ts1-Alexa had the approximately the same potency as
72 nMm Ts1-CONH,. On the other hand, at 200 nm Ts1-Bodipy
the conductance was similar to the conductance observed in
the presence of 72nm Ts1-CONH, over the range from
—60 mV to —35 mV, although the threshold in the presence of
200 nm Tsl1-Bodipy seemed to be slightly higher. Above
—30mV, the conductance in the presence of 200 nm Tsl-
Bodipy was lower than for 72 nm Ts1-CONH,.

This observation indicated 200 nm Ts1-bodipy had almost
the same potency as 72 nm Ts1-CONH,. Taken together, our
Tsl-dye conjugates were active channel modifying proteins
with 2-3 times less potency than native Tsl. An AlexaFluor
488 dye-labeled Ts1 analogue in which His® was replaced by
Pra® was also synthesized, but the final product was not as
active as the TrpSOPra analogues (data not shown).

In conclusion, we have established a modular total
chemical synthesis of Ts1 toxin using native chemical ligation
of unprotected peptide segments combined with folding at
high dilution in the presence of a redox couple. Our synthetic
Ts1-CONH, was equally as potent as the natural Tsl in
modifying the activation threshold of the voltage gated Nav
ion channel. Interestingly, we found that Ts1-COOH was less
potent against rNav1.4. However, the molecular mechanism
for this potency difference is unknown. By employing click
chemistry, we have also established a general way to label the
Tsl protein molecule while retaining its biological activity.
Both synthetic Ts1-Alexa and Ts1-Bodipy have potency only
2-3 times less than Ts1:CONH, and maintain the optical
properties of the dyes themselves. The ability to site-
specifically label the Tsl protein molecule with fluorescent
dyes while retaining its acitivity provides us with a powerful
tool for the biophysical characterization of Nav channels.?!!
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