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The total synthesis of m-conotoxin lt5d is presented for the first time employing two different strategies.

One involves glutathione-assisted oxidation where all disulphide linkages are formed simultaneously.

Another involves orthogonal protection of cysteine residues, allowing the controlled formation of

disulphide linkages sequentially. Both methods achieve the same peptide.
Liu et al. previously described the isolation and characterization
of a neuroactive m-conotoxin lt5d from Conus litteratus.1 Such
peptides are of interest since conopeptides isolated from Conus
snail venoms have high specicity and activity towards
neuronal ligand- and voltage-gated channels, receptors and
transporters, making them potential peptidic drug candidates
for neurodegenerative and chronic pain conditions.2 For
instance, one of which is the FDA approved u-conotoxin MVIIA,
commercially available as Prialt®, used for the management of
severe chronic pain experienced by patients suffering from
cancer, diabetes, multiple sclerosis, and HIV/AIDS.3–6 However,
there are over 800 marine snails of genus Conus distributed
throughout tropical and subtropical waters, each having
approximately 50 to 200 conopeptides with only a few overlaps
among species. Such biodiversity presents a rich source of novel
and bioactive compounds.2,7

Lt5d, a 12-residue conotoxin belonging to the T-superfamily
with cysteine framework V, was previously reported to have
dose-dependent inhibitory activity against tetrodotoxin (TTX)-
sensitive Na channel receptors in adult dorsal root ganglion
(DRG) neurons.1,8,9 However, the total chemical synthesis of lt5d
has yet to be described. In this study, we report the total
chemical synthesis of lt5d using two different peptide folding
strategies.

Scheme 1 summarizes the rst method employed (i.e.,
Method 1). To achieve synthetic lt5d, the linear peptide was rst
synthesized on solid phase using N-Fmoc protected amino
acids, in which the Cys residues were protected with the trityl
(Trt) group. Aerwards, 1 mM oxidized glutathione (GSSG),
together with equimolar amounts of reduced glutathione (GSH)
and EDTA, were combined with a 20 mM solution of linear
peptide to yield the folded product.10 GSSG acts as the oxidizing
agent while GSH acts as the reducing agent, since GSH is known
for correcting misbridged cysteine residues of proteins in the
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endoplasmic reticulum where proteins are folded in vivo.11,12

These conditions are widely adopted to mimic physiological
conditions favouring the formation of thermodynamically
stable folded proteins and cysteine-rich peptides in vitro.13–15

Fig. 1 presents the HPLC chromatograms (C18) of pure linear
and folded lt5d. A shi in retention time from tR ¼ 24.3 min to
23.1 min is indicative of folding as the shape and the number of
exposed residues change. This leads to less interaction with the
hydrophobic C18 stationary phase and hence earlier elution of
the folded peptide.

The identities of the products were conrmed by high reso-
lution electron spray ionization mass spectrometry in positive
mode (HR-ESI(+)-MS). Fig. 2 shows the [M + H]+ molecular ion
peaks at m/z ¼ 1279.6920 and 1275.6353 which correspond to
the calculated molecular weights of linear (1278.52 Da) and
folded peptide (1274.49 Da), respectively. The 4 Da mass
difference is due to the loss of four hydrogen atoms upon the
formation of the two disulphide bridges.

However, Method 1 assumes that disulphide bonds Cys2–
Cys9 and Cys3–Cys10 were formed in solution by glutathione
Scheme 1 Lt5d synthesis using glutathione-assisted oxidative folding
(Method 1).
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Fig. 1 RP-HPLC chromatograms of pure (a) linear and (b) folded lt5d,
tR ¼ 24.3 min and tR ¼ 23.1 min, respectively. Analytical C18 column
was used to profile the sample with a linear gradient from 15% to 45%
solution B (90% MeCN in H2O with 0.1% TFA) for 35 min at 1 mL min�1

flow rate. Absorbance was monitored at 220 nm.

Fig. 2 HR-ESI(+) mass spectra of pure (a) linear lt5d with the molec-
ular ion peak at 1279.6920, and (b) folded lt5d at 1275.6353. Calculated
monoisotopic mass of target linear and folded peptide is 1278.5229
and 1274.4916 Da, respectively.

36580 | RSC Adv., 2018, 8, 36579–36583
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oxidation. In order to verify this, an alternative method in which
the disulphide bonds are sequentially formed in a controlled
manner by orthogonal cysteine protection was devised (i.e.,
Method 2), as described in Scheme 2.16,17 In brief, two different
protecting groups, trityl (Trt) and acetoxymethyl (Acm), were
used in each pair of Cys residues. Upon acidolytic cleavage of
the peptide from the resin, the Trt protecting groups were
removed from Cys2 and Cys9. As the Acm protecting groups are
resistant to TFA cleavage, Cys3 and Cys10 remained protected
under these conditions. Since the HPLC chromatogram (C18) of
“crude” linear peptide 1 (Fig. 3a) showed a single peak at
21.39 min, the peptide was folded without further purication:
linear peptide 1 was dissolved in 1 : 2 DMSO/water and the
oxidative folding reaction stirred for 24 h. The reaction was
quenched by addition of an equal volume of acetic acid to the
reaction mixture, forming partially folded peptide 2. The HPLC
chromatogram (C18) of 2 (Fig. 3b) showed a slight decrease in
the retention time of the major product (21.14 min), indicating
the formation of the rst disulphide bond, Cys2–Cys9. In order
to form the second disulphide bond Cys3–Cys10, the Acm pro-
tecting groups were cleaved using iodine. This reaction was
carried out by adding a 5-fold excess of iodine to the solution,
and quenched by the addition of ascorbic acid, yielding fully
folded lt5d peptide, as evidenced by mass spectrometry and
HPLC (Fig. 3c). In contrast with the previous observation that
a shorter retention time is observed for the folded peptide, in
this case the retention time is slightly increased (23.20 min) due
to the removal of the two hydrophilic Acm groups. The major
peaks in the HPLC chromatograms of crude partially folded
peptide 2 and fully folded lt5d were collected and analyzed
using HR-ESI(+)-MS. Fig. 4 shows the molecular ion peaks
Scheme 2 Lt5d synthesis using orthogonal cysteine protection
(Method 2).

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 RP-HPLC chromatograms of crude (a) 1, (b) 2, and (c) lt5d with
tR ¼ 21.39, 21.14 and 23.20 min, respectively. Analytical C18 column
was used to profile the sample with a linear gradient from 15% to 45%
solution B (90% MeCN in H2O with 0.1% TFA) for 35 min at 1 mL min�1

flow rate. Absorbance was monitored at 220 nm.

Fig. 4 HR-ESI(+) mass spectra of pure (a) 2 at 1419.5576, and (b)
folded lt5d, at 1275.4716. Calculated monoisotopic mass of 2 and lt5d
is 1418.6278 and 1274.4916 Da, respectively.

This journal is © The Royal Society of Chemistry 2018

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
O

ct
ob

er
 2

01
8.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
24

 1
0:

52
:1

9 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
observed at m/z ¼ 1419.5576 for 2 (one disulphide bond, i.e.,
Cys2–Cys9) andm/z¼ 1275.4716 for lt5d (two disulphide bonds,
i.e., Cys2–Cys9 and Cys3–Cys10). The mass difference of 144 Da
between these compounds corresponds to the removal of the
two Acm groups.

In order to conrm the structural similarity of the peptides
obtained from Method 1 and Method 2, the puried peptide
products from the two methods were co-injected and analyzed
by HPLC. The chromatograms in Fig. 5 show that the two
compounds exhibit the same retention time, conrming that
the synthesized peptides have the same folding conguration.
Since Method 2 guarantees the controlled, sequential formation
of disulphide bonds Cys2–Cys9 and Cys3–Cys10, its co-elution
with the glutathione-folded product from Method 1 conrms
that the same disulphide linkages were formed. Furthermore,
co-injection of the two peptide products in HR-ESI(+)-MS also
yielded the same molecular ion peaks (Fig. S1†).

Finally, both peptides were also characterized by 1H NMR
spectroscopy (500 MHz) in DMSO-d6, and the similarities in
chemical shis, peak shape, and integration further conrm
that the peptides obtained from both methods are identical
Fig. 5 RP-HPLC chromatograms of lt5d synthesized using (a) Method
1, glutathione folding (tR ¼ 22.43 min), (b) Method 2, orthogonal
cysteine protection (tR ¼ 22.57 min) and their (c) co-injection (tR ¼
22.53 min). Analytical C18 column was used to profile the samples with
a linear gradient from 15% to 45% solution B (90% MeCN in H2O with
0.1% TFA) for 35 min at 1 mL min�1

flow rate. Absorbance was moni-
tored at 220 nm.
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Fig. 6 Fingerprint region of the H–H COSY NMR spectrum of lt5d
obtained from Method 2 (500 MHz, DMSO-d6). The ten (10) cross-
peaks observed correspond to the correlations of NH protons with ten
(10) of the twelve (12) Ha protons of the lt5d amino acid sequence. As
Pro has no amide proton, correlations for the two (2) Pro residues in
the sequence are absent.
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(Fig. S2†). The 1H NMR spectrum of the peptide obtained from
Method 2 exhibited peaks of better resolution, therefore was
characterized further using 2D NMR techniques. In particular,
H–H COSY spectroscopy permitted the identication of ten (10)
amino acids through the cross-peaks observed in the ngerprint
region of the NMR spectrum (Fig. 6).18 These correspond to the
ten (10) amino acids in the sequence of lt5d, with the exception
of the two (2) Pro residues. A more detailed assignment of
individual spin systems to these cross-peaks can be derived
from the TOCSY spectrum (Fig. S3†). For instance, the NMR
signals arising from Leu were readily identiable based on the
cross-peaks of amide protons at 8.19 and 7.36 ppm with the
resonance peaks of aliphatic protons at 0.84, 1.45, and
1.54 ppm. Pro was identied based on the cross-peaks between
1.80 and 3.50 ppm, and the absence of cross-peaks between Ha

protons in the �4.10 to 4.80 ppm region with amide protons in
�6.80 to 8.77 region. The four (4) Cys residues are identiable
based on the signature cross-peaks of NH, Ha and Hb signals,
although the sequence-specic resonance of each individual
Cys was indistinguishable. The results of these NMR analyses
provide further structural conrmation of the target peptide
lt5d.
Conclusions

The successful synthesis of lt5d is reported for the rst time. It
has been shown that the two strategies described above, i.e.,
glutathione-assisted oxidative folding (Method 1) and orthog-
onal cysteine protection (Method 2), yield the same product as
conrmed by HPLC, MS, and NMR data. The capability of
producing large amounts of puried peptide is particularly
necessary in order to conduct a comprehensive in vitro and in
vivo pharmacological assessment of the peptide. For instance,
in order to determine its specic molecular target, lt5d can be
assessed by different bioactivity assays, such as electrophysi-
ology using cells expressing a specic type of TTX-sensitive Na
36582 | RSC Adv., 2018, 8, 36579–36583
channel isoform (e.g.Nav1.1–4, Nav1.6 and Nav1.7).2,19,20 Voltage-
gated sodium channel isoforms Nav1.3 and Nav1.7 are among
those identied to be involved in neuropathic pain.21 As lt5d has
been previously reported to have high inhibitory activity against
TTX-sensitive Na channels (IC50 ¼ 156.16 nM),1 it is a peptidic
drug candidate worth pursuing.
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