
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/2
8/

20
26

 5
:4

3:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Screening of inh
aCollege of Veterinary Medicine, Jilin Univ

E-mail: xczhang@jlu.edu.cn; caixp@vip.163
bState Key Laboratory of Veterinary Etiologi

Institute, Chinese Academy of Agricultural S
cShanghai Key Laboratory of Chemical Bi

University of Science and Technology, Shang

Cite this: RSC Adv., 2017, 7, 43319

Received 25th May 2017
Accepted 7th August 2017

DOI: 10.1039/c7ra05873j

rsc.li/rsc-advances

This journal is © The Royal Society of C
ibitors of Taenia solium glycogen
synthase Kinase-3b

Li Wang, ab Jiagao Cheng,c Shuai Wang,b Xichen Zhang*a and Xuepeng Cai,*ab

Glycogen synthase kinase-3b (GSK-3b) has been found to be a potential target for the effective treatment of

diseases such as type 2 diabetes, Alzheimer's disease, and schizophrenia. GSK-3b has also been suggested

as a target for the treatment of protozoan parasitic infections such as those caused by Leishmania spp.,

Plasmodium falciparum, and Trypanosoma brucei. In this study, we determined the sequence of GSK-3b

from T. solium (TsGSK-3b), which encodes 434 amino acid residues, as it could be a potential drug

target. We modeled the TsGSK-3b tertiary structure by applying the crystal structure of the HsGSK-3b

protein (PDB ID: 1UV5) as the template. Fourteen inhibitors of TsGSK-3b were screened by structure-

based molecule docking. Recombinant TsGSK-3b protein was expressed and purified. We obtained 14

pharmaceutical compounds and performed surface plasmon resonance imaging to determine their

binding affinities to TsGSK-3b and HsGSK-3b. Three compounds were identified to be potential novel

inhibitors, as they showed significant interaction with TsGSK-3b but no binding to HsGSK-3b. Our study

provides useful information for finding innovative drugs for treatment of T. solium infections.
Introduction

Taenia solium is a neglected parasitic zoonotic agent causing
taeniasis and cysticercosis/neuro cysticercosis (NCC) in humans
and is prevalent in many developing countries. Humans are the
intermediate and denitive hosts. An adult tapeworm in the
small intestine causes taeniasis, whereas the cysticercus (larval
stage) usually develops in different organs, causing cysticer-
cosis, and lodges in the central nervous system, causing NCC.
Pigs are the obligate intermediate hosts. Taeniasis and cysti-
cercosis were designated among 17 neglected tropical diseases
by the Word Health Organization (WHO) in 2010.1 Approxi-
mately 50 000 deaths have been reported to annually result
from NCC, and approximately 2.5 million people are infected
with T. solium in the world.2 Epilepsy cases caused by NCC
reached 30% in many endemic areas in low and lower-middle
income countries, with an estimated disease burden of 2–5
million lost in disability-adjusted life years.3

Praziquantel and niclosamide are the main drugs that are
considered effective for the treatment of taeniasis.4–6 Their
efficacy is high in the endemic areas. Raziquantel is more
frequently used than niclosamide currently, and niclosamide is
not widely used in some endemic areas.7 As a traditional
Chinese remedy, pumpkin seeds combined with areca nut
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extract are effective for treatment of taeniasis.8 Praziquantel and
albendazole are two potent cysticidal drugs used in the treat-
ment of NCC.9 Praziquantel may cause severe side effects in
individuals with NCC.10 Albendazole is preferred over prazi-
quantel in some cases, particularly in cases of subarachnoid
and ventricular cysts.11–13 Thus far, the major limitation in
taeniasis/cysticercosis therapy is the limited number of suitable
drugs available. In recent years, praziquantel has become inef-
fective against tapeworm and cysticercus, and NCC treatment
failure using praziquantel has been reported.14 Further increase
in praziquantel resistance could compromise the treatment and
prevention of taeniasis/cysticercosis. To date, no effective mar-
keted drug substitute for praziquantel and albendazole has
been found.

Therefore, there is an urgent need to develop strategies for
efficient screening of additional anti-tapeworm drugs, which
should ideally represent novel chemical types and/or act on
novel biological targets. Glycogen synthase kinase-3 (GSK-3) is
a widely conserved family of protein kinases that was identied
to regulate glycogen metabolism in the 1970s.15 In higher
eukaryotes, GSK-3 consists of two isoforms, GSK-3a and GSK-3b,
which are highly homologous in their catalytic domains but
show remarkable differences in their terminal regions.16 GSK-3b
is a key regulator in many cellular processes, including embryo
development, metabolic homeostasis, cell survival, and
neuronal growth and differentiation.17,18 Inhibition of GSK-3b is
being considered a potential intervention to treat diseases such
as type 2 diabetes, cancer, Alzheimer's disease, atherosclerosis,
cardiac hypertrophy, osteoporosis, and schizophrenia.19–24

Some GSK-3b inhibitors are in the clinical phase of drug
RSC Adv., 2017, 7, 43319–43326 | 43319
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discovery and development, such as LY-317615 (enzastaurin)
and NP-12 (NP-031112), which are under phase I clinical trials.25

AZD1080, an ATP competitive inhibitor, was tested in the
treatment of Alzheimer's disease (AD) and related tauopathies;
however, development was stopped because of a poor thera-
peutic window.26,27 Tideglusib, a non-ATP-competitive inhibitor,
has been administered to patients with progressive supra-
nuclear palsy (PSP) and mild-to moderate AD in phase II clinical
trials.28,29 In recent years, some novel potent antiparasitic
compounds have been discovered by researchers. Xingi et al.
reported that leishmanial GSK-3b is the major target of 6-Br-5-
methylindirubin-30oxime, which affects cell-cycle progression
and induces apoptosis-like death.30 Fugel et al. discovered a new
class of Plasmodium falciparum GSK-3 (PfGSK-3) inhibitors, 3,6-
diamino-4-(2-halophenyl)-2-benzoylthieno[2,3-b]pyridine-5-
carbonitriles, which exhibit high selectivity for GSK-3 orthologs
of other species, including human protein kinases, and anti-
plasmodial activity against erythrocyte stages of P. falciparum at
micromolar concentrations. Droucheau et al. also reported that
two compounds (indirubin-30-monoxime and hymenialdisine)
were potent inhibitors of PfGSK-3 and these compounds could
inhibit the proliferation of P. falciparum in vitro.31 Ojo et al.
showed that GSK-3b was a drug target for Trypanosoma brucei.32

Oduor et al. identied two compounds (PF-04903528 and
0181276) with approximately 7-fold selectivity for T. brucei GSK-
3b over HsGSK-3b.33

In this study, we aimed to determine the RNA and amino
acid sequences of T. solium glycogen synthase kinase-3b (TsGSK-
3b) and construct a 3D model structure. Thereaer, we inves-
tigated novel and effective small molecule inhibitors of TsGSK-
3b through a structure-based virtual screening approach. We
identied novel small molecules that only bind to TsGSK-3b, by
small molecule microarrays (SMMs) and surface plasmon
resonance imaging (SPRi). We anticipate that it will be possible
to identify small molecules that inhibit the activity of TsGSK-3b
and not affect HsGSK-3b activity, thereby ensuring effective
treatment of T. solium infections in humans.
Results and discussion
Sequence analysis

The core sequence of TsGSK-3b is composed of 673 bp, as shown
by PCR. Based on the core sequence, two sequences from 50- and
30-RACE nested PCR were obtained. The full-length nucleotide
sequence of TsGSK-3b is 1305 bp, and has been deposited to
GenBank with an accession number of KY550711. The predicted
TsGSK-3b protein consists of 434 amino acid residues with
a predicted molecular weight of 48 688.81 Da and a theoretical
isoelectric point of 8.02. The deduced TsGSK-3b amino acid
sequence analysis showed that the protein has no signal peptide
or transmembrane region.
Fig. 1 Ramachandran plot of the TsGSK-3b homology model. Red
color indicates the most favored regions, yellow indicates allowed
regions, pale yellow indicates the generously allowed regions, and
white indicates disallowed regions.
Homology modeling of TsGSK-3b

To obtain the TsGSK-3b tertiary structure, homology modeling
was employed. The multiple sequence alignment analysis
showed that sequence identity and sequence similarity were
43320 | RSC Adv., 2017, 7, 43319–43326
72.6% and 84.5% between the protein sequences, respectively.
Homology modeling tends to be reliable when the identity is
higher than 50%.34 Therefore, the three-dimensional structure
of TsGSK-3b can be modeled by computer homology modeling
techniques. Five tertiary structure models were generated using
the Build Homology Models program. The tertiary structure
model with the lowest PDF total energy was subjected to the
next structural assessment. The Ramachandran plot is used to
check the detailed residue-by-residue stereochemical quality of
a protein structure.35 Prole 3D evaluates a 3D model compared
with its one-dimensional amino acid sequence.36 In our model,
the Ramachandran plot revealed that 97.7% of all amino acids
resided in the reasonable region (Fig. 1), and the Prole 3D
calculated value reached 140.91, which was close to the Verify
Expected High Score (156.705). These results show that the
simulated three-dimensional structure of TsGSK-3b was
rational and can be used for virtual drug screening.

Identication of the binding region

Previous studies indicated that the ATP-binding pocket of
HsGSK-3b includes a hinge region (Asp133, Tyr134, Val135),
a hydrophobic pocket (Ile62, Gly63, Phe67, Val70), a polar
region (Lys85, Glu97, Arg141, Glu185, Cys199, Asp200), and
a gatekeeper (Leu132).37,38 These amino acid residues are
conserved, and correspond to residues Glu98, Phe99, Val100,
Ile27, Gly28, Phe32, Val35, Lys50, Glu62, Arg106, Glu150,
Cys164, Asp165, and Leu97 in TsGSK-3b. The amino acids at
positions 98 (Asp–Glu) and 99 (Tyr–Phe) in the TsGSK-3b active
pocket were different from those of HsGSK-3b. The center of the
pocket containing these conserved residues was chosen for
further molecular docking studies.

Virtual screening of novel compounds

To identify novel and potent inhibitors, we performed docking-
based virtual screening of the ATP-binding pocket of TsGSK-3b.
We selected 100 compounds as candidate molecules according
This journal is © The Royal Society of Chemistry 2017
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Table 1 Characteristics of selected small molecules based on virtual
screening

Compound no. Molecular structure Docking score
MM-GBSA
(kcal mol�1)

1 �7.579 �74.109

2 �8.406 �65.381

3 �7.276 �72.597

4 �8.003 �55.950

5 �9.248 �90.243

6 �7.921 �74.803

7 �8.556 �65.742

8 �9.132 �69.681

9 �7.089 �63.555

10 �6.849 �62.203

11 �10.106 �75.123

12 �9.699 �64.577

13 �8.336 �70.510

14 �8.716 �69.720
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to the docking scores. These candidate molecules were rst
screened through Lipinski's rule-of ve; the residues were
further subjected to prime molecular mechanics/generalized-
born/surface area (MM-GBSA) calculations and vision analysis.
MM-GBSA-based relative binding free energy quantication has
emerged as an effective tool to characterize the binding effect in
large biomolecular systems.39 Its calculated value is an impor-
tant reference parameter for our screening of molecules. Aer
analysis of all of the candidate molecules, 14 potential phar-
maceutical molecules (Table 1) were selected by molecular
docking and purchased from Topscience company (Shanghai,
China) for further research.

Protein expression and western blot analysis

The coding sequence of TsGSK-3b was cloned and inserted into
the pcDNA3.1+ vector. The recombinant expression vector
pcDNA3.1+–TsGSK-3b was constructed and transformed into
HEK293 cells. The protein was identied by detecting the
expression of 6 � His genes aer transient transfection into
eukaryotic cells. Western blotting (Fig. 2) showed an approxi-
mately 50 kDa band for the concentrated cell culture superna-
tant (lane L1), indicating that the recombinant TsGSK-3b
protein was successfully expressed in the transfected HEK293
cells. The samples in lane L2 were eluted with 50 mM imidazole
elution buffer, and showed two distinct bands; the samples in
lane L3 were eluted with 250 mM imidazole elution buffer, and
showed only one band. The above results indicate that fusion
proteins with high purity (lane L3) were obtained by separation
and purication of the supernatants, which facilitated the
inhibitory activity test in vivo.

Detection of microarray chip based on SPRi

To determine the quality of the chip, rapamycin and DMSO
were used as positive and negative controls, respectively, and
a solution of FKPB12 (100 nM; Abcam, UK) was allowed to ow
in the SPRi instrument. As shown in Fig. 3, the rapamycin spot
bound the FKPB12 protein specically. Conversely, DMSO
showed no specic binding to the FKPB12 protein. These
results showed that the chip quality was good and the chip
could be used for follow-up tests.

Binding affinity assay by SPRi

The amino acids in the ATP-binding pocket play an important
role in the selectivity and inhibitory activity. Changing any
residue of the active pocket may affect the inhibitor's selectivity.
As mentioned above, two amino acids in the TsGSK-3b active
pocket were different from those in the active pocket of HsGSK-
3b. We were interested in determining whether these amino
acid differences could lead to different interactions with the
same inhibitor molecules. SPR technology has proven to be an
effective method for analyzing molecular interactions over the
last 20 years.40–42 SPRi has been developed from conventional
SPR technology and is a technique with label-free detection,
high throughput, and parallel and image-based analysis; it
plays an important role in drug discovery research.43,44

Furthermore, SPRi enables rapid identication of biomolecular
This journal is © The Royal Society of Chemistry 2017
interactions together with their kinetic parameters in real
time.45,46 These advantages of SPRi decrease the assay time and
increase the analytical precision from several available replicate
data points in one measurement.47–49

Therefore, we expressed and puried the recombinant
protein TsGSK-3b and purchased HsGSK-3b (SignalChem, BC,
Canada). The two proteins were used as analytes and were
RSC Adv., 2017, 7, 43319–43326 | 43321
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Fig. 2 Western blotting of expressed recombinant protein. M: marker,
the marker has the following sizes: 200, 140, 100, 80, 60, 50, 40, 30
(weak), 20; P: positive control, recombinant GAPDH-His protein
(36KD); N: negative control, recombinant GAPDH protein (36KD); L1:
cell culture supernatant concentrated 5 : 1; L2: Ni-IDA sample eluted
with 50 mM imidazole elution buffer; L3: Ni-IDA through sample
during binding.

Fig. 3 Detection of microarray chip based on SPRi. SPRi graph
showing interaction of rapamycin (positive control) and DMSO
(negative control) with FKBP12 protein on the microarray chip.

Fig. 4 Screening results of TsGSK-3b (1000 nM) protein binding
molecules by SPRi. 11 molecules (1, 3, 4, 5, 6, 7, 8, 9, 11, 12, 13) bound to
TsGSK-3b.

Table 2 Kinetic parameters of TsGSK-3b and molecules from SPRi

Compound
no.

Avg Kon

(1/Ms)
Avg Koff

(1/s) Avg KD (M) SD of KD

1 1.31 � 104 2.37 � 10�4 1.81 � 10�8 3.16 � 10�9

3 2.12 � 104 7.23 � 10�4 3.41 � 10�8 1.07 � 10�10

4 8.27 � 103 3.72 � 10�4 4.50 � 10�8 2.14 � 10�9

5 2.01 � 104 2.35 � 10�4 1.17 � 10�8 6.63 � 10�9

6 1.27 � 103 5.21 � 10�4 4.10 � 10�7 3.26 � 10�12

7 6.31 � 103 7.44 � 10�6 1.18 � 10�9 4.25 � 10�12

8 4.69 � 103 4.73 � 10�4 1.01 � 10�7 1.41 � 10�10

9 4.72 � 103 4.14 � 10�5 8.77 � 10�9 1.59 � 10�9

11 3.58 � 103 7.21 � 10�4 2.01 � 10�7 2.92 � 10�9

12 3.71 � 103 2.82 � 10�4 7.61 � 10�8 1.38 � 10�8

13 3.38 � 103 3.94 � 10�4 1.17 � 10�7 1.48 � 10�8
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owed through the ow cell at different concentrations
(125 nM, 250 nM, 500 nM, 1000 nM) on the same SPRi chip. The
affinity between molecules and proteins was increased along
with increasing protein concentration (data not shown). The
resultant arrays were regenerated with glycine-HCl (pH ¼ 2.0)
solution and reused several times, with great reproducibility. As
shown in Fig. 4, 11 compounds (numbers 1, 3, 4, 5, 6, 7, 8, 9, 11,
12, and 13) showed signicant binding to TsGSK-3b, and the
kinetic parameters for these compounds that bind TsGSK-3b
were measured (Table 2). As shown in Fig. 5, HsGSK-3b bound
specically to 10 compounds (numbers 1, 2, 4, 6, 7, 9, 11, 12, 13,
and 14) whose kinetic parameters of interaction were obtained
(Table 3). The binding affinity assay suggested that three
compounds (numbers 3, 5, and 8) bound to TsGSK-3b but not to
HsGSK-3b; we subsequently docked three compounds to TsGSK-
43322 | RSC Adv., 2017, 7, 43319–43326
3b and analyzed their interactions with key amino acid resi-
dues. Docking results showed that compound 3 formed one
hydrogen bond with Val100, compound 5 formed two hydrogen
bonds with Lys50 and Val100, and compound 8 formed two
hydrogen bonds with Lys50 and Glu98 at the TsGSK-3b active
sites. All data indicated that these hits could be used to further
develop highly selective novel drugs against T. solium.
Experimental
Total RNA extraction and cDNA synthesis of TsGSK-3b

Total RNA was isolated from the proglottid of T. solium, using
TRIzol reagent (Thermo Fisher, USA) following the product
instructions. cDNA was synthesized according to the user
manual of SMARTer® RACE 50/30 Kit (Clontech, USA).
Rapid amplication of cDNA ends (RACE) for TsGSK-3b

A pair of primers (forward primer: 50-CATCAAAGTTATTG-
GAAATGGCTCA-30 and reverse primer: 50-
GCGAATCTGCTCGTGGGAAGG-30) was designed based on the
sequence (systematic name: TsM_000742900) of GeneDB
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Screening results for HsGSK-3b (1000 nM) protein-binding
molecules by SPRi. 10 molecules (1, 2, 4, 6, 7, 9, 11, 12, 13, and 14)
bound to HsGSK-3b.

Table 3 Kinetic parameters of HsGSK-3b and molecules from SPRi

Compound
no.

Avg Kon

(1/Ms)
Avg Koff

(1/s) Avg KD (M) SD of KD

1 7.51 � 103 5.54 � 10�4 7.38 � 10�8 1.76 � 10�9

2 5.96 � 103 3.86 � 10�4 6.48 � 10�8 1.68 � 10�9

4 1.53 � 104 3.82 � 10�4 2.50 � 10�8 1.06 � 10�9

6 2.88 � 103 3.59 � 10�4 1.25 � 10�7 3.02 � 10�9

7 4.57 � 103 2.63 � 10�4 5.76 � 10�8 8.60 �10�10

9 9.81 � 103 6.53 � 10�4 6.66 � 10�8 3.87 � 10�9

11 5.35 � 103 4.36 � 10�4 8.15 � 10�8 9.12 �10�10

12 4.79 � 103 6.69 � 10�4 1.40 � 10�7 7.38 � 10�9

13 2.63 � 103 8.92 � 10�4 3.39 � 10�7 1.55 � 10�8

14 8.12 � 103 1.35 � 10�3 1.67 � 10�7 1.16 � 10�8

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 6

/2
8/

20
26

 5
:4

3:
18

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(http://www.genedb.org/). PCR was performed at 95 �C for
5min; then at 94 �C for 1 min, 50 �C for 30 s, and 72 �C for 1min
for 30 cycles; and then at 72 �C for a nal extension for 10 min.
The PCR products were sequenced. Subsequently, 50-RACE
gene-specic primers (GSP1: 50-GCGAATCTGCTCGTGG-
GAAGGTGTGCC-30; nested GSP1: 50-CAGAAGCAACTCCGCAAA-
TACGCAACC-30) and 30-RACE gene-specic primers (GSP2: 50-
CGAGTTTGTTCCCGAGACAGTCTACAG-30; nested GSP2: 50-
TGCCATCGGGACATCAAACCCCAAAAC-30) were designed based
on the acquired PCR sequence. The 50- and 30-RACE PCR
experiments were performed according to the manual for the
SMARTer RACE 50/30 Kit (Clontech, USA) with no modications.
Sequence assembly

The PCR products were separated by 1% agarose gel electro-
phoresis stained with ethidium bromide and puried using an
Agarose Gel DNA Extraction Kit (Takara, Dalian, China). The
puried target DNA products were ligated into the pMD18-T
Vector (Takara, Dalian, China) for transformation of E. coli
JM109 (Takara, Dalian, China) and positive clones were selected
for sequencing. The full-length cDNA sequence of TsGSK-3b was
assembled using the SeqMan module of DNAStar 7.0 soware.
This journal is © The Royal Society of Chemistry 2017
The properties of the putative protein were predicted using the
Expert Protein Analysis System (ExPASy) (http://www.expasy.org/).

Homology modeling of TsGSK-3b

The TsGSK-3b gene-coding amino acid sequence was subjected
to template searching using the BLAST program of the National
Center for Biotechnology Information (NCBI) (http://
www.ncbi.nlm.nih.gov/). The crystal structure of HsGSK-3b
(PDB ID: 1UV5) was chosen as the template protein for
computer-aided molecular modeling. The full-length amino
acid sequence of TsGSK-3b was used as the query sequence and
the crystal structure of HsGSK-3b protein was used as the
template. The Sequence Analysis and Protein Modeling
modules of Discovery Studio 2.5 soware (BIOVIA, San Diego,
CA, USA) were employed for sequence alignment and to build
the 3D homology model, respectively. The ligand was copied
while modeling. Furthermore, the Ramachandran plot and
Prole 3D were used for model quality assessment to obtain an
accurate model.

Protein model preparation

The TsGSK-3b homology model was processed with default
settings, using the Protein Preparation Wizard module of
Schrödinger 9.3 soware (Schrödinger, Cambridge, MA, USA).

Ligand library preparation

We selected 6 compounds with different molecular frameworks
and moderate molecule weights from the literature.50 Biological
activity experiments have shown that these compounds have
a good inhibitory effect on HsGSK-3b in vitro. Their molecular
formulae and IC50 values are shown in Table 4. All 6 compounds
were built in ChemDraw 7.0 and converted to 3D structure, and
the energy state was minimized using the LigPrep module
of Schrödinger soware. The 6 compounds as query
molecular structure were submitted to http://lilab.ecust.edu.cn/
chemmapper/#userconsent#. New compounds were screened
based on three-dimensional molecular similarity methods,
using the Hit Explorer module. A small library of compounds
was obtained from the ZINC and NCI databases. All compounds
were prepared using the LigPrep module of Schrödinger so-
ware for further docking analysis.

Molecular docking

The grid box was generated and the co-crystal ligand was set as
the centroid using the Glide module in Schrödinger soware.
Molecular docking was implemented using the Ligand Docking
tap of the Glide module. Docking parameters: precision was set
as extra precision (XP), ligand sampling was set as exible, the
number of poses per ligand to include option was set as 5, and
other parameters were used with the default settings. Aer
docking, the top 50 small molecules were selected from each
database according to docking scores. Additionally, some of the
molecules were ltered from 100 compounds that violated
Lipinski's rule of ve. The residue compounds were further
subjected to Prime MM-GBSA calculations and vision analysis.
RSC Adv., 2017, 7, 43319–43326 | 43323
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Table 4 Chemical structures of querymolecules with their IC50 values

Compound no. Molecular structure IC50 value

1 5 nM

2 34 nM

3 22 nM

4 2.8 nM

5 10 nM

6 65 nM
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Cloning and expression of recombinant TsGSK-3b

The recombinant TsGSK-3b gene was cloned from T. solium
cDNA using the following primer pair: 50-CGGGATCCA-
CATGAGCGCTAAAGACGGTAAAG-30 (forward primer) and 50-
GGAATTCATGATGATGATGATGATGCGATTGCTGCTGCGTTT
CAG-30 (reverse primer). The coding sequence of the 6 � His tag
was included in the reverse primer and incorporated by PCR
into the TsGSK-3b gene at the C-terminal. PCR cycling condi-
tions were 95 �C for 5 min; then 94 �C for 1 min, 60 �C for 40 s,
72 �C for 1 min for 30 cycles; and then a nal extension at 72 �C
for 10 min. PCR products with the correct sequence were
inserted into the eukaryotic expression vector pcDNA3.1+

(Invitrogen, USA) between the BamHI and EcoRI restriction
sites. The recombinant expression vector was transiently
transfected into the HEK293 cells (CRL-1573, ATCC, USA), using
FuGENE HD transfection reagent (Promega, US). The
pcDNA3.1+–TsGSK-3b-His vector was expressed in HEK293 cells
and the resulting TsGSK-3b was concentrated and puried on
a His affinity column (GE Healthcare, US) per the instructions of
the manufacturer. The resultant protein was eluted with
different concentrations of imidazole buffers (10 mM, 50 mM,
250 mM).
43324 | RSC Adv., 2017, 7, 43319–43326
Western blot analysis of TsGSK-3b protein expression

The protein samples were separated by 12% SDS-PAGE and then
transferred onto a nitrocellulose membrane. The membrane
was blocked in 5% w/v skim milk for 1 h at room temperature.
Subsequently, the membrane was incubated with His-tag
monoclonal antibodies (Proteintech Group, Rosemont, USA)
overnight at 4 �C. Aer three washes with PBS containing 0.1%
v/v Tween-20, the membrane was incubated with horseradish
peroxidase-labeled anti-rabbit secondary antibody (Proteintech
Group, Rosemont, IL, USA) for 1 h at room temperature. DAB
(3,30-diaminobenzidine) detection reagent (Solarbio, Beijing,
China) was used for protein visualization on the nitrocellulose
membrane. Recombinant GAPDH-His protein (36 kDa) and
recombinant GAPDH protein were used as the loading control.
The puried protein concentrations were determined using the
BCA protein assay kit (Beyotime, Shanghai, China). The puried
TsGSK-3b protein was added with 10% (v/v) glycerin and ali-
quoted to 100 ml per tube and then maintained at �80 �C until
use.
SMM preparation

A photo-cross-linking technique was used to immobilize the
drug molecule onto the standard Plexera Nanocapture sensor
chip. The chip was self-assembled with SH-PEG-COOH : SH-
PEG-OH in a 1 : 10 ratio, and functionalized with a diazarine
photo-cross-linker aer activation with EDC/NHS (Aladdin,
Shanghai, China) (0.4/0.2 M). The printed area was subse-
quently blocked by 1 M ethanolamine (pH 8.4) to prevent
nonspecic adsorption of proteins on the surface. Fourteen
drug molecule solutions (10 mM in 100% DMSO) were spotted
in multiplex (3 spots) on the sensor chip using a commercial
Genetix spotter and le for complete evaporation of DMSO in
a dark room at room temperature for 30 min. Then, the slides
were exposed to UV irradiation of 2.4 J cm�2 (365 nm) in a UV
chamber (Amersham Life Science). The slides were subse-
quently washed with dimethylformamide, ethanol, and distilled
water for 15 min to remove non-specically adsorbed
compounds. Air-dried slides were assembled in a ow cell and
then mounted on a SPRi instrument (PLEXERA PlexArray HT)
for measurement.
SPRI method

The 2 protein samples were injected at a rate of 2 ml s�1 at 25 �C.
Oval regions of interests (ROIs) were automatically set with the
data collection soware in the imaging area. ROIs of rapamycin
(Sigma, USA) and DMSO (Sigma, USA) were used as the positive
control and negative control for measurement of specic
signals, respectively. The 2 proteins were diluted in PBST con-
taining Tween 20 (0.05%), pH 7.4, and used as analytes with an
association and dissociation ow rate of 2 ml s�1 at different
concentrations by serial dilution. A solution of glycine-HCl (pH
2.0) was used to regenerate the surface and remove bound
proteins from the small molecules, enabling the sensor chip to
be reused for additional analyte injections.
This journal is © The Royal Society of Chemistry 2017
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Binding experiments and data analysis

All small molecules were stored as stock solutions in 100%
dimethyl sulfoxide at �20 �C. Protein samples were stored in
PBST at �80 �C. PBST was used as both an analyte and running
buffer. A typical sample injection cycle consists of a 300 s
association phase with the analyte solution and a 300 s disso-
ciation phase with the running buffer at a ow rate of 2 ml s�1.
Proteins were owed as analytes at four different concentrations
(125 nM, 250 nM, 500 nM, 1000 nM). The average results from
10 different spots were used to plot standard deviations. The
average kinetics of the complexes was obtained from a 1 : 1
Langmuir model of kinetics tting from four different concen-
trations. All of the experiments were repeated three times to
ensure data repeatability. All of the data analysis was performed
using the PLEXEA data analysis module and the ORIGINLab
soware.
Conclusions

In this study, we determined the amino acid sequence of Ts-
GSK-3b to identify novel molecular inhibitors of Ts-GSK-3b as
a strategy for treatment of tapeworm infections and NCC. We
selected 3 compounds that bound to TsGSK-3b but not to
HsGSK-3b, using virtual screening combined with SPRi tech-
nology. However, the effects of TsGSK-3b inhibitors on T. sol-
ium, especially on the cysticercus, have not been tested. Further
studies are needed to determine the activity of the 3 inhibitors
against cysticercus in vitro. Next, we plan to perform biological
experiments to validate these inhibitors. We believe that the
ndings of our study may be useful for the design of more
potent and selective compounds for the treatment of T. solium
that do not damage the denitive host.
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