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ABSTRACT

Molecular techniques were used to generate the recombinant C-phycocyanin protein of Atrhrospira platensis
via an Escherichia coli expression system. The recombinant c-phycocyanin -subunit (C-PC/) exhibited a
C-PC/ production rate expressed in insoluble form of pET29a(+)/E. coli BL21-DE3-RIPL with 0.16 mg
protein/g cellwet (0.81 µg protein/mlmedium). The corresponding rate of the -subunit (C-PC/) expressed in
insoluble form of pET32a(+)/E. coli BL21-DE3-RIPL was 9.35 mg protein/g cellwet (25.55 µg protein/mlmedium).
The recombinant --subunit (C-PC/)  had a rate expressed in soluble form of pET29a E. coli BL21-DE3
with 11.59 mg protein/g cellwet (24.68 µg protein/mlmedium). Results show that C-PC/ and C-PC/ were
inclusion body proteins, while C-PC/ was soluble in E. coli BL21-DE3. Recombinant proteins did not
exhibit blue-green colors, while low sensitivity to E. coli inhibition occurred in the A. platensis C-PC/
protein (1.53 mm ± 0.06 mm of the inhibition zone). Results suggest that recombinant phycocyanin subunits
of A. platensis can be reconstructed via the pET expression vector in E. coli. This approach could be used to
generate volumes of this protein.
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Abbreviations

C-PC c-phycocyanin
 alpha
 beta
DNA Deoxyribonucleic acids
cDNA complimentary Deoxyribonucleic acids
BG-11 media Blue Green-11 media
OD600 Optical density 600

Introduction

Cyanobacteria contain phycobilisome (PBS), a com-
pound which is mainly composed of two
phycobiliproteins (PBPs), allophycocyanin (A-PC)
and c-phycocyanin (C-PC). These play an important
role in photosynthesis by absorbing light and trans-
ferring energy to chlorophyll on thylakoid mem-
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branes. Soluble peptide subunits associate into /b-
monomers assembled in either a trimeric ()3 or
hexameric ()6 form (Grossman et al., 1993).

Phycocyanins are a type of light-harvesting bile
PBP pigments. These are important candidate natu-
ral raw materials in food and cosmetic coloring
(Silveira et al., 2008) and also have potential phar-
maceutical applications in fluorescence dyes, as
antioxidative agents, anti-inflammatories, anti-can-
cer agents, and radical scav-engers (Romay et al.,
2003; Patel et al., 2006; Deng et al., 2010; Wu et al.,
2018). Amongst these applications, the use of C-PC
for pharmacological effects has been significantly
studied. In this context, Spirulina platensis is a spiral-
shaped and multicellular filamentous
cyanobacteria, one of the most important commer-
cial microalgae for the production of biomass and
therefore healthy food and animal feed (Silveira et
al., 2008). A number of in vitro studies have shown
that Spirulina C-PC exhibits a range of pharmaco-
logical effects, generally attributed to antioxidant
and free radical scavenging properties (Vadiraja et
al., 1998; Riss et al., 2007; Fernandez-Rojas et al.,
2014). Phycocyanin extracted from Spirulina are also
used to fight numerous bacterial infections.

It is noteworthy that while purified phycocyanin
from S. platensis significantly inhibits the growth of
the drug resistant bacteria E. coli, Klebsiella
pneumoniae, Pseudomonas aeruginosa, and Staphylococ-
cus aureus, no activity has been recorded against
Acinetobacter baumanii and Enterococcus durans
(Sarada et al., 2011). The antimicrobial properties of
Spirulina C-PC have also been little studied (Li et al.,
2005, 2006; Madhyastha et al., 2011).

Earlier research has reported that the phycobili
protein chromophore is solely responsible for PBP
antioxidant activities (He et al., 1997). A great deal of
recent work has been carried out to clone and ex-
press the genes encoding PBPs in bacterial systems;
results show that apo-phycocyanins exhibit antioxi-
dant properties that protect red blood cells from
damage (Guan et al., 2009; Pleonsil et al., 2013;
Cherdkiatikul and Suwanwong, 2014). Recombi-
nant C-PC/ subunits are considered highly effec-
tive antioxidants with pharmaceutical applications.
Recombinant apo-C-PC/ is known to possess
higher free radical scavenging activity and
apoptosis induction abilities than apo-C-PC/
(Cherdkiatikul and Suwanwong, 2014).

The aim of this study was to produce the recom-
binant C-phycocyanin protein from Atrhrospira sp.

using an E. coli expression vector. The in vitro anti-
bacterial activities of C-PC/, C-PC/, and C-PC/
 from S. platensis were also examined.

Materials and Methods

Ethics Approval

This research was approved for biosafety by the In-
stitutional Biosafety Committee of Burapha Univer-
sity Thailand (ID 5/2560 to RH).

Cyanobacteria culturing and propagation

Culture procedures for A. platensis were performed
out under sterile conditions to avoid contamination.
Thus, propagation was first carried out in a 10 mL
flask and then at 100 mL volume in BG-11 media. A
temperature-controlled room (25 °C) was used for
this procedure, maintained under a continuous low
light illumination of 1,000 lux. Cultures of A.
platensis were centrifuged at 10,000 x g for 5 min and
supernatants were discarded. Cells were washed
three times in diethyl pyrocarbonate (DEPC)-treated
H2O and kept at -20 °C for subsequent genomic
DNA (gDNA) and total RNA extractions.

gDNA, total RNA, and complementary DNA
(cDNA) synthesis

High molecular weight gDNA was extracted from
washed A. platensis cells using the phenol-chloro-
form-proteinase K method (Sambrook and Russell
2001). DNA pellets were air-dried and re-sus-
pended in 100 mL of TE buffer (10 mM Tris-HCl,
pH 8.0 and 0.1 mM EDTA). The DNA solution was
then incubated at 37 oC for between one hour and
two hours and kept at 4 oC until needed. Extraction
of total RNA was then carried out using TRI RE-
AGENT® (Molecular Research Center); RNA pellets
were air-dried and re-suspended in 20 L of DNase-
free H2O and kept at -20 oC until needed. The con-
centration of extracted RNA samples was estimated
by measuring optical density at OD260. First strand
cDNA samples were synthesized from 1.5 µg of
tRNA extracted using an Im Prom- IITM Reverse
Transcription System Kit (Promega). First stranded
cDNA was then diluted ten times and kept at -20°C
until needed.

In vitro expression of full-length cDNA using
bacterial expression

A pair of primers were designed to amplify full
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length cDNA from the c-phycocyanin alpha chain (C-
PC/), the c-phycocyanin bata chain (C-PC/), and the
c-phycocyanin bata-alpha chain (C-PC/) (i.e.,
Arthrospira platensis, Accession Number KJ463715.1
and S. subsalsa, Accession Number WP_017305690)
using the free software AmplifX 1.4.4. The primers
where designed where the forward primer contains
the Nde I site while the reverse primer contains the
Bam HI site to facilitate the unidirectional cloning.
Six histidine residue encoded nucleotides were
added for helping the purification process and de-
tection of the recombinant protein (Table 1).

Construction of recombinant plasmid in cloning
and expression vectors

Full length c-phycocyanin cDNA was amplified us-
ing PCR and ORF.cpcB-F/ORF. cpcA-R primers.
Thermal profiles were pre-denatured at 95 °C for
three minutes followed by 35 further cycles at 95 °C
for 30 seconds, annealing at 56 °C for 45 seconds,
extension at 72 °C for 2.30 minutes, and final exten-
sion at 72 °C for five minutes. PCR products were
then purified using a HiYieldTM Gel/PCR DNA
Fragments Extraction Kit, ligated to a pGEM®-T
Easy Vector, and transformed into E. coli JM 109 us-
ing heat shock at 42 °C for one minute. Plasmid
DNA was then extracted from a positive clone and
used as a template for amplification using 0.5 µM of
each forward primer containing the Nde I site as
well as a reverse primer containing the Bam HI site.
This mixture contained the target nucleotides en-
coding six repeated histidine, 0.75-1.5 units of Pfu
DNA polymerase (Promega), and 0.2 mM of each
dNTP. Thermal profiles were then pre-denatured at
95 °C for two minutes followed by 25 further cycles
at 95 °C for 45 seconds, annealing at 60 °C for 30

seconds, extension at 72 °C for four minutes, and
final extension at 72 °C for seven minutes.

This amplification product was then analyzed
using agarose gel electrophoresis before being di-
gested with Nde I and Bam HI. Digested DNA frag-
ments were then analyzed again using agarose gel
electrophoresis before being ligated with pET-29a
(+) or pET-32a(+) expression vectors and trans-
formed into an E. coli JM109. Plasmid DNA from
positive clones was then sequenced and blasted
against data from GenBank using the search tools
BlastN and BlastX (http://www.ncbi.nlm.nih.gov/
blast) in order to confirm the orientation of recombi-
nant clones. The gene coding c-phycocyanin was
inserted in the right orientation and then subse-
quently transformed into an E. coli BL21-Codon Plus
(DE3)-RIPL.

Recombinant protein expression

A single colony of recombinant E. coli BL21-
CodonPlus (DE3)-RIPL carrying the desired plas-
mid was inoculated at 37 °C into 3 m/L of Terrific
Broth (TB) medium which also contained 50 µg/mL
ampicillin and 50 µg/mL chloramphinical. Next, 50
µl microliters was then cultured overnight and
transferred to 50 ml of TB medium containing 50
µg/mL ampicillin and 50 µg/mL chloramphinical
before being further incubated to an OD600 of be-
tween 0.4 and 0.6. Subsequent to IPTG induction
(1.0 mM final concentration), an appropriate vol-
ume of this culture corresponding to an OD of 1.0
was decanted at time-intervals of zero, one hour,
two hours, three hours, four hours, six hours, and 12
hours at 37 °C and centrifuged at 12,000 g for one
minute. The resultant pellet was then re-suspended
in 1X PBS buffer and examined using 15% SDS-
PAGE.

Table 1. Primers designed for this research.

Name Sequences

ORF.cpcA_R 5’-CTAGCTTAGGGCGTTGATCG-3’
ORF.cpcB_F 5’-GTCCATGTTTGATGCCTTCACC-3’
ORF.cpcB_nesR 5’-CTAGCGATTTCTGAAGCCAAAGCG-3’
ORF.cpcB_R 5’-AGTCCAGTCACTTAGACTTCAGC-3’
NdeI-cpcA_F 5’-CCCCATATGAAGACCCCTATCACCGAA-3’
cpcA-BamHI_R 5’-CCCGGATCCCTAATGATGATGATGATGATGGCTCAGAGCGTTGATAGCGTA-3’
NdeI-cpcA_2F 5’-CCCCATATGAAAACCCCCCTAACCGAA-3’
cpcA-BamHI_2R 5’-CCCGGATCCCTAATGATGATGATGATGATGGCTTAGGGCGTTGATCGCGTAGT-3’
NdeI-cpcB_F 5’-CCCCATATGTTTGATGCCTTCACCA-3’
cpcB-BamHI_R 5’-CCCGGATCCTTAATGATGATGATGATGATGGGAAACTGCAGCACATGCAC-3’

Note: underlined = Nde I or Bam HI restriction sites; italic = start or stop codons; dashed line = histidine usage codon.
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A total of 20 mL of IPTG induced-cultured cells
were then taken after six hours and maintained at 37
°C or lower, harvested by centrifugation at 5,000
rpm for 15 minutes, and re-suspended in a lysis
buffer (i.e., 0.05 M Tris-HCl, pH 7.5, 0.5 M urea, 0.05
M NaCl, 0.05 M EDTA, pH 8.0, and I mg/mL
lysozyme). Cell walls were broken via sonication
using a Digital Sonifier® Sonicator Model 250
(BRANSON). The bacterial suspension was then
sonicated two or three times at amplitudes between
15% and 30%, pulsed on for ten seconds and then
pulsed off for ten seconds over a period between
two minutes and five minutes. Soluble and in-
soluble portions were then separated by centrifuga-
tion at 14,000 rpm for 30 minutes. The protein con-
centration in both portions was measured using a
dye-binding assay and expression of the recombi-
nant component was electrophoretically analyzed
using 15% SDS-PAGE.

Recombinant protein detection

Electrophoresed proteins were then transferred to a
PVDF membrane (Hybond P; GE Healthcare)
(Towbin, 1979) which was then washed three times
with 1X Tris-buffer saline tween-20 (TBST; 25 mM
Tris, 137 mM NaCl, 2.7 mM KCl, and 0.05% tween-
20) for ten minutes, blocked with 20 mL of a block-
ing buffer (1.0 g of BSA in 20 mL of 1X TBST), and
incubated for one hour at room temperature while
being gently shaken. The membrane was then
washed three times in 1X TBST and incubated with
diluted Anti-poly Histidine (mouse IgG2a) antibody
(Sigma-Aldrich; 1:5,000) in the blocking buffer for
one hour. The membrane was then incubated with
diluted goat anti-mouse IgG (H+L) conjugated with
alkaline phosphatase (Promega, United States;
1:10,000) in the blocking buffer for one hour. Visual-
ization of immunoreactional signals was performed
by incubating the membrane in NBT/BCIP® (Roche)
as a substrate. The color reaction was stopped by
transferring the membrane into water.

Recombinant protein purification

Recombinant proteins were purified using Immobi-
lized Metal Affinity Chromatography (IMAC) in a
His GraviTrap kit (GE Healthcare). Thus, 1 L of
IPTG-induced culture from the optimal time and
appropriate temperature was harvested by centrifu-
gation at 5,000 rpm for 15 minutes. The pellet was
then resuspended in the binding buffer (i.e., 20 mM
Na2HPO4, 500 mM NaCl, 20 mM imidazole, pH 7.4),

sonicated, and centrifuged at 14,000 rpm for 30 min-
utes. Soluble and insoluble fractions were then sepa-
rated; the first of these comprised of recombinant
protein was loaded into a column. This column was
washed with 10 mL of binding buffer containing 20
mM imidazole (20 mM Na2HPO4, 500 mM NaCl, 20
mM imidazole, pH 7.4), 5 ml of the binding buffer
containing 50 mM imidazole (20 mM Na2HPO4, 500
mM NaCl, 50 mM imidazole, pH 7.4), and 5 ml of
the binding buffer containing 80 mM imidazole (20
mM sodium phosphate, 500 mM NaCl, 80 mM imi-
dazole, pH 7.4). The recombinant protein was then
eluted with 6 ml of buffer (20 mM sodium phos-
phate, 500 mM NaCl, 500 mM imidazole, pH 7.4)
before each fraction from washing and eluting steps
was analyzed by SDS-PAGE and western blotting.
Purified proteins were then stored long term at ei-
ther 4 oC or -20 oC.

Agar well diffusion assay

An agar well diffusion assay was performed to test
the susceptibility of E. coli to various proportions of
recombinant C-phycocyanin (i.e, 0.02 g, 0.2 g, 2
g, 20 g, 100 g, and 200 g). C-Phycocyanin from
Spirulina sp. (Sigma-Aldrich, P2172) was included
as the positive control (100 g and 200 g) and this
assay was performed using Luria-Bertani (LB) agar
medium (pH 7.0). Thus, E. coli were seeded (OD600 =
0.6) and plates were prepared using a standard
spread technique; a 5 mm well was bored into the
agar base with a sterile cork borer, and recombinant
C-PC protein was extracted using micropipettes.
Plates were kept at 4 °C for five minutes to ensure
adequate diffusion. These plates were then incu-
bated at 37 °C overnight and the antimicrobial activ-
ity of C-PC was recorded as the inhibitory zone.

Statistics and data processing

All the experiments reported here were repeated at
least three times. Difference were considered statis-
tically significant when p < 0.05 on the basis of One-
way Analysis of Variance (ANOVA) in the software
SPSS (SPSS17 for Windows, SPSS Inc., Chicago, IL,
USA).

Results

In vitro expression of recombinant c-phycocyanin
proteins using the bacterial expression system

Recombinant plasmids carrying the entire ORF of c-
phycocyanin were prepared for in vitro correspond-
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ing protein expression. A primer pair was therefore
designed to amplify cDNA for each mature peptide
(Fig. 1A).  Amplified full length cDNA was then li-
gated to a pGEM®-T easy vector and transformed
into E. coli JM109. Plasmid DNA of the selected
clone was employed as the template for amplifica-

tion via Pfu DNA polymerase using a forward
primer containing the Nde I restriction site as well as
a reverse primer containing the Bam HI restriction
site and six-repeated Histidine encoded nucleotides
(Fig. 1B). The nucleotide sequences of C-PC/, C-PC/
, and C-PC/ were therefore identified in Fig. 2.
Data show that the open reading frame (ORF) of A.
platensis C-PC/ comprised 519 bp with 172 amino
acids; a PBS domain at amino acid positions 7-161
was also present with an e-value of 9.8 x 10-52. BlastX
analysis revealed that this sequence is significantly
matched to the phycocyanin beta subunit in A.
platensis (Accession No. CAA70295.1) with an e-
value of 2 x 10-120 (99% identity). The ORF of C-PC/
 in A. platensis comprised 489 bp with 162 amino
acids; this also contained PBS domain at amino acid
positions 7-161 with an e-value of 9.8 x 10-52. BlastX
analysis revealed that this sequence is significantly
matched to the phycocyanin alpha subunit in A.
platensis (Accession No. WP_006618345.1) with an e-
value of 2 x 10-115 (99% identity). The ORF of C-PC/
 in A. platensis comprised 1,119 bp; this was made
up of 519 bp of C-PC/, 111 bp of untranslated re-
gions, and 489 bp of C-PC/. BlastN analysis re-
vealed that this sequence is significantly matched to
phycocyanin beta (C-PC/) and alpha chain (C-PC/

Fig. 1. Primer positions of C-PC/, C-PC/, and C-PC/
(A) and RT-PCR products of mature transcripts of
C-PC/ (IB), C-PC/ (IIB), and C-PC/ (IIIB) us-
ing overhang Nde I-ORF-BamHI.

Fig. 2. The C-PC/ ORF of A. platensis composed of 519 bp with 172 amino acids (Accession Number MT510687) (A),
The C-PC/ ORF of A. platensis composed of 489 bp with 162 amino acids (Accession Number MT510688) (B) and
The C-PC/ ORF of A. platensis composed of 1,119 bp with 519 bp of C-PC/, 111 bp of untranslated regions,
and 489 bp of C-PC/ (Accession Number MT510689) (C). Boldface and underlined sections show start and stop
codons, respectively. The PBS domain is highlighted.
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) genes in A. platensis (Accession No. KJ463715.1)
with an e-value of zero (100% identity).

The amplification product was then digested
with Nde I and Bam HI and electrophoresed. The
gel-eluted product was then ligated with pET-29a
expression vectors and transformed into E. coli
JM109. Plasmid DNA of this positive clone was then
sequenced to confirm the orientation of recombi-
nant ones. Plasmid DNA was then extracted from a
clone carrying the correct orientation of c-phycocya-
nin genes and transformed into E. coli BL21-
CodonPlus (DE3)-RIPL.

Recombinant protein purification

Fractions of recombinant C-PC/, C-PC/, and C-
PC/ were purified as native proteins. These re-
combinant proteins were then run through a His-
Gravi Trap column three times. The first washing
step was carried out using 10 mL of binding buffer
(20 mM sodium phosphate and 500 mM NaCl) in-
cluding 20 mM imidazole at pH 7.4. The second and
third washing steps were then performed using 5
mL of binding buffer including 50 mM and 80 mM
imidazole at pH 7.4. Recombinant proteins were
then eluted from the column with 6 ml of buffer (20
mM sodium phosphate, 500 mM NaCl and 500 mM
imidazole, pH 7.4) and aliquots of 1 ml were col-
lected via washing and elution of the purified pro-
tein. These fractions were then analyzed via 12%
SDS-PAGE. Results show that purified recombinant
C-PC/ and C-PC/ proteins were present in elu-
tion solution fractions (Fig. 3B and C), while the pu-
rified recombinant C-PC/ protein was observed
only in the second washing solution (Fig. 3A). Se-
lected fractions were stored at 4 °C and further sub-
jected to bacterial inhibition tests. Purified recombi-
nant proteins were generated following the method
proposed by BRADFORD. Data show that recombi-
nant C-PC/ had the highest protein concentration
(Table 2).

In vitro recombinant protein expression

Recombinant clones of C-PC/ in pET-29a(+) (~19

kDa), C-PC/ in pET-32a(+) (~18 kDa), and C-PC/
 in pET-29a(+) (~38 kDa) were selected and ex-
pression profiles were examined at 37 °C at time
zero as well as one hour, two hours, four hours, six
hours, 12 hours, and 24 hours after IPTG induction.
Expression of recombinant protein was observed
from four hours after IPTG induction, while recom-
binant C-PC/, C-PC/, and C-PC/ were stably
expressed six hours post induction (Fig. 4).

In order to determine expressed proteins, an ali-

Table 2. Purified recombinant protein concentrations of C-PC/, C-PC/ and C-PC/.

Recombinant protein Productivity
mg. g.-1 bacteria cell mg. g.-1 bacteria cell hr-1 µg. mlmedium

-1 hr-1

c-pc/, 0.16 0.08 0.81
c-pc/ 9.35 2.34 25.55
c-pc/ 11.59 5.78 24.86

Fig. 3 (A) 12% SDS-PAGE (lanes 1-9; A-C) and Western
blot analysis (lanes 10; A-C) showing in vitro ex-
pression of three recombinant clones of C-PC/
(A), C-PC/ (B), and C-PC/ (C) of A. platensis at
hour zero (lanes 2; A-C) and after one hour (lanes
3; A-C), two hours (lanes 4; A-C), four hours (lanes
5; A-C), six hours (lanes 6; A-C), 12 hours (lanes 7;
A-C), and 24 hours (lanes 8; A-C) after IPTG induc-
tion (1 mM) A pET-29a(+) (C-PC/; A and C-PC/
; C) or pET-32a(+) (C-PC/; B) vectors in E. coli
BL21-CodonPlus (DE3)-RIPL were included as the
control (lanes 2; A-C). Lane M was included as the
protein standard.
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quot of IPTG-induced culture (OD = 1) from each
was also collected. The soluble and insoluble pro-
tein fractions of each gene were then analyzed using
15% SDS-PAGE. Recombinant c-pc and c-pc cul-
tured at 30 °C for two hours and four hours after
IPTG induction were mainly expressed in an in-
soluble form while a lower level of recombinant C-
PC/ and C-PC/ were expressed in soluble form.
Results show that expression of recombinant C-PC/
âá cultured at 30 °C for two hours after IPTG induc-
tion was in the opposite direction (Fig. 5).

Bacterial inhibition assay

Purified recombinant C-PC/, C-PC/, and C-PC/
 proteins were tested against E. coli at five differ-
ent concentrations (i.e., 0.02 g, 0.2 g, 2 g, 20 g,
100 g, and 200 g). No inhibition activity was ob-
served in concentrations of C-PC/, C-PC/, and C-
PC/ proteins at 0.02 g, 0.2 g, 2 g, 20 g, or 100
g, while no E. coli inhibition signals were observed

in any concentrations of C-PC/ and C-PC/ pro-
teins. Data reveal that while the concentration of C-
PC/ protein at 200 g contained a clear circular
zone, sensitivity observed in this purified recombi-
nant C-PC/ protein inhibition zone was not sig-
nificant difference compared to the positive control
(Table 3).

Discussion

The successful production of A. platensis recombi-
nants C-PC/, C-PC/, and C-PC/

A range of methods have been applied previously
to produce C-PC, including photoautotrophic,
mixotrophic, heterotrophic, and recombinant pro-
duction (Kuddus et al., 2013). Thus, recombinant C-

Table 3. Effect of recombinant C-PC from A. platensis on E. coli inhibition activity.

C-PC (g/disc) Zone of inhibition (mm)
Recombinant Recombinant Recombinant C-PC

C-PC/  C-PC/  C-PC/ (Sigma Aldrich)

0.2 -* - - ND
2 - - - ND
20 - - - ND
100 - - - 0.80 ± 0.26b

200 1.53 ± 0.06a - - 1.33 ± 0.58ab

Fig. 4. 12% SDS-PAGE showing expression of recombi-
nant C-PC/ (lanes 1-3), C-PC/ (lanes 4-6), and
C-PC/ (lanes 7-9) of A. platensis in a clone cul-
tured at 30 °C for two hours (C-PC/), four
hours (C-PC/) and two hours (C-PC/) after
IPTG induction (1 mM) Lanes 1, 4 and 7 are whole
cells (OD600 = 1.0), while lanes 2, 5, and 8 are the
soluble protein fraction (50 µg protein), and lanes
3, 6 and 9 are the insoluble protein fraction (50 μg
protein). Lane M was included as the protein
standard. Arrowheads indicate expected protein
products

Fig. 5. Purification of recombinant C-PC/ (A), C-PC/
(B), and C-PC/ (C) from A. platensis examined
using 12% SDS-PAGE. A-C; lane 1 is the fraction
after passing through the column, while lanes 2
and 3 are the first washed solution fractions, lanes
4 and 5 are the second and third washed solutions,
and lane 6 is the elution solution fractions. Lane M
was included as the protein standard. Arrow-
heads indicate the expected protein products.



HIRANSUCHALERT ET AL 423

PC/ and  subunits of S. platensis as well as recom-
binant C-PC/ subunits of S. subsalsa have been ex-
pressed in E. coli (Shoja et al., 2015; Wu et al., 2018).
In this study, E. coli was evaluated as a possibly ap-
propriate system for the production of C-PC/, C-
PC/, and C-PC/. Results show that A. platensis
recombinant C-PC/ and C-PC/ were mainly ex-
pressed in insoluble form, while recombinant C-
PC/ occurred in the opposite direction.

The recombinant C-PC/ subunit of Anabaena sp.
has been biosynthesized using a pGEX-2T expres-
sion vector with a Tac promoter and exhibited anti-
cancer properties. Final E. coli products of the re-
combinant apo-C-PC -subunit reached 0.9 g. L-1 in
another study (Wang et al., 2007). Indeed, to date,
apo-A-PC has been expressed in E. coli using
pMALTM-p2X under a Lac promoter; this yielded
2.75 g. L-1 of final product for recombinant apo-APC
(Ge et al., 2005, 2006). Cloning and over-expression
of the phycocyanin beta subunit from S. platensis in
pET43.1a(+) and pETDuet-1 vectors using the E. coli
BL21 strain has also been studied. The final product
yields of recombinant protein were not reported,
however (Cherdkiatikul and Suwanwong, 2014;
Shoja et al., 2015).

Although recombinant phycocyanin has previ-
ously been expressed in an E. coli system (Shoja et al.,
2015), this study describes the expression of A.
platensis C-PC/ using different expression vectors
from those used in earlier work. The expression vec-
tors chosen in these studies contained weaker pro-
moters and therefore yielded 0.81 mg. L-1 hr-1, 25.55
mg. L-1 hr-1, and 24.86 mg. L-1 hr-1 of final product for
recombinant C-PC/, C-PC/, and C-PC/, re-
spectively. As these studies mainly derived the in-
soluble form of A. platensis C-PC/ and C-PC/,
this led to low final concentrations of recombinant
proteins.

Recombinant protein production is another op-
tion for the heterotrophic synthesis of C-PC. The
production of the multichain holoprotein PBP is
more challenging, however, than the production of
other recombinant form. The complete synthesis of
recombinant PBP depends on the co-expression of 5
and 5 subunits as well as on the parallel synthesis
and insertion of correct phycobilin chromophores
(Cai et al., 2001). In heteromorphic hosts, the recom-
binant holo-c-pc 5-subunit has also been expressed
in E. coli (Liu et al., 2009).

The efficient expression of this recombinant gene
depends on a variety of factors, including optimal

expression signals, correct protein folding, and cell
growth characteristics. The selection of a particular
expression system therefore requires a cost break-
down in terms of design, processes, and other eco-
nomic considerations (Schumann and Ferreira,
2004; Rosano and Ceccarelli, 2014). As an option for
heterologous protein production, E. coli expression
systems have proved popular because they are rela-
tively simple, inexpensive, and provide fast, high-
density cultivation. The genetics of this organism
are also well-known and a large number of compat-
ible biotechnology tools are available (Wu et al.,
2018). The bulk of recombinant proteins that are
over-expressed in E. coli usually accumulate as in-
soluble forms. This means that the most common
way to improve recombinant protein solubility in
this biological medium is to reduce induction tempera-
ture and adapt to an appropriate culture medium
(Liu et al., 2009). Thus, E. coli was used here as an
appropriate system for C-PC/ production as this
compound can be mainly expressed and purified as
a soluble recombinant protein. High codon usage
between expression vectors and target species is
also necessary for heterologous research as codon
optimization is not required.

It is noteworthy that the LB medium was re-
placed here with the TB medium; this supports a
high E. coli cell density and consequently the over-
expression of recombinant proteins as well as low
production rates of C-PC/ and C-PC/ in soluble
form were reported. Over-expression of synthetic
phycocyanin in a bacterial system (E. coli BL-21)
shows that the production of a large amount of this
protein will be possible in the near future.

E. coli inhibition activity by recombinant A.
platensis C-PC/

The PBP C-phycocyanin has attracted increased at-
tention because of its various biological and phar-
macological properties. Indeed, C-phycocyanin has
been shown to be hepatoprotective as well as an
antioxidant, a radical scavenger, anti-arthritic, and
anti-inflammatory both in vitro and in vivo (Ge et al.,
2006; Guan et al., 2007). Cloning and expression of
the genes encoding PBPs in bacterial systems there-
fore aims to overcome the purity of c-phycocyanin
for industrial support (Bryant et al., 1985; Wang et
al., 2007; Ge et al., 2005, 2006; Liu et al., 2009).

Phycocyanins play an important role in inducing
morphological changes in the cell walls and mem-
branes of gram-positive and -negative bacteria. This
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implies that these compounds act by perturbing the
morphological structure of target bacteria. Similarly,
Anabaena phycocyanin is known to be a potent anti-
bacterial agent which should also be investigated
for a range of food preserving applications (Sitohy
et al., 2015).

The protein component of phycocyanins consists
of two homologous subunits,  and  chain types
globin covalently linked to type phycocyanobilin
(PCB) by thioether linkage.  chain is attached to
one PCB via cysteine 84 and  chain is joined to two
PCBs via cysteines 84 and 155 by thioether linkages.
X-ray crystallographic analyses of PC have shown
that the chiral C3 carbons of the PCB chromophores
attached to cys-teines  84 and  82 are in the R con-
figuration, whereas the C3 carbon of the PCB at cys-
teine  153 is in the S configuration (Shen et al.,
2006). Crystal structure of phycocyanin from S.
platensis represent the  and  subunits assembly,
one PCB is bound to the  subunit and two PCBs
are bound to the â subunit. PCB, a non-protein com-
ponent, is the chromogen responsible of blue color
of phycocyanin. However, in this study, the antibac-
terial activity of recombinant C-PC/, C-PC/ and
C-PC/ to E. coli may expectation according to the
lack of PCB.

The antibacterial activity results presented here
show that E. coli is resistant against C-PC/ and C-
PC/, and is inhibited by C-PC/. Limited studies
have been performed to date on the antimicrobial
effects of C-PC in Spirulina, but several have encom-
passed cyanobacteria in general. The antimicrobial
activity of extracted phycocyanin has been reported
in both fresh- and seawater cyanobacteria (Abdel-
Raouf and Ibraheem, 2008; Sabarinathan and
Ganesan, 2008; Murugan and Madhavan, 2011;
Muthulakshmi et al., 2012; Fan et al., 2013), and
Sitohy et al. (2015) noted that Anabaena phycocyanin
acts more efficiently on gram-negative bacteria than
its counterpart from Spirulina.

The antibacterial effects of C-PC from A. platensis
on gram-negative bacteria were higher than for
gram-positive examples (Sarada et al., 2011). A
lower concentration of Spirulina C-PC also seems to
have had no significant effect on studied bacteria.
Similarly, antibacterial effects of recombinant C-
PC/, C-PC/, and C-PC/ subunits from A.
platensis on E. coli have also been reported. These
results indicate that the inhibitory properties of C-
PC/ on E. coli were more than for other subunits.
Thus, compared to another study that assessed the

antibacterial effects of purified A. platensis C-PC on
E. coli (antibacterial activity of 100 µg C-PC;
Cherdkiatikul and Suwanwong, 2014), the recombi-
nant C-PC/ subunit from A. platensis reported here
actually shows similar results in term of minimum
inhibitory concentration. It is the case that recombi-
nant PCB-CpcB from S. subsalsa has significant po-
tential antioxidant properties. Although similar re-
sults have been reported for A. platensis, no antibac-
terial effects of recombinant C-PC have so far been
studied.

Antimicrobial resistance is a growing threat espe-
cially in developing countries because of significant
abuses in antimicrobial use (Byarugaba, 2004). De-
veloping alternative and effective treatments
against dermatological pathogens from natural re-
sources and herbs is therefore essential. Although
food-born and pathogenic bacteria (E. coli) have
been assayed for antibacterial properties, it is gener-
ally the case that most chemical preservatives have
severe side effects and are carcinogenic and terato-
genic (Anand and Sati, 2013; Inetianbor et al., 2015).
The use of natural preservatives such as bacterial
metabolites (i.e., bacteriocins, organic acids) and al-
gal extracts (i.e., phenolic compounds, pigments) in
food is therefore increasingly necessary.

Conclusion

In summary, this is the first report in antibacterial
studied of recombinant C-PC production from A.
platensis. Data demonstrate the antibacterial proper-
ties of this compound in vitro as well as the fact that
it can be used as a natural antibacterial agent. It is
noteworthy that C-PC/ is a small protein and ex-
pressed in soluble form and should therefore be a
key target for the development of specific natural
preservatives for antibacterial purposes. Future
studies should emphasize improving production by
studying other, stronger expression vectors such as
pGEX-2T or pETDuet-1. Genetic modifications may
be required to improve the activities of these com-
pounds.
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