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Generation of a novel TRAIL mutant by proline to arginine
substitution based on codon bias and its antitumor effects
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Abstract. TNF ligand superfamily member 10 (TRAIL) is a
member of the tumor necrosis factor superfamily. The present
study was performed in an effort to increase the expression of
soluble (s)TRAIL by rebuilding the gene sequence of TRAIL.
Three principles based on the codon bias of Escherichia coli
were put forward to design the rebuild strategy. Relying on these
three principles, a P7R mutation near the N-terminal region
of STRAIL, named TRAIL-Mu, was designed. TRAIL-Mu was
subsequently cloned into the PTWINI plasmid and expressed
in E. coli BL21 (DE3). Using a high-level expression system
and a three-step purification method, soluble TRAIL-Mu
protein reached ~90% of total cellular protein and purity was
>95%, demonstrating success in overcoming inclusion body
formation. The cytotoxic effect of TRAIL-Mu was evaluated by
sulforhodamine B assay in the MD-MB-231, A549, NCI-H460
and LO2 cell lines. The results demonstrated that TRAIL-Mu
exerted stronger antitumor effects on TRAIL-sensitive tumor
cell lines, and was able to partially reverse the resistance of
a TRAIL-resistant tumor cell line. In addition, TRAIL-Mu
exhibited no notable biological effects in a normal liver cell
line. The novel TRAIL variant generated in the present study
may be useful for the mass production of this important protein
for therapeutic purposes.

Introduction

TNF ligand superfamily member 10 (TRAIL) was cloned in
1995, and is characterized by rapidly inducing apoptosis in a
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wide variety of tumor cell lines at picomolar concentrations (1).
Preclinical cytotoxicity studies confirmed that TRAIL exerted
potent tumoricidal activity while lacking severe toxicity
towards normal tissues in vitro (2) and vivo (3,4), making it a
potentially useful cancer therapeutic agent (5).

Among the numerous expression systems for TRAIL,
including Escherichia coli (6), Pichia pastoris (7), Sf9
insect cells (8), Chinese hamster ovary cells (9) and
Agrobacterium tumefaciens (10), E. coli is generally consid-
ered the best option due to its known genetic properties, high
density fermentation, rapid biomass accumulation, inexpensive
cultivation costs and simple processing conditions.

Although a number of positive reports on the expression
of TRAIL in E. coli have been presented, certain problems
remain to be solved (6,11-13). One of the biggest problems
associated with TRAIL protein expression in E. coli is inclu-
sion body formation. During the high-level production of
heterologous proteins, the macromolecule concentration envi-
ronment presents a challenge to the obtainment of the correct
and bioactive conformation; when this fails, folded proteins
deposit to form insoluble aggregates known as inclusion
bodies (14). Considering the difficulty refolding of inclusion
body proteins into bioactive forms, and that this results in high
cost and poor recovery, a number of alternative solutions have
been considered (15).

Gopal and Kumar (16) and Makrides (17) summarized
five target strategies to increase the expression quantity and
solubility of heterologous proteins: gene sequences, vector,
host, culture parameters of host strain, and co-expression
of other genes. The present study proposed a strategy of
altering the human TRAIL gene sequence in the N-terminal
region according to the codon bias of E. coli, in order to
increase the expression quantity, solubility and cytotoxic
activity of sTRAIL, with three principles: i) Multiple (=3)
continuous or discontinuous (adjacent) Arg sequences may
be effective; ii) two consecutive and identical bases, for
example GG, TT, CC, AA, may not be used in the last two
sites of the amino acid triplet code; and iii) adjusting the total
% of G and C from 40 to 70% in the first ten codons of the
STRAIL gene.

Relying on these three principles, a P7R mutation near the
N-terminus of sTRAIL was generated, with the quantity of G
and C increased and the last two repeated base sequences of
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the triplet code avoided. The novel mutant, named TRAIL-Mu,
was cloned into the PTWINI plasmid and expressed in E. coli
BL21 (DE3). Purified by a three-step purification method, the
effect of the mutant protein on the viability of MD-MB-231,
A549, NCI-H460, and .02 was examined.

Materials and methods

Construction of expression vector. The generated mutant sSTRAIL
gene, termed TRAIL-Mu, and the wild-type sTRAIL, termed
TRAIL-Wi, were cloned by two cycles of polymerase chain reac-
tion (PCR). The extracellular portion of human TRAIL (114-281
aa; gene ID 8743) was used as the template for the first run of
the PCR, which was the laboratory preservation, and the first
PCR product was used as the template for the second run. Two
forward primers and one reverse primer were designed using
the primer design principles for PCR (Table I). KOD-Plus-Neo
(Toyobo Co., Ltd., Osaka, Japan) was used in the first cycle for
high fidelity and Ex Taq (Takara Bio, Inc., Otsu, Japan) was
used in the second cycle to link the first cycle production to the
T vector (Takara Bio, Inc.). The PCR was performed under the
following conditions: In the first run, pre-denaturation at 94°C
for 2 min, 25 cycles of 98°C for 30 sec (denaturation), 68°C for
1 min (annealing and extension), and post-extension at 68°C for
5 min; in the second run, pre-denaturation at 94°C for 2 min,
25 cycles of 98°C for 30 sec, 60°C for 30 sec, and 72°C for 1 min,
and post-extension at 72°C for 3 min.

The second PCR products were subcloned into pMDI9-T
vector (Takara Bio, Inc.) and sequenced (BGI, Shenzhen,
China), and the correct plasmids were purified and digested
with Ndel and Pstl (Takara Bio, Inc.), and linked to the corre-
sponding sites of the expression vector pTWINI using 74 DNA
ligase (Takara Bio, Inc.). The resulting plasmids were termed
pTWINI/TRAIL-Wi and pTWINI/TRAIL-Mu, respectively.
Successful cloning was confirmed by gel electrophoresis
and DNA sequencing (BGI). The first ten codons of the gene
sequences of sSTRAIL (114-281 aa; gene 1D 8743), TRAIL-Wi
and TRAIL-Mu are presented in Table II.

Expression of TRAIL-Wi and TRAIL-Mu. The recombinant
plasmids pTWINI/TRAIL-Wi and pTWINI/TRAIL-Mu was
separately transformed into the E. coli BL21 (DE3) strain
by treatment with an ice bath for 30 min, heat shock at 42°C
for 90 sec and a second ice bath for 3 min. The transformed
bacteria was cultured in lysogeny broth medium (0.5% yeast
extract, 1% Peptone, and 1% NaCl; pH 7.0) on a rotary shaker
(250 rpm) at 37°C for 12 h, and subsequently inoculated into
Terrific Broth medium (1.2% peptone, 2.4% yeast extract,
72 mM K,HPO,, 17 mM KH,PO,, and 0.4% glycerol; pH 7.2)
on arotary shaker (250 rpm) at 37°C for 2 h and 20°C for 3 h,and
the proportion of inoculation was 2%. Isopropyl--D-thiogala
ctopyranoside (IPTG; 0.1 M) was added to induce the expres-
sion of the protein of interest at 20°C for 12 h. Subsequently,
the cultures were centrifuged at 7,850 x g for 2 min at 4°C.
A total of 2 g (wet weight) of bacteria was resuspended in
8 ml 50 mM Na,HPO,, and sonication (2 sec at a time for
10 min at 4°C) was performed on ice using an ultra-sonicator
(SCIENTZ-IID; Ningbo Scientz Biotechnology Co., Ltd.,
Ningbo, China) until the cells were lysed. The supernatant was
collected by centrifugation at 12,000 x g for 10 min at 4°C.
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Purification of TRAIL-Wi and TRAIL-Mu. Following
centrifugation, TRAIL-Wi and TRAIL-Mu proteins were
purified separately with different flow rates using Ni?**
affinity chromatography (Chelating Sehparose FF; 23.5 ml;
1.6x11 cm; GE Healthcare, Chicago, IL, USA), cation
exchange chromatography (SP Sepharose Fast Flow; 22 ml;
1.6x10.5 cm; GE Healthcare) and anion exchange chroma-
tography (Q Sepharose Fast Flow; 20.5 ml; 1.6x10 cm; GE
Healthcare).

TRAIL-Wi protein (40 ml) was injected onto the
Ni** Affinity Chelating Sehparose FF column (23.5 ml;
1.6x11 cm; GE Healthcare, Chicago, IL, USA) which was
connected to the Akta purifier (GE Healthcare). The Ni*
Affinity Chelating Sehparose FF column was previously
equilibrated with 5 column volumes of a 20 mM imidazole
buffer containing 20 mM Na,HPO,-NaH,PO,, 0.5 M NacCl
and 20 mM imidazole (pH 7.4). The unbound proteins were
washed with imidazole buffer until the absorbance at 280 nm
reached zero, and the bound protein was eluted by the column
with a gradient of 120 to 500 mM imidazole buffer (pH 7.0).
TRAIL-Wi was at the rate of 5 ml/min and TRAIL-Mu was
at the rate of 13 ml/min. Ion-exchange chromatography
was performed at 13 ml/min for TRAIL-Wi and 5 ml/min
for TRAIL-Mu with the corresponding buffer. Absorbance
at 280 nm was monitored with an ultraviolet detector
connected to the data acquisition package. Absorption
peaks were identified by 15% agarose gel analysis followd
by staining with Coomassie brilliant blue R-250 (Beijing
Biodee Biotechnology, Co., Ltd., Beijing, China) at room
temperature for 1 h. Purification effeciency was determined
by gel image gray scale analysis (Image J software version
1.48 u; National Institutes of Health, Bethesda, MD, USA).
Protein concentration was determined using a bicinchoninic
acid assay kit (Thermo Fisher Scientific, Inc., Waltham, MA,
USA).

Biological activity of TRAIL. Human breast cancer
MD-MB-231 cells, A549 cells, NCI-H460 cells and L02
cells were obtained from the Type Culture Collection
of the Chinese Academy of Sciences (Shanghai, China).
MD-MB-231 cells were maintained in RPMI-1640 medium
(Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.), and incubated at 37°C in a humidified
atmosphere of 5% CO,. MD-MB-231 cells (8x10*/100 ml)
were treated with TRAIL-Wi and TRAIL-Mu for 48 h in the
concentrations indicated. Cell viability was assessed using
a sulforhodamine B (SRB) assay (18). A549, NCI-H460 and
L02 cell lines were maintained in RPMI-1640 supplemented
with 10% FBS. The dose-response curves were depicted using
Origin-Pro version 9.0 software (OriginLab, Northampton,
MA, USA). The concentrations of TRAIL-Wi and TRAIL-Mu
that induced a 50% reduction in cell viability (IC50) were
determined from the curves of reagent concentration vs. cell
inhibition rate at 48 h of incubation for the cell line analyzed.
The sensitivity of cells to the activity of the proteins was
evaluated using the value of IC50. IC50 <10 pg/ml indicates
that cells are sensitive to the biological activity of a protein,
while IC50 =10 pg/ml suggests that cells are relatively resis-
tant to the biological activity.
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Table I. Primers used for cloning of TRAIL-Wi and TRAIL-Mu constructs.

Primer name

Sequence (5'- 3")

Restriction site

F1 AGCGTGGTCCGCAGCGTGTGGCTGCTCACATCACTGG -
F2 GGTCATATGGTGCGTGAGCGTGGTCCGCAGCGTGTGGC Ndel
F3 AGCGTGGTCGTCAGCGTGTGGCTGCTCACATCACTGG -
F4 GGTCATATGGTGCGTGAGCGTGGTCGTCAGCGTGTGGC Ndel
R GTTCTGCAGTTATTAACCAACAAGGAAAGCACCGAAGAAAG Pstl

F1 and F2 are the forward primers for thefirst and second cycle of PCR for TRAIL-Wi, respectively. F3 and F4 are the forward primers for
thefirst and second cycleof PCR for TRAIL-Mu, respectively. R is the common reverse primer for TRAIL-Wi and TRAIL-Mu. Therestriction site of
Ndel is underlined in F2 and F4. The restriction site of Ps¢I is underlined in R. TRAIL, TNF ligand superfamily member 10; Wi, wild-type; Mu, mutant;

F, forward; R, reverse; PCR, polymerase chain reaction.

Table II. Nucleotide sequences of sTRAIL (114-281aa; Gene
1D, 8743), TRAIL-Wi and TRAIL-Mu.

Gene name Sequence (5'-3")

STRAIL ATGGTTCGTGAACGTGGTCCGCAGCGT
GTT

TRAIL-Wi ATGGTGCGTGAGCGTGGTCCGCAGCGT
GTG

TRAIL-Mu ATGGTGCGTGAGCGTGGTCGTCAGCGT
GTG

The base sequence of TRAIL-Wi was changed based on codon bias of
E. coli in order to ensure the yield of the protein of interest; however,
the amino acid sequence and the biological activity of TRAIL-Wi
peptide was the same as sTRAIL (114-281 aa; Gene ID 8743; data
not shown). TRAIL, TNF ligand superfamily member 10; s, soluble;
Wi, wild-type; Mu, mutant.

Results

Construction of the expression vectors. The pTWINI plasmid
is widely used to obtain high-level expression of heterologous
proteins in E. coli. The non-fusion sTRAIL fragment was
subcloned using Ndel and Pstl cloning sites and analyzed
by PCR and restriction endonuclease digestion. The sTRAIL
cDNA was sequenced (BGI) and confirmed to be the correct
sequence (Table II).

Expression of recombinant TRAIL. A culture temperature of
20°C with IPTG induction in BL21 (DE3) was chosen to express
TRAIL-Wi and TRAIL-Mu (19-21). Following centrifugation,
68 g wet bacterial weight of pfWIN1/TRAIL-Wi BL21 (DE3)
and 65 g wet bacterial weight of pTWIN1/TRAIL-Mu BL21
(DE3) were collected. SDS-PAGE analysis demonstrated that
90% of the induced TRAIL-Wi and TRAIL-Mu peptides were
in the soluble total protein fraction (Fig. 1). The % was evalu-
ated by gel image gray scale quantification.

Purification of TRAIL-Wi and TRAIL-Mu. TRAIL-Wi and
TRAIL-Mu proteins were purified by Ni** affinity chromatog-
raphy, cation exchange chromatography and anion exchange

chromatography. The three-step purification is summarized
in Table III. The obtained results were 95% pure TRAIL-Wi
(Fig. 2) and TRAIL-Mu proteins (Fig. 3), as determined by
SDS-PAGE analysis and gel image gray scale analysis. The
purified proteins were subsequently used in further assays
to determine their biological activity. Western blot analysis
further confirmed that the TRAIL-Mu protein was success-
fully obtained (data not shown).

Biological activity of the novel TRAIL-Mu peptide. The
biological activities of TRAIL-Wi and TRAIL-Mu on
MD-MB-231, A549, NCI-H460, and LO2 cell lines arepre-
sented in Table I'V. The relative dose-response curves are
depicted in Fig. 4. According to the data, TR AIL-Mu exerted
a more pronounced anti-proliferative effect on MD-MB-231,
A549 and NCI-H460 cancer cells compared with wild type
TRAIL. However, TRAIL-Wi and TRAIL-Mu peptides did
not appear to have an effect on human L0O2 normal liver
cells.

Discussion

Sensitivity to TRAIL is exhibited by a wide range of tumor
cell lines, although normal tissues are resistant to its activities,
which is a notable advantage compared with other TNF family
members, including TNF-a and Fas ligand (22,23). It is these
properties of TRAIL which make it a potentially promising
cancer therapeutic agent.

In the present study, one amino acid of the extracel-
lular region (114-281 aa) of the wild-type TRAIL was
selectively changed to form an arginine-rich sequence near the
N-terminal of STRAIL; this novel TRAIL mutant was termed
TRAIL-Mu.

Following PCR amplification with designed primers,atarget
sequence of ~500 bp was obtained and ligated with pMDI19-T
and pTWINI vectors successively. Following transformation
into bacteria, culturing, enzyme digestion, electrophoresis and
sequencing, it was confirmed that TRAIL-Mu was success-
fully synthesized. Next, positively-transformed bacteria with
plasmid pTWINI/TRAIL-Mu were obtained. Analysis of total
protein extracts by SDS-PAGE demonstrated that the posi-
tively-transformed bacteria with plasmid pTWINI/TRAIL-Mu
expressed TRAIL-Mu protein successfully. Subsequently, Ni**
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Table III. TRAIL-Wi and TRAIL-Mu protein purification summary.

TRAIL-Wi TRAIL-Mu
Volume, Protein, Overall yield, Volume, Protein, Overall yield,
Purification steps ml mg/ml® % ml mg/ml® %
Crude extract® 40 7.16 - 40 6.9 -
Ni** affinity chromatography 22 2.35 18.05 30 2.1 29.35
Cation exchange chromatography 9 2.33 7.32 9 41 13.37
Anion exchange chromatography 14 0.42 2.05 19 091 6.26

“From 68 g wet weight of pTWIN1/TRAIL-Wi BL21(DE3) and 65 g wet weight of pTWIN1/TRAIL-Mu BL21(DE3). *Protein concentration
determined by bicinchoninic acid assay. TRAIL, TNF ligand superfamily member 10; Wi, wild-type; Mu, mutant.
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Figure 1. SDS-PAGE analysis of TRAIL-Wi and TRAIL-Mu expression. Samples were boiled for 10 min and purified by centrifugation. A total of 10 ug
of each sample lysed in SDS 2X loading buffer was loaded in each lane, separated by electrophoresis and then stained with Coomassie brilliant blue R-250.
The proteins of interest are marked with arrows: (A) TRAIL-Wi and (B) TRAIL-Mu. Lanes 1 and 2, lysates of transformed bacteria prior to and following
induction, respectively; lane 3, supernatant following sonication; lane 4, sediment following sonication. Comparison of lanes 3 and 4 indicated that ~90% of
the induced peptide was in the soluble fraction. TRAIL, TNF ligand superfamily member 10; Wi, wild-type; Mu, mutant; M, molecular ladder.
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Figure 2. SDS-PAGE analysis of purified TRAIL-Wi by Ni** affinity chromatography, cation exchange chromatography and anion exchange chromatography.
The primary sample (10 xg) and other samples (20 ug) lysed in SDS 2X loading buffer were loaded in each lane, separated by electrophoresis and stained
with Coomassie brilliant blue R-250. The proteins of interest are marked with arrows. The purification process was monitored by measuring the absorbance
at 280 nm. (A) Lanes 1-5, samples of penetration when the retention volume was 18, 55, 95, 135 and 180 ml, respectively; lane 6, primary sample; lane 7, final
penetration sample of Ni** affinity chromatography; lanes 8 and 9, purified TRAIL-Wi following elution with 120 mM imidazole and 500 mM imidazole.
(B) Lane 1, primary sample of cation exchange; lane 2, penetration sample of cation exchange; lanes 3-5, purified TRAIL-Wi following elution with 150 mM
NaCl (pH 7.0), 600 mM NaCl (pH 8.0) and 0.5 M NaOH, from cation exchange; lane 6, primary sample of anion exchange; lane 7, penetration sample of anion
exchange (final material); lanes 8 and 9, purified TRAIL-Wi following elution with 2 M NaCl and 0.5 M NaOH, from anion exchange. TRAIL, TNF ligand
superfamily member 10; Wi, wild-type; M, molecular ladder.
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Figure 3. SDS-PAGE analysis of purified TRAIL-Mu by Ni** affinity chromatography, cation exchange chromatography and anion exchange chromatography.
The primary sample (10 xg) and other samples (20 xg) lysed in SDS 2X loading buffer were loaded in each lane, separated by electrophoresis and stained with
Coomassie brilliant blue R-250. The proteins of interest are marked with arrows. The purification process was monitored by measuring the absorbance at
280 nm. (A) Lane 1, primary sample; lane 2, penetration sample of Ni** affinity chromatography; lane 3, peak of 20 mM imidazole buffer elution; lanes 4 and
5, purified TRAIL-Mu following 120 and 500 mM imidazole elution; lane 6, primary sample of cation exchange; lane 7, penetration sample of cation exchange;
lanes 8-10, purified TRAIL-Mu following elution with 150 mM NaCl (pH 7.0), 600 mM NaCl (pH 8.0) and 0.5 M NaOH, from cation exchange. (B) Lane 1,
primary sample of anion exchange; lane 2, final penetration sample of anion exchange; lanes 3 and 4, purified TRAIL-Mu following 2 M NaCl and 0.5 M
NaOH elution, from anion exchange. TRAIL, TNF ligand superfamily member 10; Mu, mutant; M, molecular ladder.
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Figure 4. Cytotoxicity effects of TRAIL-Mu and TRAIL-Wi purified peptides in MD-MB-231, A549 and NCI-H460 cells. (A) Dose-response curve of the
MD-MB-231 cell line to TRAIL-Mu and TRAIL-Wi. (B) Dose-response curve of the A549 cell line to TRAIL-Mu. (C) Dose-response curve of the NCI-H460
cell line to TRAIL-Mu and TRAIL-Wi. Cell viability was evaluated by sulforhodamine B assay. The concentration was converted into common logarithm.
The IC50 of the A549 cell line to TRAIL-Wi and the IC50 of LO2 cell line to TRAIL-Mu and TRAIL-Wi were >10; therefore, the dose-response curves were
not depicted. TRAIL, TNF ligand superfamily member 10; Mu, mutant; Wi, wild-type.

affinity chromatography, cation exchange purification and  of TRAIL-Mu protein was high. Western blot analysis further
anion exchange purification methods were used to purify the  confirmed that the TRAIL-Mu protein was successfully
TRAIL-Mu protein. The results demonstrated that the purity  obtained (data not shown).
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Table IV. Cytotoxic activities of TRAIL-Wi and TRAIL-Mu on
MD-MB-231, A549, NCI-H460 and LO2 cell lines.

IC50 (ug/ml)
Cell line TRAIL-Wi TRAIL-Mu
MD-MB-231 0.0113 0.0015
A549 >100 0.1297
NCI-H460 0.0236 0.0138
LO2 >10 >10

TRAIL, TNF ligand superfamily member 10; Wi, wild-type; Mu,
mutant; IC50, half maximal inhibitory concetration.

Through the above experiments, a new TRAIL variant
was synthesized, which successfully overcame inclusion body
formation. The soluble protein expressed in E. coli accounted
for 90% of the total cellular protein, and a purity of >95% was
obtained by three-step purification.

The present study investigated the antitumor effects of
TRAIL-Mu on tumor cells and normal cells. The cytotoxic
effects of TRAIL-Mu and TRAIL-Wi on MD-MB-231, A549,
NCI-H460 and LO2 cell lines were detected using the SRB
method. It was observed that TRAIL-Mu exerted significant
stronger antitumor effects than TRAIL-Wi on MD-MB-231,
A549 and NCI-H460 tumor cell lines. Therefore, it may be
hypothesized that TRAIL-Mu may exert strong antitumor
effects in TRAIL-sensitive tumor cells (MD-MB-231 and
NCI-H460), and was able to, at least in part, reverse the
resistance of TRAIL-resistant tumor cells (A549). In addition,
TRAIL-Mu and TRAIL-Wi exhibited no significant biological
effects in the normal liver cell line LO2.

The three principles proposed in the present study were
primarily based on codon usage of E. coli, which was reported
in recent years. Codon bias exists in almost all synonymous
codons, and certain codons which are frequently used by E. coli
are technically associated with the abundance of their cognate
tRNAs instead of the abundance of the protein (17). It is note-
worthy that arginine (24-28), guanine and cytosine (29-32)
and mononucleotide repeats (33,34) of heterologous genes
were demonstrated to be associated with the output of target
proteins in E. coli expression systems. In the present study,
proline to arginine substitution of the 7th amino acid of the
N-terminal region formed an arginine-rich sequence near the
N-terminus of STRAIL, which was confirmed to increase the
soluble expression of STRAIL; however, the mechanisms are
not well-understood. It may be suggested that tRNA Arg is
relatively efficient in translation in E. coli (35).

The present study aimed to overcome difficulties which have
been raised in the progress of TR AIL production. Overcoming
inclusion body formation has been an unresolved issue in
E. coli cytoplasmic expression systems for a number of years.
The present study generated a novel mutant which successfully
overcame inclusion body formation and resulted in a soluble
form of the TRAIL protein; in addition, TRAIL-Mu exhibited
notably stronger antitumor effects compared with TRAIL-Wi
on MD-MB-231, A549 and NCI-H460 cell lines in vitro.

ZHU et al: CONSTRUCTION OF A NOVEL TRAIL MUTANT

However, the mechanisms underlying the antitumor effects of
TRAIL-Mu remain to be fully elucidated. Future studies will
complete the mechanistic investigation and examine the anti-
tumor effects of TRAIL-Mu, as well as optimize the potential
mass production of the TRAIL peptide.

Acknowledgements

The present study was supported by grants from the National
Natural Scientific Foundation of China (grant nos. 81372444
and 81301962). The authors of the present study would like
to thank Chengdu Huachuang Biotechnology Co., Ltd. for
providing the extracellular portion of human TRAIL cDNA.

References

1. Wiley SR, Schooley K, Smolak PJ, Din WS, Huang CP,
Nicholl JK, Sutherland GR, Smith TD, Rauch C, Smith CA, et al:
Identification and characterization of a new member of the TNF
family that induces apoptosis. Immunity 3: 673-682, 1995.

2. Di Pietro R and Zauli G: Emerging non-apoptotic functions
of tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)/Apo2L. J Cell Physiol 201: 331-340, 2004.

3. Walczak H, Miller RE, Ariail K, Gliniak B, Griffith TS, Kubin M,
Chin W, Jones J, Woodward A, Le T, et al: Tumoricidal activity of
tumor necrosis factor-related apoptosis-inducing ligand in vivo.
Nat Med 5: 157-163, 1999.

4. Ashkenazi A, Pai RC, Fong S, Leung S, Lawrence DA,
Marsters SA, Blackie C, Chang L, McMurtrey AE,
Hebert A, et al: Safety and antitumor activity of recombinant
soluble Apo2 ligand. J Clin Invest 104: 155-162, 1999.

5. Bellail AC, Qi L, Mulligan P, Chhabra V and Hao C: TRAIL
agonists on clinical trials for cancer therapy: The promises and
the challenges. Rev Recent Clin Trials 4: 34-41, 2009.

6. Lin Z, Lei H and Cao P: Expression, purification, and in vitro
refolding of soluble tumor necrosis factor-related apop-
tosis-inducing ligand (TRAIL). Protein Expr Purif 51: 276-282,
2007.

7. LiY,WanL, Yang H, Liu S, Cai H and Lu X: Cloning and recom-
binant expression of human soluble TRAIL in Pichia pastoris.
Sheng Wu Yi Xue Gong Cheng Xue Za Zhi 27: 1307-1311, 1326,
2010 (In Chinese).

8. Mariani SM, Matiba B, Armandola EA and Krammer PH:
Interleukin 1 beta-converting enzyme related proteases/caspases
are involved in TRAIL-induced apoptosis of myeloma and
leukemia cells. J Cell Biol 137: 221-229, 1997.

9. Dicker F, Kater AP, Fukuda T and Kipps TJ: Fas-ligand (CD178)
and TRAIL synergistically induce apoptosis of CD40-activated
chronic lymphocytic leukemia B cells. Blood 105: 3193-3198, 2005.

10. Heidari HR, Bandehpour M, Vahidi H, Barar J, Kazemi B and
Naderi-Manesh H: Cloning and expression of TNF related apop-
tosis inducing ligand in nicotiana tabacum. Iran J Pharm Res 14:
189-201, 2015.

11. Xia XX, Shen YL and Wei DZ: Purification and characteriza-
tion of recombinant STRAIL expressed in Escherichia coli. Acta
Biochim Biophys Sin (Shanghai) 36: 118-122,2004.

12. Yao GH, Luan JF, Ye D, Lei QH, Zhu PY, Jin J and Hou YY:
Cloning, expression and purification of human TNF-related
apoptosis-inducing ligand in Escherichia coli. Wei Sheng
Yan Jiu 35: 697-700, 2006 (In Chinese).

13. Sun AY, Shen YL, Yin JC, Zhang H, Tang YN and Wei DZ:
Improvement of expression level and bioactivity of soluble
tumor necrosis factor-related apoptosis-inducing ligand
(Apo2L/TRAIL) by a novel zinc ion feeding strategy. Biotechnol
Lett 28: 1215-1219, 2006.

14. Baneyx F and Mujacic M: Recombinant protein folding and
misfolding in Escherichia coli. Nat Biotechnol 22: 1399-1408,
2004.

15. Singh SM and Panda AK: Solubilization and refolding of bacte-
rial inclusion body proteins. J Biosci Bioeng 99: 303-310, 2005.

16. Gopal GJ and Kumar A: Strategies for the production of recom-
binant protein in Escherichia coli. Protein J 32: 419-425,2013.

17. Makrides SC: Strategies for achieving high-level expression of
genes in Escherichia coli. Microbiol Rev 60: 512-538, 1996.



18.

19.

20.

21.

22.

23.

24.

25.

26.

Skehan P, Storeng R, Scudiero D, Monks A, McMahon J,
Vistica D, Warren JT, Bokesch H, Kenney S and Boyd MR: New
colorimetric cytotoxicity assay for anticancer-drug screening.
J Natl Cancer Inst 82: 1107-1112, 1990.

Ignatova Z,Mahsunah A, Georgieva M and Kasche V: Improvement
of posttranslational bottlenecks in the production of penicillin
amidase in recombinant Escherichia coli strains. Appl Environ
Microbiol 69: 1237-1245, 2003.

Mainfroid V, Terpstra P, Beauregard M, Frere JM, Mande SC,
Hol WG, Martial JA and Goraj K: Three hTIM mutants that provide
new insights on why TIM is a dimer. J Mol Biol 257: 441-456, 1996.
Dubendorff JW and Studier FW: Controlling basal expression in an
inducible T7 expression system by blocking the target T7 promoter
with lac repressor. J] Mol Biol 219: 45-59, 1991.

Wu GS: TRAIL as a target in anti-cancer therapy. Cancer Lett 285:
1-5,20009.

Sheridan JP, Marsters SA, Pitti RM, Gurney A, Skubatch M,
Baldwin D, Ramakrishnan L, Gray CL, Baker K, Wood W1, et al:
Control of TRAIL-induced apoptosis by a family of signaling and
decoy receptors. Science 277: 818-821, 1997.

Garcia GM, Mar PK, Mullin DA, Walker JR and Prather NE: The
E. coli dnaY gene encodes an arginine transfer RNA. Cell 45:
453-459, 1986.

Lindsey DF, Mullin DA and Walker JR: Characterization of
the cryptic lambdoid prophage DLP12 of Escherichia coli and
overlap of the DLP12 integrase gene with the tRNA gene argU.
J Bacteriol 171: 6197-6205, 1989.

Brinkmann U, Mattes RE and Buckel P: High-level expression of
recombinant genes in Escherichia coli is dependent on the avail-
ability of the dnaY gene product. Gene 85: 109-114, 1989.

MOLECULAR MEDICINE REPORTS 16: 4973-4979, 2017

27.

28.

29.

30.

31.

32.

33.

34.
35.

4979

Ivanov I, Alexandrova R, Dragulev B, Saraffova A and
AbouHaidar MG: Effect of tandemly repeated AGG triplets
on the translation of CAT-mRNA in E. coli. FEBS Lett 307:
173-176, 1992.

Chen GF and Inouye M: Suppression of the negative effect of
minor arginine codons on gene expression; preferential usage
of minor codons within the first 25 codons of the Escherichia
coli genes. Nucleic Acids Res 18: 1465-1473, 1990.

Cai H, Li Y, Zhang H and Feng F: Effects of gene design
on recombinant protein expression: A review. Sheng Wu
Gong Cheng Xue Bao 29: 1201-1213, 2013 (In Chinese).

Baca AM and Hol WG: Overcoming codon bias: A method for
high-level overexpression of Plasmodium and other AT-rich
parasite genes in Escherichia coli. Int J Parasitol 30: 113-118,
2000.

Mitarai N, Sneppen K and Pedersen S: Ribosome collisions and
translation efficiency: Optimization by codon usage and mRNA
destabilization. J] Mol Biol 382: 236-245, 2008.

Tanaka M, Tokuoka M, Shintani T and Gomi K: Transcripts of a
heterologous gene encoding mite allergen Der f 7 are stabilized
by codon optimization in Aspergillus oryzae. Appl Microbiol
Biotechnol 96: 1275-1282, 2012.

Gu T, Tan S, Gou X, Araki H and Tian D: Avoidance of long
mononucleotide repeats in codon pair usage. Genetics 186:
1077-1084, 2010.

Tats A, Tenson T and Remm M: Preferred and avoided codon
pairs in three domains of life. BMC Genomics 9: 463, 2008.
Forster AC: Synthetic biology challenges long-held hypotheses
in translation, codon bias and transcription. Biotechnol J 7:
835-845,2012.


https://www.spandidos-publications.com/10.3892/mmr.2017.7146

