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Abstract: Bungarus multicinctus α-bungarotoxin (α-Bgt) and Naja atra cardiotoxins (CTXs) share a
common structural scaffold, and their tertiary structures adopt three-fingered loop motifs. Four DNA
aptamers against α-Bgt have been reported previously. Given that the binding of aptamers with
targeted proteins depends on structural complementarity, in this study, we investigated whether
DNA aptamers against α-Bgt could also recognize CTXs. It was found that N. atra cardiotoxin 3
(CTX3) reduced the electrophoretic mobility of aptamers against α-Bgt. Analysis of the changes
in the fluorescence intensity of carboxyfluorescein-labeled aptamers upon binding toxin molecules
revealed that CTX3 and α-Bgt could bind the tested aptamers. Moreover, the aptamers inhibited
the membrane-damaging activity and cytotoxicity of CTX3. In addition to CTX3, other N. atra
CTX isotoxins also bound to the aptamer against α-Bgt. Taken together, our data indicate that
aptamers against α-Bgt show cross-reactivity with CTXs. The findings that aptamers against α-Bgt
also suppress the biological activities of CTX3 highlight the potential utility of aptamers in regard to
the broad inhibition of snake venom three-fingered proteins.
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1. Introduction

Aptamers are synthetic oligonucleotides, such as RNA and single-stranded DNA, that can bind to
their targets with high affinity and specificity due to their specific secondary or tertiary structures [1,2].
A number of studies have suggested the utility of aptamers as diagnostic tools, therapeutic, drug
delivery, and biomarker discovery agents, bioimaging tools, and biosensor probes [2]. Although
aptamers differ from antibodies, they mimic the properties of antibodies in a wide range of biological
applications. Moreover, the heat-stability, low immunogenicity, and target variants of aptamers can
overcome the disadvantages of antibodies [1].

Snake venom contains a number of pharmacologically-active proteins. Conventional antivenoms
are prepared from the sera of horses or sheep after they are hyperimmunized with the relevant snake
venom [3]. Although anti-snake venom antibodies are wildly used and effective for treating snake
bites, the immunization of horses or other animals with crude venoms for antivenom production
is difficult due to the highly lethal or toxic character of the venom proteins. Moreover, products
composed of antibodies from immunized animals may cause adverse reactions in humans due
to activation of the immune system [4]. Progressive injuries including deteriorating local injuries
(e.g., swelling, ecchymosis), coagulation abnormalities, or systemic effects (e.g., hypotension, altered
mental status) have been reported upon administration of some antivenoms [5]. Thus, aptamers might
overcome the disadvantages and limitations of conventional antivenoms. In recent studies, aptamers
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against Bungarus multicinctus α-bungarotoxin (α-Bgt), and β-bungarotoxin (β-Bgt) were produced [6,7].
Aptamers against β-Bgt can discriminate β-Bgt from other tested snake venom proteins [7]. Four
aptamers against α-Bgt were identified from bound carboxyfluorescein-labeled oligonucleotides on
an α-Bgt-coated glass coverslip, but only one aptamer showed the binding capabilities with α-Bgt
when the aptamer-α-Bgt interaction was analyzed using surface plasma resonance (SPR) [6]. β-Bgt is a
long α-neurotoxin and its three-dimensional structure adopts a three-fingered loop-folding topology
dominated with a,β-sheet [8]. The tertiary structures of snake venom cardiotoxins (CTXs), short
α-neurotoxins, and neurotoxin homologues also adopt three-loop motifs, but differ in the extent of their
secondary structure and positioning of the invariant side chains [9–12]. Sequence alignments of long
α-neurotoxins, CTXs, short α-neurotoxins, and neurotoxin homologues revealed that these proteins
share sequence similarities and their cysteine residues are located at consensus positions [10,13].
Moreover, analyses of the genetic structures indicate that long α-neurotoxin, CTXs, short α-neurotoxins
and neurotoxin homologues share a common evolutionary origin [13,14]. Previous studies showed that
aptamer-binding by proteins was largely determined by how well the molecules fit into the cavities of
the target proteins [15,16]. Moreover, species cross-reactivity of aptamers with orthologous proteins
was also reported [17,18]. Taken together, one may wonder whether aptamers against α-Bgt can bind
three-fingered snake venom proteins owing to complementary molecular surface. To address that
question, the interactions between aptamers against α-Bgt and Naja atra (Taiwan cobra) cardiotoxin 3
(CTX3) were analyzed in the present study.

2. Results and Discussion

Four DNA aptamers against α-Bgt were reported previously [6]. The four aptamers are designated
as bgt1, bgt2, bgt3, and bgt4 in the present study (Table 1). To investigate the binding of aptamers
with CTX3 and α-Bgt, an electrophoretic mobility shift assay was conducted. As shown in Figure 1,
toxin-aptamer complexes were formed when 21.43 µM CTX3 was incubated with 5 µM of the aptamers,
indicating that CTX3 reduced the electrophoretic mobility of the aptamers. When incubated with
50 µM CTX3, the aptamer DNA mostly stuck in the sample well. Toxin-aptamer complexes also
formed when 250 µM α-Bgt was incubated with 5 µM of the aptamers. When the concentration
of α-Bgt was increased to 500 µM, the migration of DNA aptamers into agarose gels could not be
completely inhibited. These observations suggested that CTX3 and α-Bgt could bind the tested
aptamers. Moreover, compared to α-Bgt, CTX3 more readily reduced the electrophoretic mobility of
the aptamers.

Table 1. The dissociation constant of CTX3 and α-Bgt with aptamer against α-Bgt.

Aptamer 1 CTX3 Kd (µM) α-Bgt Kd (µM)

bgt1 2.25 2.21
bgt2 0.26 0.46
bgt3 1.26 0.14
bgt4 1.17 0.28

1 The nucleotide sequences of bgt1, bgt2, bgt3, and bgt4 are 51-GCGAGGTGTTCGAGAGTTAGGGCGACATG
ACCAAACGTT-31, 51-AGGGCACAGAGAAGAAGTCGTGGATTTGAATGGTTTTGGT-31, 51-ATCATGT
CTTTTCGGGATGGGCAAGAAGGGAAATAATGC-31 and 51-AGAAACGTAGCGGTAACTGCTAGAATG
CGCCGAGAGAGCG-31, respectively.

To determine the binding affinity of CTX3 and α-Bgt with bgt1-4, the aptamers were functionalized
with a FAM reporter at the 51-end and a DABCYL quencher at the 31-end. Previous studies suggested
that binding to the target molecule induced a conformational change in aptamers [19,20]. If binding
CTX3 or α-Bgt could induce a conformational change, the protein-bound aptamer conformation may
bring FAM and DABCYL into close proximity, resulting in quenched fluorescence of FAM. On the
other hand, previous studies also revealed that the proximity of guanine to FAM could quench the
fluorescence [21]. The guanine content in bgt1–4 ranged from 31% to 38%. Thus, aptamers with a FAM
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reporter at the 51-end were also synthesized. Given that bgt1 was the only aptamer against α-Bgt that
showed binding capabilities with α-Bgt using SPR analyses [6], the effect of CTX3 on the fluorescence
intensity of FAM-bgt1 and FAM-bgt1-DABCYL was analyzed. As shown in Figure 2, the binding of
CTX3 with FAM-bgt1-DABCYL caused a reduction in the fluorescence intensity at 520 nm. Reduction
in FAM fluorescence intensity was maximized when the CTX3 concentration was >3.93 µM. On the
other hand, binding of CTX3 with FAM-bgt1 also caused a reduction in FAM fluorescence intensity,
suggesting that the FAM group might move towards guanine in toxin-bound FAM-bgt1. In view of
the findings that CTX3 caused a greater reduction in the fluorescence intensity of FAM-bgt1-DABCYL
than that of FAM-bgt1, the CTX-induced reduction in fluorescence intensity of FAM-bgt1-DABCYL
was attributed to the quenching of FAM fluorescence by the DABCYL group and guanine.
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Figure 1. Electrophoretic mobility shift assay of the binding of bgt1, bgt2, bgt3, and bgt4 aptamers to
CTX3 and α-Bgt: 5 µM aptamers against α-Bgt was incubated with indicated concentrations of CTX3
and α-Bgt for 20 min, and then the aptamer-toxin mixtures were separated on 2% agarose gel.
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Figure 2. Fluorescence spectra of FAM-bgt1-DABCYL and FAM-bgt1 in the presence of various CTX3
concentrations as indicated: (A) FAM-bgt1-DABCYL and (B) FAM-bgt1 in 10 mM Tris-HCl (pH 7.5)
containing 1 mM EDTA and 100 mM NaCl were titrated with CTX3.
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The dissociation constants of CTX3 with FAM-bgt1 and FAM-bgt1-DABCYL were calculated
using the titration data derived from the change in FAM fluorescence intensity induced by toxin
molecules. The Kd values of CTX3 with FAM-bgt1 and FAM-bgt1-DABCYL were 2.25 µM and 2.35 µM.
Since CTX3 showed similar binding affinities towards FAM-bgt1 and FAM-bgt1-DABCYL, the binding
capabilities of CTX3 and α-Bgt with DNA aptamers were analyzed using FAM-labeled aptamers
in the following experiments. To prove the reduction in fluorescence only occurred upon binding
of CTX3 or α-Bgt to the oligonucleotides, a control experiment was conducted by titrating a FAM
solution with CTX3 or α-Bgt. CTX3 or α-Bgt did not significantly affect the fluorescence intensity of
the FAM solution. Thus, any change in the fluorescence intensity of the FAM-labeled aptamers was
caused by the binding of the toxins to the aptamers. As shown in Figure 3, titration of FAM-labeled
aptamers with CTX3 or α-Bgt resulted in a reduction in FAM fluorescence intensity. The Kd values
of CTX3 for bgt2, bgt3, and bgt4 calculated from the changes in fluorescence intensity were 0.26 µM,
1.26 µM, and 1.17 µM, respectively. The Kd values of α-Bgt for bgt1, bgt2, bgt3, and bgt4 were 2.21 µM,
0.46 µM, 0.14 µM, and 0.28 µM, respectively. Unlike the study conducted by Lauridsen et al. [6], which
showed that α-Bgt only bound with the bgt1 aptamer, our data revealed that all four aptamers could
bind α-Bgt. Notably, Lauridsen et al. [6] analyzed the binding between α-Bgt and DNA aptamers
using biotinylated aptamers that were immobilized on a streptavidin-coated chip. Presumably, steric
hindrance caused by the biotin-streptavidin interaction blocked the binding of bgt2, bgt3, and bgt4
by α-Bgt. SPR analyses also revealed that the dissociation constant of α-Bgt for bgt1 was 7.5 µM [6],
which was similar to that measured using FAM-bgt1 in the present study. These results confirmed
the measurements of the aptamer-toxin interaction based on changes in the fluorescence intensity of
FAM-labeled bgt1–4.
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Figure 3. Effect of CTX3 and α-Bgt on fluorescence intensity of FAM-labeled bgt1, bgt2, bgt3, and bgt4
aptamers: the fluorescence intensity of FAM-labeled bgt1, bgt2, bgt3 and bgt4 was determined at
520 nm in the presence of various concentrations of (A) CTX3 or (B) α-Bgt. Fo and F represent the
fluorescence intensity of FAM-labeled bgt1, bgt2, bgt3, and bgt4 in the absence and presence of toxins.

To analyze whether aptamer binding inhibited the biological activities of CTX3, the effects
of the aptamers on the membrane-damaging activity and cytotoxicity of CTX3 were investigated.
The membrane-damaging activity of CTX3 was measured by the release of calcein from lipid vesicles.
As shown in Figure 4, bgt1, bgt2, bgt3, and bgt4 inhibited the membrane-damaging activity of CTX3
in a concentration-dependent manner. Compared to bgt1, bgt2, and bgt3, bgt4 exhibited superior
inhibition of the membrane-damaging activity of CTX3. On the other hand, bgt1, bgt2, bgt3, and bgt4
also inhibited the cytotoxicity of CTX3 on K562 cells in a concentration-dependent manner (Figure 5).
Compared to that by 5 µM of bgt1, bgt2, and bgt3, the cytotoxicity of 0.35 µM CTX3 was inhibited by
5 µM bgt4 to a greater extent.
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Figure 4. Effect of bgt1 (A), bgt2 (B), bgt3 (C), and bgt4 (D) aptamers on membrane-damaging activity
of CTX3: CTX3 (0.23 µM) was incubated with 0.66, 1.65, and 3.30 µM aptamers against α-Bgt for 20 min,
and then membrane-damaging activity of CTX3-aptamer mixtures were measured. Data represents
mean ˘ SD of three independent experiments with triplicated measurements (* p < 0.05, vs. CTX3
without incubation with aptamers). The experiments were performed in 10 mM Tris-HCl (pH 7.5)
containing 1 mM EDTA and 100 mM NaCl. The signal was expressed as the percentage of total calcein
release after addition of 0.2% Triton X-100.
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Figure 5. Effect of bgt1, bgt2, bgt3, and bgt4 aptamers on the cytotoxcity of CTX3: CTX3 (0.35 µM)
was incubated with 1, 2, and 5 µM aptamers against α-Bgt for 20 min, and then the cytotoxicity of
CTX3-aptamer mixtures were measured according to the procedure described in Materials and Methods
section. Data represent mean ˘ SD of three independent experiments with triplicated measurements
(* p < 0.05, vs. CTX3 without incubation with aptamers).

Previous studies revealed that N. atra CTX1, CTX2, CTX4, CTX5, CTXN, and CLBP were
structurally homologous to CTX3 [11,22,23]. Thus, the interactions between bgt1 and CTX1, CTX2,
CTX4, CTX5, CTXN, and CLBP were also analyzed. As shown in Figure 6A, CTX isotoxins reduced
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the fluorescence intensity of bgt1 to different extents, revealing that CTX isotoxin binding affected
the conformation of bgt1 in different ways. The dissociation constants (Kd) of CTX1, CTX2, CTX4,
CTX5, CTXN, and CLBP towards bgt1 were 2.51 µM, 6.29 µM, 8.13 µM, 17.17 µM, 8.85 µM, and
7.19 µM, respectively.Toxins 2016, 8, 66  6 of 9 
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Figure 6. The fluorescence intensity of FAM-bgt1 in the presence of CTX isotoxins: (A) Fo and
F represent the fluorescence intensity of FAM-bgt1 in the absence and presence of 1.5 µM CTXs.
The fluorescence intensity was measured at 520 nm; and (B) amino acid sequence alignments of CTX1,
CTX2, CTX3, CTX4, CTX5, CTXN, CLBP, and α-Bgt.

Our data show that the aptamers against α-Bgt exhibit cross-reactivity with N. atra CTXs,
suggesting that aptamers against α-Bgt prefer to interact with structural scaffolds with three-fingered
loop structures. Although the binding affinity of α-Bgt with the tested aptamers was similar to or
even greater than that of CTX3 (Table 1), the ability of α-Bgt to inhibit the electrophoretic migration
of aptamers was weaker than that of CTX3 (Figure 1). The pIs (isoelectric point) of CTX3 and
α-Bgt are >10 and 8.4, respectively [24,25]. Considering that the pH of agarose electrophoretic
TAE (Tris-Acetate-EDTA) buffer is approximately 8.0, the distinct effects of CTX3 and α-Bgt on the
electrophoretic mobility of aptamers could be attributed to the differences in their net positively charges,
which influences their interactions with the negatively charged phosphate groups of DNA aptamers.
CTX3 showed a higher binding affinity towards bgt2 than bgt1, bgt3, and bgt4, but the inhibitory effect
of bgt4 on the membrane-damaging activity and cytotoxicity of CTX3 was greater than that of bgt1,
bgt2, and bgt3. These results imply that the interaction between bgt4 and CTX3 is distinct from that of
bgt1, bgt2, and bgt3. A number of studies have been conducted to elucidate the structure-function
relationship of CTXs by chemical modifications and site-directed mutagenesis [26–30]. These studies
suggested that no single-loop region was exclusively responsible for the biological activities of CTXs.
Thus, it is conceivable that bgt1, bgt2, bgt3, and bgt4 all effectively suppress the biological activities
of CTX3 even though the DNA aptamers may adopt different binding modes with CTX3. Sequence
alignments reveal that α-Bgt and CTXs share low sequence identity (Figure 6B). Likewise, the amino
acid sequence of CLBP does not show a high degree of homology with those of CTXs. Nevertheless,
CLBP exhibits a higher binding affinity for bgt1 than CTX4, CTX5, and CTXN, and the binding affinity
of α-Bgt wth bgt1 is higher than that of CTXs. These results likely suggest that the binding of bgt1
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with α-Bgt, CTXs, and CLBP largely depends on complementary molecular surface rather than specific
amino acid residues.

In summary, our data suggest that aptamers against α-Bgt may broadly inhibit the biological
activities of snake venom three-fingered proteins. However, the binding of CTX3 and α-Bgt towards
aptamers exhibited µM-level dissociation constants. Compared to other therapeutic aptamers with
nM binding affinities towards their targets [1], improvement in the aptamer binding capabilities
represents a crucial step before the utility of aptamers as inhibitors of snake venom three-fingered
protein toxicity reaches its full potential. Previous studies showed that high-affinity aptamers with
thrombin have been successfully screened using computational modeling or bivalent aptamer [31,32].
This may be a feasible strategy in improving the aptamer binding capabilities against snake venom
three-fingered proteins.

3. Materials and Methods

Crude venoms of Naja naja (Taiwan cobra) from different geographic area in Taiwan are pooled
together for purification of CTX isotoxins. CTX isotoxins including CTX1, CTX2, CTX3, CTX4, CTX5,
CTXN, and cardiotoxin-like protein (CLBP) were isolated from the venom of N. atra according to
the procedure described in Lin et al. [33]. Purification of α-Bgt from Bungarus multicinctus (Taiwan
banded krait) venom was carried out according to the procedure described in Chang et al. [14].
Calcein, carboxyfluorescein (FAM), egg yolk phosphatidylcholine (EYPC), dimyristoyl phosphatidic
acid (DMPA), and MTT were purchased from Sigma-Aldrich Inc., St. Louis, MO, USA, and
51-carboxyfluorescein (FAM)-labeled single-stranded DNA or 51-FAM/31-4-([4-(dimethylamino)-
phenyl]azo)-benzoic acid (DABCYL)-labeled single-stranded DNA samples were synthesized from
Neogene Biomedicals Corporation (Taipei, Taiwan). Unless otherwise specified, all other reagents
were analytical grade.

3.1. Electrophoretic Mobility Shift Assay

Aptamers (5 µM) against α-Bgt dissolved in 10 mM Tris-HCl (pH 7.5) containing 1 mM EDTA
and 100 mM NaCl were incubated with CTX3 and α-Bgt for 20 min. The protein-DNA mixtures were
then analyzed by 2% agarose gels.

3.2. Fluorescence Measurement of the Binding of CTXs and α-Bgt with Apatmers

All samples were prepared in solution containing 10 mM Tris-HCl (pH 7.5), 1 mM EDTA and
100 mM NaCl. The FAM-apatmer-DABCYL (4 nM) and FAM-aptamer (4 nM) were titrated with small
aliquots of CTXs or α-Bgt. Total dilution never exceeded 10% and the relative fluorescence values were
uniformly corrected for dilution. Titration of CTXs and α-Bgt was stopped when fluorescence intensity
of FAM-aptamer and FAM-aptamer-DABCYL was no more decreased. The fluorescence spectra were
measured on a Hitachi F-4500 Fluorescence spectrophotometer (Hitachi High Technologies Co., Tokyo,
Japan) with excitation and emission wavelengths at 480 and 520 nm, respectively. A plot of the 1/(Fo-F)
versus 1/[Toxin] gives lines with a slope corresponding to the dissociation constant of aptamer-toxin
complexes. Fo and F are fluorescence intensities in the absence or presence of toxins.

3.3. Release of Entrapped Fluorescent Marker from Liposomes

EYPC/DMPA at a molar ratio of 9:1 was dissolved in chloroform/methanol (v/v, 2:1) and dried
by evaporation. Buffer (10 mM Tris-HCl, 1 mM EDTA, and 100 mM NaCl, pH 7.5) containing 50 mM
calcein was added to the film of lipids, and after hydration the suspension was frozen and thawed
several times. The multilamellar vesicles were extruded 10 times, above the transition temperature,
through a 100-nm polycarbonate filter and applied to a Sepharose 6B column (2 ˆ 15 cm) to separate
the liposome from the free calcein. Leakage was induced by adding aliquots of CTX3 to a vesicle
suspension directly in the cuvette used for fluorescence determination at 30 ˝C. The kinetics of
membrane damage were monitored by the increase in fluorescence with emission at 520 nm and
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excitation at 490 nm, and the signal was expressed as percentage of total calcein release after the
addition of 0.2% Triton X-100.

3.4. Cell Viability Assay

Human leukemia K562 cells were obtained from ATCC (Rockville, MD, USA). K562 cells were
cultured in RPMI 1640 medium supplemented with 10% fetal calf serum (Gibco BRL, Grand island,
NY, USA), 2 mM L-glutamine, penicillin (100 U/mL)/streptomycin (100 µg/mL), and 1% sodium
pyruvate in an incubator humidified with 95% air and 5% CO2. Exponentially growing cells (1 ˆ 105)
were plated in 96-well plates and treated with CTX3 in serum-free medium for 3 h. Then MTT solution
was added to each well at a final concentration of 0.5 mg/mL and incubated for 4 h. Formazan crystals
resulting from MTT reduction were dissolved by addition of 100 µL DMSO per well. The absorbance
was detected at 595 nm using a plate reader.

3.5. Statistical Analysis

All data are presented as mean ˘ SD. Significant differences among the groups were
determined using the unpaired Student’s t-test. A value of p < 0.05 was taken as an indication
of statistical significance.
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EYPC Egg yolk phosphatidylcholine
FAM Carboxyfluorescein

References

1. Keefe, A.D.; Pai, S.; Ellington, A. Aptamers as therapeutics. Nat. Rev. Drug Discov. 2010, 9, 537–550.
[CrossRef] [PubMed]

2. Song, K.M.; Lee, S.; Ban, C. Aptamers and their biological applications. Sensors 2012, 12, 612–631. [CrossRef]
[PubMed]

3. Alvarenga, L.M.; Zahid, M.; di Tommaso, A.; Juste, M.O.; Aubrey, N.; Billiald, P.; Muzard, J. Engineering
venom’s toxin-neutralizing antibody fragments and its therapeutic potential. Toxins 2014, 6, 2541–2567.
[CrossRef] [PubMed]

4. Morais, V.M.; Massaldi, H. Snake antivenoms: Adverse reactions and production technology. J. Venom. Anim.
Toxins Incl. Trop. Dis. 2009, 15, 2–18. [CrossRef]

5. Dart, R.C.; McNally, J. Efficacy, safety, and use of snake antivenoms in the United States. Ann. Emerg. Med.
2001, 37, 181–188. [CrossRef] [PubMed]

6. Lauridsen, L.H.; Shamaileh, H.A.; Edwards, S.L.; Taran, E.; Veedu, R.N. Rapid one-step selection method for
generating nucleic acid aptamers: Development of a DNA aptamer against α-bungarotoxin. PLoS ONE 2012,
7, e41702. [CrossRef] [PubMed]

http://dx.doi.org/10.1038/nrd3141
http://www.ncbi.nlm.nih.gov/pubmed/20592747
http://dx.doi.org/10.3390/s120100612
http://www.ncbi.nlm.nih.gov/pubmed/22368488
http://dx.doi.org/10.3390/toxins6082541
http://www.ncbi.nlm.nih.gov/pubmed/25153256
http://dx.doi.org/10.1590/S1678-91992009000100002
http://dx.doi.org/10.1067/mem.2001.113372
http://www.ncbi.nlm.nih.gov/pubmed/11174237
http://dx.doi.org/10.1371/journal.pone.0041702
http://www.ncbi.nlm.nih.gov/pubmed/22860007


Toxins 2016, 8, 66 9 of 10

7. Ye, F.; Zheng, Y.; Wang, X.; Tan, X.; Zhang, T.; Xin, W.; Wang, J.; Huang, Y.; Fan, Q.; Wang, J. Recognition
of Bungarus multicinctus venom by a DNA aptamer against β-bungarotoxin. PLoS ONE 2014, 9, e105404.
[CrossRef] [PubMed]

8. Love, R.A.; Stroud, R.M. The crystal structure of α-bungarotoxin at 2.5 Å resolution: Relation to solution
structure and binding to acetylcholine receptor. Protein Eng. 1986, 1, 37–46. [CrossRef] [PubMed]

9. Tsetlin, V. Snake venom alpha-neurotoxins and other “three-finger” proteins. Eur. J. Biochem. 1999, 264,
281–286. [CrossRef] [PubMed]

10. Yang, C.C.; Chang, L.S. Biochemistry and molecular biology of snake neurotoxin. J. Chin. Chem. Soc. 1999,
46, 319–332. [CrossRef]

11. Jayaraman, G.; Kumar, T.K.; Tsai, C.C.; Srisailam, S.; Chou, S.H.; Ho, C.L.; Yu, C. Elucidation of the solution
structure of cardiotoxin analogue V from the Taiwan cobra (Naja naja atra), identification of structural
features important for the lethal action of snake venom cardiotoxins. Protein Sci. 2000, 9, 637–646. [CrossRef]
[PubMed]

12. Kini, R.M.; Doley, R. Structure, function and evolution of three-finger toxins: Mini proteins with multiple
targets. Toxicon 2010, 56, 855–867. [CrossRef] [PubMed]

13. Chang, L.S. Genetic diversity in snake venom three-finger proteins and phospholipase A2 enzymes.
Toxins Rev. 2007, 26, 143–167. [CrossRef]

14. Chang, L.S.; Lin, S.K.; Huang, H.B.; Hsiao, M. Genetic organization of α-bungarotoxins from Bungarus
multicinctus (Taiwan banded krait): Evidence showing that the production of α-bungarotoxin isotoxins is not
derived from edited mRNAs. Nucleic Acids Res. 1999, 27, 3970–3975. [CrossRef] [PubMed]

15. Hoinka, J.; Zotenko, E.; Friedman, A.; Sauna, Z.E.; Przytycka, T.M. Identification of sequence-structure RNA
binding motifs for SELEX-derived aptamers. Bioinformatics 2012, 28, i215–i223. [CrossRef] [PubMed]

16. Marc, D.; Barbachou, S.; Soubieux, D. The RNA-binding domain of influenza virus non-structural protein-1
cooperatively binds to virus-specific RNA sequences in a structure-dependent manner. Nucleic Acids Res.
2013, 41, 434–449. [CrossRef] [PubMed]

17. White, R.; Rusconi, C.; Scardino, E.; Wolberg, A.; Lawson, J.; Hoffman, M.; Sullenger, B. Generation of species
cross-reactive aptamers using “toggle” SELEX. Mol. Ther. 2001, 4, 567–573. [CrossRef] [PubMed]

18. Levay, A.; Brenneman, R.; Hoinka, J.; Sant, D.; Cardone, M.; Trinchieri, G.; Przytycka, T.M.; Berezhnoy, A.
Identifying high-affinity aptamer ligands with defined cross-reactivity using high-throughput guided
systematic evolution of ligands by exponential enrichment. Nucleic Acids Res. 2015, 43, e82. [CrossRef]
[PubMed]

19. Ogasawara, D.; Hachiya, N.S.; Kaneko, K.; Sode, K.; Ikebukuro, K. Detection system based on the
conformational change in an aptamer and its application to simple bound/free separation. Biosens. Bioelectron.
2009, 24, 1372–1376. [CrossRef] [PubMed]

20. Neumann, O.; Zhang, D.; Tam, F.; Lal, S.; Wittung-Stafshede, P.; Halas, N.J. Direct optical detection of
aptamer conformational changes induced by target molecules. Anal. Chem. 2009, 81, 10002–10006. [CrossRef]
[PubMed]

21. Fan, X.; Lin, F.; Zhang, Y.; Zhao, J.; Li, H.; Yao, S. A simple adenosine fluorescent aptasensor based on the
quenching ability of guanine. New J. Chem. 2012, 36, 2260–2265. [CrossRef]

22. Sun, Y.J.; Wu, W.G.; Chiang, C.M.; Hsin, A.Y.; Hsiao, C.D. Crystal structure of cardiotoxin V from Taiwan
cobra venom: pH-dependent conformational change and a novel membrane-binding motif identified in the
three-finger loops of P-type cardiotoxin. Biochemistry 1997, 36, 2403–2413. [CrossRef] [PubMed]

23. Chen, T.S.; Chung, F.Y.; Tjong, S.C.; Goh, K.S.; Huang, W.N.; Chien, K.Y.; Wu, P.L.; Lin, H.C.; Chen, C.J.;
Wu, W.G. Structural difference between group I and group II cobra cardiotoxins: X-ray, NMR, and CD
analysis of the effect of cis-proline conformation on three-fingered toxins. Biochemistry 2005, 44, 7414–7426.
[CrossRef] [PubMed]

24. Kumar, T.K.; Lee, C.S.; Yu, C. A case study of cardiotoxin III from the Taiwan cobra (Naja naja atra). Solution
structure and other physical properties. Adv. Exp. Med. Biol. 1996, 391, 115–129. [PubMed]

25. Liu, K.K.; Chen, M.F.; Chen, P.Y.; Lee, T.J.; Cheng, C.L.; Chang, C.C.; Ho, Y.P.; Chao, J.I. α-Bungarotoxin
binding to target cell in a developing visual system by carboxylated nanodiamond. Nanotechnology 2008, 19,
205102. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0105404
http://www.ncbi.nlm.nih.gov/pubmed/25144237
http://dx.doi.org/10.1093/protein/1.1.37
http://www.ncbi.nlm.nih.gov/pubmed/3507686
http://dx.doi.org/10.1046/j.1432-1327.1999.00623.x
http://www.ncbi.nlm.nih.gov/pubmed/10491072
http://dx.doi.org/10.1002/jccs.199900048
http://dx.doi.org/10.1110/ps.9.4.637
http://www.ncbi.nlm.nih.gov/pubmed/10794406
http://dx.doi.org/10.1016/j.toxicon.2010.07.010
http://www.ncbi.nlm.nih.gov/pubmed/20670641
http://dx.doi.org/10.1080/15569540701209716
http://dx.doi.org/10.1093/nar/27.20.3970
http://www.ncbi.nlm.nih.gov/pubmed/10497260
http://dx.doi.org/10.1093/bioinformatics/bts210
http://www.ncbi.nlm.nih.gov/pubmed/22689764
http://dx.doi.org/10.1093/nar/gks979
http://www.ncbi.nlm.nih.gov/pubmed/23093596
http://dx.doi.org/10.1006/mthe.2001.0495
http://www.ncbi.nlm.nih.gov/pubmed/11735341
http://dx.doi.org/10.1093/nar/gkv534
http://www.ncbi.nlm.nih.gov/pubmed/26007661
http://dx.doi.org/10.1016/j.bios.2008.07.082
http://www.ncbi.nlm.nih.gov/pubmed/18809306
http://dx.doi.org/10.1021/ac901849k
http://www.ncbi.nlm.nih.gov/pubmed/19928834
http://dx.doi.org/10.1039/c2nj40501f
http://dx.doi.org/10.1021/bi962594h
http://www.ncbi.nlm.nih.gov/pubmed/9054545
http://dx.doi.org/10.1021/bi050172e
http://www.ncbi.nlm.nih.gov/pubmed/15895985
http://www.ncbi.nlm.nih.gov/pubmed/8726052
http://dx.doi.org/10.1088/0957-4484/19/20/205102
http://www.ncbi.nlm.nih.gov/pubmed/21825732


Toxins 2016, 8, 66 10 of 10

26. Gatineau, E.; Toma, F.; Montenay-Garestier, T.; Takechi, M.; Fromageot, P.; Menez, A. Role of tyrosine and
tryptophan residues in the structure-activity relationships of a cardiotoxin from Naja nigricollis venom.
Biochemisrty 1987, 26, 8046–8055. [CrossRef]

27. Gatineau, E.; Takechi, M.; Bouet, F.; Mansuelle, P.; Rochat, H.; Harvey, A. L.; Montenay-Garestier, T.; Menez, A.
Delineation of the functional site of a snake venom cardiotoxin: Preparation, structure, and function of
monoacetylated derivatives. Biochemistry 1990, 29, 6480–6489. [CrossRef] [PubMed]

28. Stevens-Truss, R.; Hinman, C.L. Chemical modification of methionines in a cobra venom cytotoxin
differentiates between lytic and binding domains. Toxicol. Appl. Pharmacol. 1996, 139, 234–242. [CrossRef]
[PubMed]

29. Stevens-Truss, R.; Hinman, C. L. Activities of cobra venom cytotoxins toward heart and leukemic T-cells
depend on localized amino acid differences. Toxicon 1997, 35, 659–669. [CrossRef]

30. Ma, D.; Armugam, A.; Jeyaseelan, K. Cytotoxic potency of cardiotoxin from Naja sputatrix: Development of
a new cytolytic assay. Biochem. J. 2002, 366, 35–43. [CrossRef] [PubMed]

31. Bini, A.; Mascini, M.; Mascini, M.; Turner, A.P. Selection of thrombin-binding aptamers by using
computational approach for aptasensor application. Biosens. Bioelectron. 2011, 26, 4411–4416. [CrossRef]
[PubMed]

32. Ahmad, K.M.; Xiao, Y.; Soh, H.T. Selection is more intelligent than design: Improving the affinity of a bivalent
ligand through directed evolution. Nucleic Acids Res. 2012, 40, 11777–11783. [CrossRef] [PubMed]

33. Lin, S.R.; Chang, L.S.; Chang, K.L. Separation and structure-function studies of Taiwan cobra cardiotoxins.
J. Protein Chem. 2002, 21, 81–86. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/bi00399a004
http://dx.doi.org/10.1021/bi00479a021
http://www.ncbi.nlm.nih.gov/pubmed/2207089
http://dx.doi.org/10.1006/taap.1996.0162
http://www.ncbi.nlm.nih.gov/pubmed/8806839
http://dx.doi.org/10.1016/S0041-0101(96)00188-2
http://dx.doi.org/10.1042/bj20020437
http://www.ncbi.nlm.nih.gov/pubmed/12027804
http://dx.doi.org/10.1016/j.bios.2011.04.053
http://www.ncbi.nlm.nih.gov/pubmed/21636260
http://dx.doi.org/10.1093/nar/gks899
http://www.ncbi.nlm.nih.gov/pubmed/23042245
http://dx.doi.org/10.1023/A:1014520126856
http://www.ncbi.nlm.nih.gov/pubmed/11934278
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Electrophoretic Mobility Shift Assay 
	Fluorescence Measurement of the Binding of CTXs and -Bgt with Apatmers 
	Release of Entrapped Fluorescent Marker from Liposomes 
	Cell Viability Assay 
	Statistical Analysis 


