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Abstract. Cystine knot toxins (CKTs) in spider
venoms represent a rich source of novel ligands for
varied ion channels. Here, we identified 95 novel
putative CKT precursors by analyzing expressed
sequence tags of the tarantula Chilobrachys jingzhao
venom gland. Phylogenetics analyses revealed one
orphan family and six families with sequence similar-
ity to known toxins. To further investigate the
relationships of their structures, functions and evolu-
tion, we assayed 10 representative toxins for their
effect on ion channels, and performed structure model

comparisons, evolution analysis and toxin distribution
analysis. This study revealed two major types of CKTs:
pore-blocking toxins and gating modifier toxins. A few
blockers were observed with relatively high abun-
dance and wide distribution, which may be a category
of original toxins that block channels conserved in
various preys with relatively high specificity. The
gating modifier families contain advanced toxins,
usually have many members and interact with diverse
regulatory components of channels.
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Introduction

Over 30 000 spider species have been found in the
world and most of them are equipped with venomous
glands. Tarantulas, comprising more than 860 species,
like all other spiders are predators that feed on a
variety of vertebrate and invertebrate prey [1].
Tarantulas do not use webs for capture, but are well-
equipped predators, possessing a variety of venoms
that target receptors in the nervous system, probably
with adaptation to a certain type of prey [2, 3]. This

ability to paralyze higher vertebrates makes these
venoms interesting substances for the study of verte-
brate receptors [3, 4]. Cystine knot toxins (CKTs) are
among the most extensively studied constituents of
spider venoms. They are small, compact molecules
cross-linked by three to five disulfide bonds, and have
molecular masses ranging from 3.5 to 7 kDa. The
properties and structures of toxins from spider ven-
oms have been reviewed in detail [3, 5 – 7]. Tarantulas
use two major scaffolds as templates to develop their
“pharmaceutical factory”, namely the inhibitor cys-
tine knot (ICK) [8, 9], which is also referred to as
knottin [10], and less prominently, the disulfide-
directed b-hairpin (DDH)-derived fold [11, 12].
However, the classification and evolution of tarantula
CKTs remain uncertain [13], possibly due to lack of
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sequence data, especially full-length cDNA informa-
tion. The sequence alignments and clusters based on
short mature peptides, which usually are saturated in
amino acid replacement, cannot provide clear clues
for classification and evolution. These problems
frustrate research on both the molecular diversity
and the genetic mechanisms of toxin evolution, which
are of great importance towards understanding this
pharmacological arsenal and planning its future use
[4].
The tarantula Chilobrachys jingzhao is one of the most
venomous spiders living in southern China. In our
recent work, 60 peptides were purified by ion-
exchange and reversed-phase high-performance liq-
uid chromatography and sequenced fully or partially
by Edman degradation sequencing [14]. However,
most of their full-length precursors, and thus their
peptide sequences, are still unknown and their func-
tions have not been systematically elucidated. In this
article, we report the results of sequencing a cDNA
library from the venom gland of the spider that
includes 74 groups (95 sequences) of CKTs. Using
patch-clamp techniques, the functions of 10 represen-
tative toxins of various families were systematically
assayed. We further explored the molecular diversity,
classification and characteristics of the toxins in
regard to modification, structure, and evolution. All
the cDNA sequences are available for public view in
the Animal Toxin Database (ATDB) (http://protch-
em.hunnu.edu.cn/toxin) [15] and in the GenBank
database of NCBI (http://www.ncbi.nlm.nih.gov/en-
trez, accession numbers: EU233831–EU233934).

Materials and methods

cDNA library construction and expression sequence
tags sequencing
The tarantula C. jingzhao was collected in Hainan
province of China. The preparation of total RNA was
performed as the previously described [16]. The
venomous glands of eight female spiders of the same
age and from the same region were harvested and
homogenized in liquid nitrogen, followed by cell lysis
in the presence of TRIzol reagent (Invitrogen).
Polyadenylic acid (+) [polyA(+)] RNA was purified
from the total RNA on an oligo(dT)-cellulose affinity
column using the mRNA Purification Kit (Promega)
according to the manufacturer�s protocol. The full-
length cDNA library was constructed as described by
the instructions provided with the CreatorTM

SMARTTM cDNA Library Construction Kit (Clon-
tech).
The polymerase chain reaction was performed with
the M13 forward and reverse primers in the kit to

rapidly screen recombinant clones. The clones con-
taining inserts �500 base pairs were grown in LB
medium containing chloramphenicol (30 mg/mL) in
96-well plates for 16 h. The plasmids were extracted by
alkaline lysis and sequenced from the 5’-end on an
automated ABI PRISM 3700 sequencer (Perkin
Elmer) using the T7 promoter primer and ABI
PRISM� Big Dye� terminator v3.1 ready reaction
cycle sequencing kits (Applied Biosystems).

Sequence and structure analysis
cDNA sequencing outputs were trimmed by removal
of vector, primer sequences and poly(A) tails with
ABI PRISM�DNASequencing Analysis Softwar-
eV.3.3 [17]. The consensus sequences of each cluster
were further filtered by screening for homology to
ribosomal RNA, mitochondrial DNA and E. coli
genome sequences [18, 19]. After deleting matches,
the remaining sequences were searched against public
databases (nr/NCBI, SwissProt/UniProtKB and
TrEMBL/UniProtKB) using the BLASTn or
BLASTx programs to identify putative functions of
the new expression sequence tags (ESTs) [20]. The
signal peptides were predicted with the SignalP 3.0
program (http://www.cbs.dtu.dk/services/SignalP/).
Furthermore, the putative CKTs were searched in
KNOTTIN database (http://knottin.cbs.cnrs.fr) [10,
21]. Multiple sequences of precursors were aligned
using the ClustalW program [22, 23]. The resulting
alignments were then hand-edited using the BioEdit
program (http://www.mbio.ncsu.edu/BioEdit/BioE-
dit.html).
Seven known structure models of toxins (1I25 of
HWTX-II, 1Y29 of HWTX-X, 1LUP of GsMTX-2,
2I1T of JZTX-III, 1ZJQ of JZTX-VII, 2A2V of
JZTX-XI and 1EIT of mu-Agatoxin) were down-
loaded from PDB database [24]. The predicted
structures were modeled using MODELLER soft-
ware [25] based on known structures (JZTX-VIII
from HWTX-II; JZTX-50 from HWTX-X; JZTX-V
from GsMTX-2; JZTX-55 from mu-Agatoxin).
Pymol software [26] was used to visualize these
structures.

Electrophysiological assays
Toxins were purified and identified as described
previously [14]. Acutely dissociated dorsal root gan-
glion (DRG) cells were prepared from 4-week-old
Sprague-Dawley rats and maintained in short-term
primary culture using the method described by Xiao et
al. [27, 28]. Briefly, the dissociated cells were sus-
pended in essential Dulbecco�s modified Eagle�s
medium (DMEM) containing trypsin (0.5 g/L, type
III), collagenase (1.0 g/L, type IA), and DNase (0.1 g/
L, type III) and incubated at 34 8C for 30 min. Trypsin
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inhibitor (1.5 g/L, type II-S) was used to terminate
enzyme treatment. The DRG cells were transferred to
35-mm culture dishes (Corning, Sigma) containing
95 % DMEM, 5 % newborn calf serum, hypoxanthine
aminopterin thymidine supplement, and penicillin-
streptomycin and then incubated in the CO2 incubator
(5 % CO2, 95 % air, 37 8C) for 1 – 4 h before the patch-
clamp experiment.
Ionic currents were recorded from DRG cells under
whole-cell patch-clamp condition using an EPC-9
patch-clamp amplifier (HEKA Electronics, Germa-
ny) at room temperature (20 – 25 8C). The patch
pipettes with resistances of 2–3 MW were fabricated
from borosilicate glass tubing (VWR micropipettes,
100 ml, VWR Company) using a two-stage vertical
microelectrode puller (PC-10, Narishige, Japan) and
fire-polished by a heater (Narishige, Japan). Voltage
steps and data acquisition were controlled using a PC
computer with software Pulsefit + Pulse 8.0 (HEKA
Electronics, Germany). The P/4 protocol was used to
subtract linear capacitive and leakage currents. The
series resistance compensation was applied to
70–80 % to minimize voltage errors.
Calcium currents were measured using Ba2+ as a
charge carrier. The external solution contained:
160 mM triethanolamine-Cl, 10 mM HEPES, 2 mM
BaCl2, 10 mM glucose, and 200 nM tetrodotoxin,
adjusted to pH 7.4 with triethanolamine-OH. The
internal solution contained: 120 mM CsCl2, 5 mM Mg-
ATP, 0.4 mM Na2-GTP, 10 mM EGTA, and 20 mM
HEPES-CsOH (pH 7.2) [29]. Ba2+ current was
evoked at –50 or 0 mV from a holding potential of
–90 or – 40 mV.
For sodium current recordings, the bath solution
contained: 150 mM NaCl, 2 mM KCl, 5 mM D-
glucose, 1 mM MgCl2, 1.5 mM CaCl2, and 10 mM
HEPES at pH 7.4; the pipette internal solution
contained: 105 mM CsF, 35 mM NaCl, 10 mM
HEPES, and 10 mM EGTA at pH 7.4. Sodium cur-
rents were elicited at –10 mV from a holding potential
of –80 mV.
For potassium current recordings, the bath solution
contained: 160 mM NaCl, 4.5 mM KCl, 2 mM CaCl2,
1 mM MgCl2 and 10 mM HEPES, pH 7.4 (with
NaOH); The internal pipette solution contained:
155 mM KF, 2 mM MgCl2, 10 mM EGTA and
10 mM HEPES, pH 7.2 (with KOH). Currents were
elicited by a depolarizing voltage of +10 mV when
cells were held at –80 mV.

Evolutionary analysis
Sequences were aligned using ClustalW (Version
1.82) [22] , and gapped positions were omitted from
subsequent analyses. The nucleotide sequences of
different domains including signal peptides, pro-

peptides, and mature peptides of family D and E
were aligned. The number of synonymous substitu-
tions per synonymous site (Ds) and the number of
nonsynonymous substitutions per nonsynonymous
site (Dn) were estimated using the original Nei-
Gojobori model (p-distance) [30] . The Fisher�s
exact tests for positive evolution (based on the
original Nei-Gojobori model) were carried out
using MEGA software [31] .

Results

Considerable numbers of CKTs and classification
From the cDNA library of C. jingzhao venom gland,
886 ESTs sequenced and 95 predicted novel CKT
precursors were obtained. A full-length CKTs pre-
cursor usually contains a signal peptide, a propeptide
and a mature peptide; moreover, some precursors also
contain an additional tail region. However, to the best
of our knowledge, it is still difficult to determine the
endoproteolytic sites anterior to mature peptides of
seven precursors (JZTX-67, 68, 69, 70, 71, 72 and 74).
Most of precursors can be spliced and modified during
the post-translational processes, which has also been
found in some other toxins and appears to be
important for transportation, biological activity and
degradation protection [32]. Therefore, comprehen-
sive analysis of full-length sequences is required for
understanding the histories of toxin. Determination of
their boundaries is still a difficult problem based on
limited experimental knowledge in most cases.
Thanks to our previous proteomics work [14], in
which 24 toxins were fully and 10 toxins partially
sequenced, we were able to decide precursor endo-
proteolytic sites and amidation with high confidence,
as shown in Figure 1.

Classification of the CKTs
The CKTs of the C. jingzhao ESTs were firstly
classified into two groups. One class includes 76
sequences with at least one homolog in our data and
high sequence similarity to certain known toxins. The
others are grouped into an orphan family including 19
sequences. The sequences of the two groups were
clustered to construct a phylogenetic tree separately
using ClustalW with manual revision. As shown in
Figure 2, toxins in the first group can be classified into
six families, A–F, based on the phylogenetic analysis.
In the orphan family, five styles of CKTs are catego-
rized according to the cysteine arrangement of the
mature peptides (Fig. 1). The characters of the fam-
ilies are summarized in Table 1.
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Figure 1. Sequence alignment of representative cystine knot toxin (CKT) precursors. Signal peptide and propeptide are boxed and
cysteines of mature peptide are in shadow. The homologies to other spiders are remarked by gray circles. Gaps (dashes) were introduced to
maximize the deduced polypeptide sequence similarities. Rectangles denote C-terminal amidation. Hydrophobic residues are shown in
red, polar uncharged residues in green, basic residues in pink and acidic residues blue. The orphan sequences are not aligned because of low
sequence similarity among them.
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Family A. The family includes a known toxin JZTX-
VIII and two new ones (JZTX-47 and JZTX-48).
JZTX-47 and JZTX-48 are native mutants that differ
by only one amino acid in the mature peptide. They
differ from JZTX-VIII mainly in the propeptide
region. The major feature of the family is a putative
DDH-derived fold characterized by a special disulfide
pairing at CI–CIII, CII–CV, and CIV–CVI (C represents
cysteine residue). The DDH-derived fold toxin was

first found in Ornithoctonus huwena as HWTX-II
[11].
So far, nine toxin precursors with a DDH-derived fold
(including the toxins of family A) from three different
genera of tarantula have been identified. The similar-
ities of the amino acid sequence and the 3’ untrans-
lated region (UTR) among them are more than 64 %
and 50 %, respectively. The signal sequences of all
DDH-derived fold toxins are 22 residues in length,

Table 1. Sequence diversity of the cystine knot toxins in Chilobrachys jingzhao

Family Signal peptide mode Length of
propeptides

Cysteine arrangement Polyadenylation signal Hydrophobic surface

A MR/K hTh5–6CS/TS h5–6HTS/T A 26 –28 -C-C-C-C-C-C- AATAAA N(c)

B Mphph8ph3p2–3A 17 –20 -C-C-CC-C-C- ATTAAA N
C MKh0–1p1–2 h6Gh4ChCphA 32 -C-C-CC-C-C- ATTAAA-AATAAA Y
D MKp1–3 h5–7ph5–7 p1–3 h1–2A <10 -C-C-CC-C-C-(C-C) AATAAA Y
E MK/RhS(h3T)h1–6Gh4–7p1–2A 25 –31 -C-C-CC-C-C- AATAAA Y
F MRh(H)Th2–4S h4–5S(C)h3–4(CT)A 18 –25 -C-C-CC-C-C-C-C- AATAAA N
O.1 � (a) 25 –43 -C-C-CC-C-C- AATAAA Y/N
O.2 � (a) 20/UK(b) -C-C-CC-C-C-C-C- AATAAA Y/N
O.3 � (a) 24 –36 -C-C-C-CC-C-C-C- AATAAA N
O.4 � (a) UK -C-C-CC-C-C-C-C-C-C- AATAAA N
O.5 � (a) UK -C-C- AATAAA Y

In the signal peptide mode, �h� indicates hydrophobic residue, �p� represents polar uncharged residue, and the Arabic numerals denote the
number of residues. The other capitals indicate the corresponding amino acids.
(a) There is no common mode because of limited similarity among the members of orphan family.
(b) UK means unknown.
(c) N, no hydrophobic surface; Y, yes.

Figure 2. Complete alignment
phylogenetic tree with manual
revision generated from tarantu-
la C. jingzhao CKT precursors.
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and the construction mode can be denoted as a model:
MR/K hTh5–6CS/TS h5–6HTS/T A (Where �h� indicates
a hydrophobic residue, and the Arabic numerals
denote the number of residues; other capitals indicate
the amino acid). The pro-region of this family has 26 –
28 residues, ending in three acidic residues followed by
arginine.

Family B. Family B includes JZTX-51 and two
homologous sequences. Their signal peptides are
characterized by the second residue being uncharged
(Asn/Thr) rather than the conserved basic residues
(Arg/Lys) in other categories. Their construction can
be denoted as a model: �Mphph8ph3p2–3A� as described
above, where p is a polar uncharged residue. They
have propeptides with 17– 20 residues. The polyade-
nylation signal located at 10 – 30 bases upstream of
polyA is thought to control mRNA cleavage by
forming a protein complex with the cleavage and
polyadenylation specificity factor [33]. In contrast to
other families, the family B has a distinct polyadeny-
lation signal �ATTAAA� in the 3� UTR but not the
common one �AATAAA�. This was also found in the
homolog HWTX-X from O. huwena.
In the mature peptides, family B follows an ICK motif
and has great sequence diversity. No contiguous
hydrophobic residues are found between CI and CII

residues, which are thought pivotal to form a hydro-
phobic surface to interact with voltage sensors of ion
channel [34, 35]. This character suggests that they may
function as blockers to certain ion channels.

Family C. Family C contains JZTX-V and two new
toxins that have significant similarity to some well-
known toxins from three genera of tarantula such as
ProTx-II (Swiss-Prot accession P83476), GsMTx-2
(P60273), Phrixotoxin-1 (P61230), peptide GsAF 1
(P61408) and peptide GsAF 2 (P61409). Although,
sequence alignment indicates that the eight mature
peptides can exhibit high sequence homology with
each other (Supplemental figure, http://protchem.-
hunnu.edu.cn/Labweb/Publication/Pub_mater-
ial.htm), their functions are significantly divergent (or
uncertain) [36 –38]. The major characteristic of family
C is the conserved sequence motif “YCQKW” in the
N terminus of the mature peptides. In contrast to the
mature peptides of other three families, the toxins in
family C have only three residues in the loop between
CV and CVI, which were defined as “short loop
tarantula ICKs” [3]. There are three contiguous
hydrophobic residues between CI and CII residues
and two contiguous hydrophobic residues following
CVI residue. The hydrophobic structures play an
important function when the toxins act with the
channels [34, 35].

The candidates in this family usually have long pro-
regions that are composed of 32 amino acids and end
with Glu-Gly-Arg. The polyadenylation signals of
family C are tandem with an �AATAAA� and an
�ATTAAA� in 3’ UTR.

Family D. Family D is a large family of CKTs (24
distinct sequences) including two important compo-
nents of the venoms (JZTX-I and JZTX-III), which
have been chemically and functionally characterized
in our previous work [27, 28]. However, the family
may be narrowly distributed because so far no
homologs from other spiders have been found. The
signal peptides of family D show a high sequence
identity (over 50 %), and the arrangement mode of the
signal peptides can be denoted using a model as
described above: MKp1–3 h5–7ph5–7 p1–3 h1–2A. The pro-
regions of the family are short with less than ten amino
acid residues.
There are two or three contiguous hydrophobic
residues between CI and CII residues (except in
JZTX-15, 16 and 18, where the hydrophobic residues
are separated), a hydrophobic residue at the C termi-
nus and two at the N terminus of CVI residue.
Interestingly, JZTX-49 possesses two additional cys-
teines in its long C-terminal region and has great
sequence similarity with other family D toxins (e.g.,
63 % to JZTX-9).

Family E. Family E is the largest family of CKT in the
venom of C. jingzhao that contains 37 toxins. The
construction mode of the signal peptide can be
denoted using a model as described above, MK/
RhS(h3T)h1–6Gh4–7p1–2A. Composed of 25 –31 resi-
dues, the pro-region of the family usually contains a
sequence motif “Glu-Glu-Arg” at its end. The mature
peptides in family E also have an ICK motif with a
putative hydrophobic surface as do families C and D.
There are two or three contiguous hydrophobic
residues between CI and CII residues (except in
JZTX-44, in which the hydrophobic residues are
separated), and one or two hydrophobic residues at
the C terminus. Compared with family D, family E is
rich in acidic residues in the region between CII and
CIII residues, a property that has been proved to crucial
for interaction with ion channels [8, 35].
Six toxin homologs (HWTX-V, SHL-I, HWTX-I,
HWTX-III, HWTX-IV and GsMTx-4, Swiss-Prot
accessions are P61104, Q86C51, P56676, P61103,
P83303 and Q7YT39 respectively) of this family
were found, implying that the toxins belonging to
family E may be distributed widely in spider glands.

Family F. The family includes two mu-agatoxin-like
peptides (JZTX-54 and JZTX-55), which have eight
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cysteines and a typical motif emerging in mu-agatoxin
(“CVX1CVIX5CVIIX1CVIII” where X is any residue
except cystine). Mu-agatoxins were first found in
Agelenopsis aperta venom [39]. Recently, several
homologs of mu-agatoxin were identified in Austral-
ian funnel-web spiders (Atrax robustus) [40]. The
same scaffold is also widely adopted by other spider
toxins, such as w-Aga-IV (Agelenopsis aperta) [41],
PNTx3 – 2, PRTx22C5 (Phoneutria nigriventer) [42],
LiTx2 (Loxosceles intermedia) [43], d-paluIT4 (Para-
coelotes luctuosus) [44] and the toxin AcTx (Hadro-
nyche infensa) [45]. JZTX-54 and JZTX-55 may be
the first mu-agatoxin-like peptides reported from the
venom of tarantula spider. However, the signal
peptides and propeptides of these toxins from differ-
ent infra-order spiders do not have as high sequence
similarity as the former five families. Figure 1 showed
that mu-2Aaga-12 had the higher sequence similarity
with JZTX-54, 55 in family F. Mature peptide of
JZTX-54 had been purified from the crude venom of
C. Jingzhao spider and the MALDI-TOF MS as well
as Edman degradation result confirmed its presence
and the full-length of amino acid sequence [14].

Orphan family. Most of the toxins in the orphan family
were first identified from the venom of spider and
exhibit low sequence similarity with each other. Here,
we have classified them into five groups based on the
arrangement of cysteines in mature peptide: (1) -C-C-
CC-C-C-, JZTX-56, JZTX-57, JZTX-58 and JZTX-
60. This kind of the cysteine arrangement is similar to
that of most ICK (knottin) toxins frequently emerging
in spider and cone snail venoms, and the amino acid
sequences of their prepro-regions exhibit limited
similarity with those of the four families mentioned
above; (2) -C-C-CC-C-C-C-C-, JZTX-59, JZTX-72
and JZTX-73. There are eight cysteine residues in
these toxins, and the residues in every loop vary
greatly; (3) -C-C-C-CC-C-C-C-, JZTX-62, JZTX-63,
JZTX-64, JZTX-65, JZTX-66 and JZTX-66.2. The
cysteine arrangement looks like the “long loop ICK”
toxins [3] with two epactal cysteines (CIII and CVIII);
(4) -C-C-CC-C-C-C-C-C-C, JZTX-69, JZTX-70,
JZTX-71 and JZTX-74. Their conspicuous character-
istic is a cysteine-rich sequence followed by a repet-
itive sequence with no cysteines; and (5) –C-C-,
JZTX-67 and JZTX-68. They may have very short
mature peptides and are homologous to the N termi-
nus of JZTX-27. The analogous propeptides as well as
their processing sites are still unknown. Among them,
JZTX-63 and JZTX-66 had been purified from the
venom of C. jingzhao and determined by MALDI-
TOF MS and N-terminal sequencing [14].

Function diversity on rat DRG neurons
Explorating the functions of these new toxins further,
we observed the actions of 10 representative toxins,
purified from C. jingzhao venom, on Nav, Kv and Cav
channels of rat DRG neurons using the whole-cell
patch-clamp technique. In addition, the actions of four
toxins (JZTX-I, JZTX-III, JZTX-V and JZTX-XI)
have been reported [27, 28, 46, 47].
In terms of tetrodotoxin (TTX), voltage-gated sodium
channels (VGSCs) can be classified into TTX-sensi-
tive (TTX-S) and TTX-resistant (TTX-R) types.
Among these toxins, three toxins (JZTX-V, JZTX-45
and JZTX-32) at 1 mM inhibited both TTX-S Na+

currents and TTX-R Na+ currents in rat DRG
neurons, while 1 mM JZTX-34 and 1 mM JZTX-54
could only inhibit TTX-S Na+ currents (Fig. 3A, B).
There are two main categories of voltage-gated
calcium channels (VGCCs) in rat DRG neurons:
low-voltage-activated (LVA) calcium channels (T-
type) and high-voltage-activated (HVA) channels
(L-, N-, P-, Q- and R-type channels) [48–51]. As
seen in Figure 3C, representative toxins exhibited no
evident effects on HVA calcium channels in rat DRG
neurons, and only JZTX-32 had an effect on HVA
calcium currents in rat DRG neurons. The perfusion
of 1 mM JZTX-32 inhibited HVA currents by
50.2�1.9%. Moreover, no significant alteration was
detected on LVA calcium channels before and after
the addition of these toxins (data not shown).
Voltage-gated potassium channels (VGPCs) are a
diverse and ubiquitous family of membrane proteins
expressed in both excitable and nonexcitable cells.
Among the toxins, two toxins (JZTX-Vand JZTX-34)
at 1 mM had obvious effects on VGPCs in rat DRG
neurons in this study (Fig. 3D), while other five toxins
(JZTX-1, JZTX-III, JZTX-V, JZTX-XI and JZTX-
XII) have been reported as gating modifiers of
voltage-dependent K+ channels in our previous work
[46, 47, 52].
In conclusion, representative toxins of different super-
families in our population of venom CKTs can
selectively interact with different membrane proteins;
similarly, peptides from the same family, differing in
amino acid sequence, also exhibited diversity of
function. Moreover, we determined the potential
targets of four new toxins on mammal sensory neuron
membranes in this study.

Structure model comparisons show diverse characters
To elucidate the structural characters of the families,
we downloaded known structures and models for each
family. Six representative models of six families are
shown in Figure 4A. The family A (JZTX-VIII as the
representative one) has the DDH-derived fold scaf-
fold and is rich in basic residues. Most of their side
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chains are exposed to the outside and may help to
form a positive-charged surface of the molecule. This
feature is also shared by other DDH-derived fold
toxins such as huwentoxin-II, E. californiacum toxin 1
and parahybana toxin 1. Other models take the ICK
motif as basic scaffold but vary in many aspects. The
family F, mu-agatoxin-like toxins (JZTX-54 and 55),
has an additional cystine bond and a three-stranded b-
sheet. They have a shorter C-terminal region and the
typical pattern (CX1CX5CX1C) between CVand CVIII

which is similar to that of other mu-agatoxins. Based
on the results of modeling, an additional disulfide
bond links the CVI and CVII causing a big loop, which
can provide a putative flexible and hydrophobic
region for ligand interaction.
The remaining families (B–E) follow the classic ICK
motif characterized by the three disulfide bonds
pairing of CI-CIV, CII-CV, CIII-CVI and four loops.
Based on previous work [53, 54] and sequence align-
ment, we defined two sides of the ICK model, one

containing a hydrophobic patch (H-side) and the
other being the opposite side (O-side). Five polar sites
(P1 – P5 sites) and four hydrophobic sites (H1–H4
sites) were selected and used to analyze the structural
architectures of families of ICK motif toxins (Fig. 4B).
The main differences among them consist of the
arrangement of hydrophobic and hydrophilic resi-
dues. Toxins of family B are rich in basic residues and
all the hydrophobic sites are missing with the excep-
tion of H2. Therefore, they cannot form a hydrophobic
surface. All of the others have the four hydrophobic
sites, which form a large conserved hydrophobic
surface on one side. Recent research has proved that
it is crucial for toxins interacting with plasma mem-
brane [27, 34, 53]. On the O-side, basic residues cluster
in families C and D and and acidic residues in family E.
The differences result mainly from the replacement of
basic residues in families C and D by acidic residues in
family E within the P4 site. With additional acidic
residues on the P1 and P5 sites, family E may construct

Figure 3. Function diversity of the CKTs of C. jingzhao. (A, B) Effects of 14 purified toxins on the tetrodotoxin-sensitive (TTX-S) voltage-
gated sodium channels (VGSCs) (A) and TTX-resistant (TTX-R) VGSCs (B) in rat dorsal root ganglion (DRG) neurons. Sodium current
traces were evoked by a 50-ms depolarization to –10 mV from a holding potential of –80 mV. JZTX-V, JZTX-45, JZTX-32, JZTX-34 and
JZTX-54 at 1 mM inhibited TTX-S Na+ currents by 93.3�0.6 %, 47.7�1.4 %, 72.3�1.6%, 82.9�1.8% and 58.8�1.3 %, respectively. In
addition, JZTX-V, JZTX-45 and JZTX-32 at 1 mM inhibited TTX-R Na+ currents by 89.3�1.2 %, 34.9�1.1 % and 68.5�0.8%,
respectively. (C) Effects of 14 purified toxins on the voltage-gated calcium channels in rat DRG neurons. Calcium currents were evoked by
a 100-ms depolarization to 0 mV from a holding potential of –40 mV. The perfusion of 1 mM JZTX-32 inhibited high-voltage-activated
(HVA) calcium currents by 50.2�1.9%. (D) Effects of ten purified toxins on the voltage-gated potassium channels in rat DRG neurons.
Potassium currents were elicited at +30 mV from a holding potential of –90 mV. JZTX-V and JZTX-34 at 1 mM inhibited potassium
currents by 27.7�1.5 % and 22.5�1.3 %, respectively.
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a negatively charged region. Some research has shown
this region may play an important role in inhibiting the
deactivation of VGSCs [12, 27]. Family E has two
major architectures. One has a positive P3 site and the
other has a positive P2 site. They are also different in
the C terminus.

Different evolution strategies of family D
and family E
In each family, the signal regions exhibit relatively
high conservation, whereas the sequences of the
mature peptides reveal high diversity. Compared
with the signal and the mature peptide, the pro-region
has intermediate divergence. This is also observed in
conotoxin [55].
To explore evolutionary patterns further, the ratios
of Dn/Ds within signal peptide, propeptide and
mature peptide were examined separately (Fig. 5).
The results indicate most of the ratios of Dn/Ds of

family D located in the region lacking constraints,
indicating a neutral evolution. As to family E, the
ratios within the signal peptide are around 1,
indicating neutral evolution. In propeptide regions,
most Dn/Ds ratios are smaller than 0.27, implying
purifying evolution. Figure 5C and D shows that the
ratios of Dn/Ds in small genetic distances (smaller
than 0.3) are significant (more than 1) implying
positive-selection evolution. The reason for the
decrease in the ratio at larger genetic distances is
apparently due to saturation. Additionally, we also
examined the null hypothesis of the neutral evolution
by Fisher�s exact test (cut-off 0.05) with Nei and
Gojobori model [56] in mature peptide region of the
families D and E. No significant results were found in
the family D to reject a null hypothesis. In the family
E, positive selection was detected in a clade contain-
ing eight toxins (JZTX-36, JZTX-37, JZTX-XI,
JZTX-29, JZTX-30, JZTX-31, JZTX-20 and JZTX-

Figure 4. Structural characters of the families. (A) Sequence alignment of representative toxins. The sequence portions are colored in
rainbow. The Residues forming the hydrophobic surface are bold. The basic and acidic residues are colored by blue and red, respectively.
Polar sites (P1–P5) and hydrophobic sites (H1 –H5) are represented by white ellipses and green hexagons. In the topology bar, black, white
and gray regions indicate the sequences in H-side (side with a large hydrophobic surface), the opposite side (O-side) and the not
determined, respectively. (B) The cartoon and surface model assigned by polar and hydrophobic sites indicating their locations on the 3D
structure. The large hydrophobic patch is highlighted by a red ellipse. (C) The architectures of four families. Blue and red hexagons
represent the basic and acid polar sites, respectively. Some hexagons without number are additional polar sites. (D) The surface models of
representative toxins from six families (A, JZTX-VII; B, JZTX-50; C, JZTX-V; D, JZTX-III; E, JZTX-XI; F, JZTX-55). In family C, D and
E, P4 site on the O-side are highlighted by red cycles.
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61) but was not found in other clades. The present
results indicate that the family D has taken neutral
evolution and the family E diverse evolution, at least
partially.

Unbalanced distribution of toxin abundance among
families
The distribution of toxin abundance reflects the
composition of venom and is important for under-
standing of the diversity and evolution of toxins.
Recently, our group has reported quantitative data on
the toxins of C. jingzhao. Quantification of identified
peptides was estimated from the percentage (%) of the
individual elution peak in the total area under curve,

using Millennium32 software (Waters, USA). The data
include the ratios of 60 peptide toxins in total, and their
sum is 66.8% [52].
As shown in Figure 6A, all the toxins can be
categorized into four groups (high, >3 %; medium,
>1 % and <%3; low, >0.5 % and <1 %; very low
<0.5 %) according to their abundance. As expected,
although some toxins have relative high abundance
such as JZTX-I (5.28 %), JZTX-III (5.87 %), they
form a small minority. Many toxins have medium
abundance and more have <1 %, which indicates
that spider venoms are the result of a compromise
between efficiency and diversity. To further analysis
the abundance of each family, we assigned the 60

Figure 5. Nonsynonymous versus synonymous substitutions in family D and E. The number of nonsynonymous substitutions per
nonsynonymous site (Dn) over number of synonymous substitutions per synonymous site (Ds) about interfamilial comparisons of (A)
signal, (B) propeptide and (C) mature peptide encoding domains. The data points of family D and E are color as gray and black,
respectively. Lines demarcate zones for Dn/Ds>1 (positive or diversifying selection), 1>Dn/Ds>0.27 (lack of constraints) and Dn/
Ds<0.27 (purifying selection). (D) Dn/Ds plotted against Ds for the mature domain only note that at Ds>0.3 the signal drops, apparently
due to saturation.
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peptide toxins into the families following sequence
alignment results. The results reveal that family A, B
and F have relatively fewer toxin types but higher
mean abundance. Family D contains the 3 highest
expressed toxins (JZTX-I, JZTX-III and JZTX-VII)
and two other toxins with medium abundance. The
remaining 9 have very low abundance. In family E, no
highly expressed toxins were found, but 7 and 8
toxins have median and low abundance, respectively.
Most of toxins in the orphan family have very low
abundance.

Discussion

Biodiversity of spider CKTs
We report 95 novel sequences of CKTs deduced from
cDNA sequences. These data increase the number of
known nucleotide sequences of tarantula toxin pre-
cursor threefold. The phylogenetics and sequence
analyses reveal six different superfamilies along with
19 orphan toxins, in which some novel motifs also are
found, such as -C-C-CC-C-C-C-C-(C is cysteine), -C-
C-C-CC-C-C-C-, as well as longer polypeptides with
10 or 11 cysteines, and with hyper-variable loops
between them. These results show the molecular
diversity of CKTs in the venom of C. jingzhao.
We scanned the activities of 10 toxins on Nav, Kv and
Cav channels using whole-cell patch-clamp techni-
ques on rat DRG neurons. Four of these have obvious
activities with diverse channel selectivity. This work
and some previous experiments [27, 28, 46, 47] reveal

the functional diversity of the CKTs from C. jingzhao.
The toxins without detectable effects on voltage-gated
ion channels in DRG cells may affect other types of
targets. Examples include some other toxins that have
been isolated from C. jingzhao venom and character-
ized, e.g., JZTX-I, a novel neurotoxin preferentially
inhibiting cardiac sodium channel inactivation by
binding to receptor site 3 [28], rat cardiac TTX-R
sodium channel inhibitor JZTX-III [27], and JZTX-
XI, a gating modifier of rat cardiac sodium channels
[47]. There are also examples of toxins acting on the
same channels with different mechanisms. Many
toxins of C. jingzhao act on a variety of ion channels,
also with great selectivity for subtype and binding site.
With respect to potential pharmacological applica-
tions, these peptides provide promising new templates
for further exploration.

Two interaction models of CKTs with channels
According to the structural analysis above and in
previous studies, the six families employ different
models of interaction between toxin and channel. For
example, families B and F are similar to family A in
blocking the pore of the channel by electric inter-
action [29], but in families C, D and E, hydrophobic
interaction can aid toxin affinity, for example by first
docking to the membrane through their hydrophobic
surfaces and then interacting with ion channels using
positively or negatively charged residues [27, 34, 53].
The feature of electrostatic anisotropy in the O-side
of families C, D and E may be correlated with the
different affinity of their ligands, resulting in delay-

Figure 6. Abundance of venoms components. (A) The bar chart of the ratios of 59 toxins quantity. (B) Pie charts of the distribution of toxin
abundance in six superfamilies. The number of each portion indicates toxin number.
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ing channel activation or channel deactivation.
Therefore, the six families can be categorized into
two classes. The first comprises the pore blocking
toxins (families A, B and F), which mainly function to
prevent interaction with the pore region of various
channels. As the pore regions of the same ion channel
are usually similar and highly conserved across
species, these toxins usually have channel-specific
targets in a broad variety of prey and this class has
only a few types of toxin. The other class comprises
the gating modifiers (families C, D and E), which do
not directly block the channels but bind to some
regulatory regions of channels such as the “voltage
sensor paddle” [34, 57]. This group includes rela-
tively more toxin types and different activities, which
follows because the ion channels usually have multi-
ple modifier regions with which the toxin can
interact. The combination of the two types of CKTs
makes the venoms effective.
The functional studies support our hypothesis that the
blocking toxins, comparing with the gate modifiers,
usually have more channel-specific functions and
narrower targets. As Figure 3 shows, JZTX-54 (family
F) has exclusive actions on the TTX-sensitive sodium
channel, but gate modifiers such as JZTX-V, JZTX-45
(family C), JZTX-I, JZTX-III (family D) and JZTX-
XI, JZTX-32, JZTX-34 (family E) have broad activ-
ities. For instance, HWTX-X [29], a homolog of family
B, can specifically block the HVA Ca2+ currents
through GVIA-sensitive, N-type Ca2+ channels,
whereas it has no detectable effect on other Ca2+

channels, or on the voltage-gated Na+ and K+ channels
in rat DRG cells. However, other data suggest that
many gate modifiers, such as HaTX [57], GsTxSIA
[58], ProTxI, ProTxII [36], etc. , which are equipped
with a hydrophobic surface, can support a much
broader pharmacological profile.

Evolutionary relationships of the CKTs families
The different distribution on species-wide scale of
each family based on homologous analysis presents
some important clues regarding toxin evolution. The
homologies of families A, B, C, E and F have been
found in several genera, indicating that these toxins
may have existed before the diversion of the families.
However, family D may be a young category because
so far, it is found only in C. Jingzhao.
The abundance analysis reveals that family A, B and F
have relatively fewer toxin types but higher mean
abundance. This implies that toxins in these families
may share a very specific way of interacting with their
targets. The wide distribution of families in a number
of species (especially family A and F) suggests that
their molecular targets/regions may be considerably
conserved in various prey (such as insects). In

contrast, most of toxins in the orphan family have
very low abundance, which hints they may play
assistant roles in venoms. Family D has the three
most highly expressed toxins, two medium abundance
toxins and nine very low abundance toxins. In family
E, no highly expressed toxins are found, but seven and
eight toxins have median and low abundance respec-
tively. The different levels of abundance in the two
families imply that family E may have more functional
diversity than family D. If we take their distribution at
species-wide scale into account, it is reasonable to
predict that family D may have been newly developed
to fulfill the special requirement of predation and
defense of the C. JingZhao spider and family E may be
inherited from ancestors to deal with various targets.
That family D is subjected to neutral selection looks
peculiar, because toxin evolution was commonly
thought to be driven by great Darwin positive-
selection pressure from the environment. Possible
reasons for it may be: (1) since toxin evolution is a
combination of positive and negative selections, the
Ka/Ks test in a large range may not always obtain
significant results especially when these toxins have
larger genetic distances; (2) it may be not very
surprising that many toxin genes evolved by neutral
selection if the environment is relative stable for
spiders; (3) the limited sequence data and the
mutation saturation may invalidate the method of
evolutional analysis. This observation has to be ex-
plored further.
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