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Abstract
Hainantoxin-IV (HNTX-IV) from the venom of the spider Selenocosmia hainana is a potent

antagonist that specifically inhibits the tetrodotoxin-sensitive (TTX-S) sodium channels. The

toxin peptide consists of 35 amino acids and adopts a typical inhibitory cystine knot (ICK)

motif. To obtain adequate HNTX-IV peptides for further insight into the structure-activity re-

lationships of the toxin, a novel strategy including cloning, expression and purification was

developed in an E. coli expression system. For this purpose, a seamless restriction-free

(RF) cloning method was employed for the construction of an expression vector to avoid in-

troducing unwanted sequences into the target gene. Furthermore, the solubility of recombi-

nant HNTX-IV could be promoted efficiently by the combination of a glutathione

S-transferase (GST) tag and a small ubiquitin-related modifier (SUMO) tag. Finally, an affini-

ty-chromatography-free purification strategy was developed by cut-off dialysis tubing com-

bined with trichloroacetic acid (TCA) extraction. Further HPLC purification yielded

recombinant, tag-free HNTX-IV with high yield and purity. The molecular weight of recombi-

nant HNTX-IV (rHNTX-IV) is identical to its theoretical value according to Matrix-Assisted

Laser Desorption / Ionization Time of Flight Mass Spectrometry (MALDI-TOF-MS) analysis.

The recombinant toxin has similar activity (IC50 value of 120 nM) on the tetrodotoxin-

sensitive (TTX-S) sodium channels in adult rat dorsal root ganglion (DRG) neurons to native

toxins. In the report, an efficient and cost-effective strategy for producing rHNTX-IV was de-

veloped, which paved the way for the further study of structure-activity relationships of

rHNTX-IV and its pharmaceutical applications.
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Introduction
HNTX-IV is a 35 amino-acid neuronal toxin with an inhibitory cystine knot (ICK) motif iso-
lated from the venom of the Chinese bird spider Selenocosmia hainana [1]. The sequence of
HNTX-IV is ECLGFGKGCNPSNDQCCKSSNLVCSRKHRWCKYEI-NH2. The toxin can in-
hibit TTX-S voltage-gated sodium channels with an IC50 value of 34.0 nM in adult rat dorsal
root ganglion (DRG) neurons. Because of its compact ICK motif and robust activity, HNTX-
IV can act as a potential scaffold for drug design. HNTX-IV was traditionally obtained through
natural sources [2] or solid-phase peptide synthesis [3]. However, its low abundance in venom
produces a low yield, and the correct folding of disulfide-rich peptides by chemical synthesis is
always time-consuming and difficult.

To obtain adequate HNTX-IV for the further study of structure-activity relationships and
exploration of its pharmaceutical applications by molecular engineering, an efficient, simple
and cost-effective strategy for the functional production of HNTX-IV in E. coli was established
in this report. In our study, GST (glutathione S-transferase) combined with SUMO was utilized
to promote the solubility and folding of rHNTX-IV. The GST fusion tag is widely used to pro-
mote the solubility and folding of recombinant proteins [4,5]. SUMO, as a novel tag, has gained
popularity [6–9] for its powerful solubilization capacity as well as its robust and specific remov-
al by SUMO protease, leaving a native sequence of toxin peptides [10]. The functional expres-
sion of rHNTX-IV in BL21(DE3) was accomplished by the combination of GST and SUMO
without additional refolding processes in our study.

Furthermore, an affinity-chromatography-independent purification strategy was developed
by introducing TCA precipitation to purify rHNTX-IV peptides. Another improvement is that
a ligation-independent RF (restriction free) cloning method [11] was adopted to construct the
rHNTX-IV expression vector, so there are no additional residues added to the rHNTX-IV pep-
tide. Most importantly, this recombinant HNTX-IV had similar biological activity to natural
HNTX-IV. In conclusion, we provided a simple and efficient strategy for the recombinant ex-
pression and purification of bioactive rHNTX-IV.

Materials and Methods

Ethics Statement
All animal experimental procedures were approved by the Ethical and Animal Welfare Com-
mittee of Hunan Normal University.

Materials
E. coliDH5α competent cells were purchased from TaKaRa (Otsu, Shiga, Japan). The BL21
(DE3) strain, Rosetta strain, and pET-43a (+) vector were purchased from Novagen (Madison,
WI, USA). The SHuffle strain was from NEB (Beverly, MA, USA). The cDNA of HNTX-IV [12]
and GST-tag were kept in our laboratory. The DNA polymerase KOD-plus-Neo was purchased
from TOYOBO (Osaka, Japan). Primer synthesis, DNA sequencing and SUMO-tag synthesis
were performed by Sangon (Shanghai, China). All of the chemicals and reagents were purchased
from Sigma (St. Louis, MO, USA). Sprague-Dawley rats were purchased from the Xiangya ani-
mal room of Central South University. SDS-PAGE gels NuPAGE and Seeblue Plus2 pre-stained
molecular weight marker were purchased from Invitrogen (Carlsbad, CA, USA).

Construction of pET-GS-HNTX-IV vector
The RF cloning strategy was applied to construct the expression vector (Fig. 1A). The GST se-
quence was integrated into the backbone of pET-43a in place of the NusA tag by the following
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primer pair: 5ʹ-GAAATAATTTTGTTTAACTTTAAGAAGGAGATATACATATGTCCCC
TATACTAGGTTATTG-3ʹ (forward primer); 5ʹ-GATGGTGATGGTGATGACCAGAAC
CACTAGTAGTCACGATGCG GCCGCTC-3ʹ (reverse primer). The underlined sequences of
the forward primer and the reverse primer were complementary to the 5ʹ end and the 3ʹ end of
the insertion or replacement point of the recipient vector pET-43a (+) with a Tm value of 80°C,
respectively. The italicized portions were complementary to the 5ʹ end and the 3ʹ end of GST
with Tm value of 60°C, respectively. The resultant construct was verified by sequencing and
named pET-GST. Similarly, the SUMO sequence was cloned into the pET-GST vector down-
stream of GST by the primer pair: 5ʹ-TCCGGGAGCTCGTGGATCCGAATTCTCTGACTCT
GAAGTTAACCAGGAAG-3ʹ (Sumo—forward); 5ʹ-CGATGGTACCGTCGACGTCCTGCA
GACCACCGATCTGTTCACGGTGAG-3ʹ (Sumo-reverse). The construct was verified by se-
quencing and named pET-GS. Subsequently, the HNTX-IV gene with a stop codon was in-
serted behind the SUMO sequence by the primer pair: 5ʹ-TCGAAGCTCACCGTGAACA
GATCGGTGGTGAGTGCTTAGGGTTTGG-3ʹ (HNTX-IV-forward); 5ʹ-CGATGGTACC
GTCGACGTCCTGCAGTTATATTTCATATTTACACCACC-3ʹ (HNTX-IV-reverse). The
resulting plasmid was named pET-GS-HNTX-IV. The map of the expression vector is shown
in Fig. 1B.

Expression of recombinant protein
The pET-GS-HNTX-IV plasmid was chemically transformed into E. coli BL21(DE3) compe-
tent cells. After incubating overnight, one colony from the LB plate was picked and inoculated
into 5 ml LB medium with 100 μg/ml ampicillin sodium, which was incubated at 37°C in a
shaker at 220 rpm until the OD600 reached 0.6. The 5 ml seed culture was transferred into 500
ml LB medium supplemented with 100 μg/ml ampicillin sodium, which was further incubated
at 37°C in a shaker at 220 rpm until the OD600 reached 0.6. The culture was induced by 0.2
mM IPTG at 220 rpm and 37°C for 4 h. The induced bacteria were harvested by centrifugation
at 4500 × g for 10 min. The pellet was suspended using 20 ml PBS buffer (38.7 mMNa2HPO4,
11.3 mM NaH2PO4, 150 mMNaCl, pH adjusted to 7.4) complemented with 1 mM PMSF, 5%
glycerol, 1 mMMgCl2, 10 mg/L RNaseA and 20 mg/L DNase I. Cells were lysed by sonication
for 5 min at 20% amplitude using a Branson SONIFIER S-250D (Emerson, USA) in ice water.

Fig 1. Construction of pET-GS-HNTX-IV expression vector. A) Schematic diagram of RF-cloning strategy.
F1: forward primer. R1: reverse primer. The portion complementary with the target gene is marked gray, and
the portion complementary to the recipient vector is marked black. B) Map of pET-GS-HNTX-IV
expression vector.

doi:10.1371/journal.pone.0117099.g001
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The lysates were centrifuged at 15000 × g and 4°C for 30 min. The supernatant was stored at
4°C for further purification. Induction at 16°C was carried out overnight to verify the optimal
temperature for rHNTX-IV production.

Purification of GST-SUMO-HNTX-IV fusion protein by GST affinity
chromatography
The supernatant was loaded onto a 5 ml pre-equilibrated glutathione resin column with a flow
rate of 0.5 ml/min. Flow-through was applied to the column once again to ensure maximal
binding. The resin was washed by 5 column volumes with Ca2+- and Mg2+-free PBS. The
GST-tagged protein was eluted by 2 resin-bed volumes of elution buffer (10 mM Tris-HCl,
1 mM EDTA, 150 mMNaCl, 200 mM glutathione, pH 8.0).

Preparation of recombinant SUMO protease and removal of the GST-
SUMO tag by SUMO protease
SUMO protease was produced in E. coli, purified as described previously, and stored in 50%
glycerol in -20°C [8,10]. 30 μg recombinant SUMO protease was applied to digest 1 mg
GST-SUMO-rHNTX-IV at 30°C for 1 h or at 4°C overnight.

TCA, acetonitrile and acetone precipitation
TCA, acetonitrile and acetone were tested for the removal of tags and intact recombinant pro-
tein after SUMO protease cleavage individually. For TCA precipitation, 1/10 protein volume of
100% TCA was added into the digested protein solution, kept at 4°C for 10 min, and then cen-
trifuged for 15 min at 4°C and 15000 × g. For acetone precipitation, 4 volumes of cold acetone
were added and kept at -20°C for 10 min then centrifuged for 15 min at 4°C and 15000 ×
g. Acetonitrile precipitation was performed as previously described [13]: the cleaved tag and
unspecific proteins were precipitated by acetonitrile in the ratio of 2:1 (acetonitrile: buffer: v/v)
and kept at -20°C for 10 min. The soluble fractions containing the peptides were separated by
centrifugation at 15000 × g for 20 min at 4°C. The supernatant and precipitates were collected
for SDS-PAGE analysis. The supernatant was dialyzed against water by 1 kDa dialysis tubing
and lyophilized for HPLC purification.

Affinity-chromatography-independent purification of rHNTX-IV
After sonication and centrifugation, instead of chromatography affinity, the supernatant of the
induced cell lysates was subject to dialysis by 20 kDa cut-off dialysis tubing against Tris-HCl
buffer (50 mM Tris-HCl, pH 8.0, 150 mMNaCl) overnight. Subsequently, the dialyzed solution
was digested by SUMO protease at 30°C for 1 h or 4°C overnight. Then, the cleaved peptides
were extracted by TCA precipitation, acetonitrile precipitation or acetone precipitation. The
supernatant was dialyzed against distilled water by 1 kDa dialysis tubing with three buffer
changes and lyophilized for HPLC purification.

Purification of rHNTX-IV by RP-HPLC
The dialyzed solution was lyophilized and dissolved in 500 μl distilled water and filtered
through 0.45 μmmicro-filter before loading. Then, the solution was applied to a Symmetry
C18 (4.6 × 250 mm, 5 μm) column and eluted at a flow rate of 1 ml/min using a gradient of
5%–45% buffer B (0.1% TFA in acetonitrile) over 35 min after washing with buffer A (0.1%
TFA in ddH2O) for 15 min to clear residual salts or small molecules. The eluted compounds
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were detected by UV absorption at 215 nm. The eluted peaks were collected and lyophilized
then stored at -20°C.

Identification of rHNTX-IV by mass spectrometry
Molecular mass identification of rHNTX-IV was performed on a Voyager-DETM STR MALDI-
TOF mass spectrometer (Applied Biosystems, Voyager-DE STR Biospectometry workstation).
Ionization was achieved by irradiation with a nitrogen laser (337 nm), with a 20-kV accelera-
tion voltage. α-Cyano-4-hydroxy-cinnamic acid was used as the matrix.

Culture of dorsal root ganglion neurons (DRGs)
Sprague-Dawley rats (30 days old) of both sexes were euthanized by CO2 asphyxiation and de-
capitated. DRG neurons were harvested from rats and collected in Dulbecco’s modified Eagle’s
medium. The DRGs were treated with 20 U/ml protease for 20 min followed by 0.28 U/ml col-
lagenase for 40 min. Neurons were dissociated in Ham’s F12 medium supplemented with 10%
horse serum, 100 U/ml penicillin, 100 μg/ml streptomycin, and 3.0 mM L-glutamine. Cells
were plated on glass coverslips coated with poly-L-lysine and maintained at 37°C in a 95% O2,
5% CO2 incubator for 24 h before electrophysiological recordings [14].

Whole cell patch-clamp experiments
Ionic currents were recorded under the whole cell patch-clamp mode using an EPC-10 amplifi-
er and the Pulse program (HEKA Electronics). Patch pipettes fabricated from borosilicate glass
tubes using a P-97 puller (Sutter Instruments) were pulled to a resistance of 2.0–2.9 MO after
heat-polishing. The membrane currents were usually filtered at 5 kHz and sampled at 20 kHz.
Voltage errors were minimized using 60%–80% series-resistance compensation, and the capac-
itance artifact was canceled using the amplifier circuitry. Because the leak currents were rela-
tively small and could be a nonlinear function of the voltage, no electronic compensation for
the voltage-dependent leak current was used [15].

On DRG neurons, for recording TTX-sensitive sodium currents, the pipette solution con-
tained 145 mM CsCl, 4 mMMgCl2, 10 mMHEPES, 10 mM EGTA, 10 mM glucose, and 2 mM
ATP (pH 7.2); and the bath solution contained 145 mMNaCl, 2.5 mM KCl, 1.5 mM CaCl2,
1.2 mMMgCl2, 10 mMHEPES, and 10 mM glucose (pH 7.4). Tetrodotoxin (TTX, 300 nM)
was added to the bath solution when recording the TTX-Resistant currents from the DRG neu-
rons. For recording calcium currents, the internal solution contained 110 mM Cs-methane sul-
fonate, 14 mM phosphocreatine, 10 mMHEPES, 10 mM EGTA, and 5 mM ATP-Mg (pH 7.3);
and the external solution contained 10 mM BaCl2, 125 mM tetraethylammonium-Cl, 0.3 mM
TTX and 10 mMHEPES (pH 7.4). To eliminate any influence of differences in osmotic pres-
sure, all of the internal and external solutions were adjusted to 280±5 mOsmol/L with sucrose.

Electrophysiological data were analyzed and displayed by Pulsefit (HEKA Electronics).
Curve fitting and statistical analysis were performed with OriginPro 9.0 (OriginLab) and
GraphPad Prism 5.0 software. The statistical significance was determined at p<0.05 and calcu-
lated with the two-tailed Student’s t test. The data are presented as the mean ± SEM.

Results

Expression of GST-SUMO-HNTX-IV in BL21(DE3)
The BL21(DE3) strain was selected as the expression host because of its rapid growth rate, with
the OD600 reaching 0.6 in approximately 3 h; compared with Rosetta (DE3), approximately
4 h; and SHuffle, more than 5 h (data not shown). Parameters including temperature and
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IPTG concentration were optimized to improve the target protein solubility and yield. Induc-
tions at 37°C for 4 h and 16°C overnight were compared. As shown in Fig. 2A, at 37°C, the tar-
get proteins existed both in the soluble form and as inclusion bodies. The solubility was
improved at 16°C, whereas the resultant protein yield decreased. Furthermore, the

Fig 2. Expression of GST-SUMO tagged HNTX-IV in BL21(DE3). A) Solubility analysis at 37°C and 16°C.
M: protein molecular weight marker; S: soluble fraction. P: precipitates. The target protein is denoted by an
arrow. B) The expression level under different IPTG conditions.

doi:10.1371/journal.pone.0117099.g002
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concentration of IPTG ranging from 0.2 mM to 1.0 mM had no obvious effect on the yield of
target proteins (Fig. 2B). In our study, induction at 37°C for 4 h by 0.2 mM IPTG was chosen
as the expression condition for rHNTX-IV.

Affinity-chromatography-independent purification of rHNTX-IV
The recombinant GST-SUMO-rHNTX was routinely purified by GST affinity chromatogra-
phy. However, the recovery efficiency was less than 10%, even though excessive glutathione
resin was used (Fig. 3A).

With respect to the low affinity of GST-SUMO-rHNTX-IV for the glutathione beads,
GST-SUMO-rHNTX-IV in the crude cell extract was digested directly by SUMO protease
without affinity purification. Given the robustness of the recombinant enzyme prepared in-
house in various buffers and volumes (data not shown), the dialyzed lysates (20 ml) were
completely digested by 300 μg SUMO protease at 4°C overnight. Because there were dramatic
differences in hydrophobicity between the GST-SUMO tagged protein and rHNTX-IV, TCA
precipitation (10% TCA), acetonitrile precipitation and acetone precipitation were tested for
the removal of the GST-SUMO tag and unspecific proteins. The results showed that TCA pre-
cipitation and acetone precipitation can retrieve target peptides with high purity, while acetoni-
trile is less efficient (Fig. 3B). After TCA precipitation or acetone precipitation, the only band
detected was between 3 kDa and 6 kDa, which was in accordance with the predicted size of
rHNTX-IV. Among these methods, TCA precipitation is more suitable for the large-scale pro-
duction of rHNTX-IV because less TCA is required. Because a high concentration of TCA
might have a harmful effect on the peptides, a gradient of the TCA concentration ranging from
1% to 10% was tested for precipitation efficiency. 4% TCA could also clear protein

Fig 3. Purification of rHNTX-IV. A) Purification by glutathione column. B) Affinity chromatography
independent purification by TCA, acetonitrile and acetone. T: the total cell extract digested by SUMO
protease; P: the precipitated fraction; S: the soluble fraction.

doi:10.1371/journal.pone.0117099.g003
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contaminants efficiently (Fig. 4A, 4B). The bands between 3 kDa to 6 kDa tended to smear.
This might be a result of overloading and the band could get more specific if less sample were
loaded as shown in Fig. 3B. They were taken as a single band for greyscale analysis using Quan-
tity One software, and it’s user manual can be freely downloaded from http://www.bio-rad.
com/webroot/web/pdf/lsr/literature/10002940.pdf.

The peptide supernatant after TCA precipitation could be easily purified by RP-HPLC
(Fig. 4C). The final yield per liter of pure rHNTX-IV was above 2 mg, compared with that of
rHNTX-IV purified by GST affinity chromatography (approximately 0.2 mg per litter) as de-
termined by Bradford assay. Furthermore, the purified rHNTX-IV was further compared with
the native toxin by analytical RP-HPLC. rHNTX-IV and native HNTX-IV were eluted at the
same retention time (Fig. 5A), partially proving their identical conformation [9]. The molecu-
lar weight of the eluted fraction was further identified by mass spectrometry and determined to
be 3987.33 Da, which is identical to the theoretical value of HNTX-IV (Fig. 5B).

Fig 4. Affinity chromatography independent purification of rHNTX-IV by TCA. A) M: Protein molecular weight marker; 1–10: fractions extracted by TCA
from 1% to 10%; P: precipitates. B) Relative purity (compared with lane 10) and relative yield (compared with lane 1) of rHNTX-IV under different TCA
concentrations. The value was calculated by grayscale by Quantity One software. The data points (means ± S.E.) come from three independent experiments.
C) Purification by RP-HPLC.

doi:10.1371/journal.pone.0117099.g004
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Identification and characterization of rHNTX-IV on DRG
In our study, 100 nM rHNTX-IV inhibited approximately 40% TTX-S INa, and 10 μM
rHNTX-IV inhibited TTX-S INa currents by more than 90% (Fig. 6A). The currents induced
before the toxin application were used as controls. The IC50 value was 0.12 ± 0.02 μM
(Fig. 7A), similar to that of native HNTX-IV (34 nM) [2]. Although the native HNTX-IV is

Fig 5. Identification of rHNTX-IV. A) Comparison of rHNTX-IV and native HNTX-IV on RP-HPLC. B)
MALDI-TOF analysis of rHNTX-IV.

doi:10.1371/journal.pone.0117099.g005

Fig 6. Functional characterization of the venom on voltage-gated sodium channels. A) Typical current
traces from TTX-S Na+ channel before and after application of 100 nM and 10 μM rHNTX- IV. B) The I-V
curve of TTX-S INa with 100 nM and 10 μM rHNTX- IV. C) Typical current traces from TTX-R Na+ channel
before and after application of 10 μM rHNTX- IV. D) The I-V curve of TTX-R INa with 100 nM rHNTX- IV. The
data points (means ± S.E.) come from at least five cells.

doi:10.1371/journal.pone.0117099.g006
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amidated, it’s obvious that amidation does not affect the activity of HNTX-IV as strongly as
HWTX-IV [9]. At the same concentration (10 μM), rHNTX-IV had no noticeable effects on
the TTX-R INa (Fig. 6C), and the I-V curves of both TTX-S and TTX-R INa display no shift at
all (Fig. 6B, 6D). In the kinetic studies, 100 nM rHNTX-IV shifted the V0.5 of the inactivation
curve by 10 mV from -46.01 ± 0.72 to -55.27 ± 0.92 mV (n = 5), indicating that the inactivation
of the sodium channel was enhanced in the presence of rHNTX-IV. On the other hand,
100 nM rHNTX-IV showed little influence on the activation curve (V0.5 from −26.02 ± 0.51
to −27.34 ± 0.22 mV) (n = 5) (Fig. 7B). With the electrophysiological studies, the results dem-
onstrated similar inhibitory activity of rHNTX-IV and native HNTX-IV (IC50 = 34 nM). Be-
yond that, additional experiments were performed to support the results. It was found neither
native HNTX-IV (Fig. 8A, 8B) nor rHNTX-IV (Fig. 8C, 8D) could cause obvious changes to
the Ca2+ currents in DRGs.

Discussion
Spider venoms represent a rich source for biologically active compounds, such as ion channel
modulators [16], bioinsecticides [17], and antimicrobial peptides [18]. There are more than
42,700 extant species of spiders, and more than 10 million bioactive peptides [19] are likely to
be present in the venoms of spiders, holding considerable value for potential pharmacological
and physiological applications. However, only 0.01% of the peptides have been characterized,
and their characterization, to a large extent, is hampered by the limited amount of available spi-
der toxins [20,21].

One plausible approach to solve the problem is recombinant expression in E. coli because of
its high growth rate, low cost and labor efficiency [22]. However, the folding of recombinant di-
sulfide-rich peptides in E. coli is not easy [19, 22]. The folding conditions and yield for each
peptides are varied and peptide-specific.

In our study, we found that fusion tags could be essential for the functional expression of di-
sulfide bond-rich toxins. Additionally, the temperature has an obvious impact on the solubility
of recombinant proteins. Because toxin peptides tend to aggregate into inclusion bodies, fusion
tags such as NusA, GST, thioredoxin and SUMO are useful for solubility. However, improved

Fig 7. The kinetics curves of rHNTX-IV. A) The dose-effects curve of rHNTX-IV. The data points (means ± S.E.) are fit to the Hill equation. B) The steady-
state inactivation and activation curves for TTX-S INa with 100 nM rHNTX-IV. The data points (means ± S.E.) come from at least five cells and are fit to the
Boltzmann equation.

doi:10.1371/journal.pone.0117099.g007
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solubility might not guarantee the proper folding of CKTs even if combined with the folding-
assisted tags (DsbC, TrxA) [23]. The screening of folding-assisted tags for a certain toxin is still
a trial and error process.

In our study, by a combination of GST and SUMO, rHNTX-IV, a potent antagonist that
acts at site 1 on tetrodotoxin-sensitive (TTX-S) sodium channels with 3 pairs of disulfide
bonds, was functionally expressed in BL21(DE3). As is traditionally known, the reducing envi-
ronment of the cytoplasm of BL21(DE3) is not preferable for disulfide-bond formation. How-
ever, as suggested by the identical molecular weight of rHNTX-IV and its theoretical value, and
a similar activity with the native toxin, the disulfide bonds of rHNTX-IV indeed form. It is
speculated that rHNTX-IV folded naturally in an in vitromanner, although the mechanism
is unclear.

The stability of the GST-SUMO fused protein seems to be promoted by GST because, in our
experience, the His-SUMO tagged rHNTX-IV was prone to aggregate after elution.

Affinity purification as a classical method can yield relative pure products. However, it
could be costly for the large-scale production of recombinant peptides. Taking advantage of
the hydrophobicity differentiation between the toxin peptides and proteins, purification strate-
gies based on TCA precipitation, or solvent agent (acetonitrile or acetone) precipitation, were
economical choices. Our study further supported this fact and suggested that TCA precipita-
tion seems to be more effective than precipitation by organic solvents. This result may be be-
cause the cysteine knot toxins, which usually have small sizes and compact structures, are
relatively resistant to denaturation from heat, acid/alkali, detergents, and so on [24].

Fig 8. Functional characterization of the venom on voltage-gated calcium channels. A) Typical current traces from an L-type Ca2+ channel before and
after application of 10 μM native HNTX-IV; B. Typical current traces from a T-type Ca2+ channel before and after application of 10 μM native HNTX- IV. C)
Typical current traces from an L-type Ca2+ channel before and after application of 10 μM rHNTX- IV. D) Typical current traces from a T-type Ca2+ channel
before and after application of 10 μM rHNTX-IV.

doi:10.1371/journal.pone.0117099.g008
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In conclusion, an efficient, simple and cost-effective strategy for rHNTX-IV expression is
described in the article and is amenable to large-scale of rHNTX-IV production for further
study of activity-structure relationships and pharmaceutical applications. The strategy also
provides references for the large-scale production of active peptides with disulfide bonds.

Acknowledgments
We gratefully acknowledge Professor Ying Wang (Key Laboratory of Protein Chemistry, Col-
lege of Life Sciences, Hunan Normal University) for expert scientific advice and critical reading
and amendment of the manuscript.

Author Contributions
Conceived and designed the experiments: HZ PFH EM SPL DYZ. Performed the experiments:
HZ PFH EMWYL LYZ LZ LWMJL. Analyzed the data: HZ PFH EM. Contributed reagents/
materials/analysis tools: SPL DZ. Wrote the paper: HZ PFH EM DYZ.

References
1. Liang S, Peng X, Huang R, Chen P (1998) Biochemical identification of Selenocosmia hainana sp. nov.

from south China (Araneae, Theraphosidae). Life science research/Hunan Normal University 3:
299–303.

2. Liu Z, Dai J, Chen Z, HuW, Xiao Y, et al. (2003) Isolation and characterization of hainantoxin-IV, a
novel antagonist of tetrodotoxin-sensitive sodium channels from the Chinese bird spider Selenocosmia
hainana. Cell Mol Life Sci 60: 972–978. PMID: 12827284

3. Li D, Xiao Y, Xu X, Xiong X, Lu S, et al. (2004) Structure-activity relationships of hainantoxin-IV and
structure determination of active and inactive sodium channel blockers. J Biol Chem 279:
37734–37740. PMID: 15201273

4. Rabhi-Essafi I, Sadok A, Khalaf N, Fathallah DM (2007) A strategy for high-level expression of soluble
and functional human interferon α as a GST-fusion protein in E. coli. Protein Eng Des Sel 20: 201–209.
PMID: 17430974

5. Cain CC, Saslowsky DE, Walker RA, Shirley BW (1997) Expression of chalcone synthase and chal-
cone isomerase proteins in Arabidopsis seedlings. Plant Mol Biol 35: 377–381. PMID: 9349261

6. Prakash A, Parsons SJ, Kyle S, McPherson MJ (2012) Recombinant production of self-assembling
β-structured peptides using SUMO as a fusion partner. Microb Cell Fact 11: 92. doi: 10.1186/1475-
2859-11-92 PMID: 22759375

7. Liu X, Chen Y, Wu X, Li H, Jiang C, et al. (2012) SUMO fusion system facilitates soluble expression
and high production of bioactive human fibroblast growth factor 23 (FGF23). Appl Microbiol Biotechnol
96: 103–111. doi: 10.1007/s00253-011-3864-4 PMID: 22249722

8. Bommarius B, Jenssen H, Elliott M, Kindrachuk J, Pasupuleti M, et al. (2010) Cost-effective expression
and purification of antimicrobial and host defense peptides in Escherichia coli. Peptides 31:
1957–1965. doi: 10.1016/j.peptides.2010.08.008 PMID: 20713107

9. Sermadiras I, Revell J, Linley JE, Sandercock A, Ravn P (2013) Recombinant expression and in vitro
characterisation of active Huwentoxin-IV. PLoS One 8: e83202. doi: 10.1371/journal.pone.0083202
PMID: 24324842

10. Malakhov MP, Mattern MR, Malakhova Oa, Drinker M, Weeks SD, et al. (2004) SUMO fusions and
SUMO-specific protease for efficient expression and purification of proteins. J Struct Funct Genomics
5: 75–86. PMID: 15263846

11. Van Den Ent F, Löwe J (2006) RF cloning: a restriction-free method for inserting target genes into plas-
mids. J Biochem Biophys Methods 67: 67–74. PMID: 16480772

12. Tang X, Zhang Y, HuW, Xu D, Tao H, et al. (2010) Molecular diversification of peptide toxins from the
tarantula Haplopelma hainanum (Ornithoctonus hainana) venom based on transcriptomic, peptidomic,
and genomic analyses. J Proteome Res 9: 2550–2564. doi: 10.1021/pr1000016 PMID: 20192277

13. Kumar P, AradhyamGK (2014) Easy and efficient protocol for purification of recombinant peptides. Pro-
tein Expr Purif 95: 129–135. doi: 10.1016/j.pep.2013.12.004 PMID: 24361637

14. Bosmans F, Rash L, Zhu S, Diochot S, Lazdunski M, et al. (2006) Four novel tarantula toxins as selec-
tive modulators of voltage-gated sodium channel subtypes. Mol Pharm 69: 419–429. PMID: 16267209

Heterologous Expression and Purification of Hainantoxin-IV

PLOS ONE | DOI:10.1371/journal.pone.0117099 February 3, 2015 12 / 13

http://www.ncbi.nlm.nih.gov/pubmed/12827284
http://www.ncbi.nlm.nih.gov/pubmed/15201273
http://www.ncbi.nlm.nih.gov/pubmed/17430974
http://www.ncbi.nlm.nih.gov/pubmed/9349261
http://dx.doi.org/10.1186/1475-2859-11-92
http://dx.doi.org/10.1186/1475-2859-11-92
http://www.ncbi.nlm.nih.gov/pubmed/22759375
http://dx.doi.org/10.1007/s00253-011-3864-4
http://www.ncbi.nlm.nih.gov/pubmed/22249722
http://dx.doi.org/10.1016/j.peptides.2010.08.008
http://www.ncbi.nlm.nih.gov/pubmed/20713107
http://dx.doi.org/10.1371/journal.pone.0083202
http://www.ncbi.nlm.nih.gov/pubmed/24324842
http://www.ncbi.nlm.nih.gov/pubmed/15263846
http://www.ncbi.nlm.nih.gov/pubmed/16480772
http://dx.doi.org/10.1021/pr1000016
http://www.ncbi.nlm.nih.gov/pubmed/20192277
http://dx.doi.org/10.1016/j.pep.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24361637
http://www.ncbi.nlm.nih.gov/pubmed/16267209


15. Rowe AH, Xiao Y, RoweMP, Cummins TR, Zakon HH (2013) Voltage-gated sodium channel in grass-
hopper mice defends against bark scorpion toxin. Science 342: 441–446. doi: 10.1126/science.
1236451 PMID: 24159039

16. Milescu M, Bosmans F, Lee S, Alabi AA, Kim JI, et al. (2009) Interactions between lipids and voltage
sensor paddles detected with tarantula toxins. Nat Struct Mol Biol 16: 1080–1085. doi: 10.1038/nsmb.
1679 PMID: 19783984

17. Windley MJ, Herzig V, Dziemborowicz SA, Hardy MC, King GF, et al. (2012) Spider-venom peptides as
bioinsecticides. Toxins 4: 191–227. doi: 10.3390/toxins4030191 PMID: 22741062

18. Garcia F, Villegas E, Espino-Solis GP, Rodriguez A, Paniagua-Solis JF, et al. (2013) Antimicrobial pep-
tides from arachnid venoms and their microbicidal activity in the presence of commercial antibiotics.
J Antibiot 66: 3–10. doi: 10.1038/ja.2012.87 PMID: 23093034

19. Klint JK, Senff S, Rupasinghe DB, Er SY, Herzig V, et al. (2012) Spider-venom peptides that target volt-
age-gated sodium channels: Pharmacological tools and potential therapeutic leads. Toxicon 60:
478–491. doi: 10.1016/j.toxicon.2012.04.337 PMID: 22543187

20. Liang S (2004) An overview of peptide toxins from the venom of the Chinese bird spider Selenocosmia
huwenaWang [=Ornithoctonus huwena (Wang)]. Toxicon 43: 575–585. PMID: 15066414

21. Escoubas P (2006) Molecular diversification in spider venoms: a web of combinatorial peptide libraries.
Mol. Diversity 10: 545–554.

22. de Marco A (2009) Strategies for successful recombinant expression of disulfide bond-dependent pro-
teins in Escherichia coli. Microb Cell Fact 8: 26. doi: 10.1186/1475-2859-8-26 PMID: 19442264

23. Bae C, Kalia J, Song I, Yu J, Kim HH, et al. (2012) High yield production and refolding of the double-
knot toxin, an activator of TRPV1 channels. PLoS One 7: e51516. doi: 10.1371/journal.pone.0051516
PMID: 23240036

24. Mouhat S, Jouirou B, Mosbah A, DeWaard M, Sabatier J (2004) Diversity of folds in animal toxins act-
ing on ion channels. Biochem J 378: 717–726. PMID: 14674883

Heterologous Expression and Purification of Hainantoxin-IV

PLOS ONE | DOI:10.1371/journal.pone.0117099 February 3, 2015 13 / 13

http://dx.doi.org/10.1126/science.1236451
http://dx.doi.org/10.1126/science.1236451
http://www.ncbi.nlm.nih.gov/pubmed/24159039
http://dx.doi.org/10.1038/nsmb.1679
http://dx.doi.org/10.1038/nsmb.1679
http://www.ncbi.nlm.nih.gov/pubmed/19783984
http://dx.doi.org/10.3390/toxins4030191
http://www.ncbi.nlm.nih.gov/pubmed/22741062
http://dx.doi.org/10.1038/ja.2012.87
http://www.ncbi.nlm.nih.gov/pubmed/23093034
http://dx.doi.org/10.1016/j.toxicon.2012.04.337
http://www.ncbi.nlm.nih.gov/pubmed/22543187
http://www.ncbi.nlm.nih.gov/pubmed/15066414
http://dx.doi.org/10.1186/1475-2859-8-26
http://www.ncbi.nlm.nih.gov/pubmed/19442264
http://dx.doi.org/10.1371/journal.pone.0051516
http://www.ncbi.nlm.nih.gov/pubmed/23240036
http://www.ncbi.nlm.nih.gov/pubmed/14674883


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


