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Abstract
Besides key roles in prey capture and predator defense, scorpion venom also functions as internal immune agents protecting
the venom gland from infection and external immune agents cleaning saprophytic microbes from their own body surfaces.
However, antimicrobials (typically antimicrobial peptides, AMPs) in the venom often exist in low abundance that might
exclude their immune role alone, leaving an open question with regard to their in vivo biological function. Here, we report
the bactericidal activity of seven peptides isolated from the scorpion Mesobuthus eupeus venom, including one classical
α-helical AMP and five ion channel-targeted neurotoxins. This AMP of 49 amino acids (named Meucin-49) is a multifunctional molecule that displays a wide-spectrum and highly potent activity against Gram-positive and Gram-negative bacteria
with strong hemotoxicity on scorpion’s predators (i.e., mammals, lizards, and birds) and high insecticidal activity. Although
the neurotoxins targeting voltage-gated sodium (Nav) and/or large conductance calcium-activated potassium (BK) channels showed only marginal activity towards several species of bacteria, they were capable of significantly potentiating the
bactericidal potency of Meucin-49. This observation highlights, for the first time, the venom’s antibacterial immune function mediated by a joint action between neurotoxins and AMPs. The findings that traditionally defined neurotoxins possess
(synergistic) bactericidal activity, while the classical AMPs play predatory and defensive roles, provide new evidence in
favor of a general and intrinsic multifunctionality of scorpion venom components.
Keywords Cytotoxic peptide · Hemotoxin · Moonlighting protein · Innate immunity · Mesobuthus eupeus
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RP-HPLC	Reversed-phase high-performance
liquid chromatography
SD	Standard deviation
SE	Standard error
SEM	Scanning electron microscopy
svAMP	Scorpion venom antimicrobial peptide
svcAMP	Scorpion venom classical antimicrobial peptide
svntAMP	Scorpion venom neurotoxin-type
antimicrobial peptide
TFA	Trifluoroacetic acid
TFE	Trifluoroethanol

Introduction
Arthropod venoms serve a variety of biological functions,
ranging from predation and defense to reduction of competition (Brodie 2009). The active components associated
with these functions are some toxic peptides and proteins
that are capable of damaging the nervous system function of
prey and competitors via targeting physiologically important
ion channels or receptors (Lewis and Garcia 2003). In addition to these neurotoxins, the venoms contain antimicrobial
peptides (AMPs) involved in the innate immune response of
venomous arthropods (Perumal et al. 2017). Especially, in
some hymenopteran insects, they often use excreted venoms
as external immune agents to protect their food, brood, and
nest (Otti et al. 2014). In the venoms, a variety of AMPs
have been isolated and characterized, such as melittin from
bees (Raghuraman and Chattopadhyay 2007); mastoparan,
anoplin, and EMP-OD from wasps (Hirai et al. 1979; Konno
et al. 2016); pilosulin and bicarinalin from ants (Touchard
et al. 2016).
As a venomous arachnid, scorpion venom is rich in neurotoxins affecting various Na+ and K
 + ion channels. Of them,
toxins targeting voltage-gated Na+ channels (Navs) are the
most prominent toxic components associated with predation
and defense (Possani et al. 2000; Zhu et al. 2012b, 2016).
Based on their difference in binding sites and pharmacological effects, these scorpion Na+ channel toxins are typically classified into α- and β-toxins (Catterall et al. 2007).
The α-scorpion toxins bind to Site 3, a receptor site located
on the voltage sensor (S1–S4) of the domain IV of Navs to
prevent the full outward movement of its S4 segment and
thus affect inactivation, while the β-scorpion toxins bind to
Site 4, a receptor site located on the domain II voltage sensor to prevent the inward movement of its S4 segment and
thus affect channel activation (Israel et al. 2017). Similar
to other animal venoms, scorpion venoms are also found
to contain AMPs (herein named svAMPs) (Perumal et al.
2017). Since the discovery of the first svAMPs in 2000,
more than 70 such peptides have been characterized so far

13

B. Gao et al.

from different scorpion species (Conde et al. 2000; TorresLarios et al. 2000; Corzo et al. 2001; Dai et al. 2001; Moerman et al. 2002; Gao et al. 2009; Harrison et al. 2014; Gao
and Zhu 2018). From a viewpoint of functional nature, they
can be divided into two distinct categories: (1) Classical
AMPs in scorpion venoms. This class of peptides exhibit
strong and wide-spectrum antimicrobial activity, with highly
structural and functional similarity to AMPs from other animals, such as insects (e.g., cecropins and defensins) (Boman
and Hultmark 1987), frogs (e.g., magainins) (Zasloff 1987),
and vertebrates (e.g., LL-37 and defensins) (Zhu and Gao
2013, 2017). These AMPs can be called scorpion venom
classical AMPs (abbreviated as svcAMPs); (2) Scorpionspecific neurotoxins with antibacterial activity. These molecules essentially serve as modulators of ion channels present in the nervous system of prey and predators, impairing
their normal physiological functions (Catterall et al. 2007).
Interestingly, some of them were found to possess weak
antibacterial activity, such as Bactridines 1-6 from Tityus
discrepans and Cm38 from Centruroides margaritatus (Forsyth et al. 2012; Dueñas-Cuellar et al. 2015); we thus call
them scorpion venom neurotoxin-type AMPs (abbreviated
as svntAMPs).
Venoms extracted from a diversity of scorpion species
(e.g., Heterometrus laoticus, Heterometrus xanthopus, Hottentotta hottentotta, Leiurus abdullahbayrami, Mesobuthus
martensii, Opistophthalmus carinatus, and Parabuthus
schlechteri) exert antimicrobial activity (Moerman et al.
2002; Gao et al. 2007; Uawonggul et al. 2007; Ahmed
et al. 2012; Luna-Ramírez et al. 2013; Erdeş et al. 2014;
Estrada-Gómez et al. 2017), suggesting their in vivo function as internal immune agents protecting the venom gland
from infection (Gao et al. 2007) and external immune agents
cleaning saprophytic microbes of their own body surfaces
(Torres-Larios et al. 2000; Gao et al. 2007). However,
svcAMPs often exist in low abundance in the venom (Corzo
et al. 2001; this work) and many of them were only identified by cDNA cloning followed by chemical synthesis (Gao
et al. 2009; Gao and Zhu 2018). By contrast, svntAMPs,
despite their presence in high abundance, only possess weak
antimicrobial activity (Forsyth et al. 2012; Dueñas-Cuellar
et al. 2015). These observations rule out their immune role
alone, leaving an open question in this respect.
Mesobuthus eupeus, commonly known as the lesser Asian
scorpion, is the most widely dispersed species of the Mesobuthus genus, found in arid or semi-arid habitats (Kuzmenkov et al. 2015), from which a series of α-toxins that slow
the inactivation of Na+ channels and K+ channel toxins that
block the channel pore have been isolated (Zhu et al. 2011,
2012b; Kuzmenkov et al. 2015). Genes encoding several
AMPs were also cloned from its venom gland and their products were functionally identified (Gao and Zhu 2018). In this
work, we report a new svcAMP (named Meucin-49) isolated
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from the venom of M. eupeus and demonstrate its multifaceted activity related to immunity, predation and defense.
We highlight, for the first time, the antibacterial immune
function of several high-abundance M. eupeus neurotoxins
targeting Na+ (α- and β-type) and K
 + channels, which is
achieved through synergy with Meucin-49.

Materials and methods
Ethics statement
All experimental protocols related to animals (mice, pigeons,
and lizard) were reviewed and approved by the Animal Care
and Use Committee of Institute of Zoology, the Chinese
Academy of Sciences. The institute does not issue a protocol number to any animal study, but each study requires
the permit to use animals from the ethical committee. The
animal facility must be licensed by the experimental animal
committee of Beijing, and all staff, fellows, and students
must receive appropriate training before performing animal
studies.

Experimental animals
Scorpions (Mesobuthus eupeus) were collected in Ningxia
(China). Adult houseflies (Musca domestica) were provided
by Prof. Xinghui Qiu. Mice (Mus musculus) were purchased
from the Experimental Animal Center, the Academy of
Military Medical Sciences (Beijing, China). The pigeon
Columba livia domestica was purchased from a farmers’
market in Beijing (China). The lizard (Eremias multiocellata) blood was provided by Prof. Weiguo Du.

Isolation of cDNA clones
Total RNA was extracted from the M. eupeus venom gland
according to the previously method (Zhu et al. 2011). The
first-strand cDNA was synthesized from the total RNA by
RT-PreMix Kit and a universal oligo(dT)-containing adaptor
primer (dT3AP), which was used for amplification of genes
of interest by a specific forward primer (P09-1F: ATRATG
AAAAYARTAATTKTTCTRAT or PK15F: TGCTGATAG
GAGTAAAGACC) (Note: K, G, or T; R, A, or G; Y, T, or
C) and a universal reverse primer (3AP) (Gao et al. 2010;
Zhu et al. 2011). PCR products were ligated into pGM-T
and resultant recombinant plasmids were transformed into
Escherichia coli DH5α. The sequence of the target gene was
confirmed by DNA sequencing with T7 or SP6 primer. Other
than PCR, a cDNA library previously constructed from the
M. eupeus venom gland was also used to isolate genes of
interest.
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Biochemical isolation of scorpion venom peptides
From six scorpions, we collected a total of 12 μl of crude
venom (~ 2 μl each) by electrical stimulation with the Multipurpose Instrument in Pharmacology and Physiology (YSD4G) (Zhenghua Biological Instrument Co., Anhui, China),
which was suspended in 500 μl of 0.05% trifluoroacetic acid
(TFA, v/v) and directly subjected to reversed-phase highperformance liquid chromatography (RP-HPLC) following
centrifugation at 12,000 g for 30 min at 4 °C (Zhu et al.
2012b; Gao and Zhu 2018). The Agilent Zorbax 300SB-C18
(4.6 × 150 mm, 5 μm) was equilibrated with 0.05% TFA in
water (v/v) and peptide components were eluted from the
column with a linear gradient from 0 to 60% acetonitrile in
0.05% TFA in water (v/v) within 60 min with a flow rate of
1 ml/min. The UV absorbance trace was followed at a wavelength of 225 nm. All well-defined peaks were collected separately for chemical identification and antibacterial screening. Purity and molecular mass of peptides were determined
by matrix-assisted laser desorption/ionization time of flight
mass spectrometry (MALDI-TOF MS) on ultrafleXtreme
MALDI-TOF/TOF Mass Spectrometer (Bruker, USA) and
their N-terminal sequences were determined by automated
Edman degradation on the PPSQ-31A protein sequencer
(Shimadzu, Kyoto, Japan).

Peptide synthesis
Meucin-49(1–31) was chemically synthesized by ChinaPeptides Co., Ltd. (Shanghai, China). Its purity was more than
95%, as confirmed by RP-HPLC and MALDI-TOF MS.

Circular dichroism (CD) spectroscopy
CD spectra of peptides were recorded on the Chirascan
Plus spectropolarimeter (UK) at a protein concentration of
0.1 mg/mL dissolved in H2O or 50% trifluoroethanol (TFE).
Spectra were measured at 20 °C from 260 to 190 nm with
a quartz cell of 1.0 mm thickness and data are expressed as
mean residue molar ellipticity [(θ)], calculated as follows:
(θ) = θ × (0.1 × MRW)/(L × C), where θ is the ellipticity (in
millidegrees), C is the concentration (in mg/mL), L is the
path length (in cm), and MRW is the mean residue weight
(in Da).

Antimicrobial assay
Antimicrobial activity of peptides was evaluated by the
inhibition-zone assay that has been described in our previous studies (Zhu et al. 2012a). Lethal concentration (CL)
refers to a concentration just sufficient to inhibit microbial
growth, which is calculated based on the diameters of inhibition zones (in mm) formed under different peptide doses
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(in nmol/well) (Hultmark 1998). In most cases, the calculated CL are comparable with the directly measured minimal
inhibitory concentrations (MIC) via broth micro-dilution
assay (Hultmark 1998). The source of microbial strains ( G+,
G−, bacteria, and fungi) used in this study can be found in
the reference (Zhu and Gao 2017).

Liquid fractional inhibitory concentration (FIC)
assay
The FIC assay was carried out according to the method
of Fidai et al. (Fidai et al. 1997). Peptide concentrations
used here were 0.687, 1.375, 2.75, 5.5, 11, and 22 μM for
Meucin-49(1–31) and 6.25, 12.5, 25, 50, 100, and 200 μM
for MTβ-2. The bacterium was MRCNS P1369 and its inoculum concentration was 5 × l05 CFU/mL. Each well in the
96-well microtiter tray contained 5–10 μL of bacteria and
the two peptides at different concentrations. The tray was
incubated at 37 °C overnight and a FIC index was calculated
according to the following formula: FIC A + FIC B = [A]/
[MIC A] + [B]/[M1C B], where [A] is the concentration of
MTβ-2 in the microtiter well that is the lowest inhibitory
concentration of MTβ-2 in its row. [MIC A] is the MIC of
MTβ-2 alone. FIC A is the fractional inhibitory concentration of MTβ-2. [B], [MIC B], and FIC B are defined for
Meucin-49(1–31) in the same way as for MTβ-2.

Membrane permeability assay
To assess the permeation ability of peptides on bacterial
membrane, about 5 × 105 bacterial cells (S. aureus MRSA
P1386) in 500 μL of PBS (140 mM NaCl, 2.7 mM KCl,
10 mM Na2HPO4, 1.8 mM K
 H2PO4, and pH 7.3) were
mixed with 1 μM propidium iodide (PI) for 5 min in the
dark. Fluorescence was measured with the F-4500 FL spectrophotometer (Hitachi High-Technology Company). Once
the basal fluorescence reached a constant value, peptides at
5 × CL were added, and changes in fluorescence arbitrary
were monitored (λexc = 525 nm; λems = 595 nm).

Scanning electron microscope
Bacterial cells (S. aureus PRSA P1383 or Salmonella enterica ATCC14028) at the exponential growth phase were
treated with peptides at 5 × CL at 37 °C for 90 min. After
centrifugation, bacterial pellets were fixed with 2.5% glutaraldehyde for 1 h, followed by washing three times with PBS.
Dehydration was carried out with a series of graded ethanol
solution. Cells were then dried by BAL-TEC CPD030 critical point dryer before being mounted on carbon tape and
sputtered with gold coating (BAL-TEC SCD005). Images
were visualized in FEI QUANTA 200.
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Killing kinetics
The in vitro killing curve for Meucin-49 was determined
against S. aureus MRSA P1386. For the assay, a fresh
overnight colony was inoculated into LB (Luria–Bertani)
medium (10 g tryptone, 5 g yeast extract, and 5 g NaCl in
1 liter of H
 2O) and the culture was incubated at 37 °C until
OD600 of 0.2. The initial concentration used was 4 × 107
cells/ml. Samples for colony counts were taken at time 0, 5,
10, 15, 20, 30, and 60 min after addition of peptides. Results
are given as colony-forming units (CFUs) per milliliter.

Hemolysis and serum stability assays
Hemolytic activity of peptides against fresh erythrocytes
from the ICR mice (Mus musculus), the lizards (Eremias
multiocellata), or the pigeons (Columba livia domestica)
was assayed according to the standard method (Zhu et al.
2012a). An aliquot of freshly prepared venom was diluted
with 0.9% NaCl to a protein concentration of approximately
5 mg/mL for use. The percentage of hemolysis is determined
as (Apep–Ablank)/(Atot–Ablank) × 100, in which “A” represents
absorbance measured at 570 nm. Ablank and Aprep were evaluated in the absence or presence of the venom or peptides.
100% hemolysis (Atot) was obtained in the presence of 1%
Triton X-100. To assess the serum stability, peptides were
incubated in H2O or fresh mouse serum for the indicated
times at 37 °C and their residual activity was measured by
the inhibition-zone assay.

Electrophysiological recordings of BK channels
in HEK cells
hSlo α subunit (U11058) BK channels were stably expressed
in human embryonic kidney cells. Currents were recorded by
whole-cell voltage-clamp at room temperature (18–22 °C) as
previously described (Imlach et al. 2008). The bath solution
contained (in mM): 135 NaCl, 5 KCl, 2 MgCl2, 2 CaCl2, 5
HEPES, and pH 7.4 (NaOH). The pipette solution contained:
(in mM) 140 KCl, 1 EGTA, 10 HEPES, 1 C
 aCl2, and pH 7.2
(KOH), giving 1.5 µM free calcium. Pipettes were pulled
from borosilicate glass and gave resistances of 2–5 MΩ
when filled with pipette solution. Data were recorded with
an Axopatch 200B and Axon Digidata 1440A digital interface with pClamp 10.2 software (Molecular Devices, Sunnyvale, USA). Capacitance and series resistance compensation were used. Leak subtraction was carried out with a P/5
protocol. Data were filtered at 5 kHz and sampled at 100 µs
intervals. The peptides were diluted in bath solution and
applied directly to the bath (2.5 ml volume) as a 1/5 dilution.
The known potent BK inhibitor lolitrem B was used in some
experiments to check that BK currents could be inhibited
under these experimental conditions. Lolitrem B was diluted
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in dimethyl sulfoxide (DMSO) as previously described (Dalziel et al. 2005). Data are shown as mean ± SE.

Insect toxicity assay
Insect toxicity assay was performed according to the method
previously described (Zhu et al. 2012b). Insect saline contains 156 mM NaCl, 7 mM KCl, 8 mM C
 aCl2, and 4 mM
MgCl2 (pH 7.0). Peptide solutions were diluted in insect
saline. 1 μl of peptide solution at different doses was injected
into each housefly adult (about 10 mg) via micro-injector
and flies injected with insect saline were used as control.
Ten flies were used for each group, and experiments were
performed in triplication. Dead individuals were recorded
at 16 h post-injection and half maximal lethal dose (LD50)
values were calculated from the dose–response data by
GraphPad Prism 5.

Sequence alignment, tree construction,
and structural analysis
Sequences were aligned by ClustalX (http://www.clust
al.org/) and the evolutionary tree was constructed based on
the amino acid sequence alignment by the neighbor joining (NJ) method implemented in MEGA 5.0 (http://www.
megasoftware.net/). The three-dimensional (3D) model of
MTβ-1 was built by comparative modeling at the SwissModel server (http://www.expasy.ch/swissm od/SWISS
-MODEL.html) using the X-ray structure of LqhIT2, a
scorpion depressant β-toxin (pdb 2I61), as template. The
initial backbone fitting and energy minimization steps were
performed with the DeepView program (http://www.expas
y.ch/spdbv) and further refined via submission to the SwissModel server. Due to the lack of a suitable template, the
I-TASSAR server (http://zhanglab.ccmb.med.umich.edu/ITASSER) was employed for ab initio modeling Meucin-49.

Statistical analysis
Unpaired two-tailed Student’s t test was used to compare
means between control and the treatment group with SPSS
(SPSS Inc.). *P < 0.05; **P < 0.01; ***P < 0.001.

Results
Identification of svAMPs
As shown in Fig. 1a, the M. eupeus crude venom showed
broad-spectrum antibacterial activity against all the bacterial strains tested here (Fig. 1a). To isolate AMPs from this
venom, we used RP-HPLC to obtain single-peptide components and assess their antibacterial activity. From the first

cycle of purification, we obtained highly pure MeuTXKβ1
and Meucin-49 (Fig. 1b). MeuTXKβ1 is a known svAMP
with some weak K+ channel-blocking activity, which can be
considered as a big defensin-like peptide due to its domain
similarity to big defensins, both comprising an N-terminal
α-helical domain and a C-terminal defensin domain (Zhu
et al. 2010; Zhu and Gao 2013), and, thus, is classified into
the svcAMP group. In particular, its defensin domain is
highly similar to the ancient invertebrate defensins from
dragonflies, scorpions, ticks, mussels, and even fungi (Zhu
et al. 2010). Meucin-49 is a long-chain linear svcAMP that
is first isolated from this venom. It possesses a wide-spectrum activity on both Gram-positive and negative bacteria
(Tables 1 and 2). For the components poorly separated,
we performed the second cycle of purification, resulting
in the discovery of three new scorpion β-toxin-like peptides, named MeuNaTxβ-4 (abbreviated as MTβ-4), MTβ-1
and MTβ-2 according to their elution order in the column
(34–37 min) (Fig. 1b). In parallel, we also assayed the antibacterial activity of four α-toxins previously identified in
this venom, including MTα-1, MTα-2, MTα-4, and MTα-5
(Zhu et al. 2012b). Most of these toxins showed some weak
antibacterial activity (Table 3).

Sequence and structural features of Meucin‑49
Meucin-49 was eluted at 38.3 min using an analytical
C18 column (Fig. 2a). Its experimental molecular weight
(MW) was 5574.928 Da determined by MALDI-TOF–MS
(Fig. 2b). Using Edman degradation, we determined its
N-terminal 19 amino acid sequence (FKFGSFIKRMWRSKLAKKL). By random sequencing of positive clones
derived from the cDNA library of the M. eupeus venom
gland, we isolated its full-length cDNA clone that encodes a
precursor of 75 amino acids with an N-terminal signal peptide of 22 residues and the mature Meucin-49 followed by
four basic residues (KRRR) that are presumably removed by
carboxypeptidase M (Fig. 2c). The deduced mature peptide
has a theoretical MW of 5573.59 Da, perfectly matching the
experimental MW of native Meucin-49 (Fig. 2b), in favor of
our prediction to its precursor processing pattern.
Using circular dichroism (CD) spectroscopy, we studied
the structural feature of Meucin-49. As shown in Fig. 2d,
this peptide displays very low ellipticity above 210 nm but
strong negative minima at 200 nm and weak negative minima around 225–230 nm in H
 2O (Fig. 2d), indicating that it
adopts a random coil conformation in solution. However,
its CD spectra significantly change in a membrane-mimicking environment (50% TFE), where the negative minima
appeared at 208 nm and 222 nm and a positive band around
190 nm (Fig. 2d), typically indicative of an α-helical conformation. In accord with the CD data, computational modeling suggests that the structure of Meucin-49 contains two
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α-helices: the long one spanning residues 3–31 and the short
one spanning residues 37–41. Its C-terminal tail (41AAAPAPVPA49) is hydrophobic, and rich in alanines and prolines
that adopt a random coil configuration (Fig. 2c). Further
structural analysis reveals that the N-terminal 2-31 residues
of Meucin-49 form an amphipathic head, with a cluster of
hydrophobic residues (F3, F6, I7, M10, and W11) on one side
and a cluster of cationic and polar residues (K2, G4, S5, K8,
R9, R12, and S13) on the other side (Fig. 2e).
From the same cDNA library, we also isolated another
clone that codes for a variant of Meucin-49, named
Meucin-49-1, differing by only one amino acid at site
2 (K2E) (Fig. 2c). These two peptides belong to the
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Fig. 1  Screening of antibacterial components from the M.
eupeus venom. a Evaluation
of antibacterial activity of the
crude venom by inhibition-zone
assay. The full names of each
bacterial strain used here are
provided in Table 1. b Isolation
of scorpion venom peptides
by two cycles of RP-HPLC,
in which the poorly separated
components in the first cycle
(indicated by a black line) were
subjected to the second cycle
of chromatography (shown in
the inset). Four new components (β-1, MeuNaTXβ-1;
β-2, MeuNaTXβ-2; β-4,
MeuNaTXβ-4, and MEU-49,
Meucin-49) were identified to
have antibacterial activity. The
crude venom shown here was
extracted from the M. eupeus
telson by electrostimulation

B. Gao et al.

parabutoporin-like AMP family (Fig. 2c), in which only three
members (parabutoporin, mauriporin, and Im-1) were characterized with regard to their antimicrobial activity (Miyashita et al. 2010; Remijsen et al. 2010; Almaaytah et al. 2014)
and others were identified only by cDNA cloning without
structural and functional data available currently. Members
in this family generally contain 45–60 amino acids with a
consensus defined as F
 X(4–8)FXKX(2)WXSX(2)AX(2)LRXK
(X, any amino acid). Besides OcAMP that is derived from
O. cayaporum (Family Iuridae), all other members that were
identified from species belonging to the family Buthidae
contain an Ala- and Pro-rich hydrophobic C-tail mingled
with several anion glutamates (Fig. 2c). Besides the highly
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Table 1  Lethal concentrations
(CL, μM) of Meucin-49 and
Meucin-49(1–31) against Grampositive bacteria

Table 2  Lethal concentrations
(CL, μM) of Meucin-49 and
Meucin-49(1–31) against Gramnegative bacteria

Bacteria

Meucin-49

Meucin-49(1–31)

Bacillus cereus CGMCC 1.1846
Bacillus megaterium CGMCC 1.0459
Bacillus subtilis CGMCC 1.2428
Micrococcus luteus CGMCC 1.0290
Methicillin-sensitive Staphylococcus aureus CGMCC 1.89
Penicillin-sensitive Staphylococcus epidermidis P1111
Methicillin-resistant coagulase-negative Staphylococci P1369
Methicillin-resistant Staphylococcus aureus P1374
Penicillin-resistant Staphylococcus aureus P1383
Methicillin-resistant Staphylococcus aureus P1386
Penicillin-resistant Staphylococcus epidermidis P1389
Staphylococcus aureus J685
Staphylococcus aureus J698
Staphylococcus aureus J700
Staphylococcus aureus J706
Staphylococcus aureus J708
Staphylococcus aureus J710
Streptococcus sanguinis CGMCC 1.2497
Streptococcus salivarius CGMCC 1.2498
Streptococcus mutans CGMCC 1.2499
Staphylococcus warneri CGMCC 1.2824
Streptomyces griseus NBRC 13350
Streptomyces scabiei CGMCC 4.1765

6.33
0.37
0.33
0.33
0.54
1.33
1.50
2.33
1.33
1.33
1.03
7.23
5.05
7.2
3.07
7.23
4.03
2.76
3.84
2.53
4.31
8.28
3.02

27.52
8.77
7.55
4.95
7.87
7.55
5.32
6.47
4.63
7.55
6.81
9.14
13.78
13.78
6.05
10.36
13.78
10.36
17.00
11.34
1.76
4.56
12.74

Bacteria

Meucin-49

Meucin-49(1–31)

Alcaligenes faecalis CGMCC 1.1837
Escherichia coli ATCC 25922
Escherichia coli DH5α
Escherichia coli Am. J16c
Escherichia coli Am. J23a
Escherichia coli CIP. J14b
Escherichia coli D. G2b
Escherichia coli D. J45b
Pseudomonas aeruginosa O1
Pseudomonas aeruginosa 14
Pseudomonas aeruginosa FRD1
Pseudomonas aeruginosa 374
Pseudomonas aeruginosa 11082603
Pseudomonas aeruginosa 11082616
Pseudomonas aeruginosa 11092304
Pseudomonas aeruginosa 11092618
Pseudomonas aeruginosa DH
Pseudomonas aeruginosa QT1
Pseudomonas solanacearum
Salmonella enterica ATCC 14028
Serratia marcescens ATCC 14041
Stenotrophomonas maltophilia CGMCC 1.1788

8.22
0.54
2.63
4.03
4.03
3.80
5.36
4.03
5.88
4.03
4.44
4.44
4.03
7.23
4.03
3.80
3.07
4.03
8.07
3.84
16.95
7.12

8.45.
10.15
11.42
10.36
10.36
7.89
12.42
10.36
10.64
15.10
14.07
12.09
10.36
17.12
13.78
13.78
7.89
10.36
7.87.
8.97
32.11
15.97
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Table 3  Lethal concentrations (CL, μM) of M. eupeus toxins against bacteria

Gram-positive bacteria
Bacillus megaterium CGMCC 1.0459
Bacillus subtilis CGMCC 1.2428
Micrococcus luteus CGMCC 1.0290
Gram-negative bacteria
Escherichia coli DH5α
Stenotrophomonas maltophilia CGMCC 1.1788

MTα-1

MTα-2

MTα-4

MTα-5

MTβ-1

MTβ-2

MTβ-4

N.A.
N.D
N.D

13.50
22.4
11.30

14.71
45.28
N.D

15.07
20.82
10.01

52.5
20.82
52.0

14.7
N.D
8.32

W.A.
N.D.
N.D.

N.A.
N.A.

N.A.
N.A.

N.D
N.D

N.A.
N.A.

10.77
20.57

W.A.
17.68

N.A.
52.01

N.A. means “no activity” at 1.0 nmol peptide each well, W.A. means “weak activity”, indicating that a very small inhibition zone was formed at
1.0 nmol peptide each well, but at higher concentrations, the activity did not increase, N.D. means “not determined”

diversified C-tail in its mature peptide, OcAMP is devoid of
the argine cluster for precursor processing (Fig. 2c). Consistently with the sequence diversification, OcAMP forms
an independent grouping in a phylogenetic tree constructed
from the multiple sequence alignment in Fig. 2c, in which
it is the closest to Im-1, BPP-12, and BPP-25, three members from the Buthidae scorpions. All these four members
share a common insert (insert 1), while others from Buthidae
form a monophyletic group and lack this insert (Fig. 2f).
Because insert 1 is shared by species from both Iurida and
Buthidae, its absence in the monophyletic group may arise
from a single deletion event, whereas insert 2 only occurred
in T. serrulatus (Fig. 2f). Despite the presence of the inserts
and C-terminal diversification, all the members possess a
conserved local amphipathic structure located in the N-terminal region of the long α-helix comprising residues 2-13
(numbered according to Meucin-49) with a slightly larger
polar face compared with the hydrophobic face, identified
by a helical wheel projection analysis (Fig. S1, provided in
Supplementary Information).

Antimicrobial spectrum of Meucin‑49
Meucin-49 exerts broad-spectrum and highly potent bactericidal activities against a variety of Gram-positive bacteria,
such as B. cereus, B. megaterium, B. subtilis, M. luteus, S.
aureus, S. epidermidis, S. warneri, S. griseus, S. scabiei, S.
mutans, S. salivarius, and S. sanguinis, with lethal concentrations (CL) < 10 μM (Table 1). For several strains, the CL
was even < 1.5 μM (0.3–1.5 μM). In addition, Meucin-49
also exhibited a wide spectrum of activity against the
Gram-negative bacteria, such as A. faecalis, E. coli, P. aeruginosa, P. solanacearum, S. enterica, S. marcescens, and
S. maltophilia (Table 2), but overall its activity on Gramnegative bacteria was lower than on the Gram-positive bacteria (Table 2). Among the fungal strains used here (Aspergillus flavus, Aspergillus fumigatus YJ-407, Aspergillus
nidulans A28, Aspergillus niger, Beauveria bassiana, and
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Saccharomyces cerevisiae), Meucin-49 only showed a weak
activity on A. nidulans A28 with a CL of 24.53 μM.

Functional features of Meucin‑49
The killing curve of Meucin-49 on S. aureus MRSA P1386
is shown in Fig. 3a. Within 5 min, Meucin-49 killed 100%
of bacteria, which is completely different from vancomycin
that exhibited rather slow killing rate on the same bacterial
strain. The differential could reflect their different action
modes. It is known that vancomycin kills bacteria via inhibition of cell wall synthesis that needs a long time. Rapid killing by Meucin-49 suggests that it could disrupt the bacterial
membrane integrity, resulting in leakage of intracellular constituents and cell death. We testified this assumption using a
fluorescent DNA-bound dye (propidium iodide, PI). When
Meucin-49 at 5 × CL was added to the bacterial cells preincubated with PI, the fluorescence rapidly increased due to
the formation of PI-DNA complexes (Fig. 3b), indicative of
membrane damage resulting in DNA release. This observation is in accordance with the scanning electron microscopy
(SEM) result that showed that this peptide led to visible
damage in the bacterial surface structure of S. aureus PRSA
P1383 and cell lysis into debris in S. enterica ATCC14028
(Fig. 3c).
In addition to disrupting to the bacterial membrane,
Meucin-49 is also able to damage blood cells derived from
mice, lizards, and birds, the three most common vertebrates preying on scorpions, suggesting a defensive role. As
shown in Fig. 3d, this peptide caused 34 ± 1.2% hemolysis
of mouse blood cells at a peptide concentration of 3.125 μM.
When the concentration reached 25 μM, this peptide led
to complete hemolysis of mouse and lizard blood cells and
60 ± 2% hemolysis of bird blood cells. Strong hemolysis by
Meucin-49 could be related to a short leucine zipper-like
motif in its sequence (Fig. 2c). This motif, defined by every
seventh amino acid as leucine/isoleucine, has been identified as a crucial structural element conferring the hemolytic activity of Melittin (Asthana et al. 2004). In our study,
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Fig. 2  Meucin-49 family. a Repurification of Meucin-49 by RPHPLC. TR, retention time. “*”, pure peptide collected for structural
and functional analyses. b MALDI-TOF MS of Meucin-49. c Multiple sequence alignment of precursor sequences. Signal peptides,
mature peptides, and C-terminal extra cationic residues are boxed in
grey, green, and blue, respectively. In the mature region, hydrophobic, cationic, and anionic residues are shown in green, blue, and red,
respectively, and glycines in cyan. The α-helical domain (red cylinder) and loops (lines) were extracted from the computational model
of Meucin-49 and regions adopting an amphipathic architecture are
boxed in red. Triangles combined with lines indicate the two evolutionary insertions relative to Meucin-49 in other members. Insert 1
is “SFFR” in BPP-12;”SFFR” in BPP-25;”SFK” in Im-1; and “WS”
in OcAMP. Insert 2 is “PNQHPNRLQKRTRS’ in TsBPP. Two leucine residues presumably forming a short leucine zipper-like motif

are boxed in cyan. These Meucin-49 related sequences were retrieved
from the GenBank database. d CD spectra of Meucin-49 in H
 2O
or 50% TFE. Peptide concentrations used here were 0.1 mg/mL. e
Computational model of Meucin-49. The structure is displayed by
a cylindrical helix covered by a semi-transparent molecular surface
of Meucin-49. The molecular surface of Meucin-49 is overlaid on a
ribbon structure. The N-terminal amphipathic head and the hydrophobic C-tail are highlighted (blue, polar and basic residues; green,
non-polar residues). f An NJ tree based on the sequence alignment
in Fig. 2c. The dotted arrow indicates a clade, whose members lack
insert 1, and the solid arrow illustrates the member containing insert
2. Branches containing the sequences reported here are shown in red.
Numbers at nodes represent the bootstrap percentages from 1000 replicates. Values below 50% are not shown. The scale bar indicates 0.2
substitution per amino acid site (color figure online)

Meucin-49 exhibited high water stability that exceeded 24 h,
but instability in mouse serum (Fig. 3e).
Given that some spider venom α-helical AMPs possess
insecticidal activity (Kuhn-Nentwig et al. 2011), we assessed
the insect toxicity of Meucin-49. The results showed that
this peptide was lethal to housefly adults in a concentrationdependent manner (Fig. 3f). Based on the dose–response
curve, we calculated its half maximal lethal dose (LD50),

which was 1.9 nmol/g. Although Meucin-49 exhibited
4–5-fold lower activity than the highly insecticidal MT-5
(LD50 of 0.42 nmol/g) (10), it showed higher toxicity than
U1-LITX-Lw1a on blowfly adults ( LD50 of 4.995 nmol/g)
(Smith et al. 2011). U1-LITX-Lw1a is a neurotoxin isolated
from the venom of the scorpion Liocheles waigiensis that
adopts the disulfide-directed β-hairpin (DDH) fold (Smith
et al. 2011). Moreover, unlike its ortholog Im-1 from the
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◂Fig. 3  Structural and functional features of Meucin-49. a Killing

kinetics of Meucin-49. S. aureus MRSA P1386 cells were treated
with Meucin-49 at 5 × CL for 5–60 min and survivors were plated.
As comparison, the killing kinetics of vancomycin was evaluated at
5 × CL (0.8 μg/ml for the same bacterial strain). b Membrane permeation ability of Meucin-49 at 5 × C
 L on S. aureus MRSA P1386
cells. Meucin-18 and vancomycin were used as controls. c Scanning electron microscopic observation of Meucin-49-treated bacterial deformation in S. aureus PRSA P1383 and Salmonella enterica
ATCC14028, indicated by red arrows. The cells were incubated with
peptides for 90 min at 37 °C. d Hemolysis of mouse, lizard, and bird
erythrocytes by Meucin-49. Erythrocytes were suspended in PBS
buffer and incubated with different concentrations of peptide for
30 min at 37 °C. The absorbance of the supernatant was recorded at
570 nm. Controls for 0 and 100% hemolysis were determined by PBS
buffer and 1% Triton X-100, respectively. Assays were repeated in
triplicate and percentages of hemolysis are expressed as mean ± S.D.
e Stability of Meucin-49. Peptides were incubated in H
 2O or mouse
serum for the indicated times and then added to the plates of S.
aureus MRSA P1386. Peptide doses used were 0.3 nmol each well.
Diameters of inhibition zone were recorded after incubation at 37 °C
overnight. All experiments were carried out in triplicate, and data are
presented as mean ± standard deviation (SD). **P < 0.01; ***P < 0.001.
f Dose–response curve resulting from injection of the peptide into
housefly adults. Data points are the mean ± S.D. of three experiments.
For each group, 10–15 houseflies were assayed (color figure online)

scorpion Isometrus maculatus that only shows paralysis and
no lethality even at a relatively high dose (40 nmol/g) to
the house cricket Acheta domesticus (Miyashita et al. 2010),
Meucin-49 can cause 100% of housefly death at a lower dose
(5 nmol/g) (Fig. 3f).

Functional importance of the C‑terminal portion
of Meucin‑49
Different from most α-helical AMPs identified so far,
Meucin-49 possesses an unusual C-terminal portion that
contains three acidic residues followed by a cluster of
hydrophobic tail. In general, if a peptide has such an amino
acid composition, it will be devoid of antimicrobial activity.
However, the evolutionary conservation of the C-terminal
portion among the family members hints at its potential
functional significance (Fig. 2c). To solve this puzzle, we
chemically synthesized a C-terminally truncated Meucin-49
[named Meucin-49(1–31)], where the C-terminal 18 residues were deleted (Fig. 2c). This deletion did not change
the overall structural type of Meucin-49, since it still adopts
an α-helical configuration, as identified by our CD analysis
(Fig. 4a), in line with our computational model (Fig. 2c).
Despite this, the truncation significantly reduced the antibacterial activity of the parent peptide on nearly all the bacterial strains tested here (Tables 1 and 2), indicating that
the first amphipathic α-helix alone is not enough to exert
its full antibacterial function. It is likely that this long helix
serves as a scaffold striding across the bacterial membrane
to promote the C-tail binding to an intracellular cationic and

hydrophobic component. However, this deletion exhibited
no obvious impact on the hemolysis, serum stability and
bactericidal synergy of Meucin-49 (Fig. 4b–d, but reduced
its insecticide activity by 18-fold calculated from L
 D50 (1.9
vs 35.55 nmol/g) (Fig. 4e). Taken together, our data demonstrate that the long helix is enough for Meucin-49 to exert its
full hemolysis and bactericidal synergy but not enough for
its full insecticidal and antibacterial activities. The association of the C-terminal portion with the insect toxicity could
explain the weak insecticidal activity of Im-1 (Miyashita
et al. 2010), because there is greater sequence divergence in
this region between Im-1 and Meucin-49 (Fig. 2c).

New scorpion toxins with BK blockade activity
From the M. eupeus venom, we isolated three new toxinlike peptides (MTβ-1, MTβ-2, and MTβ-4) (Fig. 1b) with
MWs of 7785.239, 7429.454, and 7827.115 Da, respectively,
which were determined by MALDI-TOF (Fig. 5a). Using the
Edman degradation method, we determined their N-terminal
amino acid sequences (MTβ-1: DNGYLLDKYTGCKVWCVINN; MTβ-2: DNGYLLDKYTGCKIWCVINN; MTβ4: EHGYLLDKYTGCKVW) (Fig. 5b). Subsequently, we
obtained their full-length amino acid sequences by cDNA
cloning (Fig. 5b). The MWs calculated from these mature
sequences are 7785.85, 7427.35, and 7827.94 Da, respectively, perfectly matching their experimental MWs, indicating that their residues, except the cysteines, are not oxidized.
These peptides share high sequence similarity to several
scorpion β-toxins, such as Lqhβ1 from Leiurus quinquestriatus hebraeus (Gordon et al. 2003), BmKAS and BmKAS-1
from M. martensii, and AaHIT4 from Androctonus australis
Hector (Loret et al. 1991), ranging from 71% to 92% (Ji et al.
1999) (Fig. 5b). Studies on their β-toxin effect on N
 a+ channels will be reported elsewhere.
MTβ-1 shares 61/66 residues in common with BmKAS-1
(identity > 92%), in favor of their orthologous relationship.
It is known that BmKAS-1 is also an inhibitor of BK channels when its C-terminal methionine (Met) is oxidized.
The oxidized form of BmKAS-1 is called BmP09 (Yao
et al. 2005). We investigated the effect of MTβ-1 on these
channels. Whole-cell currents were recorded from HEK
cells stably expressing hSlo with 2.5 µM internal calcium.
When 2 µM of MTβ-1 was applied to the bath, the current
response to a 100 mV voltage pulse decreased over 10 min
in a cell expressing hSlo channels (Fig. 5c), and over a range
of voltages tested (Fig. 5d). The mean decrease in response
to MTβ-1 was a 41 ± 9% compared to the control current
(n = 6). To ensure that the cell was accessible to the peptide,
the BK inhibitor lolitrem B was added at the end of the
experiment which inhibited the current response by 86 ± 4%
(n = 5). Since the C-terminal sulfoxide Met of BmP09 has
been proposed as a key determinant for BK blockade (Yao
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Fig. 4  Structural and functional features of the C-terminally truncated
Meucin-49. a CD spectra of Meucin-49(1–31) in H
 2O and 50% TFE.
Peptide concentrations used here were 0.1 mg/mL. b Hemolysis of
mouse erythrocytes by Meucin-49(1–31). The method is the same as
that described above. c Stability of Meucin-49(1–31). d Bactericidal
synergy of Meucin-49(1–31) and Meucin-49 in combination with
neurotoxins against MRCNS P1369. Numbers in front of the pep-

tide names indicate nanomolar doses used here. Differences between
Meucin-49(1–31) and the combination were statistically analyzed by
Student’s unpaired t test: ***P < 0.001. e Dose–response curve resulting from injection of the peptide into housefly adults. Data points are
the mean ± S.D. of three experiments. For each group, 10–15 houseflies were assayed

et al. 2005), the finding of the BK channel blockade by its
non-oxidized ortholog, as identified by our MALDI-TOF

data (Fig. 5a), suggests that this peptide could possess other
functional residues for BK channel blockade. Functional
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analysis of MTβ-2 highlights a cluster of basic amino acids
associated with the α-helix in MTβ-1 (Lys28, Arg30, and
Arg31) might be involved in the channel blockade by MTβ-1
(Fig. 5b). MTβ-2 shares 52/66 residues in common with
BmKAS-1 (BmP09) or MTβ-1 (including two deletions)
(identity < 80%). All the three basic residues in MTβ-1
are replaced by non-basic residues (Lys28Ile, Arg30Ser,
and Arg31Gly) in MTβ-2 (Fig. 5b). Because the role of
basic amino acids in K
 + channel blockade has been documented (Rodríguez de la Vega et al. 2003), we speculated
that MTβ-2 is a suitable control used to elucidate the functional role of these basic residues in MTβ-1. As predicted,
when 2 µM MTβ-2 was applied to a cell expressing hSlo
for 10 min, no change in current amplitude was observed in
response to a 100 mV voltage pulse (Fig. 5c), or at a range of
voltages tested (Fig. 5d). The mean decrease in response to
MTβ-2 was 5 ± 8% compared to the control current (n = 6).
Lolitrem B inhibited the current response by 91 ± 2% (n = 6).
In line with these functional data, a computational complex
model reveals the positions of the three basic residues that
are located on the interface between the toxin and the human
BK channel (Fig. 5e).

Antibacterial immune role of scorpion neurotoxins
The previous studies have shown that several scorpion
β-toxins possess some weak antimicrobial activity (Forsyth et al. 2012; Dueñas-Cuellar et al. 2015). We wanted to
know whether such activity is also present in MTβ-1, MTβ2, MTβ-4, and even some α-toxins (MTα-1, MTα-2, MTα-4,
and MTα-5) isolated from the same venom. As showed in
Table 3, all these toxins except MTα-1 displayed some weak
activity against one or several bacterial strains used here, in
which MTβ-1 showed the most wide-spectrum activity with
CL ranging from 10.77 μM to 52.5 μM (Table 3).
Because the direct antibacterial property of the highly
abundant scorpion, neurotoxins are rather weak, whereas
the highly potent AMPs, such as Meucin-49 and MeuTXKβ1
(Gao and Zhu 2018), exist in low abundance, their immune
roles remain enigmatic. To explore their antibacterial
immune role, we tested synergism between neurotoxins and
svcAMPs, in which three bacterial strains (Bacillus megaterium, Escherichia coli DH5α, and Stenotrophomonas maltophilia) were used as representatives for inhibition-zone
assays. In all the experiments, a toxin was set to a dose, at
which no inhibition zone was formed; and the Meucin-49
dose was 0.1 nmol/well, at which only small inhibition zone
was formed. We found that when Meucin-49 and MTβ-4 or
MTα-5 were jointly applied to a well of the E. coli DH5α
plate, the inhibition-zone diameters significantly increased
compared to Meucin-49 alone (Fig. 6a). The effect was
not observed in combinations of Meucin-49 and MTβ-1 or
MTβ-2. For the other two bacterial strains, all combinations
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displayed synergy between Meucin-49 and the toxins
(Fig. 6b and c). In addition, we testified the synergy between
MeuTXKβ-1 and the neurotoxins. As shown in Fig. 6d, the
activity of MeuTXKβ-1 against E. coli DH5α was remarkably potentiated by MTβ-1 or MTβ-2 but was not changed by
MTβ-4 or MTα-5. This seems to compensate for the absence
of the synergy between Meucin-49 and MTβ-1 or MTβ-2
(Fig. 6a), ensuring a wide-spectrum antibacterial activity
of the venom.
To verify the synergy observed in bacterial plates, we
employed the liquid fractional inhibitory concentration
(FIC) assay (Fidai et al. 1997) to quantitatively measure
the effect between MTβ-2 and Meucin-49(1–31) against
MRCNS P1369, a methicillin-resistant coagulase-negative
Staphylococci strain. In this assay, the MIC for MTβ-2 alone
was 200 μM and 11 μM for Meucin-49(1–31) alone. The
FIC (the fractional inhibitory concentration) for MTβ-2 in
combination with Meucin-49(1–31) was 25 μM and 2.75 μM
for Meucin-49(1–31) in combination with MTβ-2. Based on
these data, we calculated the FIC index (25 μM/200 μM) + (
2.75 μM/11 μM) = 0.375 < 0.5, indicating their synergy. This
experiment denotes the reliability of the inhibition-zonebased method described here in measuring the antibacterial synergy of two peptide components. Compared with the
FIC array, this new method only needs a few peptides and
could be particularly suitable for natural products isolated
from scarce resources (e.g., small animal venoms, saliva,
and semen).

Discussion
Many venomous arthropods have convergently recruited
AMPs into their venoms to exert immune functions (Hirai
et al. 1979; Yan and Adams 1998; Raghuraman and Chattopadhyay 2007; Wanandy et al. 2015; Konno et al. 2016;
Touchard et al. 2016). Interestingly, unlike these peptides
from bees, ants, and spiders that tend to exist at high abundance in their venoms (e.g., the bee Melittin comprising 50%
of the venom dry weight) (Hirai et al. 1979; Raghuraman
and Chattopadhyay 2007; Konno et al. 2016; Touchard et al.
2016), Meucin-49 and MeuTXKβ1 exist at low abundance.
Therefore, the amounts of these AMPs in the venom are not
enough to exert their antibacterial activity alone, leaving
an open question with regard to their in vivo antibacterial
immune function. The identification of the weak antibacterial activity of scorpion neurotoxins prompted us to consider
their roles in scorpion immunity, leading to the discovery
of their synergic bactericidal effect with the svcAMPs. This
kind of synergism between a lowly abundant but strongly
active svcAMP and a highly abundant but weakly active
neurotoxin hints at a biological significance of considerable
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◂Fig. 5  MTβ family. a Molecular mass determination of MTβ-1, -2,

and -4 by MALDI-TOF mass spectrometry. b Multiple sequence
alignment of MTβs and homologs. Residues identical to Lqhβ1 are
highlighted in yellow. Secondary structure elements (α-helix and
β-strand) and disulfide bridge connectivities are extracted from
the structural coordinates of a computational model of MTβ-1.
Sequences italicized and underlined were obtained by Edman degradation. The proposed amino acids inserting into the BK channel pore
in MTβ-1 and its two homologs are boldfaced in blue. The asterisk
indicates the oxidized residue. c Comparison of BK channel-blocking activity between MTβ-1 and MTβ-2. Representative wholecell recordings were from HEK cells expressing hSlo. Currents in
response to a + 100 mV voltage pulse for 100 ms 10 min after addition of 2 µM MTβ-1 and MTβ-2, followed by 400 nM lolitrem B (Lol
B). The dotted line indicates the zero-current level. d. The effect of
MTβ-1 and MTβ-2 on the current–voltage relationship is shown at
voltage steps between − 80 and + 100 mV for 100 ms. The holding
potential was − 60 mV. The current is the mean of the last 25 ms of
the voltage pulse. e MTβ-1 blocks the pore of human BK channel.
Three cationic amino acids, indicated by sticks in blue, are proposed
to plug directly into the pore (color figure online)

importance, since it provides a rational explanation for the
involvement of these two distinct components in the antibacterial immunity of scorpions.
The bactericidal synergy among different scorpion
venom components may serve as internal immune factors
to control the local infection of scorpion venom glands,
a specialized organ freely communicating with microbeladen prey and predators via the stinger situated at the
end of telson. Hence, antimicrobial substances are necessary to stand guard at interfaces between the exterior
environments (prey and predators) and sterile interior
venom glands. Although the scorpion venom gland and
Drosophila male reproductive tract secretory tissues (such
as accessory glands, testes, etc.) (Avila et al. 2011) are by
no means structurally comparable, functionally they both
produce secretions (venom and seminal fluid) containing
antimicrobial peptides/proteins to deal with potential infection of the glands when mating or stung. However, unlike
the seminal fluids, scorpion venoms are also likely implicated in the external immunity of scorpions, since some
species often spray venom on their own body surfaces to
clean them from saprophytic microbes (Torres-Larios et al.
2000). This type of venom spray manner is clearly associated with their flexible tails that enable their stingers move
limberly. From an evolutionary perspective, scorpions have
developed their venom primarily as a weapon for capturing
prey and repelling competitors as borne out by the high
abundance of neurotoxins. In contrast, the internal and
external immunity can be considered as a secondary function, commonly mediated by neurotoxins and svcAMPs.
Given the wide-spectrum cytotoxicity of the svcAMPs,
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their low-level expression in the venom could be a result
of natural selection as it ensures the exertion of the venom
immune role under minimal energy expenses and minimal
cytotoxicity and a trade-off between the primary and secondary functions.
Antimicrobial synergy has been observed between different AMPs but not between neurotoxins and AMPs. For
example, Sani et al. found synergistic antibacterial activity among three Australian-tree frog antimicrobial peptides
(aurein, maculatin, and caerin) (Sani et al. 2017). Ulrich
and colleagues studied the molecular mechanism of synergy between the antimicrobial peptides PGLa and magainin
2, and identified their key residues involved in this effect
(Zerweck et al. 2017). Currently, the mechanism behind
synergy between scorpion venom-derived neurotoxins and
AMPs remains unsolved. Given that bacteria possess various ion channels structurally analogous to their eukaryotic
counterparts (Kung and Blount 2004), we surmise that
this type of synergy might arise from a combination of
membrane-disruptive capacity from the svcAMPs and the
channel-binding capacity from the toxins (svntAMPs). It is
likely that Meucin-49 or MeuTxKβ1 at a low dose, as their
abundance in the venom, only elicits partial membrane disruption leading to weak or no detectable activity, but this
could facilitate toxin binding to bacterial channels to promote bacterial killing. Another possibility for the synergy
might be associated with the toxins’ hydrophobicity. When
analyzing their 3D-structures, we found that all these toxins
had a highly exposed hydrophobic surface (Fig. S2, provided
in Supplementary Information). It is thus reasonable to infer
that hydrophobic interactions between these toxins and the
AMPs lead to their aggregation in bacterial membrane to
induce killing.
Apart from the antibacterial immunity described above,
Meucin-49 is also likely involved in scorpion’s predation and
defense owing to its insect toxicity and hemolysis, indicating its multifunctional feature (Fig. 7). The previous studies have shown that tissue-specific AMPs often carry functions associated with tissues which they exist. For example,
hepcidins, human liver-expressed AMPs, can function as
iron-regulatory hormones targeting membrane-associated
ferroportin (Michels et al. 2015); β-defensin 15 and Bin1,
two epididymis-specific AMPs, are required for initiation of
sperm maturation, motility, and male fertility (Zhou et al.
2004; Zhao et al. 2011). These observations suggest that
multifunctionality of these AMPs is an intrinsic feature
likely evolved by natural selection from their environments,
as previously proposed (Gao and Zhu 2018). Similar case
also exists in the scorpion neurotoxins (Fig. 7), demonstrating that such multifunctionality is universally possessed by
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◂Fig. 6  Bactericidal synergy between svAMPs and neurotoxins.

Inhibition-zone images showing their synergism on three bacterial
strains: a Escherichia coli DH5α. b Stenotrophomonas maltophilia.
c Bacillus megaterium. Peptide doses used in the synergy assay were
1 nmol/well for MTα-5; 0.5 for MTβ-1, MTβ-2 and MTβ-4; and 0.1
for Meucin-49. d Synergy between MeuTXKβ1 and the neurotoxins
against E. coli DH5α. Combinations with synergetic effect are indicated by triangles in yellow. Peptide doses used in the synergy assay
were 1 nmol/well for MTα-5; 0.5 for MTβ-1, MTβ-2 and MTβ-4; and
0.1 for MeuTXKβ1. These figures are representative of three independent experiments
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scorpion venom components and they thus represent a new
class of moonlighting proteins (Jeffery 1999).
Given the utilization of venom across numerous species
and their extensive distribution on the earth (Casewell et al.
2013), especially their venoms’ involvement in immune
defense, our findings will stimulate more studies on the
external and internal immune roles of neurotoxins from
other venomous animals, such as cone snails, snakes, spiders, sea anemones, and lizards.
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