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a b s t r a c t

Placenta specific -1 (PLAC1) has been recently introduced as a small membrane-associated protein
mainly involved in placental development. Expression of PLAC1 transcript has been documented in
almost one hundred cancer cell lines standing for fourteen distinct cancer types. The presence of two
disulfide bridges makes difficult to produce functional recombinant PLAC1 in soluble form with high
yield. This limitation also complicates the structural studies of PLAC1, which is important for prediction
of its physiological roles. To address this issue, we employed an expression matrix consisting of two
expression vectors, five different E. coli hosts and five solubilization conditions to optimize production of
full and truncated forms of human PLAC1. The recombinant proteins were then characterized using an
anti-PLAC1-specific antibody in Western blotting (WB) and enzyme linked immunosorbent assay (ELISA).
Structure of full length protein was also investigated using circular dichroism (CD). We demonstrated the
combination of Origami™ and pCold expression vector to yield substantial amount of soluble truncated
PLAC1 without further need for solubilization step. Full length PLAC1, however, expressed mostly as
inclusion bodies with higher yield in Origami™ and Rosetta2. Among solubilization buffers examined,
buffer containing Urea 2 M, pH 12 was found to be more effective. Recombinant proteins exhibited
excellent reactivity as detected by ELISA and WB. The secondary structure of full length PLAC1 was
considered by CD spectroscopy. Taken together, we introduced here a simple, affordable and efficient
expression system for soluble PLAC1 production.

© 2017 Elsevier Inc. All rights reserved.
1. Introduction

Placenta-specific 1 (PLAC1) is a small (212 amino acid residues)
membrane-associated protein [1] involved in placental develop-
ment and its normal expression is almost restricted to placental
trophoblast cells [2]. PLAC1-between different mammalian species
- consists of (1)a conserved signal peptide from residues 1 to 23, (2)
@yahoo.com (M. Nazari).
a number of well-conserved residues in transmembrane domain
(TMD) (residues 20e50) and (3) an extremely conserved area in the
extracellular space (residues 58e118) that is homologous to the N-
terminal sub-domain of the zona pellucida (ZP3) glycoprotein [3,4].
PLAC1 is normally expressed in the apical villous surface of syn-
cytiotrophoblasts and proposed to be involved in placenta
anchoring to the endometrium that maintaining the contact during
gestation [2]. Furthermore, the strong protein binding interaction
was proposed to occur in ZP3-like extracellular domain [5].

The strong expression of PLAC1 was demonstrated in several
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human solid tumors including; non small cell lung [6], breast [4],
hepatocellular, colorectal [7,8], and gastric cancers [9], suggesting it
has a role as an oncoplacental protein [10]. Recently, we observed
that PLAC1 is differentially expressed in prostate cancer and has a
strong positive associationwith Gleason score making it a potential
protein target for immunotherapy of prostate cancer [11]. This
molecule also was proposed as an attractive target for a set of
cancers from histologically different origins [12].

Membrane proteins (MPs) are classified as the major set of
protein drug targets due to their essential biological functions in
the body [13e15]. Around 25% of all genes in both prokaryotes and
eukaryotes including PLAC1 encode for MPs [16]. Structural study
and characterization of MPs call for an efficient expression systems
yielding reasonable amount of protein in its native form. Cellular
expression of recombinant membrane proteins, however, regularly
outcomes in protein aggregation and misfolding that can be due to
the hydrophobic properties of transmembrane parts. Expression of
proteins at low levels or in insoluble form is considered a major
challenging issue in structural biology [17]. In most instances, it is
due to the inappropriate folding of human proteins in Escherichia
coli cells, where they can be digested by proteases or accumulated
as inclusion bodies (IBs) [17]. The poor protein expression has been
demonstrated to be improved by gene manipulation [18,19]. On the
other hand, the production of correctly-folded protein is reported
to be more complicated and needs a balance between the rate of
gene expression and the solubility of protein [20]. To improve
proper protein folding and increase the yield of soluble protein, a
variety of strategies have been established; 1) overproduction of
recombinant proteins at low temperature; it has been reported that
the temperature affects the rate of protein synthesis, folding ki-
netics [21,22] and the hydrophobic interactions involved in self
aggregation as well as protein degradation [23]. Nonetheless, pro-
tein expression at low temperature can present some disadvan-
tages, including reduced replication, transcription, and translation
rates. These limitations have been proven to be avoided by using
cold-inducible promoters such as cold shock promoter cspA
[16e18] that optimize the rate of protein production at low tem-
perature [24]. 2) Optimization of the cultivation conditions; the
composition of the cell growth medium and the fermentation
variables are important for the prevention of protein aggregation. A
careful optimization has been shown to significantly improve the
yield and quality of soluble protein production. 3) The expression of
the protein of interest in fusion with recombinant tags such as
thioredoxin (TRX) and glutathione-S-transferase (GST) [8e10].
Fusion partners are very stable peptide or protein molecules
genetically connected to target proteins for optimization of the
solubility and purification. 4) The use of E. coli-engineered host
strains; introduction of DNA mutations in E. coli strains has been
reported to alter protein synthesis, degradation, secretion, or
folding [25]. The expression of proteins in oxidative cytoplasm of
Origami or Rosettagami cells [26,27], where the formation of the
disulfide bonds is more favored, improves folding of disulfide-
containing proteins. And finally 5) Co-production of molecular
chaperones and folding mediators [11]; the initial folding of pro-
teins can be accompanied by molecular chaperones that avoid
protein aggregation via binding to exposed hydrophobic areas on
misfolded polypeptides, and transferringmolecules to their specific
sub-cellular target. Although, the expression of PLAC1 gene has
been demonstrated in almost one hundred cancer cell lines
standing for fourteen distinct cancers [4,6,7], its functional
behavior remains unclear due to the lack of the structural infor-
mation. Therefore, recombinant production of PLAC1 can be an
attractive strategy to obtain large amounts of protein for further
bioresearch applications. Here, we have demonstrated the expres-
sion of full length and truncated form of PLAC1 in E. coli and tried to
optimize solubility of the recombinant protein using four out of five
strategies mentioned above.

2. Materials and methods

2.1. Materials and strains

Following reagents and kits were used in this study. Isopropyl-
ß-D-thiogalactopyranoside (IPTG), 3,30,5,50-Tetramethylbenzidine
(TMB), phenylmethylsulfonyl fluoride (PMSF) and Ethylene dia-
minetetraacetic acid (EDTA), Guanidine hydrochloride (Gu.HCl)
(Sigma-Aldrich, Germany), Ampicillin, T4 DNA ligase, shrimp
alkaline phosphatase, restriction enzymes, M-MuLV Reverse tran-
scriptase, Ellman's Reagent, DTNB(5,5'-dithio-bis-[2-nitrobenzoic
acid]) (Thermo Scientific, USA), master mix 2� red (Ampliqon,
Denmark), plasmid extraction kit, gel purification kit, polymerase
chain reaction (PCR) purification kit (Qiagen, Germany), RNA
isolation kit (CinnaGen, Iran), Ni sepharose high performance (GE
healthcare, United Kingdom), enhanced chemiluminescence (ECL)
Western Blotting Substrate (Pierce, Dalas, USA), pET-32a plasmid
(Novagen, Germany), pColdI plasmid (Takara, Japan). Detailed in-
formation on strains of bacteria can be found in supporting infor-
mation (SI) for materials and methods.

2.2. Extraction of total RNA

One gram of liquid nitrogen-frozen human placental tissue was
pulverized under liquid nitrogen with a pestle. Total RNA was
extracted using RNA isolation kit according to the manufacturer's
instruction. Quality of purified RNA was analyzed by agarose gel
electrophoresis and its concentration was determined by UV ab-
sorption spectroscopy at 260 nm.

2.3. Reverse transcriptase-PCR of PLAC1 gene

The first strand of cDNA was synthesized at 42 �C for 60 min in
the presence of 200 U ml�1 M-MuLV Reverse transcriptase, 20 U
RNase inhibitor, dNTP mix (final concentration each at 1 mM), and
reverse primer. PLAC1 (GenBank Accession No. NM_021796.3)
transcript was then amplified using two pairs of specific primers
designed for amplification of full length (f-PLAC1) (69e636) and
truncated (t-PLAC1) (351e636) form. The sequences of primers for
amplification of f-PLAC1 and t-PLAC1 were as follows: f-PLAC1-S 50-
AATTACATATGCAAAGTCCAATGACTGTGCTGTG-30 and f-PLAC1-AS
50- ATATAAGCTTTCACATGGACCCAATCATATCATC-30, t-PLAC1-S 50-
AATTACATATGGCCCCCCAAAAGTCCCCATG-30 and the reverse
primer was as the same with f-PLAC1-AS. NdeI and HindIII restric-
tion sites (underlined bold sequences) were inserted in forward
and reverse primers, respectively. The PCR amplification of cDNA
was carried out using the first cDNA strand under the following
condition: initial denaturation at 94 �C for 5 min, a 35- cycle
amplification (94 �C for 1 min, 60 �C for 30 s, and 72 �C for 1 min),
and a final extension for 5min at 72 �C. Amplicons were digested by
NdeI/HindIII and inserted into the NdeI/HindIII restriction sites of
digested/dephosphorylated pColdI high expression vector and
ligated mixtures were transformed into competent cells of Escher-
ichia coli DH5a by electroporation. The same conditionwas used for
cloning of the f-PLAC1 in NcoI/HindIII restriction sites of digested/
dephosphorylated pET-32a resulting in a fusion sequence con-
taining Thioredoxin (Trx) at N-terminal and f-PLAC1 at C terminal
(Trx-PLAC1). All constructs contained His6-Tag at their 50 end.

2.4. Sequencing

All sequencings were performed by an automatic sequencer
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(MWG, Germany). pET32a (þ) vector containing Trx-PLAC1 was
sequenced by T7 promoter and T7 terminator universal primers.
pCold-F and pCold-R primers were employed for sequencing of
pColdI vector containing f-PLAC1 and t-PLAC1.
2.5. Recombinant protein expression

2.5.1. Small-scale expression of recombinant proteins
All constructs were sequenced and the results confirmed that

there was no alteration or base substitution in the sequence of the
cloned products. Constructs containing the genes of interest were
transformed to five Escherichia coli strains, BL21 (DE3), OrigamiTM

(DE3), Rosetta2 (DE3), Rosettagami (DE3) pLysS, and Shuffle T7 (DE3)
by electroporation. We followed the expression procedure
described in the general pColdI vector manual. For small-scale
expression, two milliliters (ml) of Terrific Broth (TB) medium con-
taining 100 mg ml�1 Ampicillin for BL21 (DE3), 100 mg ml�1 Ampi-
cillin and 34 mg ml�1 chloramphenicol for Rosetta2 (DE3),
100 mg ml�1 Ampicillin, 34 mg ml�1 chloramphenicol and 15 mg
ml�1kanamycin for Rosettagami (DE3) pLysS strain, 100 mg ml�1

Ampicillin, 15 mg ml�1 kanamycin and 12.5 mg ml�1 tetracycline for
Origami (DE3) or 100 mg ml�1Ampicillin for Shuffle T7 (DE3), was
inoculated with a fresh bacterial colony harboring the expression
plasmid and grown at 37 �C overnight. Then 10 ml of fresh medium
was inoculated with 50 ml overnight cultures and grown at 37 �C
with vigorous shaking (250 rpm) until the OD600 reached to 0.6 and
0.9. After inductionwith 0.1 and 1mM IPTG, E. coli harboring pColdI
plasmid cells were cultured at 15 �C for 24 h and those harboring
pET32a were cultured at 22 �C for 12 h. The cells were harvested by
centrifugation at 5000g for 15 min. The cell pellet was resuspended
in a lysis buffer I (50 mM Tris-HCl, 500 mM NaCl, 10 mM imidazole,
and 1 mM PMSF, pH 7.8). Then the cells were lysed by sonication on
ice. The cell lysate was centrifuged at 12,000 g for 20 min at 4 �C,
The samples of both insoluble (precipitation) and soluble fractions
(supernatant) were placed on 12% sodium dodecyl sulfate-
polyacrylamide (SDS-PAGE) gels, and protein bands were visual-
ized by Coomassie Brilliant Blue staining after SDS-PAGE separa-
tion. For purification of f-PLAC1 and Trx-PLAC1 from inclusion
body, different solubilization buffers for inclusion body aggregates
were screened and purification protocol was optimized. In brief,
cells harvested from 200 ml culture were lysed in a lysis buffer II
(50 mM Tris-HCl, 5 mM EDTA, 1 mM PMSF, pH 8.5) and sonicated
for 10 cycles of 1 min each (short pulses of 20 s followed by a gap of
40 s). Cell lysate was centrifuged at 20,000 � g for 20 min at 4 �C.
Then the pellet was suspended in wash buffer I (50 mM Tris-HCl,
5 mM EDTA, 1 mM PMSF, and 0.5% deoxycholic acid (DOC), pH
8.5) followed by sonication and centrifugation as mentioned above.
Then, the pellet was aliquated to six fractions and solubilized in six
different solubilization buffers for 1 h at room temperature: A:
(50mM Tris-HCl, 5 mM EDTA,1mM PMSF, and 8M urea, pH 8.5), B:
(50 mM Tris-HCl, 5 mM EDTA, 1 mM PMSF, and 6 M GdnHCl, pH
8.5), C: (50mM Tris-HCl, 5 mM EDTA,1 mM PMSF, and 2M urea, pH
12), D: (50 mM Tris-HCl, 5% glycerol, 0.1 mM EDTA, 50 mM NaCl,
and 0.4% Triton X-100, pH 7.9) [28], E: (50 mM Tris-HCl, 5 mM
EDTA, 1 mM PMSF, 6 M n -propanol, and 2 M urea, pH 8.5), and F:
(50 mM Tris-HCl, 5 mM EDTA,1 mM PMSF, 6 M b-mercaptoethanol,
and 2 M urea, pH 8.5) [29]. To determine the optimal conditions for
the solubilization of inclusion bodies, samples of both insoluble
(precipitation) and soluble fractions (supernatant) were placed on
12% SDS-PAGE gels, and protein bands were visualized by Coo-
massie Brilliant Blue staining. Based on results, wash buffer I and
solubilization buffer C were selected for purification of Trx-PLAC1
and f-PLAC1, respectively.
2.5.2. Large-scale production and purification
Large-scale expression of f-PLAC1, t-PLAC1 and Trx-PLAC1 were

carried out in the Origami™ (DE3) strain. Pre-culture was per-
formed for 16 h in 5 ml TB medium at 37 �C; the culture was then
diluted with 400 ml TB supplemented with 100 mg ml�1 Ampicillin
and 15 mg ml�1 kanamycin. When OD600 reached 0.6, cold shock
(37 �Ce15 �C) was initiated and expression was induced with
0.1 mM IPTG. Cells were further cultured for 24 h at 15 �C. The
induced cells were harvested by centrifugation at 5000g for 15 min.
The cell pellet was resuspended in lysis buffer I and lysed by son-
ication on ice. Following centrifugation at 12,000g for 20 min at
4 �C, supernatant was collected and applied to Ni Sepharose col-
umn (GE Healthcare). His6-tagged recombinant t-PLAC1 was puri-
fied using the immobilized metal affinity chromatography (IMAC)
as described by the manufacturer on native condition; in brief
washing the columnwas donewith wash buffer II (50 mM Tris-HCl,
500 mMNaCl, 20e50 mM imidazole, and 1mM PMSF, pH 7.8), then
elutionwith elution buffer (50mMTris-HCl, 500mMNaCl, 250mM
imidazole, and 1mMPMSF, pH 7.8) was carried out. Finally, glycerol
(10% v/v) was added to the eluted samples and stored at�20 �C. For
purification of Trx-PLAC1, two times of sonication were done, the
first one was after addition of lysis buffer I and the second was after
addition of wash buffer I. The rest of purification method was
similar to t-PLAC1 whish was mentioned above. The purity and
molecular weight of the fractions containing purified t-PLAC1
proteins was determined by SDS-PAGE gel electrophoresis under
reducing condition. For on-column refolding of f-PLAC1, pellet
solubilized in buffer C for 1 h at room temperature with mild
shaking 1500 rpm, was centrifuged at 10,000g for 15 min. The su-
pernatant fraction was collected and then loaded on a 1.5 ml Ni
sepharose™ high performance (GE healthcare, United Kingdom).
Refolding of the bound protein is performed using a linear gradient
from 2 to 0M of urea, and in 0M urea, we decreased the pH from 12
to 7.8. A gradient volume of 30 ml and a flow rate of 0.5 ml min�1

were applied. Columnwas washed with 5 ml of buffer without urea
and pH 7.8 after the gradient has come to its endpoint. Following
that, the flow-throughwas collected and loaded onto a Superdex 75
Prep Grade (GE Healthcare life sciences) column and eluted with
buffer I (20 mM TriseHCl pH 8.0, 150 mM NaCl). The purity of the
recombinant protein was confirmed by SDSePAGE and DLS
analyses.

2.5.3. Protein analysis and yield calculation
The expression of recombinant PLAC1 (t-PLAC1, f-PLAC1 and

Trx-PLAC1) were analyzed on a 12% SDS-PAGE gel stained with
coomassie brilliant blue R-250 (Bio-Rad). The protein concentration
was determined by the Bradford protein assay method using BSA as
the standard [30,31] or by spectroscopy using a calculated molar
absorption coefficient at 280 nm (e280) of 24,575, 12,865 and
38,680 M�1cm�1 for the purified protein f-PLAC1, t-PLAC1 and Trx-
PLAC1 respectively. The percentage of solubilization were also
measured based on the turbidity of the solution at 350 nm [32].

2.6. Densitometric analysis and molecular weight determination

DLS uses scattered light to measure the rate of protein particles
diffusion. The obtained motion data are processed to derive a size
distribution for the sample, where the size is given by the hydro-
dynamic radius of the protein particle. The hydrodynamic size
depends on both mass and shape of the molecules. Densitometric
analysis and molecular weight determination of purified PLAC1
molecules were performed according to the protocol published
elsewhere [33]. For densitometric analysis, SDS-PAGE gels were
scanned and density of specific bands of recombinant proteins was
analyzed using the program AlphaEase FC Software (Version 5.0.1)
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with standard settings calculating AUC (area under curve) for each
band. The sum of the band densities in lane was set to 100% and
relative percentage of each band was calculated accordingly.

2.7. The use of dynamic light scattering (DLS) to characterize
protein aggregation

Recombinant proteins were dialyzed against PBS buffer (0.15 M,
pH 7.8) at 4 �C, overnight. Then the average size and size distri-
bution of the recombinant proteins were determined by dynamic
light scattering by photon correlation spectroscopy. A Zetasizer
Nano ZS instrument (Malvern Instruments, UK) was used to mea-
sure particle size at 25 �C. Prior to loading in the cuvette, the so-
lutions were filtered through 0.22 mm Millipore filters [34,35].

2.8. Disulfide bridge determination

Thiol titration was carried out according to the manufacturer's
instruction. In brief 25 ml of recombinant protein was mixed with
250 ml of 100 mM sodium phosphate (pH 8.0) and 1 mM EDTAwith
or without 50 mM dithiothreitol (DTT) and 6 M Gu.HCl buffer
containing 5 ml of 4 mg ml�1 of DTNB for 15 min at room temper-
ature. The absorbance was measured at 412 nm with a molar
absorbance value of 14,150 M�1 cm�1 for PBS and 13,880 for Gu.HCl
buffer. In the case of reduced protein, dialysis was done against
PBS-EDTA solution to remove DTT [36e38].

2.9. Production of polyclonal antibodies against human PLAC1

Two PLAC1-specific Rabbit polyclonal antibodies [4,39], were
produced. According to the published amino acid sequence, two
synthetic peptides; PLAC1166�177 (CVFSEEEHTQVP) [11,39] and
PLAC1117�127 (APQKSPWLTKP) [4] corresponding to extracellular
segment of human PLAC1 were conjugated separately with Imject
Maleimide-activated mcKeyhole Limpet Hemocyanin (Thermo
Scientific, Rockford, IL, USA) and injected to New Zealand White
Rabbits. Antibody purification was performed using peptide-
coupled affinity column after five immunizations. The purity of
antibodies was assessed by SDS-PAGE.

2.10. Western blotting

After separation on SDS-PAGE gel, proteins were transferred to
nitrocellulose membranes (Hybond-ECL; Amersham) in 100 mM
Tris-HCl pH 7.5, containing 2.5 M NaCl, 0.5% Tween 20, 2% Triton X-
100 and 20% (v/v) methanol, for 1 h at 1 mA/cm2, using a Bio-Rad
apparatus (Berkeley, California). To detect proteins, membranes
blocked in BSA 5% for 16 h then incubated for 1 h at 4 �C either with
a horseradish peroxidase (HRP)-conjugated monoclonal anti-His
antibody (Roche) at a 1:100,000 dilution or with a polyclonal rab-
bit anti-PLAC1 antibody at a concentration of (50 ng ml�1) [4,11,39].
In the latter case, membranes were washed and incubated for
1.5 h at room temperature with the corresponding secondary an-
tibodies, HRP-conjugated sheep anti-rabbit (Sina Biotech, Tehran,
Iran) at a 1:3000 dilution. Membranes were developed with ECL
detection kit according to the manufacturer's instruction (Pierce).

2.11. Indirect ELISA

An indirect ELISA was set up for detection of full length and
truncated human PLAC1 using PLAC1-specific polyclonal anti-
bodies. In brief, plates were coated with 10 mg ml�1 recombinant
proteins for 1.5 h at 37 �C. Plates were washed with PBS-Tween and
blocked with PBS-BSA 2.5% overnight. Titrating concentrations of
purified PLAC1-specific polyclonal antibodies were added to the
wells and incubation was continued for 1.5 h. Signals were devel-
oped after sequential addition of HRP-conjugated sheep anti-rabbit
Ig (Sina Biotech, Tehran, Iran) and TMB as chromogen. Optical
density (OD) of the wells was measured at 450 nm.

2.12. Circular dichroism (CD) measurements

Full-length recombinant protein (f-PLAC1) was dialyzed against
50 mM Tris buffer (pH 7.8) at 4 �C, overnight. Far-UV CD spectra
were recorded on a JASCO J-715 spectropolarimeter (Japan), using
protein solutions of 0.2 mg ml�1 in 50 mM Tris buffer (pH 7.8) by
1 mm cell. Background signals were corrected against buffer blank
and all spectra were collected from 200 to 260 nm. Data was pre-
sented in terms of molar ellipticity [ɵ] (deg cm2 dmol�1), based on
the mean amino acid residual weight (MRW) of 110 Da. The molar
ellipticity was determined as [ɵ] ¼ (ɵ � 100 MRW)/(cl), where c is
the protein concentration in mg ml�1, l is the light path length in
centimeters, and ɵ is the measured ellipticity in degrees at wave-
length l. Noise of data was smoothed using JASCO J-715 software,
including the fast Fourier-transform noise reduction routine, which
allows enhancement of signal to noise ratio [37,40]. After normal-
ization of CD spectra against protein concentration, normalized
spectra were deconvoluted by the use of CDSSTR algorithm and
Reference set 7 at Dichroweb [41,42]. Finally total helix and sheets
were obtained.

2.13. Bioinformatics analysis: protein 3D structure prediction with
I-TASSER server

Three-dimensional model of PLAC1 was generated through
multiple threading alignments by LOMETS and iterative TASSER
simulations [43,44]. I-TASSER generates full-length model of pro-
teins by excising continuous fragments from threading alignments
and then reassembling them using replica-exchanged Monte Carlo
simulations. I-TASSER is a hierarchical protein structure modeling
approach based on the secondary-structure enhanced Profile-
Profile threading Alignment (PPA) [45] and the iterative imple-
mentation of the Threading ASSEmbly Refinement (TASSER) pro-
gram [46]. The detail of the ITASSER method has been described in
Refs. [47,48]. The two parameters evaluating the quality and accu-
racy of themodel are defined as C-score and TM-score, respectively.
C-score is a confidence score for estimating the quality of predicted
models by I-TASSER. C-score typically ranges from�5 toþ2, where
a C-score of higher value signifies a model with a high confidence
and vice-versa. A TM-score >0.5 indicates a model of correct to-
pology and a TM-score <0.17 means a random similarity.

3. Results

3.1. Construction of the expression system and preliminary protein
production

The expression of human genes in E. coli may suffer from low
yields due to exhibiting distinct codon usage and the lack of the
suitable environment for proper folding. To overcome these issues,
different plasmids and strains of E. coliwere used to express PLAC1.
The sequence encoding amino acids 117e212 (t-PLAC1) was cloned
into pColdI and that encoding 23e212 (f-PLAC1) was cloned into
pET-32a and pColdI vectors. The constructs were transformed into
several E. coli strains, including Origami ™ (DE3), Shuffle T7 (DE3),
BL21 (DE3) and Origami2 (DE3) and induced for protein expression.
Then, the protein expression was evaluated by the SDS-PAGE and
Western blot analyses (Fig. 1A and B).

The optimum expression level of t-PLAC1 was obtained in the
presence of 1mM IPTG (OD600nm¼ 0.9) after 24 h induction at 15 �C



Fig. 1. SDS-PAGE of recombinant PLAC1.
(A) Expression and (B) Western blot analysis (using anti-His tag antibody) of t-PLAC1 in different strains of E. coli.
(C) Expression and (D) Western blot analysis (using anti-His tag antibody) of f-PLAC1 in different strains of E. coli.
(E) Expression and (F) Western blot analysis (using anti-His tag antibody) of Trx-PLAC1 in different strains of E. coli.
50 mg of protein concentrations were run in parallel with molecular mass standards on a 12% gel and stained with Coomassie Blue R-250.
(S ¼ soluble fraction and I ¼ insoluble fraction).
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in Origami™ (DE3). Under this condition, the soluble PLAC1 was
about half the total expressed protein. Shuffle T7 (DE3) also yielded
a considerable amount of protein, albeit with lower efficacy. No
soluble protein was detected when BL21 (DE3) was used.

f-PLAC1 was over-expressed as either alone (f-PLAC1) or as a
fusion protein with thioredoxin (Trx-PLAC1). The highest levels of
protein expression for f-PLAC1 and Trx-PLAC1 were obtained in
E. coli Rosetta2 (DE3) cells (Fig. 1CeF). The results indicated that f-
PLAC1 was expressed as inclusion bodies (IBs) in all tested strains,
while the main part of Trx-PLAC1 were expressed as soluble forms
in BL21 (DE3), Rosetta2 (DE3), Rosetta-gami (DE3) pLysS and shuffle
T7 (DE3).
3.2. Solubilization of IBs

Various buffers were tested to find the best condition for the
solubilization of IBs. The results indicated that the highest level of
soluble protein was present in buffer C containing Urea 2 M,
(pH ¼ 12). A high level of the soluble form of f-PLAC1 was also
obtained in buffer A (Urea 8 M, pH¼ 8). In the case of fusion-PLAC1
(Trx-PLAC1), the recombinant protein was completely solubilized
in wash buffer I, containing a mild detergent (0.5% of deoxycholic
acid) prior to solubilization in solubilization buffers (Fig. 2A and B).
Moreover, the solubilized PLAC1 was filtered and its solubility
measured by considering OD450 nm (data not shown). The results



Fig. 1. (continued).
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indicated a homogenate soluble PLAC1, which was useful for
further studies.
3.3. Purification of expressed proteins

The purification of recombinant proteins t-PLAC1 and f-PLAC1
was done by affinity chromatography. The flow-through from f-
PLAC1 and trx-PLAC1 (Fig. 3B) were further loaded onto a gel
filtration column to remove further contaminants, aggregated
protein and small molecular weight impurities (Fig. 3C). The puri-
fied proteins had more than 95% purity, as detected by SDS-PAGE.
While t-PLAC1 showed two bands of about 18 and 22 KD, f-PLAC1
and Trx-PLAC1 indicated bands of 27.2 and 45 KD respectively after
on-column refolding of proteins (Fig. 3 and Fig. S2). Moreover, the
results demonstrated an intense band corresponding to the esti-
mated molecular weight of PLAC1, as detected by Western blot
using commercial anti His-tag antibody and specific polyclonal
antibodies [39]. Indeed, PLAC1-specific polyclonal antibodies
directed against peptides 117e127 and 166e177 showed parallel
pattern of reactivities with t-PLAC1 (Fig. 4A) or f-PLAC1 (Fig. 4B) as
determined by indirect ELISA. Reactivity with t-PLAC1 was more
pronounced giving an optical density above 2 with as low as
325 ng ml�1 antibody. These results suggested a reasonable folding
of purified recombinant proteins. Based on Bradford assay and
spectroscopy results, approximately 35 mg of purified f-PLAC1 was
obtained from 1 L of medium after on-column refolding. While the
yield of t-PLAC1 and Trx-PLAC1 were 10 and 25 mg L�1 of purified
protein after native purification of proteins, respectively.

3.4. DLS analysis

DLS is very useful to detect small amounts of aggregated pro-
teins. The main components (100%) of f-PLAC1 (Fig. 5A and B) and
Trx-PLAC1 (Fig. 5C and D) represent 3.76 and 61.43 nm in size after
IMAC chromatography, while their correlated size were changed to
1.86 and 9.78 nm after gel filtration chromatography respectively.
No part of aggregates was observed as determined by DLS. Our
results clearly showed the polydispersity percentage of the purified
proteins were 18 which were less than 20% indicating mono-
dispersity of obtained proteins (see Table 2).

3.5. Estimation of disulfide bridges

Recombinant PLAC1 was expressed in the Origami (DE3) and
Shuffle T7 strains for appropriate formation of disulfide bridges.
Incubation of PLAC1with DTNB (Ellman reagent) showed that some



Fig. 1. (continued).
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cysteines were buried inside the non-accessible area of PLAC1. f-
PLAC1 was treated with denaturant agent Gu.HCl. Incubation of the
recombinant PLAC1 with DTNB (Ellman reagent) is shown in
(Table 1). The results clearly demonstrated that four Cys residues
were involved in the disulfide bridges, whereas the remaining free
thiol groups reacted with DTNB. At the same time, the DTNB assay
under denaturing and reducing conditions (with DTT) caused an
increase in the release of TNB, confirming the formation of disulfide
bonds in the absence of a reducing agent. These results are in line
with the study by Jovine et al, showing that PLAC1 contained two
disulfide bridges in the ZP domain [5,49].

3.6. CD spectra of full-PLAC1

The far-UV CD full length of PLAC1 spectrum is shown in Fig. 6.
The secondary structure of f-PLAC1 consisted of 11.2% a-helix; 53%
of b-sheet þ turn; and 35.8% of random structures as considered by
JASCO J-715 software. The results were found to be in accordance
with the predicted secondary structure of PLAC1 based on the
primary sequence of the molecule obtained from the PSIPRED
protein structure prediction server (Fig. S3). The soluble form of
PLAC1 exhibited a considerable amount of secondary structure as
determined by the CD spectra.

3.7. Homology modeling of PLAC1

The capability of i-TASSER in predicting protein structure was
demonstrated by Yang J. et al [50]. A model of f-PLAC1 was built
using the I-TASSER program which automatically generated high
quality predictions of the 3D structure of protein molecules from
their amino acid sequences [44]. The C-score, which is a confidence
score for estimating the quality of predicted models by I-TASSER
and typically is from �5 to 2, high value indicating a model with
high confidence [51], was 0.94 for PLAC1. The TM-score of PLAC1, a
parameter for measuring the quality of the modeling prediction
[51] was found to be 0.60 ± 0.14, indicating a high modeling



Fig. 2. (A) SDS-PAGE of selected solubilization buffers for f-PLAC1 protein expressed in
Rosetta2 (DE3). (S ¼ soluble fraction and I ¼ insoluble fraction). (B) Solubilization of
Trx-PLAC1.

Fig. 3. (A) SDS-PAGE and (B) Western blot analysis (using specific polyclonal antibody)
of purified recombinant PLAC1. (C) SDS-PAGE analysis after 1) IMAC and 2) Gel
filtration chromatography.

Fig. 4. Titration of anti-PLAC1 antibody in immunized mouse serum by indirect ELISA.
Hyperimmunized serum was serially titrated on a (A) recombinant t-PLAC1 and (B) f-
PLAC1 coated plate. aldrich). All experiments are repeated at least 3 times, the error
associated with each point falls within 5% of the value.
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accuracy. A TM-score >0.5 also indicates a model of correct topol-
ogy. ZP3 conserved domain was detected, while, four cysteines
Cys30-Cys115 and Cys61-Cys80 could generate two disulfide bridges
as predicted in the model. The other cysteines (C49, C128, C146, C161,
C163, C166 and C178) were free and not involved in disulfide bridges
(Fig. 7).

4. Discussion

PLAC1 is a newly-identified cancer testis antigen with wide-
spread expression in cancer tissues and cells [4,6,8e11]. Never-
theless, limited data are available on the efficient production of this
biomolecule or its structure. Chemically synthesized proteins are
costly and usually hard to obtain. Hence, it is proposed to employ an
expression host that is more cost-effective and provides a sufficient
amount of the biomolecule. The purpose of the current studywas to
establish and optimize the expression and purification procedure
for recombinant PLAC1 using different E. coli strains and to char-
acterize secondary structure of the purified protein.

PLAC1 is a membrane-associated protein. This protein, con-
taining a large number of cysteine residues. Owing to the fact that
the protein is located at the cell surface, it is probable that some of
these cysteines may be involved in disulfide bond formation as
predicted by the i-TASSER program. Here, three recombinant PLAC1
proteins were produced by employing two different strategies
based on the predicted topology of PLAC1 protein (Scheme 2,
supplementary data) that included: 1) Application of low temper-
ature for optimization of recombinant protein production using the
pCold vector containing the promoter of the cold shock-inducible
gene for the major cold shock protein CspA, representing an
improved expression level of the gene of interest following cold
shock [17,52]. This vector also contains a lac operator downstream
of the cspA promoter that regulates gene expression not only by



Fig. 5. Dynamic light scattering of (A), (B) f-PLAC1 and (C), (D) Trx-PLAC1. (A, C) are correlated to IMAC and (B, D) to gel filtration chromatography.

Table 1
Thiol content of recombinant PLAC1 was determined based on OD412 nm upon
treatment with and without DTT, Guanidine hydrochloride and Ellman reagent.

Mol of SH per mol of
protein e Gun-HCl

Mol of SH per mol of
protein þ Gun-HCl

-DTT þDTT -DTT þDTT

f-PLAC1 3.67 9.32 6.9 11.01

Table 2
DLS analysis of recombinant purified proteins.

Recombinant protein

IMAC Size (nm)
pdI
pdI percentage

Gel filtration (superdex 75 prep) Size (nm)
pdI
pdI percentage
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temperature, but also by such lac stimulants as IPTG [17]. 2) The use
of TRX tag partner; we clearly verified that the expression and
solubility level of PLAC1 improved significantly when the protein
was expressed as a fusion protein with TRX tag. Based on our re-
sults, the TRX tag was found to act as an excellent enhancer for
production of PLAC1 in a soluble form (Fig. 1E). However, the exact
mechanism by which TRX enhances the solubility of the protein
f-PLAC1 Trx-PLAC1

3.76 61.43
0.38 0.332
19% 25%
1.86 9.78
0.3 0.3
18% 18%



Fig. 6. Far-UV CD spectrum of native recombinant f-PLAC1. The concentration of
protein was 0.2 mg ml�1 in Tris-HCl buffer (20 mM, pH 7.8). The spectrum was
collected from 200 to 260 nm, and the background was corrected against buffer blank.
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remains to be elucidated. Nonetheless, it has been reported that
TRX may perform a passive rather than an active role in the folding
of fusion passengers [32].

Several specialized host strains have been introduced to over-
come the metabolic burden associated with a high level of protein
expression. Cysteines in the E. coli cytoplasm are dynamically kept
low by pathways associated with thioredoxin reductase and
Fig. 7. 3D structure of predicted-PLAC1. (A) t-PLAC1, (B) F-PLAC1, (C) and (D) The location
yellow. E) The full structure of PLAC1 with disulfide bridges. The de novo structure of PLAC1 o
this figure legend, the reader is referred to the web version of this article.)
glutaredoxin. Therefore, a number of mutant strains have been
introduced to conquer this problem such as the Origami, Rosetta-
gami and Shuffle T7strains through the disruption of the trx and the
genes encoding two reductases mutant (glutathione reductase and
thioredoxin reductase), enhancing the formation of disulfide bonds
in the E. coli cytoplasm. These strains in conjunctionwith BL21were
employed for the production of recombinant proteins. In addition,
the Rosetta2 strain was also used to overcome the codon usage
barrier usually faced in the expression of human genes in E. coli. A
high protein expression level of t-PLAC1 was achieved in the
Origami TM (DE3) and Shuffle T7 strains. It is conceivable that
overexpression of disulfide-bond isomerase C (DsbC), a chaperone
assisting the folding of proteins, in Shuffle T7 (DE3) might help
correct the formation of disulfide bonds and finally fold protein in a
soluble form (Fig.1). Moreover, t-PLAC1 showed two bands of about
18 and 22 KD. It may discuss that truncated protein with 18 kDa
shows a different conformation of t-PLAC1 due to the disulfide
bond remodeling. It has been reported that there are 11 cysteine
residues in f-PLAC1. Their shuffling may form a different protein
conformation. Therefore, it seems that the N-terminal portion
(residues 23e117) of PLAC1 is important for the correct formation
of a disulfide bridge in the nested protein during PLAC1 folding.

In the case of f-PLAC1, the highest level of protein expression
was observed in the Rosetta2 (DE3) and OrigamiTM (DE3) strains
althoughmost of the proteinwas insoluble and present as inclusion
bodies. During the expression of a recombinant protein in heter-
ologous hosts, an elevated concentration of partially folded in-
termediates may have led to the aggregation of protein into IBs. In
addition, the reducing state of bacterial cytoplasm, lack of chaper-
ones, and posttranslational modifications may also contribute to
formation of IBs [53,54]. Therefore, two different strategies have
been implemented under specific conditions to decrease the
of two disulfide bridges. Ca and Cb atoms are shown in white and disulfide bridges in
btained from iTASSER server was used. (For interpretation of the references to colour in



Scheme 1. The proposed model for inclusion bodies refolding.
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formation of IBs. These include the use of cold shock and the fusion
tag TRX system in which the culture temperature after the IPTG
induction is lowered to 25 �C. Temperature variation is recognized
to ease the production of active protein through a variety of
mechanisms. Hydrophobic interactions, the main cause of IBs for-
mation, have been reported to decrease if temperature is lowered
[55e58]. Our result apparently showed that the cold shock system
could not inhibit IBs formation whereas the use of TRX tag system
could mostly avoid IBs formation leading to considerably lower
amounts of proteins in IBs form. Thus, for those fractions of the
protein which are expressed as IBs, solubilization and refolding are
necessary.

Among the several steps needed to recover bioactive protein
from IBs, the solubilization of IBs and the refolding of the solubi-
lized protein are considered the most important [28,59]. Based on
the CD spectrum, IBs represent native-like secondary structures.
Solubilization of IBs in high concentrations of urea or GdnHCl may
lead to a considerable loss of protein structure. On the other hand,
mild solubilization agents (organic solvents, detergents like sodium
deoxycholate (SDC), or high pH buffers) have been reported to
maintain a part of the secondary and tertiary structures. In both
cases, the refolding process can be optimized to recover properly
folded native proteins. Mild solubilization of IBs can lead to lower
protein aggregation in the refolding step. It has been reported that
urea commonly has the ability to reduce hydrophobic interactions
between water and protein molecules and facilitates solubilization
of inclusion body associated proteins without disrupting their
existing secondary structure.

In the current study, we demonstrated an increased solubility of
the protein in the alkaline pH buffer containing 2M urea, indicating
the existence of both ionic and hydrophobic interactions in the
inclusion bodies. The solubilization of the IBs protein with the
maintenance of its native-like secondary structure has been re-
ported to be a vital norm for its successful refolding into the native
conformation. The advantages of pH-induced IBs solubilization
have been demonstrated to be supported by the reversibility of pH-
induced conformational conditions of comparable proteins such as
the recombinant bovine growth hormone [60,61].

SDC, either alone or as a part of a sample lysis solution, has been
applied to solubilize and extract plasma membrane proteins at low
concentrations, [62e64]. Here, we were able to extract TRX-PLAC1
from IBs by SDC without using harsh chaotropic agents. The
detergent probably interacts with the area of the protein that
normally forms the interface with the membrane and, thus, acts as
a substitute for the membrane associated protein (Fig. 2).

At the next step, we applied on-column refolding for the
refolding of f-PLAC1 extracted from IBs (Fig. 3). Chromatography-
assisted refolding offers several benefits including a higher con-
centration of the protein, simplifying the subsequent purification
steps [65,66]. In addition, the use of this method has been shown to
result in higher purity of renatured protein [67].
5. Conclusion

In this work, an efficient expression system for the human
PLAC1 was developed. While being simple, this system provides an
efficient method for the production of soluble PLAC1. Our results
clearly showed the usefulness of the cspA promoter and fusion tag
for the synthesis of recombinant PLAC1. Taken together, we were
able to produce solubilized PLAC1 by employing two different
methodologies and developed a procedure for the proper folding of
PLAC1 as judged by circular dichroism. In line with an earlier report
[29], we suggest that the use of a mild denaturant reagent such as
SDC and a low concentration of chaotropic agent (Urea 2 M) can
preserve some of the secondary and tertiary structures and
improve the recovery of correctly folded native protein (Scheme 1).
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