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Bacillus anthracis secretory protein protective antigen (PA) is primary candidate for subunit vaccine against anthrax. Attempts
to obtain large quantity of PA from Escherichia coli expression system o	en result in the formation of insoluble inclusion bodies.
�erefore, it is always better to produce recombinant proteins in a soluble form. In the present study, we have obtained biologically
active recombinant PA in small scaleE. coli shake culture systemusing three di
erent expression constructs.�ePAgenewas cloned
in expression vectors bearing trc, T5, and T7 promoters and transformed into their respective E. coli hosts. �e growth conditions
were optimized to obtain maximum expression of PA in soluble form. �e expression construct PA-pET32c in DE3-pLysS E. coli
host resulted in a maximum production of soluble PA (15mg L−1) compared to other combinations. Puri�ed PA was subjected to
trypsin digestion and binding assay with lethal factor to con�rm the protein’s functionality. Biological activity was con�rmed by
cytotoxicity assay on J774.1 cells. Balb/c mice were immunized with PA and the immunogenicity was tested by ELISA and toxin
neutralization assay.�is study highlights the expression of soluble and biologically active recombinant PA in larger quantity using
simpler E. coli production platform.

1. Introduction

Bacillus anthracis, the causative agent of the disease anthrax,
has two major virulence factors, one in the form of exotoxins
and the other in the form of unique capsule, which are
encoded by the plasmids pXO1 and pXO2, respectively [1,
2]. �e capsule is made up of poly-D-�-glutamic acid, a
unique virulent structure that helps the bacterium to escape
phagocytosis by macrophages inside the host. �e exotoxins
consist of three proteins, namely, protective antigen (PA),
lethal factor (LF), and edema factor (EF) which together
constitute the active anthrax toxins (AnTx) [3]. Basically,
AnTx belongs to A-B toxin superfamily where the B moiety
binds to the cell surface (in this case, PA) and assists in
translocating the catalytic A moiety (LF or EF) inside the
cell [4]. Individually, none of the proteins are toxic, but if PA
combines with LF or EF, it results in the formation of lethal

toxin (LeTx) or edema toxin (EdTx), respectively [5, 6]. PA
is a four-domain protein and can bind to either of the host
cell receptors, capillary morphogenesis gene 2 (CMG2) or
tumor endothelial marker 8 (TEM8), through its C-terminal
domain [7, 8]. Once bound to the receptor, PA is cleaved at
the sequence -RKKR- by host furin-like proteases to generate
receptor bound 63 kDa fragment (PA63) and a free 20 kDa
fragment (PA20). �e cleaved PA63 in its active state is
oligomerized to form a pore like structure into which LF and
EF can competitively bindwith high a�nity [9]. Once bound,
LF/EF is translocated into the cell through receptor mediated
endocytosis [10, 11]. EF is calmodulin dependent adenylate
cyclases which can increase the cAMP level inside the cell
disturbing the water homeostasis resulting in characteristic
edema observed during cutaneous anthrax. EF also impairs
cytokine signalling pathways and neutrophil functions [12].
LF is a highly speci�c zinc metalloproteases that can cleave
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themembers ofMAPkinase kinases (MAPKK) family at their
N-terminus resulting in altered cell signalling, increased pro-
duction of cytokines tumor necrosis factor-�, interleukin-1�,
and nitric oxide. LF is also known to activate in�ammasome
complex and caspases-1 mediated cellular apoptosis [13–16].

In US, the FDA approved Anthrax Vaccine Adsorbed
(AVA) as the only vaccine commercially available for use
against anthrax. It is prepared by adsorbing the cell free
culture supernatant of acapsular strain of B. anthracis V770-
NP1-R on aluminium hydroxide gel [17, 18]. In UK, Anthrax
Vaccine Precipitate (AVP) is in use which is alumprecipitated
cell free culture supernatant of Sterne strain 34F2 [19, 20].
Both AVA and AVP contain PA as major immunogen with
trace amounts of LF and EF. Although AVA and AVP
are e
ective, their unde�ned composition, batch to batch
variation, extensive dosing regimen, and adverse immuno-
logical side e
ects have made way for the search of second-
generation anthrax vaccine containing recombinant PA that
is under developmental stage [21, 22]. �ese recombinant
vaccines di
er from their predecessors in that their compo-
sition will be de�ned, amenable to large scale production,
and will be free from any adverse side e
ects. In case of large
scale immunization of human population, huge quantities of
biologically active recombinant PA will be required. For this
purpose, a scalable puri�cation process has been developed
to generate recombinant PA in multigram quantities from
recombinant E. coli [23]. Apart from E. coli, numerous other
attempts to develop expression systems are based on variety
of organisms including attenuated strains of B. anthracis,
B. subtilis, B. brevis, and Salmonella typhimurium [21, 24–
26]. However, these approaches are not simpler and o	en
require multiple harsh puri�cation steps which may result
in reduced yield and stability [27, 28]. It is therefore always
better to express a protein in a soluble form, as it can result in
functionally active and biologically stable protein. Moreover,
soluble proteins are easy to purify and reduce the extra down-
stream processing that is involved in purifying the denatured
proteins and refolding them to make functionally active
form. In addition to this, most of the denatured proteins are
susceptible to precipitation and protease degradation [29, 30]
during downstream processing.

In the present study, we have expressed recombinant
soluble PA in E. coli expression system using three di
er-
ent expression vectors, namely, pPROEXHTa, pQE30, and
pET32c, bearing trc, T5, and T7 promoters, respectively.
Further, each vector construct was transformed into di
erent
E. coli expression hosts and the growth conditions of the
transformants were optimized so as to obtain the maximum
yield in soluble form. Puri�cation was carried out using sim-
ple chromatographic techniques and the yield of protein was
compared. Further, the soluble PA frommaximumproducing
clone PA-pET32c-DE3-pLysS was characterized by trypsin
digestion and LF binding assay to con�rm its functionality.
�e biological activity was con�rmed through macrophage
cell protection assay using the PA immunized sera. �is
study highlights the straightforward production of large
quantity of recombinant PA in its biologically active soluble
form using an optimized E. coli vector-host combination
system.

Table 1: Bacterial strains used in this study.

Bacterial strains Source

Bacillus anthracis clinical isolate I.V.P.M∗, Vellore, India

DH5� Invitrogen, USA

BL21-DE3, DE3-pLysS EMD4 Biosciences, Germany

M15 Qiagen, Germany

XL-1 blue Stratagene, USA
∗Institute of Veterinary and Preventive Medicine.

2. Materials and Methods

2.1. Bacterial Strains and Reagents. �e bacterial strains
used in this study are listed in Table 1. �e expression
vector pPROEXHTa was purchased from Invitogen (USA),
pQE30 from Qiagen (Germany), and pET32c from Novagen
(Germany). Luria-Bertani broth/agar for maintaining the
expression hosts was obtained from Himedia (India). Acti-
vated protective antigen was procured form List Biological
Laboratories (USA). All other chemicals were procured from
Sigma Aldrich (India) unless speci�ed.

2.2. PA Gene Ampli�cation and Recombinant Plasmids Con-
struction. All the primers (Table 2) used in this study were
custom synthesized from Sigma Aldrich, India. �e PagA
gene sequence was retrieved fromNCBI (GenBank accession
number AF306782). �e genomic DNA was isolated from
the B. anthracis clinical isolate by conventional method and
was used as a template for PCR reaction. �e PCR reaction
was carried out in a 25�L reaction containing 50 ng of

template DNA, 0.1 �mol L−1 primers, 1x supertaq complete

bu
er (2mmol L−1 MgSO4), 0.2mmol L−1 dNTPs, and 2.5
units of super Taq DNA polymerase (Ambion, USA). �e
PCR condition was as follows: initial denaturation of 94∘C
for 5 minutes, 30 rounds of 1 minute denaturation at 94∘C,
1 minute annealing at 50∘C, and 2 minutes of extension
at 72∘C followed by 10 minutes of �nal extension at 72∘C.
�e PCR product was electrophoresed on 0.8% agarose gel
and was extracted using Qiagen gel extraction kit. �e PCR
product along with expression vectors pPROEXHTa, pQE30,
and pET32c was restriction digested with BamHI/XhoI,
BamHI/KpnI, and BamHI/SalI (Fermentas, USA) combina-
tion, respectively, and was followed by ligation to obtain
PA-pPROEXHTa, PA-pQE30, and PA-pET32c recombinant
plasmids. �e recombinant plasmid PA-pPROEXHTa was
transformed into E. coli DH5�, BL21-DE3, and DE3-pLysS,
PA-pQE30 in E. coliM15 and XL-1 Blue, and PA-pET32c plas-
mid in E. coli BL21-DE3 and DE3-pLysS, respectively. A total
of seven di
erent host-vector combinations were obtained.
A	er transformation, the positive clones were con�rmed
by restriction digestion of the isolated plasmid with the
following enzymes: PA-pPROEXHTa with BamHI/XhoI, PA-
pQE30 with BamHI/KpnI, and PA-pET32c with BamHI/SalI
combination.

2.3. Expression and Puri�cation. To determine the maxi-
mum expression of PA from individual clones, preliminary
expression was carried out at di
erent temperatures and
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Table 2: Primers used in this study.

Primers 5� to 3� sequence Restriction enzymes

pPROEXHTa F AGAGAAGGATCCAGAAGTTAAACAGGAGA BamHI

pPROEXHTa R CATCTCACTCGAGTTATCCTATCTCATAGCCT XhoI

pQE30 F GCGCAGGCCGGATCCGAAGTTAAA CAG BamHI

pQE30 R CCTAGAGGTACCTTATCC KpnI

pET 32c F GAGAAGGATCCGAATGGAAGTTAAACAGGAGA BamHI

pET32c R CATCTCAGTCGACTTATCCTATCTCATAGCCT SalI

Sequence underlined represents restriction sites.

time periods. All the E. coli cells carrying the recombi-
nant plasmids were grown in 5mL Luria-Bertani broth
tubes at 37∘C till the OD600 reached 0.6. Isopropyl �-
D-1-thiogalactopyranoside (IPTG) was added at the �nal

concentration of 1mmol L−1 and the clones were further
grown at 37∘C and 22∘C temperature for 3 hours, for 5
hours, and overnight. �e cells were harvested at 8000 g
for 5 minutes and were analyzed on 10% sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE).
�e temperature and time period at which particular clone
showedmaximum expression of PA were noted and the same
conditionswere applied for bulk production of PA. For puri�-
cation, all the seven clones were inoculated in 100mL LB
medium. Puri�cation under native condition was performed
by immobilized metal ion a�nity chromatography (IMAC)
using nickel trinitriloacetic acid (Ni-NTA) resin followed by
anion exchange chromatography using diethylaminoethanol
(DEAE). Brie�y, the harvested cells were suspended in

lysis bu
er (300mmol L−1 sodium chloride, 50mmol L−1

sodium dihydrogen phosphate, and 1mgmL−1 lysozyme,
pH 8.0). Following sonication on ice bath (300 watt, 50%
burst/50% cooling), the lysate was centrifuged at 10,000 g
for 10 minutes. �e supernatant was collected and passed
through a preequilibrated Ni-NTA agarose column. �e

matrix was washed with wash bu
er (300mmol L−1 sodium
chloride, 50mmol L−1 sodium dihydrogen phosphate, and

20mmol L−1 Imidazole, pH 8.0) and �nally protein was

eluted with 250mmol L−1 imidazole. All the eluted frac-
tions were pooled and dialyzed against 10mmol L−1 Tris,
pH 8, and further loaded onto DEAE sepharose column.
Gradients of elutions from 10mmol L−1 to 500mmol L−1

sodium chloride were carried out and the fractions showing
the maximum peak absorbance at 280 nm were pooled,
dialyzed in PBS, concentrated to 1mL volume, quanti�ed
by Nanodrop (�ermo Fisher 2000C), and stored at −20∘C
until further use. For puri�cation under denatured condition,
the harvested cells were washed twice with lysis bu
er

before dissolving in urea bu
er (8mol L−1 urea, 100mmol L−1

sodium dihydrogen phosphate, and 10mmol L−1 Tris, pH 8).
�e lysatewas centrifuged at 10,000 g and the supernatantwas
loaded onto the urea bu
er preequilibrated Ni-NTA agarose
column. Elution was carried out at pH 4.5 and the pooled
elutes were dialyzed against two changes of PBS. �e protein
was concentrated to 1mL volume, quanti�ed by Nanodrop,
and stored at −20∘C until further use.

2.4. SDS PAGE andWestern Blotting. To see the recombinant
PA expression and puri�cation pro�le of di
erent clones,
SDS PAGE was performed. Brie�y, all the seven clones a	er
IPTG induction were harvested and lysed in 2x SDS sample
lysis bu
er. For puri�ed proteins, 5�L of each sample was
mixed with equal volume of 2x SDS sample lysis bu
er
before loading onto 10% SDS PAGE. A	er electrophoresis,
the gel was stained with coomassie brilliant blue and image
was captured through Gel doc XR+ imager system (Biorad,
USA). For western blotting, the soluble cell lysate from all the
clones was electrophoresed on 10% SDS PAGE and the gel
was transferred to nitrocellulose membrane using TE70XP
semidry blot system (Hoefer Inc, USA). Following transfer,
the membrane was blocked with 5% skim milk for 1 hour at
room temperature and then probedwith anti-PAmonoclonal
antibody at 1 : 1000 dilutions for 1 hour. A	er washing thrice
with PBS-Tween and PBS, the membrane was incubated
with anti-mouse IgG-HRP conjugate at 1 : 5000 dilutions and
was �nally developed with 3,3�-diaminobenzidine tetrahy-
drochloride (DAB) substrate.

2.5. TrypsinDigestion of PAMolecule. �esoluble PApuri�ed
from PA-pET32c-DE3pLysS clones was tested for its proper
conformation and functionality by incubating 5 �g of PA
with 5 ng of trypsin (PA: trypsin at 1000 : 1 ratio) for 30
minutes at room temperature following which the samples
were electrophoresed on 12% SDS-PAGE and stained with
coomassie brilliant blue.

2.6. Binding to LF and Native-PAGE. For the con�rmation
of functional activity of the expressed PA, 2 �g of trypsin
digested PA was incubated with 2 �g of LF at room temper-
ature for 30 minutes. �e samples were run on 4% native
polyacrylamide gel at 4∘C and visualized by staining the gel
with coomassie brilliant blue.

2.7. Animal Immunization. Six female Balb/c mice were
procured from Institutional Animal Care Center, DRDE, and
were provided with food and water ad libitum. Each mouse
was immunized subcutaneously with 10�g PA adsorbed on
aluminium hydroxide adjuvant on days 0, 14, and 28. Mice
receiving only PBS were taken as control. All mice were bled
prior to �rst immunization on day 0 and on 35th day. Serum
was separated and stored at −20∘C until further use.
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2.8. Enzyme Linked Immunosorbent Assay. To test the reac-
tivity of PA immunized sera, indirect ELISA was performed

by coating 1 �gmL−1 PA in ELISA plate overnight at 4∘C.
A	er blocking with 5% skimmilk for one hour, serial twofold
dilution of PA immunized sera starting from 1 : 1000 was
added and incubated for one hour at room temperature.
Anti-mouse IgG HRP was added and further incubated for
one more hour and �nally developed using orthophenylene-
diamine dihydrochloride (OPD) as substrate. �e reaction
was stopped using 2N H2SO4 and the absorbance was
recorded at 490 nm. �e test was performed in triplicate
and the data was represented as mean ± SD. Cut-o
 value
for the assays was calculated as the mean absorbance (+2
SD) from sera of control group assayed at 1 : 100 dilutions.
�e endpoint IgG titers were calculated as reciprocal of the
highest serum dilution giving an absorbance more than the
cut-o
.

2.9. Cell Culture. Mouse macrophage cell line J774.1 was
procured from National centre for cell sciences, Pune, India
and was maintained in high glucose Dulbecco’s Modi-
�ed Eagle’s Medium (DMEM) containing 10% fetal bovine

serum (FBS) and 100UmL−1 penicillin and streptomycin

as antibiotics. One day before the experiment 4 × 104 cells
were seeded in a 96 well plate and incubated at 37∘C
in presence of 5% humidi�ed CO2. �e next day spent
media was replaced by a fresh medium containing gradient
concentration of soluble PA and native PA of B. anthracis
from List Biologicals (0.005 �gmL−1 to 5 �gmL−1) and was

incubated at 37∘C along with 0.125 �gmL−1 LF. A	er 4

hours, 20�L of 5mgmL−1 MTT (3-(4,5 dimethylthiazol-2
yl)-2,5 diphenyl tetrazolium bromide) was added to each
well and further incubated for 30 minutes. �e formazan
crystals developed were dissolved in 100 �L acidi�ed iso-
propanol (25 �L of concentrated HCl and 500 �L 10% SDS in
10mL 90% isopropanol) and the absorbance was measured
using UV-Vis microplate reader (BioTek, Winooski, VT) at
570 nm. Percentage viability was calculated by considering
the well with no toxins as 100% survival. All the experiments
were performed in triplicate and repeated at least three
times. For toxin neutralization assay, J774.1 cells were seeded
overnight as mentioned above. �e next day, spent media

were replaced with the medium containing 0.3 �gmL−1 of
PA and 0.125 �gmL−1 of LF with twofold serial dilution of
PA antiserum starting from 1 : 100. A	er incubating the plate

for 5 hours, 20�L of 5mgmL−1MTT was added to each well
and further incubated for 30 minutes. �e formazan crystals
developed were dissolved in 100 �L acidi�ed isopropanol
and the absorbance was measured from UV-Vis microplate
reader (BioTek, Winooski, VT) at 540 nm with reference
wavelength at 640 nm.Wells containing only medium but no
cells were taken as blank while the wells containing the cells
with medium only were taken as positive control. Percentage
viability was calculated as follows:

(� sample − �blank
�pc − �blank ) × 100, (1)
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Figure 1: PCR ampli�cation of mature PA gene. �e PCR product
was electrophoresed on 0.8% agarose gel and visualized under ultra
violet lamp. M, DNA ladder; PA, protective antigen.
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Figure 2: Restriction digestion of three di
erent PA constructs. M,
DNA marker; lane 1, PA-pQE30 digested with restriction enzymes
BamHI/KpnI; lane 2, PA-pPROEXHTa digested with restriction
enzymes BamHI/XhoI; lane 3, PA-pET32c digested with restriction
enzymes BamHI/SalI.

where � sample is absorbance of test samples, �blank is
absorbance of blank, and �pc is absorbance of positive
control.

All the tests were performed in triplicate and repeated at
least three times. �e neutralization titer was de�ned as the
lowest serum dilution that kills 50% of the macrophage cells.

3. Results

3.1. Construction of Recombinant Plasmids. A 2.23-kilo base
pair structural gene for PA was PCR ampli�ed (Figure 1)
andwas successfully inserted into the plasmids pPROEXHTa,
pQE30, and pET32c by restriction digestion and ligation.�e
recombinant plasmid PA-pPROEXHTawas transformed into
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Figure 3: SDS-PAGE analysis of recombinant PA expression from seven di
erent host-vector combinations at di
erent temperature and
time interval. Arrow marks indicate recombinant PA expression. (a) PA-pQE30-M15, (b) PA-pQE30-XL-1 blue, (c) PA-pPROEXHTa-DH5�,
(d) PA-pPROEXHTa-BL21-DE3, (e) PA-pPROEXHTa-DE3-pLysS, (f) PA-pET32c-BL21-DE3, and (g) PA-pET32c-DE3-pLysS. Lane 1, protein
molecular weightmarker; lane 2, uninduced fractions; lanes 3, 4, and 5, post-IPTG growth for 3 hours, for 5 hours, and overnight, respectively,
at 37∘C temperature; lanes 6, 7, and 8, post-IPTG growth for 3 hours, for 5 hours, and overnight, respectively, at 22∘C temperature.
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Table 3: Optimum growth conditions and total yield of recombinant PA protein from di
erent host-vector combinations.

Sl. number Clones
Optimal growth
condition at

1mmol L−1 IPTG

Wet pellet
weight of

one-litre culture

Total yield of
soluble protein
per litre of

culture volume

Total yield of
denatured

protein per litre
of culture
volume

1 PA-pQE30-M15 37∘C, 5 hours 6.17 g 7.5mg 6.0mg

2 PA-pQE30-XL-1 Blue 22∘C, overnight 5.49 g 12.0mg —

3 PA-pPROEXHTa-DH5� 37∘C, 5 hours 6.69 g 1.2mg 11.0mg

4 PA-pPROEXHTa-BL21 (DE3) 37∘C, 5 hours 4.15 g 5.1mg 28.0mg

5 PA-pPROEXHTa-DE3-pLysS 22∘C, 5 hours 2.94 g 3.0mg 22.0mg

6 PA-pET32c-BL21-DE3 22∘C, overnight 5.72 g 1.5mg 36.0mg

7 PA-pET32c-DE3-pLysS 22∘C, 5 hours 6.32 g 15.0mg 20.0mg
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Figure 4: Western blotting analysis of soluble cell lysate from seven di
erent PA expressing clones grown at di
erent temperature and time
intervals. (a) PA-pQE30-M15, (b) PA-pQE30-XL-1 blue, (c) PA-pPROEXHTa-DH5�, (d) PA-pPROEXHTa-BL21-DE3, (e) PA-pPROEXHTa-
DE3-pLysS, (f) PA-pET32c-BL21-DE3, and (g) PA-pET32c-DE3-pLysS. Lane 1, protein molecular weight marker; lanes 2, 3, and 4, soluble
cell lysate from 3 hours, 5 hours, and overnight culture, respectively, at 37∘C temperature; lanes 5, 6, and 7, soluble cell lysate from 3 hours, 5
hours, and overnight culture, respectively, at 22∘C temperature.
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Figure 5: SDS-PAGE analysis of puri�ed protein from soluble
and denatured fractions of all the seven clones. 5�L of each
fraction was mixed with 5�L 2x SDS sample lysis bu
er and was
loaded onto the gel and electrophoresed. M, protein molecular
weight marker; lanes 1, 3, 4, 6, 8, 10, and 12, puri�ed soluble PA
protein from pQE30-M15, pQE30-XL-1 blue, pPROEXHTa-DH5�,
pPROEXHTa-BL21-DE3, pPROEXHTa-DE3-pLysS, pET32c-BL21-
DE3, and pET32c-DE3-pLysS, respectively; lanes 2, 5, 7, 9, 11, and 13,
puri�ed denatured PA protein from pQE30-M15, pQE30-XL-1 blue,
pPROEXHTa-DH5�, pPROEXHTa-BL21-DE3, pPROEXHTa-DE3-
pLysS, pET32c-BL21-DE3, and pET32c-DE3-pLysS, respectively.

E. coli hosts DH5�, BL21-DE3, and DE3-pLysS, PA-pQE30
intoM15 andXL-1 BlueE. colihost, andPA-pET32c into BL21-
DE3 and DE3-pLysS. �e clones were con�rmed by DNA
sequencing and restriction digestion analysis of the isolated
plasmid which released a 2.2 kb insert from all the three
expression vectors (Figure 2).

3.2. Expression and Puri�cation of PA. Since no di
erences
were observed by changing the IPTG concentration, the
expression studies were carried out with 1mM IPTG. A	er
induction, the clones were incubated for 3 hours, for 5 hours,
and overnight at 37∘C and 22∘C. For each vector construct
and host combination, optimal expression conditions were
selected at which recombinant PAproductionwasmaximum.
For PA-pQE30 inM15, PA-pPROEXHTa in DH5�, and BL21-
DE3, the growth condition was maintained at 37∘C for 5
hours a	er induction. �e PA-pET32c construct in DE3-
pLysS was grown at 22∘C for 5 hours while PA-pQE30 in
XL-1 Blue and PA-pET32c in BL21-DE3 were grown at 22∘C
overnight a	er IPTG induction. �e puri�cation was carried
out under both native and denaturing condition. Among the

seven clones, the highest yield of soluble PA, 15mg L−1, was
observed for pET32c construct in DE3-pLysS host. A pQE30

construct in XL-1 blue and M15 host produced 12mg L−1

and 7.5mg L−1 of recombinant PA.�e pPROEXHTa harbor-
ing clone PA-pPROEXHTa in BL21-DE3 also yielded high

amount of soluble recombinant PA at the range of 5.1mg L−1.
Comparatively, all the other clones produced less amount
of soluble recombinant PA. �e PA-pPROEXHTa construct
in DH5� and DE3-pLysS produced 1.2 and 3mg L−1 of
soluble protein while the PA-pET32c construct in BL21-DE3
produced 1.5mg L−1 of soluble PA. Apart from the soluble
fractions, all the clones except PA-pQE30 in XL-1 blue yielded
high amount of recombinant PA in denatured form. �e
puri�ed proteins were dialyzed against PBS, concentrated to
1mL volume, and stored in −20∘C until further use. �e total
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Figure 6: Graphical representation of total yield of recombinant
PA expressed in soluble and denatured form. �e total yield is
represented in mg L−1. Blue bar represents total yield of soluble
recombinant PAwhile red bar represents the total yield of denatured
form of recombinant PA.

yields of soluble and denatured recombinant PA from all the
seven clones are outlined in Table 3.

3.3. SDS PAGE and Western Blotting. Expression pro�le
of the induced samples and puri�ed recombinant PA was
analyzed on 10% SDS PAGE. All the seven clones expressed at
di
erent growth parameters and time intervals were loaded
onto the gel (Figure 3). To determine the optimal growth
conditions (temperatures and time periods) of each of the
seven clones for maximum yield of soluble recombinant PA,
western blotting with densitometric analysis was performed.
Following SDS-PAGE, the soluble cell lysate of each clone
was transferred onto nitrocellulose membrane and incubated
with anti-PA monoclonal antibody. All the PA producing
clones reacted to anti-PA monoclonal antibody (Figure 4).
A	er purifying the proteins in soluble and denatured form,
5 �L of the puri�ed protein sample from each of the vector
host combinations was electrophoresed on SDS-PAGE (Fig-
ure 5). �e relative molecular weights of PA expressed along
with their respective tags were 83 kDa in pQE30, 86 kDa
in pPROEXHTa, and 100 kDa in pET32c. �e total yield of
recombinant PA in both soluble and denatured formhas been
depicted in graph (Figure 6).

3.4. Trypsin Digestion and Native-PAGE. Since PA from
pET32c-DE3-pLysS was produced in soluble form in large
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Figure 7: Trypsin digestion and native-PAGE analysis. (a) 5�g of PAwas digestedwith 5 ng of trypsin for 30minutes at room temperature and
loaded onto 12% SDS-PAGE. 1, protein molecular weight marker; 2, 83 kDa recombinant PA; 3, trypsin digested PA showing two fragments
63 kDa and 20 kDa, respectively. Note that the 20 kDa fragment is around 33 kDa owing to the extra sequences at N-terminal end from the
expression vector pET32c. (b) 2�g of trypsin digested PAwas incubated with 2�g LF at room temperature for 30minutes and electrophoresed
on 4% native-PAGE. 4, PA; 5, LF; 6, PA-LF toxin complex.
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Figure 8: Indirect ELISA of PA immunized mice sera. ELISA plates
were coated with 1 �gmL−1 PA overnight at 4∘C. Following blocking
with 5% skimmedmilk, the plates were incubated for one hour with
serial twofold dilution of PA immunized mice sera starting from
1 : 1000 at room temperature. Plates were washed thoroughly and,
a	er revealing with anti-mouse IgG HRP conjugate, the plates were
developed by OPD. PA sera showed high antibody titer of 1.3 × 105.

quantity, the same was considered for further characteri-
zation. Trypsin digestion of PA resulted in the formation
of two fragments of 20 kDa and 63 kDa (Figure 7(a)). For
binding assay, trypsin digested PA was incubated with LF for
30 minutes at room temperature and electrophoresed on 4%
native-PAGE. Binding of LF to PA was con�rmed by the shi	
in mobility as compared to PA and LF alone (Figure 7(b)).

3.5. ELISA. �e IgG antibody titer was determined for PA
immunized serum by Indirect ELISA. �e 35th day serum
was used for the assay. �e reciprocal serum dilution was
found to be 1.35 × 105 for 35th day, explaining the high
immunogenicity of immunized sera against recombinant PA
(Figure 8).

3.6. Biological Activity. Todetermine the biological activity of
soluble PA, MTT based cytotoxicity and toxin neutralization
assay was performed. Recombinant soluble PA protein was
found to be lethal for the growth of macrophage cell lines

with 50% viability around 0.3�gmL−1 (Figure 9(a)). Native
PA also showed the similar cytotoxicity at the concentration

0.25 �gmL−1, thereby con�rming that the recombinant PA
works equivalent to that of native PA. PA immunized sera
showed robust toxin neutralization ability as determined by
MTT assay.�e toxin neutralization titer was found to be 6.4× 103 (Figure 9(b)).
4. Discussion

PA, the major component of B. anthracis tripartite toxin, is
produced and secreted by the vegetative form of bacterium
inside the host and recently it was reported to be present
in trace amounts on its spore surfaces [31]. Eventually, the
PA protein is the main component of commercial anthrax
vaccine formulation and also the targetedmolecule of various
anthrax diagnostic assays. Due to the risk associated with the
handling of B. anthracis culture for production and puri�ca-
tion of native PA from bacterial culture supernatant, various
laboratories have opted for the production of recombinant PA
expressed conveniently in E. coli host. Although production
of recombinant antigen as a heterologous protein in E. coli
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Figure 9: Biological activity of PA antigen and its mice immunized sera on J774.1 macrophage cells. (a) Cytotoxicity of recombinant PA
in comparison to native PA from Bacillus anthracis when incubated along with 0.125 �gmL−1 LF. Cells containing LF alone were taken as
negative control. Recombinant PA showed 50% cytotoxicity at 0.3 �gmL−1 while native PA showed 0.25 �gmL−1. (b) Toxin neutralization of
PA immunized sera. J774.1 cells were treated with 0.3�gmL−1 of PA, 0.25 �gmL−1 of LF, and serial twofold dilution of PA immunized mice
sera starting from 1 : 100. A	er 5 hours of incubation, 20 �L of 5mgmL−1 MTT dye was added, and a	er 30 minutes, the formazan crystals
developed were dissolved by acidi�ed isopropanol. �e toxin neutralization titer was de�ned as the highest sera dilution showing 50% death
of macrophage. For PA sera, it was found to be 6.4 × 103.

system is a well opted strategy, the suitable vector-host com-
bination and the optimal growth condition to obtainmaximal
yield of functionally active protein are always empirical. In
the present study, we have optimized the growth parameters
for E. coli to obtain a maximum production of recombinant
PA in soluble form from three di
erent expression vectors.
Initially, the gene sequence coding for matured PA protein
was ampli�ed from B. anthracis and cloned into three dif-
ferent expression vectors pPROEXHTa, pQE30, and pET32c.
�ese constructs were transformed to their respective hosts
and were grown at optimized temperature and time period
a	er IPTG induction. Owing to the hurdles experienced
during the downstream processing of the inclusion bodies
like solubilization andproper refolding of denatured proteins,
we focused our interest solely on the soluble expression of PA.
�e PA-pET32c construct produced higher recombinant PA

in soluble form (15mgmL−1) when expressed in E. coli DE3-
pLysS. PA-pQE30 construct in M15 and XL-1 blue produced

7.5 and 12mgmL−1 of soluble recombinant PA. Clones in
pPROEXHTawere initially expected to yield lower level of the
recombinant protein owing to the trc promoters as compared
to the stronger T7 and T5 promoters. However, when trans-
formed with BL21-DE3 E. coli strains as host, the expression
of soluble PA was 5.1mgmL−1. In comparison to the high
expressing clonesmentioned above, the PA-pET32c construct
in BL21-DE3 and PA-pPROEXHTa construct in DH5� and
BL21-DE3 resulted in low level of soluble expression at
1.5mgmL−1, 1.2mgmL−1, and 3mgmL−1, respectively. �e
low levels of soluble PA expression in these clones were
accompanied by high expression of PA as inclusion bodies.

Although T7 promoter has been known as a very strong
promoter [32] occasionally, very high level of expression
inside a bacterial host leads to the formation of cytoplasmic
inclusion bodies which are insoluble and nonfunctional [33,
34]. Proper folding and biological activity of the recombinant
proteins was con�rmed by digestion with trypsin which
produced a 63 kDa active protein followed by binding assay
with LF. PA from pET32c-BL21-DE3-pLysS clone resulted in
two fragments a	er trypsin digestion and could bind to LF as
determined by native-PAGE.�ese functional activities were
not observed with any of the resolubilized and refolded inclu-
sion bodies from any of the constructs, as trypsin digestion
resulted in the complete degradation which highlights the
need for a functionally active PA protein (data not provided).
Further trypsin digested PA could bind to LF in solution
and resulted in anthrax lethal toxin complex as determined
by the shi	 in mobility in native-PAGE. �ese experiments
proved that the expressed PA was functionally active. To
determine the biological activity of puri�ed recombinant PA,
cytotoxicity and toxin neutralization from PA immunized
sera were performed on mouse macrophage cell J774.1.
Cytotoxicity of the PA protein onmacrophage cells was found

to be 0.3 �gmL−1 which was almost equivalent to that of the
native protein. Toxin neutralization of PA immunized sera
was robust with the neutralization titer of 6.4 × 103. �us,
the present study describes the production of biologically
active soluble recombinant PA from E. coli expression system
by simple puri�cation steps without need for complicated
downstream processing as reported by earlier studies [35–
37]. Multigram quantities of soluble recombinant PA can
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be obtained by further employing scale-up facilities for the
above procedure. �erefore, these expression systems can be
exploited for the production of cost-e
ective recombinant
vaccine molecule against the deadly disease anthrax.
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