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Abstract

As the most important member of antioxidant defense system, human Cu,Zn superoxide dismutase (hCu,Zn-SOD) protects
cells against the free radicals produced by aerobic metabolism. hCu,Zn-SOD has been widely used in food, cosmetic and
medicine industry due to its health benefits and therapeutic potentials. However, a more extensive application of hCu,Zn-
SOD is limited by the challenge of expensive and low production of high-activity hCu,Zn-SOD in large scale. In this study,
the codon-optimized hCu,Zn-SOD gene was synthesized, cloned into pET-28a(+) and transformed into Escherichia coli
BL21(DE3). After induction with IPTG or lactose, hCu,Zn-SOD was highly expressed as soluble form in LB medium with
800 pM Cu* and 20 pM Zn>* at 25 °C. The recombinant hCu,Zn-SOD was efficiently purified by nickel affinity chroma-
tography. Through optimization of fed-batch fermentation conditions, 342 mg purified hCu,Zn-SOD was obtained from 1 L
cultures fermented in a 3-L bioreactor. Furthermore, the recombinant hCu,Zn-SOD retained the enzymatic specific activity
of 46,541 U/mg. This study has opened up an effective avenue for industrial production of hCu,Zn-SOD through microbial
fermentation in the future.

Keywords Cu,Zn superoxide dismutase - Escherichia coli - Fed-batch fermentation - Lactose induction - Recombinant
expression

Introduction

The antioxidant defense system protects living organisms
against harmful effects of the oxidative by-products of aero-
bic metabolism. Superoxide dismutase (SOD) is the first line
of defense against reactive oxygen species (ROS) such as the
superoxide radical which is toxic to living cells as it oxidizes
and degrades biological molecules (Johnson 2002). SOD can
convert superoxide radicals to hydrogen peroxide which is
further catalyzed to form H,O and O, by catalase (CAT) and
glutathione peroxidase (GSH-Px) (Kilic et al. 2014; Vats

' Jin-Ling Yang
yangjl@imm.ac.cn

P< Ping Zhu
zhuping@imm.ac.cn

State Key Laboratory of Bioactive Substance and Function
of Natural Medicines, NHC Key Laboratory of Biosynthesis
of Natural Products, CAMS Key Laboratory of Enzyme

and Catalysis of Natural Drugs, Institute of Materia Medica,
Chinese Academy of Medical Sciences & Peking Union
Medical College, Beijing 100050, China

et al. 2015). When the organisms do not have sufficient SOD,
ROS will accumulate massively, leading to DNA strand
breakage, protein inactivation, and membrane lipid peroxi-
dation (Kim et al. 2017). Thus, SOD has been used in clini-
cal practice for many years. It has various medicinal proper-
ties like selective killing of cancer cells (Huang et al. 2000),
anti-aging (Tolmasoff et al. 1980), anti-inflammatory (Kim
et al. 2017), and protection against reperfusion damage of
ischemic tissues (Fridovich 1983).

As a metalloenzyme, SOD is classified into four groups
according to their metal cofactors, namely Cu,Zn-SOD,
Mn-SOD, Fe-SOD and Ni-SOD (Perry et al. 2010). Cu,Zn-
SOD is the leading member which plays a vital role in the
antioxidant defense system. The natural content of Cu,Zn-
SOD is too low to satisfy the needs of clinical applica-
tions by extracting Cu,Zn SOD from living organisms.
Therefore, new strategies have been attempted to produce
Cu,Zn-SOD with high yield and activity using efficient and
practical production systems in recent years. So far, heter-
ologous expression of Cu,Zn-SOD has been explored in
many expression systems including Escherichia coli (Hart-
man et al. 1986; Hallewell et al. 1989; Marisch et al. 2013;
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Lin et al. 2018), Pichia pastoris (Wu et al. 2009; Yoo et al.
1999), cyanobacteria (Takeshima et al. 1994), plant cells
(Park et al. 2002), insect cells (Fujii et al. 1995; Hayward
et al. 2002) and mammary glands of transgenic animals (Lu
et al. 2018). However, none of these systems have been able
to produce recombinant Cu,Zn-SOD with satisfactory yield
and activity at large industrial scale until now. Although E.
coli is the most commonly used system for production of
recombinant proteins, Cu,Zn-SOD expressed in this system
often formed inactive inclusion bodies in previous reports,
which greatly limited its yield and activity (Liu et al. 2005).

In this study, the chemically synthesized gene encoding
hCu,Zn-SOD was cloned into pET-28a(+) and transformed
into E. coli BL21(DE3). The recombinant hCu,Zn-SOD
was expressed as soluble form with high yield and specific
activity.

Materials and methods
Strains and cultivation conditions

E. coli Trans1-T1 and BL21(DE3) (TransGen Biotech, Bei-
jing, China) were used for plasmid amplification and protein
expression, respectively. E. coli strains were cultivated at
37 °C in LB medium with 100 pg/mL ampicillin or 50 pg/
mL kanamycin.

Construction of the expression plasmid containing
hCu,Zn-SOD gene

According to the reported hCu,Zn-SOD cDNA sequence
(GenBank accession number: AY450286.1) and the codon
usage preference of E. coli, the codon-optimized hCu,Zn-
SOD gene with 6 X his-tag coding sequence at 5' terminus
(GenBank accession number: MN896904) was chemically
synthesized and cloned into pEASY-Blunt Simple Cloning
Vector by Shanghai Generay Biotech Co. Ltd. hCu,Zn-SOD
gene was amplified from the cloning vector by PCR, and
then cloned into the expression vector pET-28a( +), result-
ing in recombinant plasmid pET-hCu,Zn-SOD (Fig. 1). The
recombinant plasmid was verified by DNA sequencing.

Expression and purification of the recombinant
hCu,Zn-SOD

The recombinant expression plasmid pET-hCu,Zn-SOD
was transformed into E. coli BL21(DE3) competent cells.
The positive colony was cultured overnight in 10 mL
LB medium supplemented with 50 pg/mL kanamycin
at 37 °C and 220 rpm. 1 mL cultures were transferred to
100 mL fresh LB medium in 500-mL flasks. The cultures
were incubated at 37 °C and 220 rpm until ODg, reached
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Fig.1 Schematic representation of recombinant plasmid pET-
hCu,Zn-SOD

0.6-0.8, and then induced with 1 mM isopropyl-p-D-1-
thiogalactopyranoside (IPTG) at 15 °C, 25 °C and 37 °C,
or 1 mM lactose at 25 °C. The effects of supplementation
of Cu** /Zn>* (200 uM/0 uM, 0 pM/5 pM, 200 pM/5 pM,
400 pM/10 pM, 800 uM/20 pM, 1200 pM/30 pM) in the
induction period were also investigated. Cells were har-
vested by centrifugation (4 °C, 8000 rpm, 10 min). The cell
pellet was resuspended in Tris—HCI1 (100 mM, pH 8.0) and
lysed by sonication. The precipitate and supernatant were
separated by centrifugation at 4 °C and 10,000 rpm for
20 min. The samples were analyzed by 15% (W/V) SDS-
PAGE and Coomassie brilliant blue staining. The recombi-
nant hCu,Zn-SOD was purified using nickel affinity chro-
matography column (GE Healthcare, Sweden) according to
the manufacturer’s instructions. The protein concentration
was detected by BCA Protein Assay Kit (Bio-Rad, USA)
and the protein purity was determined by HPLC. All data
are presented as means + SD of three independent repeats.

The fed-batch fermentation process
of the engineered strain

The fed-batch fermentation of the engineered strain was
conducted in a 3-L bioreactor (Shanghai Baoxing Bio-
Engineering Equipment Co. Ltd. China). The single colony
was first grown in 100 mL LB medium supplemented with
50 pg/mL kanamycin at 37 °C and 220 rpm for 12 h as seed
cultures. 100 mL seed cultures were then transferred into
1 L LB medium in a 3-L bioreactor. At the biomass accu-
mulation stage, fermentation was carried out at 37 °C. The
pH was automatically controlled at 7.0 by addition of 5 M
ammonium hydroxide. When induction started, the culture
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temperature was kept at 37 °C or adjusted to 25 °C or 15 °C.
This study focused on the effects of the following factors on
the production of recombinant hCu,Zn-SOD: initial induc-
tion biomass (ODgyq=10, ODgy, =20, ODg(, =40); dis-
solved oxygen (DO) level (15%, 30%, 50%); constant lactose
(4%,W/V) feeding rate (5 mL/h, 10 mL/h, 20 mL/h). All data
are presented as means + SD of three independent repeats.

Enzyme activity assay of the recombinant
hCu,Zn-SOD

The recombinant hCu,Zn-SOD activity was detected using
Total Superoxide Dismutase Assay Kit with nitroblue tetra-
zolium (NBT) (Beyotime Biotechnology, Shanghai, China)
according to the instructions provided by the manufac-
turer. The detection was based on measuring the color of
a formazan dye. According to the manufacturer’s instruc-
tions, the NBT/enzyme working solution and reaction
starting solution were prepared beforehand. A preliminary
experiment was conducted to find the optimal amount of
hCu,Zn-SOD, so that the inhibition percentage of hCu,Zn-
SOD lay between 30 and 70%. A certain amount of hCu,Zn-
SOD (final volume was 20 pL), NBT/enzyme working solu-
tion (160 pL) and reaction starting solution (20 pL) were
incubated at 37 °C for 30 min. The absorbance at 560 nm
was detected. The activity of hCu,Zn-SOD was calculated
according to the formula in the manufacturer’s instructions.

Results
Construction of recombinant hCu,Zn-SOD strain

The codon-optimized hCu,Zn-SOD gene with 6 X his-tag
coding sequence at 5' terminus, was chemically synthe-
sized and cloned into E. coli expression vector pET-28a(+),
resulting in recombinant plasmid pET-hCu,Zn-SOD. DNA
sequencing confirmed that hCu,Zn-SOD was correctly
fused with the N-terminal His-tag, and it also revealed the
synthesized hCu,Zn-SOD gene was synonymous with the
published one (GenBank accession number: AY450286.1).
It was reported that the host strain BL21(DE3) produced
the highest amount of SOD among three industrial E. coli
strains (Marisch et al. 2013). Therefore, the recombinant
expression plasmid pET-hCu,Zn-SOD was transformed into
E. coli BL21(DE3) and the resulted engineered strain was
named as BL21-hCu,Zn-SOD.

Expression and purification of the recombinant
hCu,Zn-SOD at shake-flask level

Generally, the soluble expression level of the recombinant
proteins is affected by the culture temperature (Francis and

Page 2010). Reduced culture temperature is an increasingly
popular strategy to enhance the soluble expression of the
recombinant proteins. Therefore, in order to realize the solu-
ble expression of hCu,Zn-SOD, the engineered strain BL21-
hCu,Zn-SOD was induced by 1 mM IPTG at 37 °C, 25 °C
and 15 °C, respectively. The recombinant hCu,Zn-SOD was
expressed as soluble form at all three different temperatures,
with different induction times to reach the peak level. It took
8 h to reach the peak of hCu,Zn-SOD production at 37 °C,
16 h at 25 °C and 24 h at 15 °C, respectively (Fig. 2). The
highest hCu,Zn-SOD yield was achieved at 25 °C after 16 h
induction (Fig. 3A and B).

IPTG is a highly effective inducer for lac promoter
derived expression systems. IPTG is very stable, not metabo-
lized by bacteria. Therefore, it is widely used for induced
expression of recombinant proteins. However, IPTG is toxic
to humans and relatively expensive, preventing its usage in
large-scale production of genetically engineered drugs. Con-
sequently, several substitutes of [PTG have been developed.
To develop a safe and low-cost method for efficient produc-
tion of hCu,Zn-SOD, the induction effects of lactose and
IPTG on the expression of E. coli BL21- hCu,Zn-SOD were
compared. The results showed that lactose achieved 87% of
the induction effect of IPTG at the same concentration of
1 mM (Fig. 3C and D). Clearly, lactose can basically replace
IPTG as an inducer in the induced expression of the recom-
binant E. coli BL21- hCu,Zn-SOD.

hCu,Zn-SOD is a metalloenzyme, requiring suitable lev-
els of Cu®" and Zn®* to maintain its structural integrity and
enzymatic activity. We investigated the effects of different
concentrations of Cu** and Zn?* in the induction medium
on the specific activity of the recombinant hCu,Zn-SOD.
As shown in Fig. 3E, the specific activity of hCu,Zn-SOD
reached the maximum with 800 pM Cu** and 20 pM Zn*",
which was fivefold higher than that of control. Therefore,
supplementation of Cu®* and Zn?* in the induction period
improved hCu,Zn-SOD activity significantly.

The recombinant hCu,Zn-SOD induced under the opti-
mized conditions was purified by nickel affinity chromatog-
raphy. The purity of hCu,Zn-SOD reached about 97% by
HPLC (Fig. 3F). 92 mg purified hCu,Zn-SOD was obtained
from 1 L cultures at shake-flask level.

Production of the recombinant hCu,Zn-SOD
through fed-batch fermentation

Compared with those of shake-flask culture mode, the
dissolved oxygen (DO), pH and temperature of fed-batch
fermentation mode in bioreactors are controllable, which
can greatly improve both biomass production and heter-
ologous protein expression to a great extent (Riesenberg
and Guthke 1999; Lee 1996). In order to achieve higher
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Fig.2 Production of the recombinant hCu,Zn-SOD in E. coli at dif-
ferent temperatures. A SDS—-PAGE analysis of hCu,Zn-SOD produc-
tion at 37 °C. M: marker; 1: O h; 2: 4 h; 3: 8 h; 4: 16 h; 5: 24 h; 6:
32 h. B Comparison of the yields of hCu,Zn-SOD at different time
points after induction at 37 °C. C SDS-PAGE analysis of hCu,Zn-
SOD production at 25 °C. M: marker; 1: O h; 2: 4 h; 3: 8 h; 4: 16 h;
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yield of hCu,Zn-SOD, fed-batch fermentation of the engi-
neered strain BL21-hCu,Zn-SOD was performed in a 3-L
bioreactor.

The effects of different initial induction cell densities on
the expression of the recombinant hCu,Zn-SOD were inves-
tigated. As shown in Fig. 4A and B, the highest yield of
hCu,Zn-SOD was achieved at the initial ODy, value of 20.

During the fermentation process, the engineered bacteria
consume a great deal of oxygen, leading to a sharp drop of
the DO level. At this time, sufficient oxygen supply plays
a decisive role in both biomass growth and protein expres-
sion. Raising the DO level can be achieved by increasing the
airflow or enrichment of air with pure oxygen. However, in
large-scale fermentation, supplying and handling pure oxy-
gen can be highly expensive and dangerous (Liu et al. 2016).
The DO level was adjusted by changing the airflow speed in
this study. The effects of different DO levels on the expres-
sion of hCu,Zn-SOD were compared. The results indicated
that the yield of hCu,Zn-SOD reached the maximum at DO
of 30% (Fig. 4C and D).

As lactose acts as both inducer and carbon source, the
best culture strategy is direct feeding of lactose after batch
culture (Wurm et al. 2016; Li et al. 2006). The lactose feed-
ing rate is crucial for protein expression. The effects of dif-
ferent lactose feeding rates on hCu,Zn-SOD expression were
compared. The results demonstrated that the optimum lac-
tose feeding rate was 10 mL/h (Fig. 4E and F).

342 mg hCu,Zn-SOD was purified from 1 L fed-batch
cultures by nickel affinity chromatography. The yield of
hCu,Zn-SOD was 3.7-fold higher than that of shake-flask
level. The specific activity of the purified hCu,Zn-SOD was
46,541 U/mg.

Discussion

Recombinant protein expression in E. coli is simple, fast,
inexpensive and robust, so E. coli is perhaps the most widely
used bacteria for the production of high value-added proteins
(Francis and Page 2010). In the past few decades, many lit-
eratures have reported heterologous expression of hCu,Zn-
SOD in E. coli. As early as the mid-80s, the molecular clon-
ing and nucleotide sequence of the cDNA for hCu,Zn-SOD
were reported and the first successful expression of hCu,Zn-
SOD in E. coli was realized at levels around 5% or more
of total soluble cell proteins (Hallewell et al. 1985). Then,
expression of hCu,Zn-SOD with activity comparable to the

human erythrocyte enzyme was achieved in E. coli with the
final yield of 40 mg/L (Hartman et al. 1986).

The recombinant proteins commonly form inclusion
bodies when expressed in E. coli at 37 °C. Normally, low
temperatures are used to increase the soluble expression
level of the recombinant proteins, as it is easier for the
protein chains to be folded properly with reduced protein
production rate at lower temperatures (Swalley et al. 2006;
Huo et al. 2010; Vasina and Baneyx 1997). The increase in
protein production at temperatures lower than 37 °C was
described previously either for hCu,Zn-SOD (Carri et al.
1994) or for Cu,Zn-SOD from other organisms (Battistoni
et al. 1992). In this study, the recombinant hCu,Zn-SOD
was almost entirely expressed as soluble form at 37 °C,
25 °C and 15 °C. The highest hCu,Zn-SOD yield was
achieved at 25 °C. However, it took twice to reach the peak
of hCu,Zn-SOD yield at 25 °C as long as it did at 37 °C,
perhaps due to the fact that cell processes slow down, lead-
ing to reduced rates of transcription, translation, and cell
division at lower temperature. It was reported that lactose
was a safer and cheaper inducer than IPTG in the induced
expression of recombinant proteins in E. coli (Wurm et al.
2016). Lactose also had almost the same effect as IPTG in
the induction of hCu,Zn-SOD expression in this study. It
has been reported that both Cu** and Zn* are necessary
to maintain the structural integrity and enzymatic activity
of hCu,Zn-SOD (Nordlund et al. 2009; Li et al. 2010).
Lacking Cu** and Zn?* severely affects the correct folding
of hCu,Zn-SOD, which can reduce activity and increase
degradation (Wittung-Stafshede 2004; Rumfeldt et al.
2009). Our results indicated that the highest activity of
hCu,Zn-SOD was achieved with 800 pM Cu®* and 20 pM
Zn%*, which was essentially consistent with the results of
the previous reports (Lin et al. 2018).

The key to achieve high yields of recombinant proteins
is fed-batch fermentation of the engineered strains. In the
fed-batch fermentation process, the cell density for induc-
tion affects the cell growth and protein expression (Kamran
et al. 2016). High cell density fermentation is a major bio-
process engineering consideration for enhancing the yield of
recombinant proteins in E. coli (Tripathi et al. 2009). The
low initial induction cell density led to the reduced yield of
recombinant hCu,Zn-SOD perhaps because of the less bio-
mass produced by fermentation. However, the total yield of
the protein is a function of both unit cell concentration and
specific cellular protein yield. The optimal initial cell density
for hCu,Zn-SOD induction was ODgj, value of 20. When
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«Fig. 3 Results of shake-flask culture of the engineered E. coli strain
producing hCu,Zn-SOD. A SDS-PAGE analysis of hCu,Zn-SOD
production at different temperatures and time points after induction.
M: marker; 1: 37 °C, 8 h; 2: 25 °C, 16 h; 3: 15 °C, 24 h. B Com-
parison of the yields of hCu,Zn-SOD at different temperatures and
time points after induction. C SDS-PAGE analysis of hCu,Zn-SOD
production with different inducers. M: marker; 1: no inducer; 2: lac-
tose; 3: IPTG. D Comparison of the yields of hCu,Zn-SOD with dif-
ferent inducers. E Comparison of the specific activities of hCu,Zn-
SOD expressed at different concentrations of Cu** and Zn**. F
SDS-PAGE analysis of purified hCu,Zn-SOD. M: marker; 1: purified
hCu,Zn-SOD

the initial induction cell density was raised to ODg, value
of 40, the yield of hCu,Zn-SOD decreased, which probably
arose from substrate inhibition, nutrient inhibition, limited
oxygen transfer capacity, the formation of growth-inhibiting
by-products, and limited heat dissipation.

Availability of oxygen is also a critical factor for cell
growth and gene expression (Castan and Enfors 2000).
Hence it is essential to keep supply of oxygen at optimal
level to support cell growth and protein production. In this
study, the highest yield of hCu,Zn-SOD reached at DO of

30%. When DO was increased from 30 to 50%, the yield
of hCu,Zn-SOD sharply dropped. The reason for this phe-
nomenon might be that metabolic flux was diverted more
towards higher biomass formation and the high DO level led
to plasmid instability. Thus a balance availability of oxygen
seemed to be important for hCu,Zn-SOD production. Moreo-
ver, lactose has been reported to improve protein expres-
sion and biomass at suitable concentration, but has negative
effect at excessively high concentration (Li et al. 2006). The
optimal lactose feed rate for hCu,Zn-SOD production was
10 mL/h. The lactose feed rate 20 mL/h led to a decline
of hCu,Zn-SOD production, probably because of the high
osmotic stress or production of some other growth-inhibiting
metabolites.

In this study, 342 mg purified hCu,Zn-SOD was obtained
from 1 L cultures fermented under the optimized fermenta-
tion conditions. Moreover, the specific activity of the recom-
binant hCu,Zn-SOD reached 46,541 U/mg. This study may
pave the way for the production of recombinant hCu,Zn-SOD
through microbial fermentation, which has laid a foundation
for industrial production of hCu,Zn-SOD in the future.
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Fig.4 Results of fed-batch fermentation of the engineered E. coli
strain producing hCu,Zn-SOD in a 3-L bioreactor. A SDS-PAGE
analysis of hCu,Zn-SOD production at different initial induction bio-
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