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ABSTRACT

The ability of TNF related apoptosis inducing ligand/Apo2 ligand (TRAIL/Apo2L) in
order to selectively induce apoptosis in tumor cells but not normal cells makes it an
attractive target for development of new cancer therapy. Although TRAIL/Apo2L has
been produced in several hosts, E. coli is one of the best expression systems among
them due to its safety, simplicity, low cultivation cost, and known genetic properties.
However, cytoplasmic expression of TRAIL/Apo2L in E. coli may be concomitant with
some problems such as protease-induced degradation, protein misfolding, diminution in
the biological activity and complexity of downstream processing. Therefore, the aim of
this study was the development of an expression system to produce and secrete
recombinant TRAIL/Apo2L into the E. coli periplasmic space. DNA encoding Alkaline
Phosphatase (PhoA) signal peptide was added to the TRAIL/Apo2L. ¢cDNA using
overlapping extension PCR procedure. PhoA-TRAIL construct was subsequently
cloned in pET-22b expression plasmid and correct cloning was confirmed by PCR and
sequencing. TRAIL/Apo2L expression was induced in E. coli BL21 (DE3) and then its
periplasmic fraction was isolated through osmotic shock. SDS-PAGE analysis showed
that recombinant TRAIL/Apo2L was successfully secreted into E. coli periplasm. The
periplasmic TRAIL/Apo2L was identified by western blotting analysis. Finally, the
biological activity of the purified periplasmic TRAIL/Apo2L was assessed by MTT
assay to evaluate its growth inhibitory effect against the HeLa cell line. In conclusion,
the results demonstrate that our TRAIL/Apo2L expression system could be an
interesting alternative to reduce problems arose from the cytoplasmic production of
TRAIL/Apo2L.
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Introduction

E. coli is the most commonly used host for the
production of recombinant proteins . As a gram
negative bacterium, E. coli consists of two separate
compartments: periplasmic and cytoplasmic space.
While the majority of recombinant proteins have
been produced in E. coli cytoplasmic space, it would
seem that secretion of recombinant proteins into the
periplasmic space has some considerable advantages
over cytoplasmic production ™ *. Downstream
processing steps of the periplasmic secreted proteins
are much simpler because of these reasons: (i)
contaminating proteins in the periplasm are lower
than cytoplasm; (ii) formation of inclusion bodies
(i.e. inactive protein aggregates) is minimal. The
separation of recombinant protein from these
inclusion bodies requires several refolding steps in
order to obtain soluble and biologically active protein
M (iii) a simple method such as osmotic shock is
only required for disruption of the outer membrane to
release the target protein. In addition, the E. coli
periplasmic space contains a number of chaperones
and enzymes such as isomerases that promote the
appropriate folding of recombinant proteins. Thus,
periplasmic expressed proteins are mostly soluble
and biologically active. Finally, secreted proteins into
the periplasm are more stable as the protease activity
of the periplasm is lower than the cytoplasm.

TNF related apoptosis inducing ligand
(TRAIL/Apo2L) is a type Il transmembrane protein
which belongs to the TNF superfamily !, This ligand
has some advantageous features over other TNF
superfamily members such as TNF-a and Fas Ligand
(FasL) ¢, Extracellular region of TRAIL/Apo2L has
exhibited the strong apoptotic effect against several
cancer cells but not normal cells ). Also, in contrast
to other TNF superfamily members, TRAIL/Apo2L
receptors are expressed in a wide range of tissues,
suggesting that most tissues can be targets for
TRAIL/Apo2L. For these reasons, TRAIL/Apo2L
has become an attractive agent as anti-cancer therapy.
Several studies have shown the anti-tumor activity as
well as the safety of TRAIL/Apo2L pre-clinically
and clinically '* ',

Although TRAIL/Apo2L. has been produced in
several hosts successfully "' E. coli is the best
expression system among them because of its safety,
simplicity, low cultivation cost, and known genetic
properties ). However, there are some problems

concerning the  cytoplasmic  production  of
TRAIL/Apo2L. in E. coli such as formation of
inclusion bodies and downstream difficulties !>,
Therefore, considering the general advantages of
protein secretion into the periplasmic space, the aim
of this study was the development of an expression
system in which a DNA encoding Alkaline
Phosphatase (PhoA) signal peptide from E. coli was
initially joined to TRAIL/Apo2L c¢cDNA and then
cloned in pET-22b plasmid in order to produce and
promote the secretion of recombinant TRAIL/Apo2L
into the periplasmic space of E. coli.

Materials and methods
Materials

Plasmids pET-22b and pTZ57R, and Ni-NTA resin
were obtained from Novagen (U.S). Pfu DNA
polymerase, restriction enzymes, DNA and protein
ladder markers, and T4 DNA ligase were purchased
from Fermentas (Lithuania). Primers were obtained
from MWG (Germany). All antibodies were from
Abcam (England) and nitrocellulose membrane was
from Whatman (U.S). BCIP/NBT substrate system
was from Sigma—Aldrich (Germany). HeLa cell line
(ATCC Number: HTB-69) was purchased from
Pasteur Institute (Iran). All other chemicals were
obtained from Merck (Germany).

Vector construction

In order to insert N-terminal PhoA signal peptide and
restriction sites into the TRAIL/Apo2L cDNA,
Overlapping Extension Polymerase Chain Reaction
(OE-PCR) method was performed using pfu DNA
polymerase "® (Figure 1). Three sequential PCR
reactions were performed in a manner that the
template used in each PCR reaction was the product
of the previous PCR reaction. Also, almost 20
nucleotides of the 3" region of each forward primer
were similar to the 5" region of the template in order
to anneal with the template and then synthesizing the
overhang sequence of forward primer (Table 1).
Therefore, a small part of PhoA signal peptide was
added to the 5" region of the TRAIL/Apo2L cDNA in
each PCR reaction runned as: pre-denaturation at
94°C for 2 min; first 5 cycles with denaturation at
94°C for 30 s, annealing at 65°C for 30 s, and
extension at 72°C for 2 min; followed by next 30
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cycles of 94°C for 30 s, 69°C for 30 s, and 72°C for 2 min; and post-extension by 72°C for 5 min.
Primer F1
"""""""" »> TRAIL ¢DNA as Template
Primer R
P IR el
Reaction1 T
¢ Restriction Site VAol
Primer F2 Product of Reaction 1 used as
-------------- > Template for Reaction2
P ...t
Primer F1 Reaction2
Primer F3 Product of Reaction 2 used as
- '%‘ """"""" g Template for Reaction 3
Restriction Site Vel Reaction 3
Primer R
,l, L e
Final Product of Reactions (PhoA-TRAIL)
Restriction Site Ndel Restriction Site Xhol

Fig. 1. OE-PCR procedure for the fusion of PhoA signal peptide to the TRAIL/Apo2L ¢cDNA. Reaction 1: hybridization of
primer F1 with terminal region of TRAIL/Apo2L ¢cDNA and synthesis a part of PhoA signal peptide attached to TRAIL cDNA
(F1-TRAIL: 546bp). Reaction 2: hybridization of primer F2 with F1-TRAIL fragment and synthesis an extended part of PhoA
signal peptide attached to TRAIL cDNA (F2F1-TRAIL: 570bp). Reaction 3: hybridization of primer F3 with F2F1-TRAIL
fragment and synthesis the whole PhoA signal peptide attached to TRAIL cDNA (PhoA-TRAIL: 594bp).

Table 1. Primers used for the synthesis of PhoA signal peptide at 5" end of TRAIL/Apo2L ¢cDNA.

a: F = Forward R = Reverse

b: Highlighted nucleotides of the F1, F2, and F3 primers are similar to the 5" end region of the TRAIL cDNA, F1, and F2
primer, respectively. Highlighted nucleotides of R primer are similar to the 3" end region of TRAIL cDNA. Restriction sites
incorporated into primers are shown in italics.

®PrimerName bSequence Restriction site
F1 5' CTGTTTACCCCGGTGACCAAAGCGGTGAGAGAAAGAGGTCCTCAG 3'
F2 5" ATTGCCCTGGCCCTGTTACCTCTGCTGTTTACCCCGGTGACCAA 3'
F3 5" AGGGGACATATGAAACAAAGCACCATTGCCCTGGCCCTGTTACC 3' Ndel
R 5" AAAAAACTCGAGTCCGCGTCCAACTAAAAAGGCCCCGAA 3 Xhol
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Subsequently, the PhoA-TRAIL/Apo2L fragment
was at first purified and then cloned into the blunt-
ended ECORV restriction site of the pTZ57R cloning
plasmid and then sub-cloned into the Ndel-Xhol
restriction sites of the pET-22b expression plasmid
under the control of T7 promoter. Also, cloning of
TRAIL/Apo2L gene in this vector resulted in fusion
of C-terminal consecutive 6 histidine residues (i.e.
histag) which would facilitate the purification of
soluble periplasmic TRAIL/Apo2L by Ni*" affinity
chromatography. Finally, correct cloning of the
resulted construct, which was named PhoA-
TRAIL/pET-22b, was confirmed by PCR and DNA
sequencing.

Protein expression and cell fractionation

For transformation of recombinant plasmid PhoA-
TRAIL/pET-22b into the E. coli BL21 (DE3) cells,
CaCl, treatment followed by heating shock was
performed " and the transformed cells were then
cultivated in Terrific Broth (TB) medium (1.2%
peptone, 2.4% yeast extract, 72 mM K,HPO,, 17 mM
KH,PO,, and 0.4% glycerol) on a rotary shaker (200
rpm) at 37°C. After reaching the optical density of
culture to 0.6, at 600 nm, isopropyl-p-D-thiogalacto-
pyran-oside (IPTG) was added to a final
concentration of 0.1 mM to induce the expression of
the target protein. Cultivation was continued for
further 24 h.

Thereafter, periplasmic and cytoplasmic fractions
were separated using osmotic shock procedure
according to the method of Khosla and Bailey *°.. In
summary, cell pellet was obtained from 2 ml of
culture (15000 g, 4°C, 5 min) and resuspended in 2
ml of a hyper-osmotic solution (0.2M Tris; 200g/L
sucrose; 0.1M EDTA; pH 8.0). After incubation on
ice for 20 minutes, cells were harvested (15000 g,
4°C, 15 min) and then resuspended in 2 ml of a hypo-
osmotic solution (10mM Tris; SmM MgSOy; pH 8.0)
followed by incubation on ice for 10 minutes. The
resulting spheroplasts (i.e. cells without outer
membrane) were pelleted (5000 g, 4°C, 10 min) and
the supernatant was kept as the periplasmic fraction.
Finally, spheroplasts were resuspended in 2 ml of the
hypo-osmotic ~ solution and  disrupted by
ultrasonication in cycles of 20 s sonication and 20 s
chilling on ice (dr.hielscher, Germany). The cycles
were repeated until the solution was transparent. Cell
debris was removed by centrifugation (15000 g, 10

min) and the supernatant was kept as the cytoplasmic
fraction.

SDS-PAGE and Immunoblotting

Sodium  dodecyl sulfate-polyacrylamide  gel
electrophoresis (SDS-PAGE) was performed using
the Laemmli method . In summary, protein
samples were incubated with an equal volume of
denaturing 2X sample buffer at 90°C for 5 minutes.
Subsequently, proteins were separated under
denaturing conditions using 5% stacking gel and 12%
separating gel and then protein bands were
Comassie-stained. Finally, bands intensity was
measured by scanning the SDS-PAGE gel using
Image J software (NIH).

For immunoblotting, the periplasmic proteins were
separated by SDS-PAGE in 12% polyacrylamide gel
and transferred to a nitrocellulose membrane using a
semi-dry  immunoblotting  apparatus  (Apelex,
France). The membrane was blocked with 3% non-fat
milk in TBS (10 mM Tris—HCL, 150 mM NaCl, pH
8.0) for 1 hour and subsequently washed three times
for 5 minutes with TBST (TBS containing 0.05%
Tween 20). The membrane was then incubated with
1:1000 anti-TRAIL/Apo2L polyclonal antibodies at
room temperature for 2 hours. After washing three
times for 10 minutes with TBST, the membrane was
incubated with 1:1000 alkaline phosphatase
conjugated secondary antibody at room temperature
for 2 hours. Finally, the membrane was washed three
times for 5 minutes with TBST and then western
blotting was developed using the BCIP/NBT
substrate system.

Purification of TRAIL/Apo2L

Ni*" affinity chromatography was performed to
purify periplasmic TRAIL/Apo2L ** In summary,
according to the manufacturer’s protocol, 2 ml of the
50% Ni-NTA His-bind resin slurry charged with Ni*"
was equilibrated with the binding buffer (50 mM
NaH,PO,; 300 mM NaCl; 10 mM imidazole; pH 8).
The periplasmic fraction solution was exchanged
with binding buffer and loaded onto the column.
Then, the column was washed twice with 4 ml of
washing buffer (50 mM NaH,PO,4; 300 mM NaCl; 20
mM imidazole; pH 8). Bound protein was
subsequently eluted four times with 0.5 ml of eluting
buffer (50 mM NaH,PO,; 300 mM NaCl; 500 mM
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imidazole; pH 8). After elution, fractions were
pooled, concentrated and buffer was exchanged
against phosphate-buffered saline (PBS) and applied
for further analysis. Protein sample concentrations
were measured based on absorbance at 280 nm using
a nanodrop spectrophotometer (Pharmacia biotech,
Sweden).

Functional assay of TRAIL/Apo2L

Human cervical cancer Hela cells were used to
determine the effects of recombinant periplasmic
TRAIL/Apo2L on cell proliferation. This cell line
was prepared in Roswell Park Memorial Institute
(RPMI) medium containing 10% Fetal Calf Serum
(FCS), 100 U/ml penicillin and 100 pg/ml
streptomycin and then plated (2x10° cells/well) in 96-
well plate with different concentrations of
recombinant TRAIL/Apo2L ranged from 1 mg/L to
16 mg/L. PBS buffer and docetaxel (50 uM) was
used as negative and positive control, respectively.
The plate was incubated for 24 hours at 37°C in a
humidified incubator with 5% CO2. After the
incubation, cell growth inhibition was assessed by the
MTT assay protocol as previously described **

Results and Discussion

Construction of PhoA-TRAIL/pET-22b
expression vector

The fusion of a proper N-terminal signal peptide to a
recombinant protein could conduct it into the E. coli
periplasmic space ****!. Considering the high ability
of PhoA signal peptide for transporting a large
amount of Alkaline Phosphatase into the E. coli
periplasmic space, this signal peptide has been
frequently used in several studies for manipulation of
the secretion pattern of various recombinant proteins
expressed by E. coli %27,

DNA encoding the PhoA signal peptide was added to
5' end of the TRAIL/Apo2L cDNA using three
sequential OE-PCR reactions (Figure 1). As anticip-
ated, gradual increase in the size of the PCR products
to a final 594 bp fragment indicated the insertion of
DNA sequence encoding PhoA signal peptide to
TRAIL/Apo2L ¢cDNA (Figure 2). During each PCR
reaction, the 5' overhang region of the forward primer
was added to the DNA template after annealing its 3'
region with 5' end of the DNA template. For this
reason, the size of each PCR product was increased

proportional to the length of the primer overhang
sequence.

As seen in the method section, annealing temperature
of the first five cycles of each PCR was adjusted
lower than next thirty cycles. This is because while,
in the first cycles of the PCR reaction, the forward
primer was hybridized to the template with only its 3'
overlapping end region, in the later cycles,
hybridization occurred with whole primer length.

It is noteworthy that since the template of each PCR
reaction was the product of the previous PCR
reaction, it is likely to insert incorrect nucleotides
into the final PCR product. Therefore, pfu DNA
polymerase with proofreading ability was used to
reduce the probable insertion of such a wrong
nucleotide into the final PCR product.

Subsequently, the final PCR product was firstly
cloned into blunt-ended ECORV restriction site of
pTZ-57R cloning vector and then sub-cloned into
Ndel and Xhol restriction sites of the pET-22b
expression vector. Finally, the correct insertion of
PhoA-TRAIL/Apo2L fragment into the plasmid was
confirmed by PCR analysis and DNA sequencing.

1 2 3 4

3000bp

1000 bp '...

S00bpph ‘“

Fig. 2. Gel electrophoresis analysis of OE-PCR products.
Lane 1: DNA Ladder marker. Lane 2: 546 bp product
amplified with FIR primer resulting in FI1-TRAIL
fragment. Lane 3: 570 bp product amplified with F2R
primer resulting in F2F1-TRAIL fragment. Lane 4: 590 bp
product amplified with F3R primer resulting in PhoA-
TRAIL whole sequence.
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Fig. 3. SDS-PAGE analysis of sub-cellular fractions of E.
coli BL21 (DE3) expressing PhoA-TRAIL. Lane 1: whole
cell before induction. Lane 2: whole cell after induction
with a 21 KDa band indicating recombinant TRAIL. Lane
3: cytoplasmic fraction after induction. Lane 4: protein
marker. Lane 5: periplasmic fraction after induction. The

arrow indicates periplasmic secreted TRAIL.

Expression of periplasmic TRAIL/Apo2L

In order to identify whether recombinant plasmid
PhoA-TRAIL/pET-22b was able to express and
secrete recombinant TRAIL/Apo2L into periplasmic
space, protein expression was firstly induced in the E.
coli BL21 (DE3) and then different fractions was
separated based on osmotic shock procedure.

SDS-PAGE analysis of periplasmic and cytoplasmic
fractions revealed the high level expression of
TRAIL/Apo2L. Considering the bands intensities, it
could be concluded that almost 36% of total
expressed TRAIL/Apo2l. was secreted into the
periplasmic space (Figure 3). Several mechanisms
have been proposed for protein secretion into the
periplasmic space **. The N-terminal PhoA signal
peptide interacts with Sec-dependent secretion
pathway agents which is the most efficient secretion
pathway . New synthesized polypeptide is
recognized by SecB chaperone and subsequently
directed to the membrane bound secretion machinery
where the protein is translocated into the periplasmic
space in its unfolded state. During this process, the
signal peptide is cleaved and the mature protein is
folded by periplasmic chaperones. However, due to
the limited capacity of the secretory pathway, high
rate of TRAIL/Apo2L expression may lead to

accumulation inside the cell as an inclusion body.
Therefore, a low concentration of IPTG (0.1 mM)
was added to culture medium in order to reduce the
expression rate.

Immunological identification and purification
of periplasmic TRAIL/Apo2L

The identity of periplasmic TRAIL/Apo2L. was
confirmed by western blotting analysis using anti-
human TRAIL/Apo2L antibody. The size of the
protein band on the nitrocellulose membrane was
estimated 21 KDa and could be attributed to the
recombinant TRAIL/Apo2L (Figure 4).

The major advantage of periplasmic secretion is
lower amounts of contaminating proteins than
cytoplasm but periplasmic TRAIL/Apo2L should be
purified in order to analyze its biological function. As
shown in Figure 5 recombinant TRAIL/Apo2L was
purified effectively in which other contaminating
proteins were successfully removed. Expression
vector pET-22b possesses a DNA sequence located in
downstream region of the multiple cloning site
(MCS) which results in fusion of a histag to the C-
terminal region of recombinant protein after
expression. Using this  histag, recombinant
TRAIL/Apo2L was purified with Ni-NTA affinity
chromatography method. In this procedure, the
interaction between imidazole side chains of the
recombinant TRAIL/Apo2L histag and Ni*" ion
attached to column results in retention of
recombinant TRAIL/Apo2Ll.  while unbounded
contaminating proteins are washed away. In elution
step, recombinant TRAIL/Apo2L will dissociate
from the Ni-NTA column by increasing the imidazole
concentration which is the mildest elution method for
purifying native proteins.

Since high concentration of imidazole may interfere
with the assessment of TRAIL/Apo2L biological
function, any interfering components such as
imidazole were removed by dialysis against PBS
buffer over night.
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Fig. 4. Western Blot analysis for identification of
periplasmic secreted TRAIL. Lane 1: protein marker. Lane
2: periplasmic fraction representing a 21 KDa band shown
by an arrow as expected for TRAIL/Apo2L.

Fig. 5. SDS-PAGE analysis of purification of periplasmic
secreted TRAIL by Ni-NTA affinity chromatography.
Lane 1: protein marker. Lane 2: periplasmic fraction of E.
coli BL21 (DE3) after induction. Lane 3: purified
periplasmic TRAIL after elution by imidazole indicating
approximately 100% purity using ImagelJ software (NIH).

Functional assay of periplasmic TRAIL/Apo2L

MTT assay was performed in order to analyze the
growth inhibitory effect of periplasmic expressed
TRAIL/Apo2L on cancerous HeLa cell line which is
a common cell line in pharmaceutical research
studies for analyzing the anti-tumor activity °°.
Periplasmic expressed TRAIL/Apo2L reduced the
growth of HeLa cells in a dose-dependent manner
(Figure 6). Growth inhibitory effect of periplasmic
TRAIL/Apo2L in this study is consistent with
previous results (1431 However, in those studies,
recombinant TRAIL was produced in E. coli
cytoplasm as inclusion body and needed to be
refolded to obtain biological effect, while, in the
present study, periplasmic TRAIL was soluble and
biologically active.

350
300
250

200

¥
150 o
100 - - -
L2 3
-‘ | ' . .
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TRAIL Concentration (ung/ml)

Fig. 6. Growth inhibitory effect of periplasmic
TRAIL/Apo2L. on human cervical cancer HeLa cells.
HeLa cells were transferred into 96-well plate and treated
with different concentrations of TRAIL/Apo2L for 24 h.
PBS buffer and docetaxel (50 pM) was used as negative
and positive control, respectively. The inhibitory effect on
cell growth was then assessed using MTT assay procedure.
Each bar indicates the mean + SD of three independent
experiments and analyzed for statistical significance using
ANOVA followed by Scheffe’s test for multiple
comparison. **p < 0.01 and ***p < 0.001 significantly
different from negative control.

Conclusion

The present study has introduced an expression
system based on PhoA signal peptide and pET-22b
plasmid which could effectively produce and secrete
recombinant TRAIL/Apo2L into E. coli periplasm.
Considering the advantages of secreting recombinant
TRAIL/Apo2L into the E. coli periplasmic space, this
study may be useful in presenting a new approach for
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production of this potential anticancer therapeutic
agent.

Acknowledgement

This article was extracted from the PhD thesis by
Omid Tavallaei, and was supported by a grant from
Shahid Beheshti University of Medical Sciences (No.
6735). We are grateful to Dr. Hamid Reza Heidari for
preparing TRAIL cDNA.

Conflict of Interest

Authors certify that no actual or potential conflict of
interest in relation to this article exists.

References

[1] Baneyx F. Recombinant protein expression in
Escherichia coli. Curr Opin Biotechnol 1999; 10: 411-
421.

[2] Yoon SH, Kim SK, Kim JF. Secretory production
of recombinant proteins in Escherichia coli. Recent Pat
Biotechnol. 2010; 4: 23-29.

[3] Choi JH, Lee SY. Secretory and extracellular
production of recombinant proteins using Escherichia
coli. Appl Microbiol Biotechnol. 2004; 64: 625-635.
[4] Singh SM, Panda AK. Solubilization and
refolding of bacterial inclusion body proteins. J Biosci
Bioeng. 2005; 99: 303-310.

[5] Wiley SR, Schooley K, Smolak PJ, Din WS,
Huang CP, Nicholl JK, et al. Identification and
characterization of a new member of the TNF family
that induces apoptosis. Immunol. 1995; 3: 673-682.

[6] Wu GS. TRAIL as atarget in anti-cancer therapy.
Cancer lett. 2009; 285: 1-5.

[7] Pitti RM, Masters JR, Ruppert S, Donahue CJ,
Moore A, Ashkenazi A. Induction of apoptosis by
Apo-2 ligand, a new member of the tumor necrosis
factor cytokine family. J Biol Chem. 1996; 271: 2687-
2690.

[8] Walczak H, Miller RE, Ariail K, Gliniak B,
Griffith TS, Kubin M, et al. Tumoricidal activity of
tumornecrosis factor-related apoptosis-inducing ligand
in vivo. Nat Med. 1999; 5: 157-163.

[9] Ashkenazi A, Pai RC, Fong S, Leung S,
Lawrence DA, Marsters SA, ectal. Safety and antitumor
activity of recombinant soluble Apo2 ligand. J Clin
Invest. 1999; 104: 155-162.

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

[11] Herbst RS, Eckhardt SG, Kurzrock R,
Ebbinghaus S, O'Dwyer PJ, Gordon MS, et al. Phase I
dose-escalation study of recombinant human
Apo2L/TRAIL, a dual proapoptotic receptor agonist, in
patients with advanced cancer. J Clin Oncol. 2010; 28:
2839-2846.

[12] Li Y, Wan L, Yang H, Liu S, Cai H, Lu X.
Cloning and recombinant expression of human soluble
TRAIL in Pichia pastoris. ] Biomed Engin. 2010; 27:
1307-1311.

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

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

[15] Yao GH, Luan JF, Ye D, Lei QH, Zhu PY, Jin J,
et al. Cloning, expression and purification of human
TNF-related apoptosis-inducing ligand in Escherichia
coli. J Hyg Res. 2006; 35: 697-700.

[16] Xia XX, Shen YL, Wei DZ. Purification and
characterization of recombinant sTRAIL expressed in
Escherichia coli. Biochim Biophys Acta. 2004; 36:
118-122.

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

[18] Habermann P, Bender R, inventors; Sanofi-
Aventis Deutschland GmbH, assignee. Signal
sequences for preparing Leu-hirudin by secretion by E.
coli into the culture medium. US7455987BI. 2008.

[19] Hanahan D. Studies on transformation of
Escherichia coli with plasmids. J Mol Biol. 1983; 166:
557-580.

[20] Khosla C, Bailey JE. Evidence for partial export
of Vitreoscilla hemoglobin into the periplasmic space
in Escherichia coli. Implications for protein function. J
Mol Biol. 1989; 210: 79-89.

[21] Laemmli UK. Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature 1970; 227: 680-685.

[22] Block H, Maertens B, Spriestersbach A ,Brinker
N, Kubicek J, Fabris R, et al. Immobilized-metal
affinity chromatography (IMAC): a review. Methods
Enzymol. 2009; 463: 473-493.

[23] Mosmann T. Rapid colorimetric assay for cellular
growth and survival: application to proliferation and
cytotoxicity assays. J Immunol Methods. 1983; 65: 55-
63.

[24] 1zard JW, Kendall DA. Signal peptides:
exquisitely designed transport promoters. Mol.
Microbiol. 1994; 13: 765-773.

Copyright © 2014 by Kermanshah University of Medical Sciences JRPS, 2014, 3(1), 90-98| 97



Tavallaei et al.

[25] Martoglio B, Dobberstein B. Signal sequences:
more than just greasy peptides. trends Cell Biol. 1998;
8:410-415.

[26] Kaderbhai MA, Ugochukwu CC, Kelly SL, Lamb
DC. Export of cytochrome P450 105D1 to the
periplasmic space of Escherichia coli. Appl Environ
Microbiol. 2001; 67: 2136-2138.

[27] Xu R, Du P, Fan JJ, Zhang Q, Li TP, Gan RB.
High-level expression and secretion ofrecombinant
mouse endostatin by Escherichia coli. Protein Expr
Purif. 2002; 24: 453-459.

[28] Mergulhao FJM, Summers DK, Monteiro GA.
Recombinant protein secretion in Escherichia coli.
Biotechnol Adv. 2005; 23: 177-202.

[29] Blight MA ,Chervaux C, Holland IB. Protein
secretion pathway in Escherichia coli. Curr Opin
Biotechnol. 1994; 5: 468-474.

[30] Masters JR. HeLa cells 50 years on: the good, the
bad and the ugly. Nat Rev Cancer. 2002; 2: 315-319.
[31] Rong S, Cai JH, Andrews J. Cloning and
apoptosis-inducing activities of canine and feline
TRAIL. Mol Cancer Ther. 2008; 7: 2181-2191.

Copyright © 2014 by Kermanshah University of Medical Sciences JRPS, 2014, 3(1), 90-98| 98



