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ression of Aerococcus viridans
pyruvate oxidase in recombinant Escherichia coli
through SecB co-expression†

Junwen Lu and Jianguo Zhang *

Pyruvate oxidase (POD) is an important enzyme used for clinical applications and biochemical analyses, and

recombinant Escherichia coli strains expressing Aerococcus viridans POD have been frequently employed

for obtaining high POD yield. Although significant progress has been achieved in increasing recombinant

POD production, intracellular POD expression and weak stability of POD make POD purification difficult.

In this study, extracellular POD expression was achieved by co-expression of chaperone SecB under

three promoters (T7, lac, bla). The weakest promoter, bla, when compared with T7 and lac promoters,

provided the optimum extracellular POD activity among these three promoters. After optimization of

cultivation conditions, such as IPTG concentration, pH, and temperature, the extracellular POD yield

increased to 795.7 U L�1. Furthermore, by using glycine to disrupt recombinant E. coli cell wall and Cu2+

ions as POD stabilizer, the final extracellular POD yield reached 2926.3 U L�1. The expression intensity of

chaperone had significant influence on heterologous protein secretion, and the high yield of extracellular

POD implies potential widespread POD production and application.
Introduction

Pyruvate oxidase (POD) is an important enzyme with clinical
and analytical industry applications.1 In recent years, POD from
Aerococcus viridans has been successfully used as a reagent or
biosensor in biochemical analyses owing to its good perfor-
mance.2 However, the yield of POD from wild-type A. viridans is
as low as 120 U L�1 (ref. 3), thus requiring novel technologies
and processes to enhance the enzyme production. Escherichia
coli is a well-established heterologous bacterial protein expres-
sion system with the advantages of easy genetic operation and
cultivation.4 It has been reported that heterologous expression
of A. viridans POD in recombinant E. coli strains achieved a high
yield of 670 (ref. 5), 1078 (ref. 6), and 4106.9 U L�1 (ref. 7),
promoting POD application in industries. However, intracel-
lular expression of POD requires additional purication steps,
when compared with secretory POD expression.8 Therefore,
secretory expression of POD using various signal peptides is
considered to be an ideal approach for achieving high POD
production.9,10

Typically, extracellular fermentation broth is the target
location of secretory protein from recombinant E. coli, which
facilitates the heterologous proteins purication process.11
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With the addition of glycine or TritonX-100, heterologous
proteins can be easily transferred to the fermentation broth
from periplasmic space.12 Furthermore, SecB dependent type II
secretory system is the most common pathway for heterologous
protein secretion, in which SecB, as a chaperone, combines with
heterologous protein, assisting in its transportation.13,14

However, the amount of SecB in cells is relatively low;15 for
example, the concentration of secB in E. coli K12 is about 1.6–
2.5 mmol L�1 (ref. 16). Nevertheless, the SecB concentration can
be altered, thus paving a way to enhance the secretion of
heterologous protein. In a previous study, Kononova achieved
a twofold increase in phoA secretion by increasing the
concentration of SecB.17 Similarly, Zhou obtained 50% increase
in human lymphotoxin expression in E. coli by co-expressing
SecB.18 However, excessive chaperone expression could be
a burden to the E. coli cells, leading to an increase in the
formation of inclusion bodies.19 Therefore, regulation of SecB
expression is an important step in secretory heterologous
protein expression.

In the present study, a T7-promoted pod gene was co-
expressed with three promoters (T7, lac, and bla) respectively
that controlled SecB for POD secretory expression. The T7, lac,
and bla promoters corresponded to strong, intermediate, and
weak promoter activities, achieving 15.2–18.1, 0.28–0.84 (ref.
20), and 0.175–0.308 g L�1 h�1 heterologous proteins expres-
sion,21 respectively. The extracellular POD yield from recombi-
nant E. coliwas signicantly increased through the regulation of
SecB co-expression and cultivation conditions optimization,
thus promoting industrial POD production.
RSC Adv., 2019, 9, 26291–26301 | 26291
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Experimental
Medium

Luria–Bertani (LB) medium (1 L) was comprised 10.0 g of tryp-
tone, 5.0 g of yeast extract, and 10.0 g of NaCl (pH 7.0). Terric
broth (TB) medium (1 L) consisted of 12 g of tryptone, 24 g of
yeast extract, 4 mL of glycerol, 0.17 mol L�1 KH2PO4, and
0.72 mol L�1 K2HPO4 (pH 7.2).
Construction of recombinant E. coli strains for POD
expression with SecB under different promoters

Four recombinant vectors (pRD-pod, pRD-pod-T7-secB, pRD-pod-
lac-secB, and pRD-pod-bla-secB) were constructed for co-
expression of SecB under T7, lac, and bla promoters with
their terminators, respectively. Primers were listed in Table 1.
pRD-pod was constructed based on pET25b-pod, which had
been reported in our previous work.7 The pod gene (Gene ID:
32030008) with signal peptide pelB was obtained by PCR using
primers pod-NdeI-F and pod-XhoI-R. Both pelB-pod fragment
and pRSF-Duet1 fragment, aer two enzymes (NdeI and XhoI)
digestion and gel recovery, were ligated by T4 ligase at 16 �C
overnight to obtain pRD-pod. To construct the recombinant
vector pRD-pod-T7-secB, the secB gene was amplied using secB-
BamHI-F and secB-NotI-R as primers from the E. coli BL21(DE3)
genomic DNA. The amplied secB fragment and pRD-pod were
digested with BamHI and NotI, and ligated using T4 ligase at
16 �C overnight to obtain pRD-pod-T7-secB. To construct the
recombinant vector pRD-pod-lac-secB, the lac promoter was
obtained using PCR with SphI-lac-F and lac-secB up-R as
primers and pUC19 as template. The secB gene (ID: CP027060.1)
was obtained using PCR with lac down-secB-F and TT-R as
primers and E. coli BL21(DE3) genomic DNA as template. There
was a 13-bp identity within the amplied 30-lac and 50-secB
fragment ends which was combined by overlap extension PCR
using SphI-lac-F and TT-SphI-R as out primers. The SphI-
digested lac-secB was ligated with pRD-pod aer SphI and calf-
intestinal alkaline phosphatase (CIAP) digestion using T4
ligase at 16 �C overnight to obtain pRD-pod-lac-secB. To
construct the recombinant vector pRD-pod-bla-secB, bla
promoter was amplied using SphI-bla-F and bla-secB up-R as
primers from pET25b vector. The secB gene was amplied using
bla down-secB-F and TT-R as primers from the E. coli BL21(DE3)
genomic DNA. The amplied bla and secB fragments were
combined by overlap extension PCR using SphI-bla-F and TT-
SphI-R as primers because their identical 14-bp nucleotide.
The amplied bla-secB was digested using SphI and pRD-pod
was digested with SphI and CIAP, and these two digested frag-
ments were ligated using T4 ligase at 16 �C overnight to obtain
pRD-pod-bla-secB.

The four vectors were transformed into E. coli BL21(DE3)
competent cells, and the recombinant E. coli BL21(DE3) strains
were selected aer incubation on LB plates containing
50 mg L�1 kanamycin (Kan) at 37 �C for 16 h. The four
recombinant vectors were conrmed by NdeI and XhoI diges-
tion for pRD-pod, BamHI, and NotI digestion for pRD-pod-T7-
secB, SphI digestion for pRD-pod-lac-secB, and SphI digestion for
26292 | RSC Adv., 2019, 9, 26291–26301
pRD-pod-bla-secB, as well as through sequencing before and
aer transformation, respectively.

Effect of isopropyl b-D-1-thiogalactopyranoside concentration
on POD expression in recombinant E. coli strains

The four recombinant E. coli strains (E. coli pRD-pod, E. coli
pRD-pod-T7-secB, E. coli pRD-pod-bla-secB, and E. coli pRD-
pod-lac-secB) were respectively inoculated into 250 mL asks
containing 100 mL of LB medium with 50 mg L�1 Kan and
cultivated overnight at 37 �C and 200 rpm. Then, the
fermentation broth was transferred (5% inoculum) into
250 mL ask containing 50 mL of TB medium (pH 7.2) and
incubated at 37 �C and 200 rpm. Aer 2 h of cultivation,
isopropyl b-D-1-thiogalactopyranoside (IPTG) was added to
the culture at different concentrations (0.0015, 0.005, 0.015,
0.05, and 0.15 mmol L�1, respectively) and incubated for
another 24 h at 25 �C and 200 rpm to induce POD expression.
The cell densities and POD activities were determined at the
end of cultivation.

Effect of pH on POD expression in recombinant E. coli pRD-
pod-bla-secB

The recombinant E. coli pRD-pod-bla-secB was inoculated into
250 mL ask containing 100 mL of LB medium with 50 mg L�1

Kan and cultivated overnight at 37 �C and 200 rpm. Then, the
culture broth was transferred (5% inoculum) into 250 mL ask
containing 50 mL of TB medium with different pH values (5.0,
6.0, 7.0, 8.0, or 9.0) and incubated at 37 �C and 200 rpm. Aer
2 h of cultivation, IPTG was added at a nal concentration of
0.05 mmol L�1 to the culture and incubated at 25 �C and
200 rpm for another 24 h to induce POD expression. The cell
densities and POD activities were determined at the end of
cultivation.

Effect of temperature on POD expression in recombinant E.
coli pRD-pod-bla-secB

The recombinant E. coli pRD-pod-bla-secB was inoculated into
250 mL ask containing 100 mL of LB medium with 50 mg L�1

Kan and cultivated overnight at 37 �C and 200 rpm. Then,
culture broth was transferred (5% inoculum) into 250 mL ask
containing 50mL of TBmedium (pH 7.0) and incubated at 37 �C
and 200 rpm. Aer 2 h of cultivation, IPTG was added at a nal
concentration of 0.05 mmol L�1 to the culture and incubated at
200 rpm and various temperatures (16 �C, 20 �C, 25 �C, and
30 �C, respectively) to induce POD expression. The cell densities
and POD activities were determined every 12 h.

Effect of initial cell density on POD expression in recombinant
E. coli pRD-pod-bla-secB

The recombinant E. coli pRD-pod-bla-secB was inoculated
into 250 mL ask containing 100 mL of LB medium with
50 mg L�1 Kan, and cultivated overnight at 37 �C and
200 rpm. Then, the culture broth was transferred (5%
inoculum) into 250 mL ask containing 50 mL of TB
medium (pH 7.0) and incubated at 37 �C and 200 rpm. Aer
This journal is © The Royal Society of Chemistry 2019
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Table 1 Primers sequences used in this study

Primers Sequences (50-30)

pod-NdeI-F CCCATATGAAATACCTGCTGCCGACCGCTGC
pod-XhoI-R GCGCTCGAGTTTGATGTATTTAGATTCTAAGCCTTC
SphI-lac-F ACATGCATGCAAACGCCAGCAACGCGGCCTTTTTAC
lac-secB up-R TTTGTTCTGACATAGCTGTTTCCTGTGTGAAATTG
lac down-secB-F CACAGGAAACAGCTATGTCAGAACAAAACAACACTGAA
TT-R ATTTCGATTATGCGGCCGTGTACAATACGATTACTTTCTGTTCGACTTAAGCATCAGGCATCCTGATGTTCTTCAGTACC
TT-sphI-R GCGCATGCATTTCGATTATGCGGCCGTGTACAA
secB-BamHI-F CGGGATCCAATGTCAGAACAAAACAACACTGAAATG
secB-NotI-R TTGCGGCCGCTCAGGCATCCTGATGTTCTTCAGTA
SphI-bla-F ATGCATGCCTGATAGACGGTTTTTCGCCCTT
bla-secB up-R TTTGTTCTGACATACTCTTCCTTTTTCAATATTATTG
bla down-secB-F GAAAAAGGAAGAGTATGTCAGAACAAAACAACACTGAA
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the cell density reached 0.5, 2.5, and 4 OD600, IPTG was
added at a nal concentration of 0.05 mmol L�1 and incu-
bated for another 24 h at 200 rpm and 25 �C to induce POD
expression, respectively. As control (0 OD600), three 250 mL
asks containing 50 mL of TB medium (pH 7.0) were inoc-
ulated with recombinant E. coli cells from LB plate at the
time of IPTG addition. The cell densities and POD activities
were determined every 12 h.
Effect of glycine addition on POD expression in recombinant
E. coli pRD-pod-bla-secB

The recombinant E. coli pRD-pod-bla-secB cells were transferred
into 250 mL ask containing 100 mL of LB medium with
50 mg L�1 Kan, and cultivated overnight at 37 �C and 200 rpm.
Then, the culture broth was transferred (5% inoculum) into
250 mL ask containing 50 mL of TB medium (pH 7.0) and
cultivated at 37 �C and 200 rpm. Aer the cell density reached
0.5 OD600, IPTG (nal concentration of 0.05 mmol L�1) and
various concentrations of glycine (10, 30, and 60 g L�1, respec-
tively) were added to the culture and incubated for another 24 h
at 25 �C and 200 rpm to induce POD expression. The cell
densities and POD activities were determined every 12 h.
Fig. 1 Construction of recombinant E. coli strains co-expressing pod and
(B) DNA electrophoresis of four gene cassettes, M: DNA marker; 1: pelB

This journal is © The Royal Society of Chemistry 2019
Effect of metal ions on POD activity

The recombinant E. coli pRD-pod-bla-secB broth was centrifuged
(7500 � g, 4 �C) for 5 min to obtain the supernatant POD
solution. Then, metal ions (MnSO4, CuSO4, MgSO4, or CaSO4) at
different concentrations (0.002 and 0.02 mmol L�1, respec-
tively) were added to the POD solution and incubated at 25 �C in
a water bath. The POD activities were determined at intervals.
Effect of Cu2+ ions addition on POD expression in
recombinant E. coli pRD-pod-bla-secB

The recombinant E. coli pRD-pod-bla-secB was inoculated into
250 mL ask containing 100 mL of LB medium with 50 mg L�1

Kan, and cultivated overnight at 37 �C and 200 rpm. Then, the
culture broth was transferred (5% inoculum) into 250 mL ask
containing 50mL of TBmedium (pH 7.0) and incubated at 37 �C
and 200 rpm. Aer the cell density of fermentation broth
reached 0.5 OD600, a mixture containing IPTG (nal concen-
tration of 0.05 mmol L�1), glycine (nal concentration of 30 g
L�1), and different concentrations of Cu2+ (0.002, 0.02, and
0.2 mmol L�1, respectively) were added and incubated at 25 �C
secB under different promoters ((A) sketchmap of four gene cassettes;
-pod; 2: T7-secB; 3: bla-secB; 4: lac-secB).

RSC Adv., 2019, 9, 26291–26301 | 26293
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Fig. 2 Effects of IPTG concentration on recombinant E. coli growth and POD expression (25 �C and 24 h of induction) ((A) pRD-pod; (B) pRD-
pod-T7-secB; (C) pRD-pod-lac-secB; (D) pRD-pod-bla-secB).
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and 200 rpm to induce POD expression. The cell densities and
POD activities were determined every 12 h.
Cell density determination

A total of 1 mL of recombinant E. coli fermentation broth was
centrifuged at 7500 � g and 4 �C for 5 min. The cell pellet was
washed twice and suspended in deionized water, and the
absorbance was determined at 600 nm using a microplate
reader (LMR-340M, Labexim International, Austria).
Protein concentration measurement and SDS-PAGE

A total of 10 mL of recombinant E. coli culture broth was
centrifuged at 7500g and 4 �C for 5 min. The fermentation broth
was collected for analysis. And the cell pellet was washed twice,
and suspended in pH 6.8 0.1 mol L�1 phosphate-buffered saline
(PBS) with a nal volume of 10 mL. We obtained the soluble
fraction aer ultrasonication and centrifugation. We analyzed
the protein content of soluble fraction and insoluble fraction
aer centrifugation by Bradford (1976). And SDS-PAGE was
performed based on molecular cloning.22 The gel images were
taken by a gel imaging system (Universal Hood II; Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The SecB band was
analyzed using the BandScan 5.0 soware (Glyko, Inc., Novato,
CA, USA) according to its gray scale value.
26294 | RSC Adv., 2019, 9, 26291–26301
POD activity assay

Total POD activity was calculated as the sum of intracellular
and extracellular POD activities. To determine the intracel-
lular and extracellular POD activities, a total of 1 mL of
recombinant E. coli culture broth was centrifuged at 7500 �
g and 4 �C for 5 min. The supernatant was used for extra-
cellular POD activity determination, and the cell pellet was
washed twice with 0.1 mol L�1 PBS (pH 6.8) and suspended
in 0.1 mol L�1 PBS (pH 6.8). Then, the cells were disrupted
by sonication for 4 s with a 6 s interval at 150 W for 3 min,
and centrifuged at 12 000 � g and 4 �C for 5 min to obtain
cell-free extract. The cell-free extract was used for intracel-
lular POD activity determination.

For POD activity determination, a total of 100 mL of super-
natant POD solution or cell-free extract were mixed with 1.0 mL
of reaction solution (containing 0.1 mol L�1 sodium pyruvate,
0.015 mol L�1 magnesium chloride, 0.9% phenol, 1.5 mmol L�1

4-aminoantipyrine, 0.1 mol L�1 PBS (pH 6.8), 0.1 mmol L�1

avin adenine dinucleotide, 1.0 mmol L�1 thiamine pyrophos-
phate, and 5 U mL�1 horseradish peroxidase) and incubated at
37 �C for 10 min. Subsequently, the absorbance of the solution
was determined at 550 nm (OD550) by using a microplate reader
(LMR-340M; Labexim International, Austria). One unit of POD
activity was determined as the amount of enzyme required for
the production of 1 mmol H2O2 per minute.
This journal is © The Royal Society of Chemistry 2019
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Table 2 The SecB expression levels in different recombinant E. coli strains

IPTG (mmol L�1) 0 0.0015 0.005 0.015 0.05 0.15

E. coli pRD-pod Total protein in fermentation broth (mg
L�1)

126.0 137.6 282.3 438.8 334.3 123.5

Total protein in soluble fraction (mg L�1) 714.7 774.6 380.7 576.3 286.0 164.6
Total protein in insoluble fraction (mg
L�1)

343.2 454.7 399.0 244.6 302.5 48.5

SecB in fermentation broth (mg L�1) — — — — — —
SecB in soluble fraction (mg L�1) — — — — — —
SecB in insoluble fraction (mg L�1) — — — — — —
Total SecB (mg L�1) — — — — — —

E. coli pRD-pod-T7-secB Total protein in fermentation broth (mg
L�1)

120.6 84.4 237.3 480.7 813.0 430.7

Total protein in soluble fraction (mg L�1) 805.8 911.2 868.4 772.8 432.5 119.0
Total protein in insoluble fraction (mg
L�1)

407.5 166.4 407.5 482.6 247.8 125.7

SecB in fermentation broth (mg L�1) 0.0 0.0 83.8 177.4 218.7 0.0
SecB in soluble fraction (mg L�1) 155.5 261.5 289.2 258.9 132.3 0.0
SecB in insoluble fraction (mg L�1) 37.9 25.6 35.5 33.3 5.9 0.0
Total SecB (mg L�1) 193.4 287.1 408.4 469.6 357.0 0.0

E. coli pRD-pod-lac-secB Total protein in fermentation broth (mg
L�1)

138.7 179.6 297.6 403.9 653.1 628.1

Total protein in soluble fraction (mg L�1) 788.0 816.6 684.4 592.4 278.9 141.3
Total protein in insoluble fraction (mg
L�1)

362.5 454.7 423.6 412.9 156.7 156.7

SecB in fermentation broth (mg L�1) 0.0 31.2 72.9 80.8 162.6 79.8
SecB in soluble fraction (mg L�1) 54.4 44.1 30.1 27.8 9.2 0.0
SecB in insoluble fraction (mg L�1) 12.7 12.7 9.7 8.3 1.6 0.0
Total SecB (mg L�1) 67.1 88.1 112.8 116.9 173.4 79.8

E. coli pRD-pod-bla-secB Total protein in fermentation broth (mg
L�1)

105.6 120.8 158.3 287.8 520.0 355.7

Total protein in soluble fraction (mg L�1) 868.4 713.8 687.9 748.7 570.0 169.9
Total protein in insoluble fraction (mg
L�1)

380.7 442.9 465.4 386.1 290.7 127.8

SecB in fermentation broth (mg L�1) 0.0 0.0 0.0 0.0 0.0 0.0
SecB in soluble fraction (mg L�1) 0.0 0.0 0.0 0.0 0.0 0.0
SecB in insoluble fraction (mg L�1) 14.1 10.6 10.7 6.6 4.7 1.9
Total SecB (mg L�1) 14.1 10.6 10.7 6.6 4.7 1.9
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Results
Construction of recombinant E. coli strains for POD
expression with SecB under different promoters

Four gene cassettes were constructed as shown in Fig. 1A. The
pod gene of the four cassettes was expressed under a T7
Fig. 3 Effect of pH on POD expression in recombinant E. coli pRD-
pod-bla-secB.

This journal is © The Royal Society of Chemistry 2019
promoter obtained from vector pET25b. The secB genes fol-
lowed pod gene under T7, lac, and bla promoter in the three
vectors pRD-pod-T7-secB, pRD-pod-bla-secB, and pRD-pod-lac-
secB, respectively. These four vectors were transformed into E.
coli BL21(DE3) cells to obtain four recombinant strains named
E. coli pRD-pod, E. coli pRD-pod-T7-secB, E. coli pRD-pod-lac-secB,
and E. coli pRD-pod-bla-secB, respectively. The genomic DNA of
these four recombinant E. coli strains were used as templates to
amplify the four gene cassettes (Fig. 1B). The sizes of the four
gene fragments (pelB-pod, T7-secB, bla-secB, and lac-secB) were
1857, 548, 931, and 568 bp, respectively, which corresponded to
the ideal sizes as designed. In addition, the recombinant vectors
were also sequenced for verication.
Effects of IPTG concentration on POD expression in E. coli
strains

The effects of IPTG concentration on the cell densities and POD
activities of the four recombinant strains were presented in
Fig. 2. The cell densities of E. coli pRD-pod, E. coli pRD-pod-T7-
secB, E. coli pRD-pod-bla-secB, and E. coli pRD-pod-lac-secB
decreased from 8.0 OD600 at 0 mmol L�1 IPTG to nal cell
RSC Adv., 2019, 9, 26291–26301 | 26295
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Fig. 4 Effect of temperature on extracellular POD expression in recombinant E. coli pRD-pod-bla-secB ((A) cell density; (B) total POD activity;
(C) intracellular POD activity; (D) extracellular POD activity).
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densities of 1.6, 1.0, 1.2, and 1.1 OD600 at 0.15 mmol L�1 IPTG,
respectively. The intracellular POD activities in the four
recombinant E. coli strains showed bell-shaped proles at IPTG
concentration from 0 to 0.15 mmol L�1, with the highest values
of 3093.0, 2631.4, 2629.2, and 2141.6 U L�1 obtained at
0.015 mmol L�1 IPTG for E. coli pRD-pod, E. coli pRD-pod-T7-
secB, E. coli pRD-pod-bla-secB, and E. coli pRD-pod-lac-secB,
respectively.

The extracellular POD activity proles differed among the
four recombinant strains. The POD activities of E. coli pRD-pod
increased with the increasing IPTG concentration, and reached
176.8 U L�1 at 0.015 mmol L�1 IPTG, and then remained stable
till 0.15 mmol L�1 IPTG. In contrast, the POD activities of E. coli
pRD-pod-T7-secB, E. coli pRD-pod-lac-secB, and E. coli pRD-pod-
bla-secB increased to 525.0, 631.8, and 646.9 U L�1 with
increasing IPTG concentration to 0.05 mmol L�1, and then
signicantly decreased to 41.1, 211.3, and 513.1 U L�1 at
0.15 mmol L�1 IPTG, respectively. These ndings revealed that
the extracellular POD activities increased in the presence of
SecB, when compared with that noted in the control, indicating
the positive effect of SecB on POD secretion from E. coli cells.
Among the three recombinant E. coli strains co-expressing SecB
under all concentrations of IPTG examined, the extracellular
26296 | RSC Adv., 2019, 9, 26291–26301
POD activities of E. coli pRD-pod-T7-secB presented the lowest
value, whereas those of E. coli pRD-pod-bla-secB showed the
highest value. These results indicated that the weak promoter
(bla) produced the highest extracellular POD activity.

With the increasing concentration of IPTG, the total POD
activity showed a bell-shaped prole. Co-expression of SecB
produced a minor negative inuence on total POD expression
(Fig. S1A†), and T7 promoter controlled secB yielded the lowest
total POD activities. In contrast, co-expression of secB under the
lac and bla promoters led to higher extracellular POD expres-
sion, when compared with that noted in the control (Fig. S1B†).
The extracellular POD activity in recombinant E. coli with bla-
promoted secB was 24.0% and 58.2% of total POD activity at
0.05 and 0.15 mmol L�1 IPTG, respectively.

The SecB bands of different recombinant E. coli strains were
analyzed with the results of Table 2 from their SDS-PAGE
(Fig. S2†). The SecB expression level of E. coli pRD-pod-T7-secB
increased from 193.4 mg L�1 to 469.6 mg L�1 when IPTG
concentration increased from 0 mmol L�1 to 0.015 mmol L�1,
and decreased to 357.0 mg L�1 and 0 mg L�1 at the condition of
0.05 mmol L�1 IPTG and 0.15 mmol L�1 IPTG. Under the lac
promoter in E. coli pRD-pod-lac-secB, the SecB expression level
increased from 67.1 mg L�1 to 173.4 mg L�1 when IPTG
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Effect of initial cell density on POD expression in recombinant E. coli pRD-pod-bla-secB ((A) cell density; (B) total POD activity; (C)
intracellular POD activity; (D) extracellular POD activity).
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concentration increased from 0 mmol L�1 to 0.05 mmol L�1,
and decreased to 79.8 mg L�1 at 0.15 mmol L�1 IPTG. Under the
bla promoter in E. coli pRD-pod-bla-secB, the SecB expression
level decreased from 14.1 mg L�1 to 1.9 mg L�1 continually
when IPTG concentration increased from 0 mmol L�1 to
0.15 mmol L�1. At the both conditions of T7 promoter and lac
promoter, there were SecB in fermentation broth, which showed
the SecB leak from recombinant E. coli. There was not SecB at
the condition of bla promoter which maybe attributed to low
expression level of SecB. Therefore, the expression level of SecB
was related inversely to the extracellular POD expression.
Effect of pH on POD expression in E. coli pRD-pod-bla-secB

The pH value during IPTG induction phase had signicant
inuence on cell densities and POD activities of E. coli pRD-pod-
bla-secB (Fig. 3). Cell growth as well as intracellular and extra-
cellular POD activities showed a bell-shaped curve at pH from
5.0 to 9.0, with highest values (3.7 OD600, 1940.3 U L�1, and
613.5 U L�1, respectively) noted at pH 7.0. Besides, the
percentage of extracellular POD also showed a bell-shaped
prole with the highest value of 24.0% achieved at pH 7.0
(Fig. S3†).
This journal is © The Royal Society of Chemistry 2019
Effect of temperature on POD expression in E. coli pRD-pod-
bla-secB

The effects of induction phase temperature on the cell densities
and POD activities of recombinant E. coli pRD-pod-bla-secB were
shown in Fig. 4. Overall, high cell density was obtained at 16–
30 �C. The cell densities increased to 5.1–5.3 OD600 aer 24 h of
induction, and decreased to 4.1 and 3.4 OD600 with the culti-
vation time at 16 �C and 20 �C, respectively. Furthermore, at
25 �C and 30 �C, the cells showed diauxic growth as cell
densities increased again aer a decrease at 12 h of induction.
The total POD activities of E. coli pRD-pod-bla-secB presented
four bell-shaped curves within 48 h of induction with different
peak values and corresponding relevant time points, respec-
tively. Furthermore, the intracellular and extracellular POD
activities at different temperatures exhibited bell-shaped
proles (Fig. 4C and D). For example, at 16 �C and 20 �C, the
intracellular and extracellular POD activities reached their
highest values aer 36 h of induction, and signicantly
decreased. At 25 �C, the intracellular and extracellular POD
activities reached their maximum values of 2137.1 and 629.8 U
L�1, respectively, aer 24 h of cultivation, and signicantly
decreased. At 30 �C, the intracellular and extracellular POD
activities increased to their highest values of 278.8 and 33.6 U
RSC Adv., 2019, 9, 26291–26301 | 26297

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra04765d


Fig. 6 Effect of glycine on POD expression in recombinant E. coli pRD-pod-bla-secB ((A) cell density; (B) total POD activity; (C) intracellular POD
activity; (D) extracellular POD activity).
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L�1, respectively, aer 12 h of cultivation, and signicantly
decreased. Based on these ndings, 25 �C was considered to be
the ideal temperature for achieving maximum extracellular
POD activity. Besides, at 25 �C, the extracellular POD activity
contributed to the highest percentage of total POD activity at
36 h of cultivation.
Effect of initial cell density on POD expression in E. coli pRD-
pod-bla-secB

The E. coli pRD-pod-bla-secB growth curves aer IPTG induction
at different initial cell densities were shown in Fig. 5A. The cell
densities signicantly increased following initial densities of
0 and 0.5 OD600, whereas remained relatively stable following
initial densities of 2.5 and 4.0 OD600. The total POD activities
presented bell-shaped curves with cultivation time (Fig. 5B),
with the highest POD activity (3300.4 U L�1) noted at 2.5 OD600.
Furthermore, while the intracellular POD activity showed bell-
shaped curves (Fig. 5C), the extracellular POD activities exhibi-
ted various trends with relatively low POD activities obtained at
initial cell densities of 0, 2.5, 4.0, and 9.0 OD600. The highest
extracellular POD activity of 795.7 U L�1 was achieved aer 24 h
of induction with the cell density of 2.2 OD600 (Fig. 5A and D).
26298 | RSC Adv., 2019, 9, 26291–26301
Effect of glycine addition on POD expression in recombinant
E. coli pRD-pod-bla-secB

The effects of glycine addition on E. coli pRD-pod-bla-secB cell
density and POD expression are shown in Fig. 6. Although the
negative inuence of glycine on cell growth was signicant as
low cell density observed with increasing concentration of
glycine (Fig. 6A), the total POD activities was enhanced at the
condition of 10 g L�1 and 30 g L�1 glycine addition, which
showed as bell-shaped curves as that of control (Fig. 6B). The
highest total POD activity reached 3612.2 U L�1 at the condition
of 30 g L�1 glycine aer 24 h induction, which was 1.4 fold of
control. For intracellular POD activity, glycine addition had
a negative inuence (Fig. 6C) because of higher extracellular
POD activity was obtained at the condition of 10 g L�1 glycine
and 30 g L�1 glycine addition (Fig. 6D). The highest extracellular
POD activity (2759.6 U L�1) was obtained at 30 g L�1 glycine
addition, which was 3.5 fold of control.
Effect of metal ions addition on POD activity

The extracellular POD activities signicantly decreased aer
24 h of IPTG induction as shown in Fig. 4–6 owing to the weak
stability of POD. Therefore, it was necessary to maintain POD as
This journal is © The Royal Society of Chemistry 2019
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Fig. 7 Effect of metal ions on POD stability ((A) CuSO4; (B) MnSO4; (C) MgSO4; (D) CaSO4).
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an active enzyme for achieving high POD production. Fig. 7
illustrates the effects of four metal ions on POD activities.
Following addition of 0.02 mmol L�1 CuSO4, the residual POD
activity remained 499.4 U L�1, when compared with that noted
in the control (854.6 U L�1) aer 18 h of cultivation (Fig. 7A).
However, addition of MnSO4, MgSO4, and CaSO4 did not have
any inuence on POD stability (Fig. 7B–D).
Effects of CuSO4 addition on POD expression in recombinant
E. coli pRD-pod-bla-secB

The effects of CuSO4 addition on cell growth and POD expres-
sion of recombinant E. coli pRD-pod-bla-secB were shown in
Fig. 8. As indicated in Fig. 8A, CuSO4 addition had no signi-
cant inuence on cell growth. The total POD activities presented
similar curves before 24 h of IPTG induction, but exhibited
varied trends aer 24 h of induction (Fig. 8B). In the control of
Fig. 8B, the total POD activities signicantly decreased. Addi-
tion of 0.002 or 0.2 mmol L�1 CuSO4 resulted in lower decrease
in total POD activities, whereas 0.002 mmol L�1 CuSO4 addition
stabilized the total POD activities. Also, there was no signicant
different of intracellular POD activities at the condition of
CuSO4 addition (Fig. 8C), with the POD activities increasing to
1224.9–1310.3 U L�1 aer 12 h of IPTG induction, and subse-
quently decreasing to about 312.0–380.0 U L�1.
This journal is © The Royal Society of Chemistry 2019
The extracellular POD activities with CuSO4 addition in the
rst 24 h induction showed the same curve as that of control
condition in which extracellular POD activities increased to
2124.7–2189.1 U L�1 (Fig. 8D). In the control condition, the
extracellular POD activities decreased to 1776.8 U L�1 aer 48 h
of induction. In contrast, addition of 0.002, 0.02, and 0.2 mmol
L�1 CuSO4 resulted in nal extracellular POD activities to
26 483.0, 2926.3, and 2344.4 U L�1, respectively, indicating POD
translocation from within the cell to the culture broth. The
percentages of extracellular POD activities for all the experi-
mental groups increased from 35–40% to 85–88%, and did not
signicantly differ with the addition of various concentrations
of CuSO4 (Fig. S4†).
Discussion

In this study, secretory POD production was achieved through
co-expression of SecB as a chaperone and optimization of
cultivation conditions. The nal POD yield was 2926.3 U L�1,
which was the highest secretory POD yield, and 87.5% of total
POD was secreted into the fermentation broth. These results
demonstrated the potential of SecB, which has been reported as
a multitasking chaperone.23 One of the SecB functions is to
promote protein secretion from the cell. Among the three
promoters examined in this study, the weakest promoter bla led
RSC Adv., 2019, 9, 26291–26301 | 26299
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Fig. 8 Effect of Cu2+ on POD expression in recombinant E. coli pRD-pod-bla-secB. Addition of 30 g L�1 glycine into E. coli pRD-pod-bla-secB
cultivation was used as control ((A) cell density; (B) total POD activity; (C) intracellular POD activity; (D) extracellular POD activity).
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to the highest secretory POD production. This result indicated
worthy of tuning the ratio of heterologous protein and SecB for
high secretory heterologous protein production from recombi-
nant E. coli. As the diversity of heterologous proteins and
chaperones investigated by researchers, it was necessary to test
every single heterologous protein and chaperone considering
the assistance of chaperon to heterologous protein secretory,
and burden of chaperone to recombinant E. coli. Furthermore,
secretory of POD activity decreased at the condition of further
high IPTG loaded although the percentage of secretory POD
increased with the increasing IPTG concentration (Fig. S1B†).
The recombinant E. coli growth decreased at high IPTG
concentration, indicating burden to the recombinant cell.24 To
release this cell burden, several cultivation conditions were
optimized for achieving high secretory POD production. At low
temperature, the recombinant E. coli co-expressing SecB
showed a growth difference (Fig. 4A), whereas high temperature
exerted excess protein synthesis pressure on the recombinant
cell.25 The high yield of extracellular POD obtained at 25 �C with
a relatively low cell density suggested that SecB had a positive
effect on POD peptide.17 To further increase the extracellular
POD yield, glycine was added to release the POD within the cell,
although glycine inhibited cell growth owing to cell leakage.
26300 | RSC Adv., 2019, 9, 26291–26301
The high yield of extracellular POD demonstrated the effect of
glycine on protein leakage. Similar to previous studies that have
optimized glycine concentration for achieving high protein
leakage,26 the present study also attempted to optimize the
concentration of glycine added to the culture broth to further
increase extracellular POD production. On point should be
emphasized that further POD was expressed at the condition of
30 g L�1 glycine because of stress of high POD in recombinant E.
coli was released. This was supported by the higher total POD
activities (Fig. 6B) and lower intracellular POD (Fig. 6C) ob-
tained at the condition of 30 g L�1 glycine.

However, addition of Tween-20, Tween-80, and TritonX-100
was found to signicantly interrupt POD activity. Besides, the
weak stability of POD also signicantly decreased POD activi-
ties. Therefore, the results of this study could only demonstrate
the effect of cultivation conditions on residual POD activity.
Moreover, Cu2+ ions stabilized POD by maintaining the
tetramer structure of the enzyme as intermediate, and thus,
high yield of extracellular POD was obtained with the addition
of Cu2+ ions. In conclusion, the present study demonstrated an
approach for secretory heterologous protein production by
regulating the co-expression of SecB as chaperone.
This journal is © The Royal Society of Chemistry 2019
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