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The inhalation of Chenopodium album (C. album) pollen, especially polcalcin (Che a 3), has been reported as a sig-
nificant source of allergic respiratory symptoms. This study was conducted to characterize biophysical differences
of recombinant polcalcin come from three different Escherichia coli strains using attenuated total reflectance Fou-
rier transform infrared spectroscopy (ATR-FTIR), optimize recombinant polcalcin expression, and linear B-cell
epitopes identification using in silico methods. ATR-FTIR results of purified proteins showed spectra intensity var-
iance in the amide [ region, while there were no changes in pick position and shape of the bands. SHuffle® T7 Ex-
press was selected for subsequent optimization due to ability in the correction of the mis-oxidized bonds and
promotes proper folding which was validated by ATR-FTIR analysis results. Then, Response Surface Methodology
was performed to optimize critical factors including induction temperature, duration of induction, and concen-
tration of inducer. The best partitioning conditions were achieved in 1.5 mM IPTG for 10.97 h at 29.9 °C. Finally,
prediction of polcalcin B-cell epitopes was carried out which indicated the presence of 4 different epitopes. To-
gether, the results may help to the development of diagnostic approaches and also vaccine manufacture for de-
sensitization and modulation of the allergic response in patients.

© 2019 Published by Elsevier B.V.

1. Introduction

Currently, the most common diagnostic methods for allergic disor-
ders are skin prick test and detection of allergen-specific IgE in blood

During the recent decays, there has been a huge increase in the inci-
dence of allergic diseases [1]. Allergic diseases which are a group of
immune-mediated disorders, generally triggered by an IgE-dependent
immunological response to an allergen [2-4]. Although the pattern of
allergic sensitization is varied in different areas, plant pollens especially
pollen of weeds and grasses are the most common triggers of allergic
symptoms [5]. Regarding the high prevalence of allergic disorders
around the world and its chronic nature, allergies can negatively affect
patient's quality of life and imposed a huge economic burden on socie-
ties and health systems [6,7], therefore proper diagnosis and manage-
ment of allergies is a very important issue.
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[8]. In both tests, natural allergen extracts containing major and minor
epitopes of each allergen such as pollens, foods, molds and animal's
dander are used. In all in vivo and in vitro diagnostic tests for allergy,
the source of allergenic materials, quality, and quantity of extracts are
crucial and affect the sensitivity and specificity of the test [9]. However,
studies have shown that there is a large variation in the quality of com-
mercial allergen extracts [10-12]. Rather than the difference in the
source materials, presence of allergenic and non-allergenic ingredients,
lack of standardization and variation in extraction methods decrease the
uniformity and validity of natural extracts [10-13]. Furthermore, many
inhalant and food allergens have intrinsic enzyme activities which make
them susceptible to degradation in a time-dependent manner and
causes a reduction in the allergenicity as well as the biological activity
of the extracts [9]. Besides the problems mentioned above, natural aller-
genic extracts are expensive and are prone to batch-to-batch variation
and also cannot be constructed to suit the individual patient's
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sensitization profile. An alternative way to overcome the disadvantages
and problems associated with natural allergenic extracts is to use re-
combinant allergens [14]. During the last three decades, utilization of
recombinant DNA technology in the field of allergy diagnosis and treat-
ment has led to the production of pure, reproducible, consistent and
physicochemically defined allergens with low cross-reactivity at a bet-
ter cost.

There are many hosts used for the production of recombinant pro-
tein such as bacteria, yeast, plants, and animals [15,16]. Escherichia coli
(E. coli), is one of the most important expression systems which is
used routinely for rapid production of a large amount and low-cost re-
combinant allergens production [14,17]. Notably, recombinant protein
expression in E. coli often results in the formation of insoluble nonfunc-
tional inclusion bodies [18]. In general, many factors such as post-
induction temperature [19], cultivation media, E. coli strain, and inducer
concentration [20] affecting expression and solubility rates which can
be manipulated in order to obtain an optimum condition for overex-
pression and reduce inclusion bodies formation.

Pollens are the most common triggers of allergic symptoms around
the world. Among different type of allergenic pollens, Chenopodiaceae
family and particularly C. album is one of the most important causes of
allergic sensitization. Several studies from different parts of Iran
[21,22] and other countries [23-25] confirmed the high rate sensitiza-
tion to C. album allergens among allergic patients.

Based on our previous study which revealed the role of expression
system type on secondary structure differences [26], we first aimed to
characterize physicochemical properties of recombinant polcalcin
expressed in three types of E. coli strains including SHuffle® T7 Express,
BL21 (DE3) and Rosetta-gami™ 2 (DE3) through ATR-FTIR. In the next
step, we compared the effects of different cultivation conditions using
Response Surface Methodology (RSM) to reach the maximum yield of
recombinant polcalcin. In this regard, three parameters including induc-
tion periods and temperature as well as inducer concentration were
examined.

As IgE binding sites characterization can be used for the discovery
and development of new therapeutics, vaccines, and diagnostics of
many allergic diseases, using updated algorithms, an epitope mapping
process was finally conducted to determine IgE binding sites of
polcalcin.

2. Material and methods
2.1. Strains, vector and culture media

The recombinant pET21b (+) vector containing polcalcin encoding
gene was kindly provided by Dr. Sankian [27]. Production of high-
efficiency chemical competent cells was conducted using the standard
protocols [26]. The heat shock method was used for transformation of
the bacterial cells and the transformed clones were selected using LB
agar medium containing 100 pg mL™" of ampicillin. Aliquots containing
transformed bacterium were stored in 20% (v/v) glycerol at —70 °C for
long term usage.

2.2. Expression of polcalcin in different strains of E. coli

A loopful of bacteria were inoculated into 10 mL of LB broth medium
and grown overnight in shaking incubator at 37 °C. A total volume of
1 mL of the overnight culture was transferred to the falcons containing
100 mL fresh sterilized LB medium and 100 ug mL™" ampicillin. Cells
were grown at 37 °C and 200 rpm till they reached ODggonm Of
0.4-0.6. The recombinant protein expression was then induced by the
addition of IPTG (Isopropyl-p-D-thiogalactopyranoside) to the final
concentrations of 1 mM. The cultures were incubated further at 28 °C
for 4 h. After that, the cells were harvested by centrifugation at 7000g
for 20 min at 4 °C. Finally, the pellets of induced bacteria were analyzed

by 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE).

2.3. Polcalcin purification

The clarified supernatant containing soluble His-tagged recombi-
nant polcalcin protein was added to the immobilized metal affinity
chromatography (IMAC) column with Ni-NTA agarose beads (Qiagen,
Netherlands). The gravity-flow-based chromatography was conducted
under native conditions (Qiagen, Netherlands). Finally, the purified re-
combinant polcalcins from three different strain were quantified by
the Bradford method [28] and were analyzed by SDS-PAGE for further
ATR-FTIR characterization.

2.4. ATR-FTIR analysis

24.1. Data acquisition

FTIR data acquisition was done by two methods using WQF-510 Fou-
rier transform spectrometer (Rayleigh Optics, China) equipped with a
DLaTGS (deuterated,l-alanine doped triglycine sulfate) detector. First,
the background of ZnSe window cell (13 mm x 3 mm) was obtained.
Then, the spectrum of elution buffer and protein in aqueous phase
were acquired separately. Second, to confirm the results of the first
method, concentration-corrected volumes of recombinant polcalcin
and buffer were undergone using harsh freeze-drying condition. Having
further acquired the background spectrum of the diamond crystal and
air, the IR spectra of identical volumes of freeze-dried powders compris-
ing buffer and recombinant polcalcin in different hosts, was obtained
using MIRacle™ single reflection attenuated total reflection (ATR)
(PIKE technologies, WQF-510, Rayleigh optics, China) with window
made of diamond crystal. Raw spectra were acquired in the 400 to
4000 cm ™! spectral range with a resolution of 4 cm ™. To avoid low sig-
nal to noise ratio (SNR), 512 scans were co-added for each spectrum. Ex-
periments were done triplicate. Spectra were collected against the
background prior to each measurement. The chamber of spectropho-
tometer was inflated with N, gas during data acquisition.

2.4.2. Spectral preprocessing and data analysis

Essential preprocessing and statistically analysis of raw FTIR spectra
were performed by MATLAB software version 2018b (The Math-Works,
Natick, USA). First and foremost, the spectrum of buffer was substracted
from the spectra of polcalcin. Second, Amide [ region
(1600-1700 cm™') were cut. Then, to smooth the peaks,
Savitzky_Golay filter with a fourth order polynomial in fifteen points
and averaging filter function were applied to the mean of triplicate
spectra. Fourth, min-max normalization (0-1) was performed. For
quantitative analysis of the secondary structure of polcalcin, the areas
under the peaks of deconvolved spectra were calculated with respect
to peak assignments mentioned in [29] and divided by the sum of all
peak areas to obtain the relative percentage of each peak. In addition,
the second derivative of deconvolved spectra was used to clearly iden-
tify and compare each peaks dimensions to investigate peak generation,
peak removal or shifts.

2.5. Experimental design and optimization by RSM

RSM as an empirical statistical modeling technique was employed to
optimize the expression conditions that enhanced the recombinant
polcalcin production. Central composite design (CCD) developed by
the Design Expert software version 6.0.8 (Stat-Ease, Minneapolis,
USA), was used to optimize the three significant cultivation conditions
in SHuffle® T7 Express: post-induction temperature, inducer concen-
tration and post-induction period. A set of 20 experimental runs with
5 replicated center points were generated. Three different levels: low,
medium and high were used to study the independent variables
(Table 1). The experimental design used for the study is presented in
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Table 1

Independent variables and their coded and actual values used for the optimization.
Factor Name Units Type Low Mean High
A IPTG mM Numeric 0.5 1 1.5
B Induction time h Numeric 4 8 12
C Temperature °C Numeric 16 28 37

Table 2. All the experiments were carried out in triplicates and the aver-
age of polcalcin yield was considered as the response. Protein quantifi-
cation was performed by scanning-based densitometry analysis of
acrylamide gels using Image] software (NIH, MD, USA).

2.6. IgE immunoassay with dot blot

Ten micrograms of purified recombinant polcalcin protein, as well as
Bovine Serum Albumin (BSA) and natural extract of C. album (Holishter-
steer, USA) as the negative and positive controls, respectively were blot-
ted onto nitrocellulose membrane allowed to dry for 1 h at room tem-
perature. After blocking of unreacted protein-binding sites by
skimmed milk (2%), the membrane was washed three times (3 min
per wash) with TBST buffer (20 mM Tris and 150 mM NacCl, pH 7.6,
0.1% Tween-20). Next, membranes were incubated with a pooled sera
of five allergic patients which showed positive skin prick test to the
commercial crude extract of C. album (Holishter steer, USA) for 1 h at
room temperature and washed 3 times with TBST buffer. Then,
enzyme-labeled anti-IgE antibody (KPL, the Netherlands) was added
to the membrane and incubated at 37 °C for 1 h, followed by washing
with washing buffer and a final round of washing with ddH,0. Freshly
prepared substrate solution of tetramethyl benzidine (TMB) (Sigma,

Table 2

Switzerland) was added onto the membrane for color development
for 10-30 min.

2.7. In silico characterization of polcalcin protein

The prediction of B-cell epitopes was performed to find potential
epitopes that can cause an allergic reaction in the susceptible people.
The three-dimensional crystal structure of polcalcin (PDB ID: 20PO)
was retrieved from RCSB PDB database and linear B-cell epitope predic-
tion was conducted using BepiPred modified hidden Markov model
from IEDB analysis resource v2.12 (http://tools.immuneepitope.org/
beell/) [30]. The recommended cutoff of 0.35 was used to determine po-
tential B-cell linear epitopes, ensuring sensibility of 49% and specificity
of 75% to this approach. Linear B-cell epitopes are predicted to be lo-
cated at the residues with the highest scores. The Emini surface accessi-
bility (ESA) was used to evaluate the probability of predicted linear B-
cell epitopes to be exposed on the surface of the protein. This approach
calculates the surface accessibility of hexapeptides and values >1.0 indi-
cate an increased probability of being found on the surface (36). Se-
quences with BepiPred score above 0.35 and ESA score above 1.0 were
considered potential linear B-cell epitopes in regions that could be
accessed by naturally acquired antibodies.

3. Result
3.1. Protein expression and molecular weight determination

SHuffle® T7 Express, BL21 (DE3) and Rosetta-gami™ 2 (DE3) cells
were transformed with recombinant pET21b-polcalcin plasmid and in-

duced with 1 mM of IPTG at 28 °C. The SDS-PAGE analysis after induc-
tion confirmed the presence of recombinant protein with a major

Central composite design (CCD) matrix with the values of the independent variables IPTG concentration (factor
A), induction time (factor B), induction temperature (factor C), and the results for the production of polcalcin.

Factor A Factor B Factor C  Response 1 Response 2
Run IPTG Induction Time Temperature Protein Cell Density
(mM) () O (ug/nL) (ODso00)
1 1 8 27.5 745 1.56
2 1.5 4 37 334 1.185
3 1 8 27.5 740 1.62
4 1 1.27 27.5 50 0.499
5 1 8 27.5 710 1.62
6 1.5 12 37 1151 2.52
7 1 8 27.5 701 1.62
8 0.5 12 18 848 0.906
9 0.5 4 18 70 0.6565
10 1.5 12 18 _ 0.828
11 1.5 18 115 0.628
12 1 27.5 860 1.74
13 1 8 27.5 803 1.695
14 1 14.73 27.5 _ 2.705
15 0.5 12 37 1034 2.605
16 1.84 8 27.5 _ 1.68
17 0.16 8 27.5 86 1.755
18 1 8 11.52 283 0.16
19 1 8 43.48 365 1.845
20 0.5 4 37 346 1.225

The gradient color is related to protein concentration from white (minimum=286 pg/uL) to red (maximum=

1364 pg/l).
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band at about 14 kDa, which was consistent with the expected molecu-
lar weight of the polcalcin (Fig. 1A). The quantity of polcalcin produced
by the strains were quantified by densitometry of the corresponding
bands of stained SDS-PAGE gels. SHuffle® T7 Express and BL21 (DE3)
produced significantly more proteins than the Rosetta-gami™ 2 (DE3)
cells. On the other hand, no significant differences in protein expression
were observed for the SHuffle® T7 Express and BL21 (DE3) cells.

3.2. Recombinant polcalcin purification

Purification was performed using Ni-NTA columns in IMAC method
and analyzed by SDS-PAGE. As shown in Fig. 1B, successful expression
and purification of recombinant polcalcin with a molecular weight of
about 14 kDa was observed. The result of Bradford method has also re-
vealed that the concentration of polcalcin were about 500, 575 and 600
pg mL™ " in E. coli Rosetta-gami™ 2 (DE3), SHuffle® T7 Express and BL21
cells, respectively.

3.3. ATR-FTIR characteristics

The primary goal of this study was to test the feasibility of FTIR spec-
troscopy to acquire information regarding the differences of the second-
ary structure of recombinant polcalcin which expressed in SHuffle® T7
Express, BL21 (DE3) and Rosetta-gami™ 2 (DE3) cells. FTIR as a rapid,
non-destructive and easy to perform analytical method gives high-
quality spectra using a very small amount of protein. It is especially use-
ful for the analysis of the secondary structural characterization of pro-
teins because characteristic protein bands (e.g. the amide I region) in
an IR spectrum are very sensitive to conformational changes in the pro-
tein [31].

In order to the quantitative determination of secondary structural
changes, the curve-fitting analysis was applied to the amide I region
(1700-1600 cm ™). The contribution of each component band to the
amide I band is shown in Figs. 2 and 3. Second derivatives of
deconvolved SHuffle® T7 Express, BL21 (DE3) and Rosetta-gami™ 2
(DE3) cell spectra were calculated for the evaluation of shift position,
peaks generations, and their removal. The FTIR results suggested negli-
gible secondary conformational modifications among the various pro-
teins expressed in three types of E. coli. As shown in Fig. 2, these
structural differences were limited only to spectral intensity variance
in the amide I. Furthermore, pick position and shape of the bands
were not affected by the type of E. coli strain. Also, to verify these
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Fig. 2. FTIR characterization of liquid polcalcin. A: Secondary derivative of SHuffle® T7
Express, Rosetta-gami™ 2 (DE3) and BL21 (DE3) spectra; B: display variance of
absorption intensities.

discriminating differences and similarities, a freeze-drying process
was conducted on proteins. The result of ATR indicated no significant
differences were observed between the spectra of three strain (Fig. 3).
Also, the results of the comparison between ATR and FTIR indicated
the presence of a peak in ATR at 1670 cm ™' which was assigned to >-
Sheet (Fig. 3). Moreover, a peak which observed at 1620 cm™' which
can be attributed to nucleic acid due to the base carbonyl stretching
and ring breathing mode (Table 4) [32]. The peak in this position is
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Fig. 1. Analysis of polcalcin expression in three different E. coli strains using SDS-PAGE 12.5%. A: Lanes 1 and 2: bacterial protein before and after induction with IPTG respectively (BL21
(DE3)); Lanes 3 and 4: bacterial protein before and after induction with IPTG respectively (SHuffle® T7 Express); Lanes 5 and 6: bacterial protein before and after IPTG induction
respectively (Rosetta-gami™ 2 (DE3)); Lane 7: Pre-stained Protein Ladder (Thermo Fisher Scientific).
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Fig. 3. ATR characterization of lyophilized polcalcin. A: Secondary derivative of SHuffle®
T7 Express, Rosetta-gami™ 2 (DE3) and BL21 (DE3) spectra; B: display variance of
absorption intensities.

rarely seen for proteins that may be related to contamination with
nucleic acids. Quantitative ATR-FTIR analysis of the amide I band
shows the secondary structure of polcalcin has some minimal differ-
ences between the SHuffle® T7 Express and the Rosetta-gami™ 2
(DE3) compared to BL21 (DE3) (Table 5).

3.4. Optimization of polcalcin production

Determination of optimum concentrations of IPTG (A), induction
time (B) and induction temperature (C) to enhance the cytoplasmic
polcalcin production in SHuffle® T7 Express was carried out using the
CCD design. The yield of protein responses exhibited a range of
50-1364 ug mL~! in different conditions. The experimental design
with the actual levels of the variables and the results of experiments
are shown in Table 2. The observed results were fitted with a second-
order polynomial function for estimation of polcalcin production (pro-
tein) in terms of coded factors as follows:

Protein = 564.05333—1970.71004A—543.29313B + 90.45872C
+652.27835AB + 38.46938B° —1.54382C? —38.86896AB’

where A, B, and C are IPTG concentration, induction time and induc-
tion temperature, respectively.

Regression analysis of the experimental design for linear, quadratic,
2Fl and cubic was performed. The R? value of 0.97498 and the adjusted
R? value 0f 0.960386 indicated a good fitness of the model which can ex-
plain 91.2% of the variability in the response.

The relationship between the observed polcalcin production and the
expected values by the model is also represented in Fig. 4. The results of
ANOVA test (Table 3) with the model F value of 66.8032 and a very low
probability value also indicated the statistical significance and adequacy
of the cubic model. As shown in Table 3, all single factor terms (A, B and
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Fig. 4. Predictability of the obtained model for recombinant polcalcin overexpression was
studied using the scatter plot of the predicted versus measured experimental
densitometric values.

C) and AB were the main significant variables affecting polcalcin pro-
duction (p-value < 0.05) while other interaction and cubic model
terms had no significant effect (p-value > 0.05) on polcalcin production.

To visualize the effects of the variables on the response and evaluate
the interactions and optimum levels of the variables for polcalcin pro-
duction, the response surface plot was generated for each pair of exper-
imental factors, while the other two were held constant at their middle
levels. Fig. 5 illustrates the surface plots of polcalcin production for the
interactive effect of all possible pairwise combinations of variables.
The analysis of the plots demonstrated that the highest polcalcin yield
was achieved when the IPTG concentration and incubation time were
adjusted to 1.5 mM and 12 h, respectively. It was also observed that
the increase in IPTG concentration up to 1.5 mM enhanced the polcalcin
yield but higher concentrations of IPTG had no effect on the expression
yield. The highest polcalcin yield predicted by the model was 1319
ug mL~" with optimum values of IPTG concentration (1.5 mM), induc-
tion time (10.97 h), temperature (29.3 °C). Consequently, the validation
experiments were carried out under the optimized condition and the
yield of 1226 pg mL~" was achieved which was very close to the value
predicted by the model. This yield was obtained in the optimized me-
dium with constant induction condition of 1.5 mM IPTG and 10.97 h
post-induction at 29.3 °C. The result of SDS-PAGE analysis showed in

Table 3
ANOVA for response surface reduced cubic model.
Source df Sum of Mean FValue p-Value
squares  square
Model 7 3,505,150 500,735.6 66.8032 <0.0001 Significant
A-IPTG 1 816,642 816,642 108.9483 <0.0001
B'gﬁ:c“‘)“ 2299836 2,299,836 306.8213 <0.0001
C-temperature 1 37949.16 37,949.16 5.062801 0.0440
AB 1 295245 29,5245 3.938867 0.0705
B2 1 5949199 5949199 0.079368 0.7830
C*2 1 2825475 282,547.5 37.69469 <0.0001
AB"2 1 320,405.6 320,405.6 42.74534 <0.0001
Residual 12 89,948.21 7495.684
Lack of fit 7 7149338 10,213.34 2.767118 0.1401 . I\.]Ot
significant
Pure error 5 18,454.83 3690.967
Cor total 19 3,595,098
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Table 4
Intensity discrimination of variance of absorption.

Lyophilized polcalcin

Liquid polcalcin

1

1

Peak cm™ Assignment [32] Peak cm™ Assignment [32]

1600-1620 The region of the amide I band 1650-1663 Amide I (a-helix)

1625-1647 {3-Sheet structure of amide I

Proportion of b-sheet secondary structures (shoulder)
Amide I region

1660-1668 Amide [ band

1621-1624 Peak of nucleic acids due to the base carbonyl stretching and ring breathing mode 1640-1649 Unordered random coils and turns of amide |
Amide I (anti-parallel p-sheet)

1669-1700 Amide I (anti-parallel 3-sheet) Amide I (disordered structure-solvated)

1664-1695 . .

Amide I (anti-parallel 3-sheet)
Antiparallel 3-sheet of amide I

1648-1659 Unordered random coils and turns of amide [ 1600-1639 3-Sheet structure of amide I

Proportion of b-sheet secondary structures (shoulder)
Amide I region

Fig. 6 and clearly indicated that a higher amount of protein after
optimization.

3.5. Reactivity of recombinant polcalcin with patients IgE

IgE reactivity of recombinant polcalcin which produced by SHuffle®
T7 was checked by an immunoblotting technique using polled sera of
sensitized patients. As shown in Fig. 7, both recombinant and native
forms of polcalcin, showed a positive result while no IgE binding was
detected for negative control (BSA). The results indicated that SHuffle®
T7 Express can produce a bio-active form of recombinant polcalcin.

3.6. Mapping of IgE-binding epitopes

Knowledge of the allergen epitope characteristics is pivotal for un-
derstanding the pathogenesis of an allergen. Here, IgE binding regions
were identified by sequence-based tools which fall in common regions
of the sequence map. Three stretches of amino acids 1-12, 21-34,
42-48 and 55-62 recognized by two tools were predicted as B-cell epi-
topes. The result of epitope mapping is presented in Fig. 8.

4. Discussion

Recombinant allergens have considerably advanced our knowledge
of the immune mechanisms of allergic diseases as well as vastly
enriched our toolbox for diagnosis and therapy. In this study, we have
successfully established an optimized-condition for the production of
recombinant polcalcin allergen in E. coli that is pivotal for developing
detection, diagnostic, and treatment methods.

In order to express a recombinant protein in high yield soluble form,
several strategies like the introduction of molecular chaperons to the
host bacteria, modulation of expression level, optimization of culture
medium, reduction of temperature, the addition of chemical chaperons
have been introduced [33]. With thanks to advances in genetic engi-
neering, recently some new E. coli strains such as SHuffle® T7 Express
and Rosetta-gami™ 2 (DE3) have been developed which capable of

Table 5
Percentage distributions of secondary structures of polcalcin expressed in three different
strains determined by ATR-FTIR spectroscopy.

Sample E. coli strain Secondary structure (overall
%)
p-Turn  a-Helix  [-Sheet
Liquid polcalcin SHuffle® T7 Express 31.80 35.20 34.01
BL21 (DE3) 28.37 37.89 33.92

Rosetta-gami™ 2 (DE3) 27.09 38.51 35.06
SHuffle® T7 Express 31.04 39.70 30.57
BL21 (DE3) 32.46 38.18 30.44
Rosetta-gami™ 2 (DE3) 31.47 39.56 30.56

Lyophilized polcalcin

expressing recombinant proteins with intact structure. Previous studies
showed that these E. coli strains can express a particular protein in dif-
ferent structures compared to older strains e.g. BL21 (DE3) [26,34].
Hence, in order to find the best strain of E. coli for soluble expression
and high yield production of polcalcin, the encoding gene was cloned
and successfully expressed in these three different strains.

We revealed that expression yield of soluble polcalcin in SHuffle® T7
Express was almost equal to BL21 (DE3) but much higher than Rosetta-
gami™ 2 (DE3). The significant increase in expression of soluble
polcalcin in SHuffle® T7 Express in compare with Rosetta-gami™ 2
(DE3) was interesting, as the protein has no disulfide bond. It suggests
that the increased expression may not be related to the SHuffle® T7 Ex-
press cytoplasm's oxidizing environment, as the weak expression was
demonstrated in Rosetta-gami™ 2 (DE3) which has an oxidizing cyto-
plasmic environment. Limited studies described the expression of
non-disulfide bonded proteins in SHuffle® T7 Express [35,36]. For ex-
ample, Ren et al.,, showed increased expression of soluble GFP with
two free cysteines, in SHuffle® strain [35], while expression in other
strains leads to the formation of insoluble GFP protein [35]. It is hypoth-
esized that cytoplasmic disulfide bond isomerase C (DsbC), in SHuffle®
T7 Express, enhances correct folding of GFP by its chaperone property
but not disulfide isomerase activity. So, DsbC may have a contribution
in protein folding via an activity which is distinct from its redox activity
[37].

The produced recombinant allergens were then purified and used
for ATR-FTIR characterization. As polcalcin is a small protein with 86
amino acids which has no disulfide bond or other complex domains,
ATR-FTIR characterization results have indicated minor structural and
conformational changes between the different proteins expressed in
E. coli strains. These structural differences were limited to spectral in-
tensity variance, while there were no changes in pick position and
shape of the bands. Most of these discriminating differences and simi-
larities are characterized by amide I bands. To further confirm these re-
sults, proteins were gone through the harsh conditions of freeze-drying.
However, no significant differences have been seen between spectra
which might have been raised from structural instabilities in these con-
ditions. Quantitative analysis of the amide I band shows the secondary
structure of polcalcin has changed between the SHuffle® T7 Express
and the Rosetta-gami™ 2 (DE3) compared to BL21 (DE3). Similar obser-
vations were previously reported in other proteins containing (3-sheet.
For example, we have previously shown significant differences between
3-sheet secondary structures of recombinant Tumor Necrosis Factor o
in two E. coli strains [26]. Whether these minimal differences in struc-
ture might have significant effects on polcalcin allergenicity need fur-
ther investigations. Thus, the results of FTIR suggest that there is no
priority to use which strain for the production of polcalcin.

In the next step, we used RSM for the optimization of high yield re-
combinant polcalcin production. The RSM has been proved to be an ef-
fective tool for identifying significant variables and experimental
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Fig. 5. Response surface plots (3D) showing the influence of three studied variables on the polcalcin production (A) interaction between IPTG concentration and induction temperature;
(B) interaction between induction time and induction temperature; and (C) interaction between IPTG concentration and induction time.

conditions to optimize the expression of several proteins by varying dif-
ferent factors [38]. In our study, the highest increase of protein produc-
tion in SHuffle® T7 Express was achieved after the determination of the
optimum induction conditions of 1.5 mM IPTG and 10.97 h post-
induction at 29.3 °C. The obtained amount of polcalcin production
under optimized conditions showed 92.9% productivity, showing a
good coincidence with the predicted value, and thus indicating the ad-
equacy of the fitted model.
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-
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Fig. 6. SDS-PAGE analysis of optimized condition samples. Lane 1: Pre-stained Protein
Ladder (Thermo Fisher Scientific); lane 2: purified polcalcin; lane 3: non-optimized
polcalcin; lane 4-8: condition optimized polcalcins; and lane 9: BSA (1 mg mL™1).

IgE binding of native and recombinant forms of polcalcin was recog-
nized with sera from allergic individuals by immune-blotting, providing
evidence of the protein as an allergen. In order to find which epitopes
are involved in IgE reactivity of polcalcin, an epitope mapping process
was conducted using novel algorithms. More evidence regarding the
amino acid level of epitopes recognized by IgE is important for their
clinical application and also for understanding general molecular recog-
nition events [39]. Generally, the peptide that has at least 15 to 20 mer is
a good candidate for the development of specific enzyme immunoas-
says (EIA) based immunodiagnostic tools [40]. Instead of overlapping
synthetic peptides used to validate IgE reactivity in previous studies,
epitope mapping by immune-informatics tools may decrease the num-
ber of synthesized peptides and working time [41]. However, in the case
of polcalcin as a major allergen, to the best of our knowledge, no study
has not been done until now. The B-cell epitope identified in this
study has potential application for the detection of IgE antibodies in

Fig. 7. Dot blot assay. 1, 2, and 3: Purified recombinant polcalcin expressed in SHuffle® T7
Express, Rosetta-gami™ 2 (DE3) and BL21 (DE3) respectively; 4: Negative control (BSA);
and 5: Native polcalcin; B: Lane 1: Pre-stained Protein Ladder (Thermo Fisher Scientific).
Lanes 2, 3, and 4: purified recombinant polcalcin expressed in SHuffle® T7 Express,
Rosetta-gami™ 2 (DE3) and BL21 (DE3) respectively.
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Fig. 8. Predicted epitope residues of the polcalcin.

ELISA or point of care test for diagnosis. However, this needs to be eval- (2l
uated using a panel of sera.

3]

5. Conclusion (4

The present study described the high yield expression and physico-
chemical characterization of polcalcin as well as in silico identification of
epitopes. Our experimental results not only provide a basis for large
scale production of recombinant polcalcin for clinical diagnostic pur-
poses but also with the aim of predicted epitopes have significance in
experimental research and immunotherapy.
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