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Abstract

Scorpion K + channel toxins and insect defensins share a conserved three-dimensional structure and related biological
activities (defense against competitors or invasive microbes by disrupting their membrane functions), which provides an
ideal system to study how functional evolution occurs in a conserved structural scaffold. Using an experimental approach,
we show that the deletion of a small loop of a parasitoid venom defensin possessing the “scorpion toxin signature” (STS)
can remove steric hindrance of peptide-channel interactions and result in a neurotoxin selectively inhibiting K + channels
with high affinities. This insect defensin-derived toxin adopts a hallmark scorpion toxin fold with a common cysteine-
stabilized a-helical and b-sheet motif, as determined by nuclear magnetic resonance analysis. Mutations of two key
residues located in STS completely diminish or significantly decrease the affinity of the toxin on the channels, demon-
strating that this toxin binds to K + channels in the same manner as scorpion toxins. Taken together, these results provide
new structural and functional evidence supporting the predictability of toxin evolution. The experimental strategy is the
first employed to establish an evolutionary relationship of two distantly related protein families.
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Introduction
Understanding the molecular events of functional innovation
of proteins is of general significance in evolutionary biology
and of direct relevance to rational design of therapeutic drugs
(Park et al. 2006). As a group of distinct organisms, venomous
animals, such as sea anemones, cone snails, scorpions, spiders,
shrews, lizards, and snakes, have evolved a variety of gene-
encoded toxic proteins (toxins) to capture their prey and
defend themselves (Brodie 2009; Fry et al. 2009). Although
evolutionary emergence of toxins from proteins of physiolog-
ical functions has convergently occurred in many phylogenet-
ically diverse animal lineages and clearly it represents a
successful strategy for ecological adaptation of animals, it is
not clear where and how these toxins originated. On the basis
of phylogenetic evidence, it has been proposed that snake
toxins could have originated from their related body proteins
(Fry 2005). This proposal is consistent with the observation
that some ion channel-targeted neurotoxins and antimicro-
bial defensins share a conserved three-dimensional (3D) fold
(e.g., cysteine-stabilized a-helical and b-sheet [CSab] fold;
inhibitor cystine knot [ICK] fold; and b-defensin fold) (Zhu
et al. 2003, 2005; Torres and Kuchel 2004). A combination of
evolutionary, structural, and mechanistic data has also illus-
trated the structure–function relationships between antimi-
crobial peptides (AMPs) and cysteine-stabilized toxins due to
common ancestry (Yount et al. 2009). It appears to be clear

that throughout evolution, numerous proteins have been
recruited into venoms of various animals (Fry et al. 2009).
All these proteins and their evolutionarily related toxins pro-
vide an ideal system in which to study how functional inno-
vation occurred in these tightly folded molecules.

Based on structural similarity, it was proposed that scor-
pion toxins and antimicrobial invertebrate defensins could
have a common ancestor (Bontems et al. 1991; Kobayashi
et al. 1991), a hypothesis which was subsequently strength-
ened based on multidimensional evidence by Froy and
Gurevitz (1998), and further elaborated by Zhu et al. (2005).
To address how a nontoxic protein developed into a toxin, we
are studying the evolution of scorpion venom-derived toxins
affecting voltage-gated K + channels (Kv) (abbreviated as
a-KTxs). These toxins are part of the scorpion venom arsenal
and most of them impair functions of Kv channels in animal
neuronal membranes by binding to the channel pores to
block the passage of K + ions (Possani et al. 1999; Tytgat
et al. 1999; Garcia et al. 2001; Rodriguez de la Vega and
Possani 2004). They constitute a group of evolutionarily re-
lated polypeptides, all adopting a CSab fold and usually con-
taining 23–42 amino acids with three or four disulfide bridges.
Most a-KTxs bind to Kv channels in a similar manner, in
which a conserved lysine side chain protruding from the in-
teracting surface of the toxins inserts in the K + channel
pore to make intimate contact with the selectivity filter
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(Garcia et al. 2001; Lange et al. 2006). Insect defensins are
an essential component of the innate immune system of
invertebrates, and they often destroy the cytoplasmic mem-
brane of Gram-positive bacteria through a channel-forming
mechanism of membrane permeabilization (Dimarcq et al.
1998; Takeuchi et al. 2004). Apart from Protostomes (e.g.,
arthropoda and mollusca), some species belonging to
Deuterostomes (e.g., amphioxus) and even fungi also contain
classical insect-type defensins (CITDs) (Yu et al. 2008;
Zhu 2008; Xu and Faisal 2010) (supplementary fig. S1,
Supplementary Material online), which supports an ancestral
position of the defensins relative to scorpion toxins
(Rodrı́guez de la Vega et al. 2004). From a structural point
of view, insect defensins can be divided into two distinct
subdomains comprising a conformationally flexible amino-
terminal loop (n-loop) followed by a CSab scaffold shared
with a-KTxs, both stabilized by three conserved disulfide
bridges (Cornet et al. 1995).

Recently, “neofunctionalization” has been proposed to ex-
plain the origin of scorpion toxins from CSab-type defensins
(Froy and Gurevitz 2004; Fry et al. 2009); however, it remains
unsolved how such an event occurred. To address this ques-
tion, one approach is to find surrogates of evolutionary inter-
mediates connecting the two families, which can be tested in
laboratory for structural and functional studies. In this work,
we firstly analyzed the a-KTx family sequences to extract the
conserved amino acid sites associated with structure and
function (herein called “scorpion toxin signature” [STS])
and then searched for the insect defensins containing a STS
to carry out experimental studies. The results show that a
“STS”-containing insect defensin can structurally and func-
tionally convert to an a-KTx-like neurotoxin through a single
genetic deletion event, which provides first direct evidence
that the sequence space of some venomous insect defensins
can harbor the structure and function of a-KTxs, and thus
suggests their evolutionary intermediate position in linking
insect defensins and scorpion a-KTxs.

Results

The Signature of a-KTxs Associated with Structure
and Function

By using WebLogo, we built the sequence logo of a-KTxs and
identified eight structurally and functionally important resi-
dues conserved across the family as STS, in which six cysteines
are involved in three disulfide bridges and two amino acids
(Lys and Asn) in a four-residue long motif around the fourth
cysteine (Lys-Cys4-Xaa-Asn) (Xaa, any amino acid) are key
functional residues of a-KTxs (fig. 1). Mutations at these
two sites (Lys27 and Asn30) had the largest destabilizing effects
on binding of agitoxin2 (AgTx2), an a-KTx isolated from the
venom of the scorpion Leiurus quinquestriatus hebraeus, to
the Shaker K + channel in Drosophila (Garcia et al. 1994;
MacKinnon et al. 1998). This is consistent with a toxin-chan-
nel complex model derived from solid-state nuclear magnetic
resonance (NMR) studies where the side chains of Asn30 on
the toxin kaliotoxin (KTX) and Asp64 on the pore helix of one
chain of KcsA-Kv1.3 (structurally equivalent to Asp431 of

Drosophila melanogaster Shaker K + channel or Asp361 of
rat Kv1.1) are predicted to form hydrogen bonds, whereas
side chains of Lys27 directly enter into the pore region to
contact the backbone carbonyls of Tyr78 on the channel
filter (structurally equivalent to Tyr445 of D. melanogaster
Shaker K + channel or Tyr375 of rat Kv1.1) (Lange et al.
2006). The functional importance of these two residues was
also identified in a recent crystal structure of a Kv channel in
complex with an a-KTx (CTX) though in this complex
the location of the Asn slightly differs from the NMR-based
complex model (Lange et al. 2006; Banerjee et al. 2013).

Hemipteran and Hymenopteran Defensins Possessing
the Signature of a-KTxs

Given that the sequence of a gene often carries potential
information for the evolution of new functions (Hall and
Malik 1998), the recognition of STS in insect defensins
would reveal candidates suitable for experimental testing
the evolutionary potential of these molecules. To do
this, we analyzed insect defensins derived from six insect
orders (Coleoptera, Diptera, Hemiptera, Hymenoptera,
Lepidoptera, and Phthiraptera) (fig. 2A; supplementary
fig. S2, Supplementary Material online), from which a total
of six insect species (i.e., Notonecta glauca, Palomena prasina,
Podisus maculiventris, N. vitripennis, N. giraulti, and N. long-
icornis) belonging to two venomous insect orders (Hemiptera
and Hymenoptera) were found to possess defensins with a
STS comprising six cysteines and two functional residues (Lys
and Asn) at the four-residue long motif structurally equiva-
lent to a-KTxs (fig. 2B). Given a distant phylogenetic relation-
ship between Hemiptera and Hymenoptera (Trautwein et al.
2012), as reflected by the molecular tree of insect defensins
(fig. 2A), the evolution of STS in defensins between the two
venomous insect orders could be a convergent consequence.
There are two groups of insect defensins in the parasitoid
wasp N. vitripennis, in which the STS-containing members
are categorized into the second group that contains three
members (navidefensin2-1 to navidefensin2-3) (Gao and
Zhu 2010). By using RT-PCR, we have isolated their cDNAs
in adults and the cDNA of navidefensin2-2 in the venom gland
(fig. 2C).

Steric Hindrance of Insect Defensins in
Peptide-Channel Interactions

As mentioned previously, in comparison with a-KTxs, insect
defensins have a conformationally flexible n-loop (Cornet
et al. 1995) (figs. 2B and 3A). The functional importance of
this region in antimicrobial activity has been recognized by
truncation (Ceřovský et al. 2011) and by designing hybrid
defensins (Landon et al. 2008). Transferred cross-saturation
experiments combined with site-directed mutagenesis high-
lighted at least six residues located in this region that are
implicated in direct interaction with bacterial membranes
(Takeuchi et al. 2004). However, the n-loop obviously ham-
pers binding of a defensin to Kv channels since when an insect
defensin is placed on the pore region of rat Kv1.1 with iden-
tical orientation to a-KTxs (Garcia et al. 2001), a serious steric
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hindrance occurs between the n-loop of the defensin and the
turret of one chain of the channel (fig. 3B). These analyses not
only provide structural basis for functional differences be-
tween a-KTxs and insect defensins but also indicate that a
defensin with the motif Lys-Cys4-Xaa-Asn likely transforms
into a toxin when its n-loop is deleted to remove the steric
hindrance.

Structural Alteration from an Insect Defensin to
an a-KTx

To confirm the hypothesis mentioned earlier, we selected
navidefensin2-2 for further experimental study not only be-
cause it contains STS but also because it has been recruited

into the venom gland (fig. 2C). In reference to cobatoxin 1
(CoTx1), a classical a-KTx of 32 residues isolated from
the scorpion Centruroides noxius venom that blocks Kv1.1
channels with nanomolar affinity (Jouirou et al. 2004),
we experimentally deleted the n-loop of navidefensin2-2
(5VLSFQSKWVSPN16) and designated this mutant molecule
navitoxin (figs. 2B and 4A).

Navitoxin in its reduced form was chemically synthesized
and its oxidized form with three disulfide bridges was ob-
tained in an alkaline environment. The oxidized product
was eluted later than the synthetic peptide on a C18

column, with a retention time (TR) of 18.2 min (fig. 4B).
Oxidized navitoxin had an experimental molecular mass of
3,267.0 Da, as determined by MALDI-TOF MS (fig. 4C), which

FIG. 1. The sequence logo of scorpion a-KTxs. A widely accepted toxin-channel interaction model accounts for the evolutionary conservation of
residues in the interface: Lys21 and Asn24 (numbered according to CoTx1) in a-KTxs; Asp361, Gly374, and Tyr375 in Kv channels (numbered according to
rat Kv1.1). Secondary structure elements and disulfide bridges of CoTx1 are extracted from its NMR coordinates (pdb entry 1PJV). A ribbon diagram,
displayed by MOLMOL (Koradi et al. 1996), showing the signature of a-KTxs in stick representation.
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perfectly matches its theoretical mass of 3,266.8 Da (supple-
mentary table S1, Supplementary Material online), indicating
that its three disulfide bridges have been formed during in
vitro folding.

The solution structure of navitoxin was solved with NMR-
derived distance, hydrogen bond, and dihedral constraints.

A summary of nuclear Overhauser effect (NOE) data is
presented in figure 4D. From 100 calculated structures, we
finally selected 20 with lower target function values and good
structural and energetic statistics (fig. 4E; supplementary table
S2, Supplementary Material online). The atomic root-mean-
square deviation (RMSD) values of the mean coordinate

FIG. 2. Insect defensins. (A) An NJ tree showing positions of the STS-containing defensins (indicated by arrows). The scale bar indicates total amino acid
divergence. Asterisks mark nodes that are supported by >50% bootstrap values. An ML tree with similar topology to the NJ tree is provided in
supplementary figure S3, Supplementary Material online. (B) MSA of insect defensins with STS highlighted in color. The absence of the n-loop in a-KTxs
(CoTx1 as a representative) is indicated by gaps. The conserved secondary structure elements and disulfide bridges in insect defensins (Dimarcq et al.
1998) are shown at the top of the alignment, and the structurally equivalent elements in a-KTxs, extracted from CoTx1, are shown at the bottom.
Navidefensin2-2v is a polymorphic sequence of navidefensin2-2 with a point mutation (underlined), whose cDNA was cloned from the N. vitripennis
venom gland. (C) RT-PCR detecting the expression of navidefensin2-1 to navidefensin2-3 in adults and the venom gland.
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positions of navitoxin were 0.33 ± 0.13 Å for the backbone
atoms from residues 2–29 and 0.86 ± 0.10 Å for all heavy
atoms from residues 2–29, indicating an overall rigid structure
that could facilitate key residues in a suitable conformation to
interact with the channel pore, as in the case of other a-KTxs
(MacKinnon et al. 1998; Lange et al. 2006). There are no vio-
lations in both distance and dihedral restraints, with 78.6% of
the residues falling within the most favored regions of the
Ramachandran plot and 21.4% within additional allowed re-
gions. A ribbon representation of the secondary structures
of navitoxin is shown in figure 4F, which presents a typical
CSab fold stabilized by three disulfide bridges (Cys3-Cys22,
Cys8-Cys27, and Cys12-Cys29).

Analysis of the navitoxin structure with STRIDE (Heinig
and Frishman 2004) identified one a-helix spanning residues
His5 to Ala14 and two anti-parallel b-strands consisting of
residues Gly20 to Ly23 and Asp26 to Cys29. Superimposition
of navitoxin and CoTx1 revealed a 1.05 Å of RMSD over 30 Ca
atoms (fig. 4F), indicative of high structural similarity between
them. Half of the surface of navitoxin is hydrophobic, and the
rest has positive charges contributed by seven cationic resi-
dues (Arg11, Arg16, Arg17, Lys18, Lys21, Lys23, and Arg30), with
only two negatively charged residues exposed on the molec-
ular surface (Asp4 and Asp26) (fig. 4G).

Peptide-Channel Complex Model Suggesting Putative
Function of Navitoxin

As shown in figure 4G, two key STS residues (Lys21 and Asn24)
are fully exposed on the molecular surface of navitoxin, which
constitutes a prerequisite to block a K + channel pore.
A complex model between navitoxin and rKv1.1 (fig. 5) can
be compared with that of KTX-KcsA-Kv1.3 (Lange et al. 2006),
in which Lys21 of navitoxin (Lys27 in KTX) is predicted to be
close to Tyr375 of the channel filter (Tyr78 in KcsA-Kv1.3)
and Asn24 (Asn30 in KTX) close to Asp361 of the pore helix
(Asp64 in KcsA-Kv1.3), hinting their functional importance.

This model also predicts that Lys18 of navitoxin (Arg24 in
KTX) possibly binds to Asp361 of another chain of rKv1.1
through electrostatic bonding, as observed in other toxin-
channel interactions (Hidalgo and MacKinnon 1995; Lange
et al. 2006) (supplementary fig. S4, Supplementary Material
online). In this model, the n-loop-mediated steric hindrance
has been thoroughly removed (fig. 5). All these observations
suggest that navitoxin could possess a putative channel-
blockade function.

Navitoxin Is a Typical Kv Channel Blocker

To study the functional consequence of the n-loop deletion,
we compared electrophysiological effects of navitoxin and
navidefensin2-2 (Gao and Zhu 2010) on four Kv channel iso-
forms (Kv1.1–Kv1.4). As expected, the defensin was inactive
on these channels at 5mM owing to the steric hindrance
between the peptide and the channels. In contrast, navitoxin
selectively inhibited the currents of Kv1.1–Kv1.3 at the same
concentration, with larger effect on Kv1.1 and Kv1.3 (fig. 6).
The IC50 (half maximal inhibitory concentration) values for
these two channels are 529.3 ± 31.5 nM and 2,900.6 ±
125.3 nM, respectively (fig. 7A). The affinity of navitoxin on
Kv1.1 is comparable with that of CoTx1 (500 nM) and 2-fold
higher than CoTx2 (1,000 nM), a highly similar a-KTx to
CoTx1 (Selisko et al. 1998; Jouirou et al. 2004), and 150-fold
higher than PBTx3, a natural a-KTx from the venom of the
scorpion Parabuthus transvaalicus (Huys et al. 2002). The Kv

channel-blocking activity of navitoxin is also stronger than
scorpion venom-derived KTxs with other folds, such as pep-
tides with a CSaa fold, k-KTxs with two helical segments, and
the peptide with an inhibitor cysteine knot motif, most of
which block Kv channels only at high micromolar concentra-
tions (40–200mM) (Srinivasan et al. 2002; Saucedo et al. 2012;
Gao et al. 2013). Navitoxin exhibited no activity on other Kv

channels (Kv1.5, Kv1.6, Shaker, Kv2.1, Kv3.1, Kv4.2, Kv4.3, and

A B

n-loop

α
β1

β2

N-ter

C-ter

Chain A Chain C

rKv1.1

SapecinSapecin

turret

FIG. 3. Steric hindrance of insect defensins for interaction with Kv channels. (A) A family of 18 conformers of sapecin (pdb entry 1L4V) revealing
conformational flexibility of the n-loop in insect defensins. (B) Steric hindrance between the n-loop of sapecin and the chain A turret of the channel
rKv1.1 is circled in red.

550

Zhu et al. . doi:10.1093/molbev/msu038 MBE

-
-
.
.
.
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu038/-/DC1
http://mbe.oxfordjournals.org/lookup/suppl/doi:10.1093/molbev/msu038/-/DC1
-
-
 to 


A n-loop
VLSFQSKWVSPN

Navidefensin2-2 FSCDHSACAVRCLAQRRKGGKCKNGDCVCR
Navitoxin FSCDHSACAVRCLAQRRKGGKCKNGDCVCR

F G

20 5.0 10.0 15.0 20.0 25.0

100

100

200

300

400

500

600

700

800

A
b

so
rb

an
ce

 a
t

22
5

n
m

(m
A

U
)

R
el

at
iv

e
in

te
n

si
ty

(%
)

Navitoxin(O)

Navitoxin(R)

Navitoxin(O)

Retention time (min) Mass-to-charge ratio

B C

D E

N-ter

C-ter

C3

C22

C8

C12

C27

C29

Navitoxin CoTx1

Navitoxin(O)

180°

R30

K23

K18

D4

K21

R17

R16

R11

D26

N24

FIG. 4. Evolution-guided design of navitoxin. (A) Amino acid sequences of navidefensin2-2 and navitoxin. The deleted n-loop sequence is shown in gray.
Secondary structure elements and disulfide bridges are extracted from the solution structure of navitoxin. (B) Oxidative refolding of navitoxin. Reversed-
phase high-pressure liquid chromatography (RP-HPLC) showing retention time (TR) difference between the reduced and oxidized form. O, oxidized
(red); R, reduced (black). Inset, repurification of navitoxin to remove the minor components produced during refolding process. (C) MALDI-TOF MS of
the refolded peptide. (D) Summary of NOE data. The thickness of the bars indicates the intensity of the NOEs. (E) A family of 20 lowest energy structures
superimposed over the backbone atoms of residues 2–29. (F) A ribbon representation with disulfide connectivities are shown in ball-and-stick format by
MOLMOL (Koradi et al. 1996). The cysteine positions are labeled by their residue numbers. For comparison, the structure of CoTx1 is also shown here.
(G) Electrostatic potential map of navitoxin. Red, blue, and gray represent negatively charged, positively charged, and electrostatically neutral zones,
respectively.
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hERG) at 5mM (supplementary fig. S5, Supplementary
Material online).

The blockade of Kv1.1 by navitoxin occurred rapidly, and
binding was reversible upon washout (fig. 7B). In ND96 solu-
tion, this peptide inhibited the currents of Kv1.1 at the test
potentials from�40 to + 80 mV, and the inhibition was not
associated with a change of the shape of the current–voltage
(I–V) relationship (fig. 7C). In this solution, the V1/2 of the con-
trol and in the presence of 1mM peptide was characterized by
a value of �14.47 ± 1.16 mV (n = 4) and �12.09 ± 3.40 mV
(n = 5), respectively. No significant shift was observed. In
high K + solution, it can be seen that navitoxin does not
significantly alter the reversal potential (fig. 7D). All these

data indicate that like a-KTxs, navitoxin acts as a typical
K + channel blocker. The emergence of toxicity in navitoxin
is accompanied by complete loss of antimicrobial activity to
Micrococcus luteus and 4-fold reduction to Bacillus megater-
ium when compared with navidefensin2-2 (Gao and Zhu
2010) (supplementary table S3, Supplementary Material
online) due to the deletion of the functionally important
n-loop (Takeuchi et al. 2004; Landon et al. 2008; Ceřovský
et al. 2011).

Navitoxin Binds to Kv Channels in the Same Manner
as a-KTxs

To confirm the functional role of STS in navitoxin, we chem-
ically synthesized its two mutants (K21A and N24A) (supple-
mentary table S1 and fig. S6, Supplementary Material online)
and studied effects of the mutations on Kv1.1–Kv1.3 (fig. 8A).
Consequently, we found that K21A was almost inactive on all
the channels initially sensitive to navitoxin when a high con-
centration of peptide (5mM) was applied. At the same con-
centration, it was found that N24A was a bit less active on
Kv1.1 and inactive on the two other channels tested. The loss
or decrease of the activity in these two mutants is consistent
with the data from AgTx2 and other a-KTxs (Ranganathan
et al. 1996; MacKinnon et al. 1998; Garcia et al. 2001; Lange
et al. 2006). Regarding the residual activity of N24A on Kv1.1,
one possibility is that the mutation could be complemented
by the adjacent Lys23 through electrostatic interaction with
Asp361 of the channel (fig. 5). Further substitution of the key
Lys in navitoxin with Arg (K21R) resulted in nearly complete
loss of the activity on Kv1.1–Kv1.3 (fig. 8A). These observations
suggest that Lys21 and Asn24 fulfill similar functional roles as
their a-KTx counterparts.

To rule out a possible structural role of these mutations,
we undertook comparative structural analysis of these mu-
tants by circular dichroism (CD) spectroscopy (Kelly and Price
2000). As shown in figure 8B, the mutants possess nearly

FIG. 6. Navitoxin, in contrast to navidefensin2-2, inhibits Kv channels expressed in Xenopus oocytes. Representative whole-cell current traces in control
and peptide conditions are shown. The dotted line indicates the zero-current level. Asterisks mark steady-state current traces after application of 5mM
navidefensin2-2 or navitoxin. Traces shown are representative traces of at least three independent experiments (n� 3).

rKv1.1
Chain A Chain C

Navitoxin

K21

N24

D361

Y375

G374

FIG. 5. A model of the navitoxin-rKv1.1 complex. Residues presumably
involved in binding include Lys21 and Asn24 in navitoxin (indicated in a
ball-and-stick model), and Asp361, Tyr375, and Gly374 in rKv1.1 (shown in
a space-filled model).
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identical CD spectra to navitoxin, as identified by large neg-
ative contributions between 207 and 225 nm and positive
maximum values around 190 nm, indicating no structural
changes by these mutations. The spectra observed here are
also highly similar to those of CoTx1 (Jouirou et al. 2004), in
agreement with their structural data presented in figure 4F.
Our observations thus indicate that the functional loss or
reduction of the mutants is a consequence of side-chain sub-
stitutions rather than structural alteration of the peptide.
Taken together, these results demonstrate that navitoxin
binds to Kv channels in the same manner with a-KTxs
(Garcia et al. 2001; Lange et al. 2006).

Discussion
The restricted distribution of the STS-containing defensins in
two venomous insect orders and the recruitment of navide-
fensin2-2 into the venom gland suggest that these molecules
might be of evolutionary potential (Hall and Malik 1998) in
developing new components of insect venom similar to scor-
piona-KTxs, in addition to their current function in providing
protection against venom gland infection. In this work, we
exploit the potential via experimental deletion of the n-loop
of a venomous insect defensin leading to a typical a-KTx
(navitoxin) with high affinity against Kv channels. Variations
in the length of the n-loop are frequent within the CITD

(supplementary fig. S2, Supplementary Material online).
This is in line with the opinion that loops in an ancestral
structure are targets for indel mutations during evolution
(Pascarella and Argos 1992). In this case, extensive sequence
divergence between defensins and toxins could be partly ex-
plained by the deletion inducing an increase in the substitu-
tion rate of their flanking regions (Tian et al. 2008) though
accelerated evolution is still considered as a major factor (see
later). Our work substantiates the functional significance of
one small deletion in the emergence of a novel functional
property of an effector molecule, conceptually first involved
in innate immunity but later developed to target ion channels
of prey and competitors.

Although the evolution of a Kv channel-targeted toxin
from an antimicrobial insect defensin has been demonstrated
experimentally, it does not necessarily follow that this is the
way that the event actually happened, and that the insect
defensins identified here are valid surrogates of the true evo-
lutionary intermediates. However, high similarities between
navitoxin and a-KTxs at the structural, functional, and mech-
anistic levels provide convincing evidence that venomous
insect-derived defensins are valid surrogates of an evolution-
ary intermediate in linking defensins and a-KTXs. Because of
the early origin and wide phylogenetic distribution of insect
defensins ranging from fungi to amphioxus, it is reasonable to

FIG. 7. Functional features of navitoxin on Kv1.1 and Kv1.3 channels. (A) Dose–response curve on Kv1.1 (squares) and Kv1.3 (circles) channels obtained
by plotting the percentage blocked current as a function of increasing toxin concentrations. (B) Fast kinetics of inhibition of Kv1.1 channels and
reversibility of the inhibition upon washout. Control (open triangles), wash-in (open triangles + black bar), and wash-out (closed circles). Values for �on

and �off in this experiment were 21.13 ± 0.77 s and 52.32 ± 1.13 s, respectively. I–V curves of Kv1.1 in ND96 (C) and HK solutions (D).
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infer that after scorpions diverged from other arthropods, an
ancestral STS-containing defensin, similar to those identified
here from the venomous insects (fig. 2B), could be firstly
developed and subsequently converted into a toxin through
a single genetic event (fig. 9).

Although the evidence remains scarce, with just a handful
of scorpion species ever studied for defensins, no CITD has
ever been described in scorpions (Cociancich et al. 1993;
Ehret-Sabatier et al. 1996; Froy and Gurevitz 2004;
Rodrı́guez de la Vega et al. 2004; Rendón-Anaya et al. 2012),
as also recently confirmed by the analysis of the first complete
genome of the scorpion Mesobuthus martensii, from which a
total of six defensins were predicted, all belonging to ancient
invertebrate-type defensins (AITDs) (Cao et al. 2013). In view
of a paralogous relationship between CITDs and AITDs, both
originated from an early gene duplication event preceding the
animal and fungal split (Zhu 2008), the clear lack of navide-
fensin2-2-like CITDs in scorpions indicates that in the lineage
this class of molecules could have diverged into a-KTxs fol-
lowing speciation, in favor of an ancestral paralogous relation-
ship between scorpion AITDs and a-KTxs. There are two
striking facts that exclude the possibility of scorpion AITDs
as the ancestor of a-KTxs: 1) unlike CITDs that evolved fast
with excess point mutations and insert/deletions (indels) in
the n-loop, AITDs from fungi to animals evolved slowly
(Charlet et al. 1996; Mygind et al. 2005; Zhu 2008; Zhu et al.
2012; Cao et al. 2013); 2) all the AITDs identified so far, in-
cluding the six newly predicted defensins from the Me. mar-
tensii genome (Cao et al. 2013), lack a STS, implying that their

sequence space does not harbor the structure and function of
a-KTxs. On the contrary, some CITDs from venomous insects
(e.g., navidefensin2-2) possess the features (evolutionary po-
tential) to develop into a K + channel toxin. It is remarkable
that with the exception of scorpion AITDs and a-KTxs, most
of AITDs and CITDs from other species contain a propeptide
located between the signal peptide and mature peptide (Froy
et al. 1999; Froy and Gurevitz 2004; Zhu 2008; Cao et al. 2013)
(supplementary fig. S1, Supplementary Material online),
suggesting the genetic loss of a propeptide in the scorpion
lineage.

Defensin

Extant STS-containing
defensins from venomous

insects

A hypothetical
ancestral defensin

Proto-α-KTx

Evolutionary
intermediates

Convergent evolution of two
functional residues in evolutionarily
distant venomous species

n-loop
deletion

Scorpion

FIG. 9. Proposed evolutionary pathway for the origin of scorpion a-KTxs
from an ancestral defensin. Evolutionary emergence of the two func-
tional residues (Lys and Asn) followed by the n-loop deletion in the
scorpion lineage is highlighted. The schematic picture of the CSab
scaffold is modified from our previous work (Zhu et al. 2005).
Evolutionary intermediates in different lineages are shadowed in
golden or yellow, where the extant STS-containing defensins from ven-
omous insects are considered as the surrogates of the “evolutionary
intermediate” and the hypothetical ancestral scorpion defensin as the
proposed true evolutionary intermediate.

FIG. 8. Identification of functional importance of Lys21 and Asn24 in
navitoxin by mutational analysis. (A) Comparison of blocking effects of
navitoxin and mutants on three cloned Kv channels expressed in
Xenopus oocytes. The peptide concentration used is 5mM. (B) CD spec-
tra of navitoxin and its mutants, recorded from 185 to 260 nm with a
peptide concentration of 0.1 mg/ml in water.
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By N- and C-terminal deletions of scorpion toxins affecting
voltage-gated Na + channels (NavTxs), Cohen et al. (2009)
generated two miniature peptides with sequence, structural,
and functional similarities to drosomycin, a classical CSab-
type antifungal peptide initially identified from Drosophila
(Fehlbaum et al. 1994) and later extensively found in
Ecdysozoa (including Arthropoda, Nematoda, and
Tardigrada) (Zhu and Gao 2014), suggesting that the dele-
tions release their ancestral function. This is highly consistent
with the observation that toxins evolved from proteins of
physiological function often possess ancestral bioactivities
(Fry 2005; Fry et al. 2009). Similarly, navitoxin, evolved from
navidefensins2-2, also retains some weak antibacterial func-
tion (supplementary table S3, Supplementary Material
online). When grafting the N-terminal turn and the C-tail
of a scorpion NavTx to the drosomycin scaffold, Zhu et al.
(2010) found that this engineered molecule obtained ability
to target rat Na + channels. These studies highlight a putative
role of the N-terminal insertion and C-terminal extension in
the toxicity origin of scorpion NavTxs (Cohen et al. 2009; Zhu
et al. 2010). Our results serve to further highlight how a small
deletion can transform a functional defensin into a functional
Kv channel blocker even when their sequences are substan-
tially divergent. All these data imply that scorpion toxins tar-
geting Na + and K + channels independently originated from
different ancestors, one from an ancestral antifungal peptide
and another from an ancestral antibacterial defensin. They
represent two typical examples of divergent evolution where
indel-mediated structural alterations in ancestral structural
scaffolds led to functional shift of proteins from immunity
against microbes to defense against competitors and prey
capture. Intriguingly, some scorpion NavTxs were found to
exhibit significant sequence similarity to drosomycin (E values
from 7� 10�4 to 5� 10�8 obtained by BlastP search of the
nr database of GenBank on December 21, 2013, by the pre-
cursor amino acid sequence of drosomycin as a query),
whereas such similarity is not observed between scorpion
a-KTxs and insect defensins. This might be a mirror of their
target diversity because compared with the conserved Na +

channel family (Goldin 2002), K + channels form a large su-
perfamily of transmembrane proteins with enormous se-
quence divergence and high functional variability (Coetzee
et al. 1999), which could drive the accelerated evolution of
a-KTxs for adaptation of the alteration of their targets, as in
the case of the Conus toxins (Duda and Palumbi 1999).

It is worth mentioning that the common presence of a
phase-1 intron (an intron between the first and second
bases of the codon) at the end of signal sequences has been
long considered as evidence for evolution of all scorpion
toxins with a CSab fold from an ancestral Lqdef-like AITD
by gene duplication and divergence (Froy et al. 1999; Froy and
Gurevitz 2004) despite their signal peptides lack sequence
similarity (supplementary fig. S7, Supplementary Material
online). However, it was recently found that some evolution-
arily unrelated scorpion venom peptides with distinctive folds,
such as lineara-helical AMPs and ICK-type toxins, also possess
a phase-1 intron near the cleavage site of signal sequences
(supplementary fig. S7, Supplementary Material online).

Moreover, previous studies on human introns also revealed
that a phase-1 intron near the cleavage site of signal sequences
is a universal feature of many secretary proteins (Tordai and
Patthy 2004), which led to the suggestion that exon shuffling
may have played key roles in acquiring signal sequences for
non-secretary proteins (Vibranovski et al. 2006). Therefore,
opposite to the view of common origin of the intron
among scorpion CSab-type peptides (Froy et al. 1999; Froy
and Gurevitz 2004) is the scenario where this intron is a relic of
exon shuffling involved in recruitment of genes encoding dif-
ferent proteins with physiological functions (e.g., antifungal
drosomycin and antibacterial defensin, both implicated in im-
munity) into scorpion venom during evolution.

Conclusion and Perspectives
Although it has long been suggested that scorpion K + chan-
nel toxins and antibacterial defensins share a common evo-
lutionary origin, very low sequence similarity brings a great
challenge in establishing a convincing evolutionary link be-
tween them. On the basis of the “evolutionary intermediate”
concept, we present for the first time a feasible solution for
the old enigma using an experimental approach. We discov-
ered that 1) removal of steric hindrance of peptide-channel
interactions in an insect defensin structure results in a Kv

channel-targeted neurotoxin, provided that 2) the defensin
structure contains two crucial residues located in STS.
Furthermore, when these two conditions are met, our
study shows that an insect defensin-derived neurotoxin is
capable of binding to Kv channels in the same manner as
scorpion a-KTxs, which provides new evidence in favor of
the predictability of toxicity evolution—arising via structural
deletion of a loop on an ancestral defensin scaffold recruited
into the venom to remove steric hindrance of peptide-
channel interaction. The experimental strategy is the first
employed to establish an evolutionary relationship of two
distantly related peptide families and will also be applicable
to the recognition of homology of other distantly related
protein families. Our approach might be valuable in enlarging
the library of neurotoxins from nontoxic peptide resources as
molecular tools for studying the structure–function relation-
ship of K + channels (MacKinnon et al. 1998; Dutertre and
Lewis 2010) and in considering putative toxicity of insect
defensin-derived drugs especially when assuming that
n-loop deletion could occur in vivo by degradation.

Materials and Methods

Sequence and Structural Analysis

To construct the logo of a-KTxs, a total of 18 subfamilies
containing 74 members (Rodriguez de la Vega and Possani
2004) were aligned by CLUSTAL (http://www.ebi.ac.uk/Tools/
msa/clustalw2/, last accessed January 24, 2014). The multiple
sequence alignment (MSA) was used to generate the logo by
WebLogo, a web-based tool for creating sequence logos from
MSA (Crooks et al. 2004). The model structure of rKv1.1 was
built by the project mode of the Swiss MODEL server (http://
swissmodel.expasy.org/, last accessed January 24, 2014) from
the experimental structure of Kv1.2 (pdb entry 2A79). The
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complex model of navitoxin-rKv1.1 was constructed based on
Css20-hKv1.3 (Corzo et al. 2008) according to the method
previously described (Zhu et al. 2011).

Phylogenetic Tree Construction

Amino acid sequences of insect defensins derived from six
insect orders were aligned by ClustalX (Supplementary fig. S2,
Supplementary Material online), which were then used to
construct a neighbor-joining (NJ) tree on the basis of the
p-distance substitution model with pairwise deletion of
gaps (MEGA 4.1) (Tamura et al. 2007). A maximum likelihood
(ML) tree was also constructed on the basis of the Jones–
Taylor–Thornton substitution model with a gamma distribu-
tion of rates between sites (MEGA 5.2) (Tamura et al. 2011). In
ML analysis, an initial tree was first built automatically with
the NJ/BioNJ methods and then variants of the topology were
created with the nearest neighbor interchange method to
search for topologies fitting the data better. Five hundred
bootstrap replicates were performed in the NJ tree and the
ML tree (Tamura et al. 2011).

cDNA Cloning

Total RNAs of Nasonia vitripennis adults or venom glands
were prepared with Total RNA Isolation Reagent (BioTeke,
Beijing, China). Reverse transcription from total RNAs to the
first-strand cDNAs was performed using the EasyScript First-
Strand cDNA Synthesis Kit (TransGen, Beijing, China) and a
universal oligo(dT)-containing adaptor primer (dT3AP). Two
rounds of PCR amplification were carried out by Taq DNA
polymerase and two nested forward primers designed based
on nucleotide sequences of signal peptide-coding regions of
navidefensin2-1 to navidefensin2-3 (Gao and Zhu 2010)
(NaviDef2-1F: ATGAAGGTCCTCGTGGCTCTC; NaviDef2-
1Fn: CGCTAGTCGCCAGTGCTTAC; NaviDef2-2F: ATGAAGG
TCCTCGTTGTTTTG; NaviDef2-2Fn: GCGCTGTTTTCGCCGG
AGCT; NaviDef2-3F: ATGAAGTTCCTGACGGTTTTC;
NaviDef2-3Fn: AGTCGCCAGTGCTTACGGAG), and the uni-
versal reverse primer 3AP (Gao and Zhu 2010). PCR products
were ligated into pGM-T, and resultant recombinant plas-
mids were transformed into Escherichia coli DH5a.
Recombinant clones were sequenced through the chain ter-
mination method using the T7 primer. Nucleotide sequences
of navidefensin2-1, navidefensin2-2, navidefensin2-2v, and navi-
defensin2-3 have been deposited in the GenBank database
(http://www.ncbi.nlm.nih.gov/, last accessed January 24,
2014) under accession numbers of JQ617291, JQ617292,
JQ661327, and JQ617294.

Chemical Synthesis and Oxidative Refolding

Navitoxin and its mutants K21A, K21R, and N24A were
chemically synthesized in their reduced form by
ChinaPeptides Co., Ltd. (Shanghai, China). For oxidative
refolding, peptide samples were dissolved in 0.1 M Tris-HCl
buffer (pH 8.0) to a final concentration of 1 mM and
incubated at 25 �C for 48 h. The peptides were purified to
homogeneity by reversed-phase high-pressure liquid chroma-
tography. Purity and molecular mass of these peptides were

determined by matrix-assisted laser desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS) on a
Kratos PC Axima CFR plus (Shimadzu Co. Ltd., Kyoto, Japan).

CD Spectroscopy

The CD spectra of navitoxin, K21A, K21R, and N24A were
recorded on Chirascan-plus CD spectrometer (Applied
Photophysics Ltd., UK). Spectra were measured at room tem-
perature from 260 to 185 nm using a quartz cell of 1.0 mm
thickness. Data were collected at 1 nm intervals with a scan
rate of 60 nm/min. CD spectra measurements are an average
of three scans. Data are expressed as mean residue molar
ellipticity (�).

NMR Structural Analysis

The purified navitoxin (2.0 mg) was dissolved in 300ml H2O
containing 10% D2O for the NMR lock, and the sample pH was
adjusted to 3.0 with direct reading of a pH meter. After a series
of NMR measurements, the sample was lyophilized and then
dissolved in 100% D2O at pH 3.0 for another set of NMR
experiments. Slowly exchanging amide protons suggesting
the formation of hydrogen bonds were identified in NMR
data of the fresh D2O sample. All NMR data at 298 K were
recorded on a Bruker Avance III 800 spectrometer equipped
with a triple-resonance TCI-cryogenic probe. For both sam-
ples, we recorded the two-dimensional NMR data, TOCSY
using 70 ms spin lock time (Bax and Davis 1985) and
NOESY with 200 ms mixing time (Jeener et al. 1979). All FID
data were processed with NMRPipe (Delaglio et al. 1995) and
analyzed with SPARKY (Goddard and Kneller 2004). The
three-dimensional structure of navitoxin was calculated
with CYANA ver. 2.1 (López-Méndez and Güntert 2006).
The structural quality was evaluated with procheck-NMR
(Laskowski et al. 1996). The structural figures were generated
with MOLMOL (Koradi et al. 1996). The chemical shift data
and coordinates of navitoxin were deposited to Biological
Magnetic Resonance Data Bank (accession number 11535)
and Protein Data Bank (accession number 2RTY), respectively.

Expression of Voltage-Gated Ion Channels in
Xenopus Oocytes

For the expression of the Kv channels (rKv1.1, rKv1.2, hKv1.3,
rKv1.4, rKv1.5, rKv1.6, Shaker IR, rKv2.1, hKv3.1, rKv4.2, rKv4.3,
and hERG) in Xenopus oocytes, the linearized plasmids were
transcribed by the T7 or SP6 mMESSAGE-mMACHINE tran-
scription kit (Ambion, USA). The harvesting of stage V–VI
oocytes from anesthetized female Xenopus laevis frogs was
described previously (Liman et al. 1992). Oocytes were in-
jected with 50 nl of cRNA at a concentration of 1 ng/nl
using a microinjector (Drummond Scientific, USA). The oo-
cytes were incubated in ND96 (in mM): NaCl, 96; KCl, 2;
CaCl2, 1.8; MgCl2, 2; and HEPES, 5 (pH 7.4), supplemented
with 50 mg/l gentamycin sulfate.

Electrophysiological Recordings

Two-electrode voltage-clamp recordings were performed
at room temperature (18–22 �C) using a Geneclamp
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500 amplifier (Molecular Devices, USA) controlled by a
pClamp data acquisition system (Axon Instruments, USA).
Whole cell currents from oocytes were recorded 1–4 days
after injection. The bath solution is ND96. Voltage and cur-
rent electrodes were filled with 3 M KCl. Resistances of both
electrodes were kept between 0.5 and 1.5 M�. The elicited
currents were sampled at 1 kHz and filtered at 0.5 kHz with a
four-pole low-pass Bessel filter. Leak subtraction was per-
formed using a P/4 protocol. Kv1.1–Kv1.6 and Shaker currents
were evoked by 500 ms depolarizations to 0 mV followed by a
500 ms pulse to �50 mV, from a holding potential of
�90 mV. Current traces of hERG channels were elicited by
applying a + 40 mV prepulse for 2 s followed by a step to
�120 mV for 2 s. Kv2.1, Kv3.1 and Kv4.2, Kv4.3 currents were
elicited by 500 ms pulses to + 20 mV from a holding potential
of �90 mV.

To investigate the current–voltage relationship, current
traces were evoked by 10 mV depolarization steps from a
holding potential of �90 mV. To assess the concentration
dependency of the toxin induced inhibitory effects, a concen-
tration–response curve was constructed, in which the per-
centage of current inhibition was plotted as a function of
toxin concentration. Data were fitted with the Hill equation:
y = 100/[1 + (IC50/[toxin])h], where y is the amplitude of the
toxin-induced effect, IC50 is the toxin concentration at half-
maximal efficacy, [toxin] is the toxin concentration, and h is
the Hill coefficient. To investigate the bimolecular kinetics of
toxin inhibition, oocytes expressing Kv1.1 channels were
depolarized to 0 mV for 0.5 s from a holding potential of
�90 mV every 5 s, both in the absence and presence of dif-
ferent concentrations of toxin. The obtained current values
were plotted as a function of time. Data were fitted with the
following exponential equation: y = Ae�t/�, where t represents
the time, A is the amplitude of the current, and � is the time
constant for toxin binding (�on) or toxin unbinding (�off). The
first-order association rate constant (kon) was calculated using
following equation: ton = (kon + koff)

�1. The first-order disso-
ciation constant (koff) was calculated using the equation:
�off = koff

�1. Two sample means were compared using a
paired Student’s t-test (P< 0.05). All data represent at least
three independent experiments (n� 3) and are presented as
mean ± standard error.

Antimicrobial Assays

Antimicrobial activity of peptides was evaluated by the inhi-
bition zone assay, as described previously (Gao and Zhu
2010). Microbial strains used here include M. luteus and
B. megaterium, two Gram-positive bacteria sensitive to navi-
defensin2-2, and E. coli and Salmonella typhimurium, two
Gram-negative bacteria resistant to navidefensin2-2 (Gao
and Zhu 2010).

Supplementary Material
Supplementary tables S1–S3 and figures S1–S7 are available at
Molecular Biology and Evolution online (http://www.mbe.
oxfordjournals.org/).
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