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One-pot hydrazide-based native chemical ligation for 
efficient chemical synthesis and structure 
determination of toxin Mambalgin-1  

Man Pan,a,b‡ Yao He,a,‡ Ming Wen,a Fangming Wu,a Demeng Sun,a,b Sijian Li,c Longhua 
Zhang,a,* Yiming Li,b,c,* Changlin Tiana,* 

An efficient one-pot chemical synthesis of snake venom toxin Mambalgin-1 was achieved using an 

azide-switch strategy combined with hydrazide-based native chemical ligation. Synthetic Mambalgin-1 

exhibited a well-defined structure after sequential folding in vitro. NMR spectroscopy revealed a three-

finger toxin family structure, and the synthetic toxin inhibited human acid-sensing ion channel 1a. 

Animal toxins are known to target a wide variety of receptors 
and ion channels with high affinity and specificity, and they are 
important pharmacological tools for studying ion channel 
structure-function relationships, gating mechanisms and tissue 
localization. Some of these polypeptide toxins have undergone 
clinical trials and have been developed as venom-based drugs 
that inhibit neuronal channels involved in pain and other sensory 
transduction pathways.1 Mambalgin-1 is a cysteine rich, 57 
residue polypeptide isolated from the venom of black mamba 
snakes, and belongs to the three-finger toxin family. Recently, 
Mambalgin-1 was demonstrated to abolish pain through 
inhibition of acid-sensing ion channels (ASICs) either in central 
or peripheral neurons, and this was achieved without the side 
effects associated with traditional opioid drugs.2 Despite this 
highly potent analgesic effect, the absence of a structure has 
hindered essential mechanistic studies. An inability to isolate 
sufficient quantities of pure toxin from black mamba snake 
venom has been a major bottleneck to structural and functional 
studies. 

In order to facilitate Mambalgin-1 inhibition studies, 
chemical synthesis may be used to obtain large quantities of 
highly pure and homogeneous toxin.3 In this study, we report a 
one-pot chemical synthesis and ligation approach4 that enabled 
the synthesis of full-length Mambalgin-1, and the NMR structure 
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of this cysteine rich protein is also presented.  

 
Scheme 1 One-pot ligation of peptide hydrazides for the synthesis of 
Mambalgin-1 

Mambalgin-1 contains 57 residues, including four intra-
molecular disulfide bonds between C3–C19, C12–C37, C41–
C49 and C51–C55.2 Similar as recently reported, stepwise 
synthesis of Mambalgin-1 using standard Fmoc-based SPPS 
initially failed, even when optimized protocols were used (Figure 
S1 in the Supplementary Information).5 We next attempted 
convergent synthesis of the peptide from the C- to the N-
terminus using Acm protecting groups and hydrazide-based 
native chemical ligation (NCL).6,7 However, a very low yield of 
final product was obtained using this approach (7.3%) and the 
process was time-consuming due to the requirement of three 
HPLC purification steps. To circumvent these problems, we used 
an azide switch method, which has been used previously to 
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control folding of the NPY peptide, which allows a one-pot 
protecting group-free synthesis by converting the N-terminal Cys 
residue of the middle segment into an azide.8 This group is 
rapidly activated in water using TCEP via intramolecular O-N 
acyl transfer to generate the native amine group at the N-
terminus.9 To investigate this strategy for peptide ligation, 
racemization of test and model peptides was initially performed, 
and this worked well (Figure S2, S3). This strategy was then 
combined with standard hydrazide-based NCL to synthesize full-
length Mambalgin-1. Specifically, the polypeptide chain was 
divided into three segments containing two ligation sites (Cys19 
and Cys41), and Cys19 was switched to an azide group. Ligation 
can therefore only occur between MA-1[19-40]-NHNH2 and 
MA-1[41-57]. After reaction, the azide was reduced to an amino 
group and MA-1[1-18]-NHNH2 was subsequently ligated with 
MA-1[19-57] (Figure S5). Each segment was synthesized with 
relative high purity (Figure S4). Without the purification and 
deprotection of the ACM group, this synthesis of Mambalgins-1 
is much more convenient and produced high yields following the 
final HPLC purification (35% isolated yield, multi-milligram 
scale and good homogeneity).   

 
Fig. 1 Synthesis of Mambalgin-1 using the azide switch strategy 
combined with hydrazide-based native chemical ligation. a) Sequence of 
Mambalgin-1. b) Procedure for ligation, 1: hydrazide-based ligation, 2: 
reduction by 5% TCEP, 3: folding. Analytical HPLC (λ = 214 nm) and 
ESI-MS for the final purified Mambalgin-1 were performed. Observed 
mass 6552.9 Da, versus calculated mass 6554.6 Da (average isotopes). 

We next optimized the in vitro folding of the polypeptide to 
ensure correct formation of the four disulfide bridges. Folding 
was more efficient under oxidizing conditions containing 10 μM 
peptide with 1000 μM GSH and 100 μM GSSH, pH = 7.8. Under 
these conditions, the reaction reached equilibrium in 24 h and the 

folded Mambalgin-1 was purified by reverse phase HPLC (55% 
yield). CD spectroscopy confirmed that the synthesized 
Mambalgin-1 contained well-defined β-sheet structure (Figure 
S6 in the Supplementary Information). 

To confirm that synthetic Mambalgin-1 was folded into the 
correct biologically active conformation, acid-induced currents 
with or without application of synthetic Mambalgin-1 were 
recorded using patch-clamp electrophysiology in CHO cells 
over-expressing recombinant human ASIC1a (hASIC1a) 
channels.  At a holding potential of -70 mV, the acid current was 
elicited by a pH drop from 7.4 to 6.0 for 4 s every 3 min through 
a Y-tube perfusion system that allowed local and rapid changes 
of solutions.  After two stable records of acid currents, synthetic 
Mambalgin-1 was applied at pH 7.4 for 30 s followed by a 4 s 
application at pH 6.0. Synthetic Mambalgin-1 inhibited the 
recombinant hASIC1a channel currents in a concentration-
dependent manner, with an IC50 of 203 ± 27 nM (n = 3-14).  
Therefore, further optimizations in peptide refolding and 
functional studies are necessary to make the physiological 
conductance data from the synthesized peptide to reach the value 
of the native toxin isolated from snake venom (hASIC1a in 
transfected COS-7 cells: 127 nM).2  

 

Fig. 2 (a) Synthetic Mambalgin-1 (Mamba-1, in 0.2 μM) reversibly 
inhibits recombinant human ASIC1a channels in CHO cells. After two 
stable records of acid currents that were elicited by a pH drop from 7.4 
to 6.0 for 4 sec, synthetic Mamba-1 was applied at pH 7.4 for 30 sec 
followed by another application during a 4 sec pH drop to 6.0. Two 
additional acid currents were measured after washing to examine the 
recovery from Mamba-1 treatment; (b) Concentration-response curve 
showing the inhibition of human ASIC1a channels expressed in CHO 
cells (n = 3-14) by synthetic Mambalgin-1.  

With confirmation that the synthetic Mambalgin-1 was 
functional and correctly folded, we determined the three-
dimensional structure using a set of homo-nuclear two 
dimensional solution NMR experiments (Table 1 and Figure S8 
in the Supplementary Information).10 Since the 57-residue 
Mambalgin-1 is large, a relatively high temperature (310 K) was 
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applied during solution NMR spectra collection. Sufficient 
resolution was achieved to allow proton resonance assignments 
(proton chemical shifts were depoisted in BMRB database: 
19746). A total of 740 distance restraints (including 159 intra-
residue, 238 sequential, 102 medium-range and 241 long-range) 
derived from cross peak intensities in NOESY spectra were 
applied for structural calculations using Xplor-NIH. The 20 
structures with the lowest energy of the 200 calculated structures 
were applied for convergence analysis. The root-mean-square 
deviations (RMSD) from the average structure of Mambalgin-1 
was 0.306 Å for the backbone atoms and 0.848 Å for all heavy 
atoms of the residues in secondary structure regions (residues 3-
4, 9-10, 18-22, 34-38, and 47-50).  

From the Mambalgin-1 structure, four disulfide bridges 
(Cys3-Cys19, Cys12-Cys37, Cys41-Cys49 and Cys50-Cys55) 
were observed to stabilize the protein conformation. A typical 
three-finger toxin structure was observed. Beta-sheets consisting 
of three anti-parallel β-strands (β1: 18-22; β2: 34-38 and β3: 47-
50) are located in the core region of the toxin, while two short 
fingers (finger 1: 1-17 and finger 3: 39-46) flank the long middle 
finger (finger 2: 23-33). Very few NOE restraints were assigned 
to protons of residues in loop2, probably due to high flexibility 
of the long loop.  

 

Fig. 3 Structure of synthetic Mamba-1. (a) Backbone alignment of the 20 
lowest-energy structures (PDB 2MJY). The four disulfide bonds are 
colored yellow; (b) Ribbon representation of Mamba-1 showing the 
typical three-finger toxin structure. The three antiparallel β-strands and 
three fingers are labeled; (c) Surface diagram of Mamba-1. Positively 
charged areas are colored blue, negatively charged areas are red, and 
uncharged areas are white. The figures were generated using program 
PyMol. 

The overall structure of Mambalgin-1 is very similar to the 
previously determined Mambalgin-2 structure,5 with an RMSD 
of 0.51 Å for the backbone atoms in the secondary structure 
regions (Figure S7). Indeed, there is only a single residue 
difference between the two toxins (Tyr4 in Mambalgin-1 versus 
Phe4 in Mambalgin-2). Surface charge distributions are also 
highly similar, and several clusters of basic or acidic residues 
map to both structures. There are two negatively charged 
residues (Glu43 and Glu45) in the third finger, two positively 
charged residues (Arg28 and Lys31) in the second finger, and a 
large positively charged cluster in the first finger and the core 
domain. A stretch of hydrophobic residues (Met25, Phe27, 
Leu30, Leu32 and Leu34) is observed in close vicinity to the 
middle finger. The surface charge distribution and three-finger 

conformation are presumably responsible for the highly potent 
binding to and inhibition of the ASIC channels by Mambalgin-1. 

In conclusion, we devised an efficient one-pot synthesis of 
the toxin Mambalgin-1 using an azide switch strategy combined 
with hydrazide-based native chemical ligation. This method 
provides access to multi-milligram quantities of Mambalgin-1 in 
a single final purification step. After sequential folding, synthetic 
Mambalgin-1 was shown to be correctly folded and inhibited 
human acid-sensing ion channel 1a. NMR spectroscopy revealed 
a typical three-finger toxin family structure. 
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