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Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) is considered as an
antitumor agent owing to its ability to induce apoptosis of cancer cells without imparting
toxicity toward most normal cells. TRAIL is produced in poor yield because of its insoluble
expression in the cytoplasm of E. coli. In this study, we achieved soluble expression of TRAIL
by fusing maltose-binding protein (MBP), b’a’ domain of protein disulfide isomerase
(PDIb’a’), or protein disulfide isomerase at the N-terminus of TRAIL. The TRAIL was purified
using subsequent immobilized metal affinity chromatography and amylose-binding
chromatography, with the tag removal using tobacco etch virus protease. Approximately 4.5
mg of pure TRAIL was produced from 125 ml flask culture with a purification yield of 71.6%.
The endotoxin level of the final product was 0.4 EU/µg, as measured by the Limulus
amebocyte lysate endotoxin assay. The purified TRAIL was validated and shown to cause
apoptosis of HeLa cells with an EC50 and Hill coefficient of 0.6 ± 0.03 nM and 2.41 ± 0.15,
respectively. The high level of apoptosis in HeLa cells following administration of purified
TRAIL indicates the significance and novelty of this method for producing high-grade and
high-yield TRAIL.
Keywords: Tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), expression,
purification, E. coli, cytotoxic activity, HeLa cells

Introduction
Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL), also known as Apo2 ligand and a member of the
tumor necrosis factor ligand family, induces apoptosis by
binding to death receptors [1, 2]. A type II membrane
protein with 281 amino acids, it can be cleaved by a
cysteine protease, with the extracellular C-terminal domain
forming a soluble homotrimeric structure [3, 4]. Functional
homotrimeric TRAIL is stabilized by a zinc atom that is
noncovalently linked to three cysteine residues in each
monomeric TRAIL [5, 6]. Five homologous receptors for
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TRAIL have been identified. Death receptor 4 (DR4) and
DR5 contain a fully active death domain in the cytoplasmic
region and are related to the extrinsic apoptotic pathway
[7]. Decoy receptors (DcR1 and DcR2) are deficient in or
entirely lack the death domain and are responsible for
protecting normal cells from apoptosis [8]. The fifth receptor
is osteoprotegerin, which has low binding affinity for
TRAIL and is considered as a survival factor for prostate
cancer cells [9].
TRAIL is considered as a valuable antitumor candidate
owing to its ability to selectively stimulate apoptosis in
tumor cells but not normal cells [10-12]. However, data
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from clinical trials using this protein have shown limited
antitumor responses [13, 14]. Several possible reasons for
the failure of the protein to elicit an antitumor response
include its short half-life, TRAIL-resistant cancer cell
populations, and inadequate delivery methods [15]. Although
the overall effects of TRAIL therapy were disappointing, a
small subset of patients responded very well to TRAIL and,
with the advent of the genomic era, TRAIL therapy may be
revived [14]. Additionally, TRAIL resistance can be tackled
through combination therapy [16], which makes the efficient
production of TRAIL a crucial problem to solve.
Recombinant TRAIL has been produced in mammalian
cells [17] but is predominantly produced in E. coli, where it
tends to form inclusion bodies [18-21]. The production of
proteins from inclusion bodies requires significant time
and cost for the solubilization and refolding of the proteins
under conditions that require large amounts of denaturants
and reducing reagents, both of which can affect the
biological activity of the purified protein [22]. Although
there have been reports of soluble expression of TRAIL in
E. coli [23, 24], the production yield has not been completely
described, or complicated fed-batch production was required
to increase the yield. Our previous work has revealed that
some therapeutic proteins can be simply produced by fusing
them with solubilization tags of maltose-binding protein
(MBP) or the b’a’ domain of protein disulfide isomerase
(PDIb’a’) [25, 26]. Thus, in this study, we established a
protocol to promote the expression of TRAIL in soluble
form by using solubilization tags such as MBP, PDIb’a’, or
full-length protein disulfide isomerase (PDI) fused to the
N-terminus of TRAIL. We also developed a simple method
to purify TRAIL expressed in the cytoplasm of E. coli and
compared its cytotoxicity in HeLa cells with that of
commercial TRAILs.

Materials and Methods
Materials
BP and LR recombinant enzymes were from Elpis Biotech
(Korea). IPTG was purchased from Anaspec (USA). The HisTrap
HP column and MBPTrap HP column were purchased from GE
Healthcare (USA). Dialysis membranes were from Viskase (USA)
and Amicon Ultra was from Merck Millipore (Germany). Limulus
amebocyte lysate (LAL) QCL-1000 was from Lonza (Switzerland).
DMEM, commercial TRAIL from E. coli (#PHC1634), penicillin,
and streptomycin were purchased from Gibco (USA). Fetal bovine
serum was obtained from Atlas Biologicals (USA). 3-(4,5Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was
from Amresco (USA). Commercial TRAIL from NS0 cells (#T5694)
and DMSO were from Sigma (USA).
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Construction of TRAIL Expression Vectors and Expression
Validation
Truncated human TRAIL (114–281 amino acids) (Uniprot
identifier: P50591) with a recognition site for tobacco etch virus
protease (TEVrs: ENLYFQG) at the N-terminus was codonoptimized for expression in E. coli. The gene was cloned into the
donor vector pDONOR207 by BP recombination reaction to
generate pENTR-TRAIL. Through LR recombination, pENTRTRAIL was combined with several destination vectors to add six
different tags—His6, Sumo, GST, PDIb’a’, MBP, and PDI—to the
N-terminus of TRAIL. These expression vectors were transformed
into E. coli BL21(DE3) for expression of target proteins. One
colony was inoculated into 2 ml of Luria-Bertani (LB), medium
with 50 µg/ml of ampicillin (Amp) and grown at 37°C with
200 rpm shaking. When the OD600 reached approximately 0.4–0.6,
1 mM IPTG was added and the cells were cultured at 18°C for 16 h
to induce the expression of target proteins. Harvested pellets were
resuspended in 1× PBS for sonication and loaded onto 10% Tricine
SDS-PAGE to test protein expression and solubility. Expression
and solubility levels were analyzed using ImageJ software (http://
imagej.nih.gov/ij).
Preparation of TRAIL
The MBP-TRAIL-transfected cells were cultured overnight with
50 µg/ml Amp at 37°C with 200 rpm shaking. The cells were
inoculated at a dilution of 1:100 into 250 ml of fresh LB supplemented
with 50 µg/ml Amp and cultured at 37°C for approximately 2.5 h
until the mid-log phase. Then, 1 mM IPTG was added and the
cells were incubated at 18°C with 180 rpm shaking for 16 h; 125 ml
of cultured cells was resuspended in 20 mM Tris buffer containing
200 mM NaCl, 5% glycerol (v/v), 10 µM ZnSO4, and 5 mM DTT at
pH 8.0 and sonicated on ice. The supernatant containing soluble
MBP-TRAIL was diluted five times in the same buffer without
ZnSO4 and DTT before being applied onto a 5 ml HisTrap HP
column. The column was washed with 10 column volumes of the
same buffer supplemented with 30 mM imidazole to remove
nonspecific binding proteins. MBP-TRAIL was collected at the
elution step with the same buffer plus 500 mM imidazole; 14.5 mg
of the eluate was diluted two times with Tris buffer without NaCl,
followed by the addition of 1.45 mg of home-made TEV protease.
The mixture was incubated at 4°C for 16 h to initiate the tag
cleavage. The cleaved sample was changed to a buffer consisting
of 20 mM Tris, 200 mM NaCl, and 5% glycerol (v/v) at pH 8.0 by
dialysis before being applied again onto a 5 ml HisTrap HP
column. TRAIL was eluted from the column by the addition of
100 mM imidazole in buffer. The TRAIL-containing fraction was
applied to an MBPTrap HP column. Any remaining MBP bound
to the column and pure TRAIL was collected in the flow-through
fraction. The zinc cation was incorporated into TRAIL by adding
10 µM ZnSO4 and 5 mM DTT with gentle shaking for 16 h at 4°C
and the buffer was then changed to 1× PBS and 5% glycerol (v/v)
at pH 7.4 by dialysis and stored at –80°C for further use. The
purification process of TRAIL was performed on 10% Tris-tricine
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SDS-PAGE and quantitatively analyzed using ImageJ densitometry
analysis. TRAIL with (+) or without (-) reduction by 20 mM DTT
was also compared on SDS-PAGE.
The oligomerization state of purified TRAIL was confirmed by
size-exclusion chromatography. One milligram of the protein was
applied onto a HiLoad 26/60 Superdex 200 column equilibrated
with 1× PBS, 5% glycerol (v/v), and 5 mM DTT at pH 7.4 as the
mobile phase buffer. Meanwhile, the same amount of various
proteins, including ferritin (440 kDa), aldolase (150 kDa), conalbumin
(75 kDa), MBP (44 kDa), TEV protease (29 kDa), and ribonuclease
(13 kDa), was applied onto the column under the same buffer
conditions as molecular weight standards.
Endotoxin within purified TRAIL was measured using the LAL
assay. TRAIL at a suitable dilution and with standards was
incubated with LAL for 10 min at 37°C. Substrate was added for
10 min and the reaction was stopped by the addition of 25%
glacial acetic acid (v/v). The measurement was performed using a
spectrophotometer at 405–410 nm.
Viability Assay of Tumor Cells Treated with TRAIL
The biological activity of purified TRAIL was compared with
that of commercial TRAIL using HeLa and HuCCT1 cells. HeLa
cells were maintained in DMEM, whereas HuCCT1 cells were
grown in RPMI medium supplemented with 10% FBS and 1%
penicillin/streptomycin at 37°C and in a 5% CO2 humidified
atmosphere. For the activity test, 2,000 cells in 50 µl of culture
medium with 2% FBS were seeded into each well of a 96-well
plate. On the following day, different concentrations of purified
TRAIL and commercial TRAIL were added into each well until
the final volume of 100 µl was achieved. Additionally, TRAIL with
and without reconstitution was compared using HeLa cells. After
incubation for 48 h, the cells were treated with 10 µl of 5 mg/ml
MTT for 4 h to stimulate the formazan formation. This was

followed by aspiration of the supernatant and dissolution of the
formazan aggregates with 100 µl of DMSO. The solution was
measured at 570 nm using an ELISA plate reader.
Data Analysis
The dose-response curve of cytotoxicity was fitted using the
following equation in Microsoft Excel software:
Re = Bl + (Max – Bh) / (1 + (EC50 / conc)Hi)

(1)

where Re is the response of the cells, Bl is the response at low
concentration, Max is the maximum response, Bh is the response
at high concentration, conc is the concentration of the protein, and
Hi is the Hill coefficient of inhibition.
All data are expressed as the mean ± standard error (SE) of n = 3.
The statistical significance of the responses was analyzed by a
two-tailed Student’s t-test using GraphPad Prism 5 software
(GraphPad, USA). The significance was defined as p < 0.05.

Results and Discussion
Expression of Tag-Fused TRAIL in E. coli
Different vectors expressing TRAIL with different Nterminal tags, including His6, Sumo, GST, PDIb’a’, MBP,
and PDI, were successfully constructed using the Gateway
system. A His tag was incorporated upstream of the tag
candidates, and TEVrs was placed between the tag and the
target to facilitate tag removal. Gene expression was driven
by an IPTG-inducible T7 promoter (Fig. 1). At the mid-log
phase, the E. coli growth medium was supplemented with
1 mM IPTG at 18°C for 16 h, effectively stimulating the
high expression of all tag-fused TRAILs by approximately
34.2%–52.5% (Fig. 2, Table 1). The temperature was reduced

Fig. 1. Construction of TRAIL expression vectors.
(A) Vector map of the expression vector of tag-fused TRAIL. The expression vector was constructed by a combination of the BP and LR
recombination reactions. Att, site-specific attachment sites; TEVrs, recognition sites for TEV protease between the tag and TRAIL. A His6 tag is at
the N-terminus of each tag. The expression of tag-fused TRAIL is controlled by the T7 promoter, and ampicillin (Amp) is used as a selection
marker. (B) The sequence of truncated TRAIL (114–281) used in this study.
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Fig. 2. Expression of tag-fused TRAIL in E. coli.
The expression of fusion proteins was induced by 1 mM IPTG at 18°C for 16 h. M, molecular weight size marker; C, proteins before induction; T,
total proteins after induction with IPTG; P, proteins in pellet fraction after cell lysis; S, proteins in soluble fraction after cell lysis. Proteins were
loaded onto 10% Tris-tricine SDS-PAGE gels. Arrows indicate the positions of expressed fusion proteins.

from 37°C to 18°C during induction to slow down the
protein synthesis and reduce aggregations by reducing
hydrophobic interactions, resulting in the enhancement of
the solubility of the target protein [27-29]. Low-temperature
induction has been proven to effectively increase the
solubility, activity, and even expression of several disulfiderich proteins, including granulocyte-colony stimulating
factor, vascular endothelial growth factor, and crotamine
[26, 30, 31]. His6-TRAIL, Sumo-TRAIL, and GST-TRAIL
were mostly expressed as inclusion bodies, whereas the
fusion constructs of TRAIL with PDIb’a’, MBP, and PDI
showed significantly enhanced solubility (49.4%–74.7%)
(Fig. 2, Table 1). PDIb’a’-TRAIL reached a solubility of
approximately 49%, whereas the solubility of MBP- and
PDI-TRAIL reached about 75% (Fig. 2, Table 1). Thus, the
combination of solubilization tags such as MBP or PDI and
low-temperature induction for the duration of induction
improved the soluble expression of TRAIL in the cytoplasm
of E. coli. MBP can bind to hydrophobic residues on target
Table 1. Expression and solubility analysis of TRAIL in the
E. coli cytoplasm.
Expression
(%)

Solubility
(%)

His6 (0.8 kDa)

52.5

0.5

Sumo (15.2 kDa)

46.03

15.5

GST (25.7 kDa)

34.2

18.7

PDIb’a’ (35.6 kDa)

51.8

49.4

MBP (44 kDa)

45.4

74.1

PDI (60 kDa)

43.1

74.7

Tag

TRAIL (19.5 kDa)

proteins during refolding to prevent them from aggregating,
whereas PDI can reduce and correctly regenerate disulfide
bridges of targets [32, 33]. Among these fusion proteins,
MBP-TRAIL showed several advantages over the others;
that is, high expression and solubility under the tested
conditions (45.4% and 74.1%, respectively), a relative small
size (approximately 44 kDa), and a simple purification
process through the use of amylose affinity chromatography,
which can bind MBP and MBP-tagged proteins. Therefore,
MBP-TRAIL was chosen for the subsequent purification of
TRAIL.
Purification of MBP-Tagged TRAIL
Before sonication, the cells were dissolved in a buffer
containing ZnSO4 and a high concentration of DTT in order
to add zinc cations into the target protein under reducing
condition. TRAIL was purified using IMAC and MBP
affinity columns. First, MBP-TRAIL was purified using
IMAC. The fusion protein was expected to bind to IMAC
owing to a His6 at the N-terminus of the MBP tag (Fig. 1A).
As a result, the protein was tightly bound to the column
and eluted with elution buffer containing 500 mM imidazole
(Fig. 3, lane 4). The fusion protein was then cleaved
effectively by TEV protease to release untagged TRAIL
(19.5 kDa) (Fig. 3, lane 5). The TEV protease is commonly
used for tag cleavage during protein production owing to
its high production efficiency and simplicity. The TEV
protease used in this study to cleave MBP-TRAIL was
purified as described in previous publications [34]. After
tag removal, TRAIL was purified using the IMAC and MBP
columns. The second IMAC purification was performed to
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Fig. 3. SDS-PAGE analysis of the purification of TRAIL from maltose-binding protein (MBP)-TRAIL.
(A) Purification of TRAIL. M, molecular weight marker; lane 1, proteins before IPTG induction; lane 2, proteins after IPTG induction; lane 3,
soluble fraction after cell lysis; lane 4, MBP-TRAIL (63.5 kDa) purified by IMAC; lane 5, 95% of MBP-TRAIL cleaved by tobacco etch virus (TEV)
protease (29 kDa) to release MBP (44 kDa) and TRAIL (19.5 kDa); lane 6, TRAIL purified by IMAC and MBP columns. (B) SDS-PAGE of TRAIL
under reducing (lane 1) and nonreducing (lane 2) conditions.

remove His tag-containing proteins such as TEV, uncleaved
MBP-TRAIL, and MBP, which bound tightly to the column,
whereas TRAIL was less likely to bind IMAC and was
eluted in the washing step with buffer containing 100 mM
imidazole. The weak binding capacity of TRAIL to IMAC is
likely due to the affinity of TRAIL to metal cations [5, 35].
TRAIL was subsequently applied to the MBP column to
remove the remaining MBP from the final TRAIL product.
Specifically, MBP bound to the column, whereas pure
TRAIL was present in the flow-through fraction (Fig. 3,
lane 6). Zinc cations were incorporated into the TRAIL
product. The reducing condition was applied to reduce any
oligomer generated by incorrect disulfide bonds. Additionally,
the reducing conditions helped to free cysteine residues in
order to support the binding of TRAIL monomers to zinc
cations by noncovalent interactions [36]. DTT and unbound
zinc cations were removed by dialysis against PBS. As a
result, the high-yield production of TRAIL was achieved
(approximately 71.6%) with high purity (98%), as measured
by ImageJ densitometry analysis. In particular, a large
amount of TRAIL (4.5 mg) was obtained from 125 ml of
cultured cells (Table 2). The endotoxin level of the final

TRAIL product was 0.4 EU/µg according to the LAL
endotoxin assay. This endotoxin level is below the maximum
permitted for biological products (<1 EU/µg).
The trimeric form of purified TRAIL was confirmed by
gel exclusion chromatography analysis using the FPLC
system (Fig. 4). Based on the molecular weight standards,
TRAIL was eluted at a retention time of 165 min, which
was between the retention time of proteins at sizes of 75
and 44 kDa. This indicates that the purified TRAIL was in a
trimeric form with a molecular mass of approximately
58.5 kDa. The peak of trimeric TRAIL in the size-exclusion
chromatography profile is consistent with the peak from
another report [37].
TRAIL contains an unpaired cysteine residue that enables
unnatural intermolecular disulfide bonds, which reduce
the affinity of TRAIL for the TRAIL receptor [6]. The SDSPAGE analysis of TRAIL under nonreducing conditions
showed that TRAIL comprised more than 90% monomer
(Fig. 3B). The high proportion of TRAIL monomer indicated
that there was no incorrect intersubunit disulfide bond
between the TRAIL monomers. The obtained TRAIL might
be similar to the active form of TRAIL, which consists of

Table 2. Purification of TRAIL.
Purification step
Culture

Total protein (mg)

Purity (%)

TRAIL (mg)

Yield (%)

680 (pellet)

-

-

-

Supernatant

65.9

25.2

5.3

100

1st IMAC

14.5

92.5

4.19

79

2nd IMAC and MBP column

4.5

98

3.8

71.6
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Fig. 4. Size-exclusion chromatography of TRAIL.
Chromatogram of size-exclusion chromatography of TRAIL under non-denaturing conditions. Purified TRAIL (1 mg) was run on a HiLoad 26/60
Superdex 200 column in 1× PBS, 5 mM DTT, and 5% glycerol (v/v) at pH 7.4 and was detected by UV absorbance at 280 nm. The elution time of
molecular weight markers is indicated by arrows. The peak of TRAIL appeared at a retention time of 164–165 min. The peak was also confirmed
by SDS-PAGE.

three TRAIL monomers linked to one zinc atom by a
cysteine residue.
Bioactivity of Purified TRAIL In Vitro
The high bioactivity of TRAIL was confirmed using HeLa
cells as they are sensitive to the presence of TRAIL owing
to their cell surface expression of death receptors 4 and 5
[38, 39]. After incubation with different concentrations of
TRAIL protein for 48 h, dead cells were observed under a
light microscope, and images of cells exposed to 200 ng/ml
of purified TRAIL were acquired (Fig. 5A). Additionally,
cells were treated with both purified and commercial
TRAIL and showed significant dose-dependent reductions
in cell number, as detected by the MTT assay (Fig. 5B). The
cell death reached upwards of 87% when the cells were
incubated with 100 ng/ml of TRAIL. The EC50 and Hill
coefficient of TRAIL were 0.6 ± 0.03 nM and 2.41 ± 0.15,
respectively, whereas those of commercial TRAIL from
E. coli were 1.8 ± 0.06 nM and 2.72 ± 0.18, respectively,
indicating that our purified TRAIL induces the death of
HeLa cells slightly more effectively than the commercial
product (Fig. 5B). The EC50 of our purified TRAIL is also
much lower than that described in other publications that
showed EC50 values of 76.7 nM [20] and 33.8 nM [40] on
HeLa cells. The high bioactivity of our purified TRAIL can
be explained by the low proportion of inter-disulfide bonds,
which can increase the affinity of TRAIL for the TRAIL
receptor [6], compared with a high percentage of trimeric
and dimeric TRAIL, as described in other publications [41].

In addition, TRAIL was expressed at a low temperature
and in a soluble form, which could also preserve the high
biological activity of the protein. Nevertheless, purified
TRAIL showed low apoptotic activity toward HuCCT1
cells compared with commercial TRAIL obtained from NS0
cells (Fig. 5C). This result is consistent with the report that
the glycosylation at asparagine 109 enhanced TRAIL
stability [42]. There is also a contradictory report that
TRAIL obtained from mammalian cells (with high disulfide
bonding) is less cytotoxic than that produced in E. coli [6].
The zinc cation has been considered as an important
agent for the activity of TRAIL [6]. To study the effect of
zinc reconstitution on the bioactivity of TRAIL, the cytotoxic
effects of TRAIL with and without the incorporation of the
zinc cation were compared. TRAIL without reconstitution
showed much lower killing activity than TRAIL with zinc
incorporation (Fig. 6). This result suggests that reconstitution
effectively added zinc cations into TRAIL, increasing the
stability and functionality of trimeric TRAIL. In previous
publications, functional TRAIL was produced both without
the addition of zinc cations [21, 24, 43] and with the addition
of zinc cations [23, 44]. Our study strongly suggests that the
addition of ZnSO4 during the purification process can
significantly increase the activity of TRAIL (Fig. 6).
The clinical use of TRAIL in anticancer therapeutic
regimens was limited by its low bioavailability and the
development of cancer resistance to TRAIL. Various research
groups are currently trying to change the TRAIL strategy.
In the clinical field, it has been reported that a modified
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Fig. 5. TRAIL-induced cell death in HeLa and HuCCT1 cells.
(A) Light microscope images of HeLa cells cultured in the presence or absence of 200 ng/ml TRAIL. (B) Dose-response curve of cytotoxicity on
HeLa cells by purified TRAIL and commercial TRAIL from E. coli. (C) The cytotoxicity on HuCCT1 cells induced by purified TRAIL and
commercial TRAIL obtained from NS0 cells. The cell amount was quantitated using the MTT assay. Data represent the mean ± SE of a triplicate
set.

Fig. 6. Activity comparison of TRAIL with and without
incorporation of zinc cations on HeLa cells.
HeLa cells were incubated with serial dilutions of TRAIL with and
without incorporation of zinc cations during purification. Cells were
exposed to proteins for 48 h and then analyzed by the MTT assay.
Data represent the mean ± SE of a triplicate set.
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drug delivery system (e.g., PEGylation of TRAIL) improved
the pharmacokinetic features of TRAIL [45]. Additionally,
the applicable disease has expanded from cancer only to
fibrosis and inflammation. These two different approaches—
to enhance TRAIL stability and to identify different disease
areas for TRAIL—will open up promising new therapeutic
areas in various clinical fields.
In conclusion, this study describes a protocol to produce
TRAIL with a high yield from E. coli by using a solubilization
tag of MBP directed to the N-terminus of the ligand. TRAIL
was simply produced by using several affinity chromatography cycles with TEV protease for tag cleavage. The
purified TRAIL after zinc addition showed high apoptotic
activity on HeLa cells, as measured by the MTT viability
assay. Our present study suggests a simple and efficient
method for bacterial production of TRAIL protein that can
be easily applied for pilot or industrial scales, and this
highly bioactive TRAIL may contribute to future anticancer
therapies.
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