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ABSTRACT

Co-expression is a simultaneous expression of two or more proteins. Molecular chaperones are proteins
that are naturally produced in the cell and have an essential role in restraining the aggregation of non-
native protein production. Co-expression of target protein alongside molecular chaperones is an efficient
way to overcome the problems faced during the expression of recombinant proteins. The present study
aims to a co-express protein highly useful in cosmetics, superoxide dismutase (SOD), in the periplasm of
E. coli with molecular chaperone Skp. Superoxide dismutase and Skp were placed under the control of the
different promoter and terminator systems to maintain separate expression levels. The co-expression of Skp
chaperone on cell growth, SOD protein yield, and SOD enzyme activity were evaluated. Skp co-expression
was found effective in all three aspects. The yield of Cu-Zn Superoxide dismutase increased from 30.92mg/L
to 52.01mg/L when Skp chaperon is co-expressed. No detectable free SOD subunits were observed on
western blot, which shows the method of Skp co-expression could be applied to tackle the problem of
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INTRODUCTION

Escherichia coli is one of the best known and most often
used host organisms for cost-effective protein production
due to its low cost, simplicity, speed of growth, and
widespread availability of bacterial culturing facilities.
Various proteins of therapeutic value often contain
disulfide bond bridges, which play a crucial role in
their folding, stability, and function. However, reducing
conditions of E. coli cytoplasm can impede disulfide-bond
development and render cysteine-containing proteins
inclined to incorrect folding and protein accumulation.[?!
The problem of incorrect disulfide bond formation can
be solved by directing the proteins into the periplasm of
E. coli. It has been demonstrated that the production of
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unprocessed, free protein subunits while expressing the recombinant protein in E. coli periplasm.

large quantities of correctly folded soluble recombinant
proteins is possible by targeting them to the periplasm
of bacteria.3¥]

E. coli periplasm provides beneficial properties for
protein expression, such as multiple molecular chaperones,
quality control mechanisms via the secretion machinery,
and the oxidizing environment and folding modulators
facile for disulfide bond formation.[?) Regardless of
these advantages, recombinant protein secretion in the
periplasm is complex, and protein secretion encounters
many problems. The most persistent problems are
(i) incomplete translocation, (ii) low or undetectable
amounts of protein secretion, (iii) variable secretion
efficiency depending on the nature of the proteins, and (iv)
insufficient capacity of the export machinery.>°!
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Considering these, various strategies like modification of
medium composition, the addition of redox components,
and co-expression of chaperones or translocating
molecules were devised to optimize folding in the
periplasm.[”! Co-expression is a simultaneous expression
of two or more proteins. Molecular chaperones are
proteins naturally produced in E. coli and eukaryotic cells
that have an essential role in restraining the aggregation
of non-native protein production. Several studies have
demonstrated a positive effect of cytoplasmic and
periplasmic molecular chaperones co-expression on
correct folding of recombinant protein and preventing
inclusion body formation in cytoplasm and the
periplasm.[8

Superoxide dismutase (SOD) is the most powerful
antioxidant in the cell and requires a metal cofactor to
perform its activity. Different metal ions bound by SOD
are iron (Fe), zinc (Zn) copper (Cu), and manganese (Mn).
Even though there are various sources and forms of
SOD. Yeast derived SOD has a certain advantage as it
has better temperature stability. Due to its powerful
antioxidant property than most antioxidants, SOD is
widely used commercially in cosmetics and personal care
products.[1011]

Skp is an E. coli 17-kilo Dalton key periplasmic
chaperone that facilitates the correct folding of outer
membrane protein intermediates and maintains their
solubility. Skp also assists the production of recombinant
proteins that are difficult to express. The absence of Skp
often leads to protein aggregation in the periplasm, thus
indicating the importance of Skp as a periplasmic chaperone
in E. coli.l'?l According to some studies, Skp improves
the yield and solubility of recombinant proteins.[*]
Skp co-expression helps in decreasing the additional
cytoplasmic stress, thus causing better cell physiology.[**!
Skp is helpful for expression of periplasmic protein and
signal sequence less Skp has also been applied to increase
production of active Fab molecule in the cytoplasm of E.
coli Origami strain.[*® Co-expression of Skp with protein
engineering has resulted in high yield secretion of T
cell receptors that are otherwise difficult to produce in
E. coli.'®]

In the current study, the effect of Skp chaperone on
the periplasmic expression of superoxide dismutase was
determined. Protein expression levels were maintained
by placing them under the control of the different

promoter and terminator systems in a single vector. Cell
growth, SOD protein yield, and SOD enzyme activity
were used to determine the effect of Skp chaperone
co-expression.

MATERIALS AND METHODS

Acquiring the Strains and Vector

E. coli K12 was obtained from the Department of
Biotechnology, Guru Nanak Khalsa College, Mumbai. E. coli
DH5a, E. coli Rosetta (DE3) were obtained from Microtest
Innovations Pvt. Ltd, Bangalore. E. coli DH5a was used as
cloning host and E. coli Rosetta (DE3) as expression host.
Saccharomyces cerevisiae Cu-Zn SOD was cloned in pET21b
earlier as a part of this study.

Primer Designing and PCR

The designed gene construct for E. coli Skp in pET21b
with PelB SOD protein is shown in Fig. 1. Based on this
gene construct, primers for E. coli Skp were designed
to add T7 terminator, Lac Promoter, Lac Operator, and
Ribosome binding site at upstream and Lac Terminator
downstream Skp during amplification. Primer designing
was done manually and checked using pDRAW32 software.
The Skp was decided to amplify in two-step PCR, first by
amplifying Skp gene from E. coli genomic DNA and joining
with Lac promoter, Lac operator, and rbs region at 5’ end of
the gene and lac terminator Xhol restriction site at 3' end
ofthe gene. This is done with the help of forward primer 2
(FP_2) and Skp reverse primer (Skp_R) primers mentioned
in Table 1. In the second PCR, the EcoRI restriction site
and T7 terminator were attached at 5' end to the product
amplified in the first step. Forward primer 1 (FP_1) and
Skp reverse primer (Skp_R) primers were utilized for
the second step. PCR conditions for both the steps were
initial denaturation at 94°C for 3 minutes, denaturation
at 94°C for 30 seconds, annealing at 46°C for 45 seconds,
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Fig. 1: PelB SOD with Skp gene construct. T7p: T7 promoter, SD:
Shine-Dalgarno sequence, T7 T: T7 terminator, Lac P: Lac promoter,
Lac O: Lac operator, RBS: Ribosome binding site, Lac T: Lac
terminator.

PelB | Yeast Cu-Zn SOD

Table 1: Designed primers for Skp cloning.

Primer

Primer name  Sequence (5'-3') Length
Forward FP_1 GGATCCATGGTGCGAAGAATTCCTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTGTTTA- 100bp
primer 1 CACTTTATGCTTCCGGCTCGTATGTT
Forward FP_2 TTTACACTTTATGCTTCCGGCTCGTATGTTGGGAATTGTGAGCGGATAACAATTCCTTAACTTTAAGAAGGAGA-  98bp
primer 2 TATAATGAAAAAGTGGTTATTAGC
Reverse Skp_R  TGGATCGTATCTCGAGGGCATGATGCGACGCTTGTTCCTGCGCTTTGTTCATGCCGTTATTTAACCTGTTTCAG-  76bp
primer TA
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extension at 72°C for 60 seconds, final extension at 72°C
for 7 minutes, 35 cycles.

Cloning

Genomic DNA extraction from E. coli DH5a was done
using Genel Genomic DNA extraction Kit (cat. no. 106276)
according to manufacturer's instructions. All PCR
amplifications were done using DFS-Taq DNA Polymerase
(Bioron). PCR product and pET21b (with Cu-Zn SOD)
vector were digested separately with FastDigest EcoRI
and Xhol (Thermo Scientific). These digested products
were ligated using T4 DNA Ligase (1 U/uL) (Invitrogen)
and transformed in E. coli DH5a using the calcium chloride
method developed by A. Y. Chang et. al.l'’] The positive
clones were confirmed using PCR utilizing gene-specific
primers and restriction enzyme digestion. The plasmid
was isolated from a positive clone and transformed into
E. coli Rosetta (DE3) expression host. SureSpin Plasmid
Mini Kit (Genetix Biotech Asia Pvt. Ltd, cat. no. NP-37107)
was used for all plasmid purification. According to the
manufacturer's instructions, all purifications from
agarose gels were performed using the gel extraction kit
(Bio Basic, cat.no. BS353). All agarose gel electrophoresis
was done at 100V using horizontal gel electrophoresis
apparatus (TechnoSource).

Fermentation

Fed-batch fermentation was carried out on a Sartorius
BLite 5L fermenter with parameters optimized at shake
flasklevel. The initial media volume was set at 3 liters. The
media was supplemented with 0.001% of Cu-Zn solution.
100pg/mL of ampicillin and 50pg/mL of chloramphenicol
were added to the media. Media was then inoculated with
300mL (10%) of overnight grown E. coli Rosetta (DE3)
with PelB SOD and Skp culture in LB broth. Fermenter
temperature was maintained at 30°C, and pH was
maintained at 7.2. The temperature was maintained by
the automated system available in the fermenter console.
pH, dissolved oxygen, and glucose concentrations were
controlled manually. Dissolved oxygen was maintained
above 30%, and glucose concentration was maintained
above 250mg/L. Samples were collected after every hour,
and pH, glucose concentration and 0Dy, were checked.
When ODg ., reached the mid-log phase (1.2), culture
was added with 0.4M NacCl, 0.4M L-arginine, and 0.5M
sorbitol. The culture was induced with 0.05mM IPTG.
A mixture of 50% dextrose and 30% yeast extract was
used as a feeding agent, and culture was supplemented
with 500mL of total feed. Glucose concentration was
monitored with Accu-chek Active Glucometer Kit. The
fermenter was harvested at the 10" hour after induction.
The broth was collected and stored at 4°C and processed
within 10 hours for periplasmic protein isolation.
Superoxide dismutase was extracted from periplasm using
Tris Sucrose EDTA (TSE) extraction method developed
earlier.[']
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SOD Activity Determination

According to the manufacturer's guidelines, superoxide
dismutase activity was determined from samples
extracted from periplasm by a commercially available
assay kit (SOD Assay kit Sigma, cat. no. 19160). Unknown
SOD concentrations (U/mL) were determined using an
inhibition curve obtained with bovine Cu-Zn SOD (Sigma,
cat.no. S7571).

Western Blot Analysis

After growing for 10 hours after induction, periplasmic
proteins were extracted from E. coli Rosetta (DE3)
with Cu-Zn SOD without and with Skp co-expression.
Samples were separated on 12% SDS-poly-acrylamide
gel in non-reducing conditions, and proteins from the
gel were transferred to a nitrocellulose membrane. The
membranes were blocked by incubating overnight at 4°C
with 1.5% BSA prepared in TBST (Tris-buffered saline
having 0.05% Tween-20) and washed thrice with TBST.
The membrane was incubated with anti-SOD1 rabbit
antibodies (StressMarq Biosciences Inc, cat. no. SPC-115)
at 1:1000 for 2 hours at room temperature. After washing
thrice with TBST, the membrane was then incubated for
1 hour at room temperature with alkaline phosphatase
conjugated Goat Anti-Rabbit IgG secondary antibodies
(Abcam, cat.no.ab97048) at 1:10000. The membrane was
developed with the BCIP/NBT Liquid Substrate System
(Sigma-aldrich, cat. no. B1911).

Purification of SOD

10mL of periplasmic protein isolated protein fraction
was packed inside the dialysis membrane with 10kDa
molecular weight cut-off, and the membrane was dipped
in 50mM phosphate buffer (pH 7.4). The setup was placed
atroom temperature on a magnetic stirrer. The buffer was
replaced after every two hours for 24 hours. Two-step
purification of Cu-Zn SOD was carried using the modified
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Fig. 2: Vector map pET21b with PelB SOD and Skp.
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method initially developed by Petkar Medha B et al.[*!
The first step of purification was done manually utilizing
the gravity flow column. DEAE-cellulose (Cellufine)
column with 2 mL column volume (CV) was taken and
washed with 20 CVs of distilled water. The column was
then equilibrated with 5 CVs of binding buffer, i.e., 50mM
phosphate buffer (pH 7.4). Then, 10mL of periplasmic
protein isolated sample containing Cu-Zn SOD was applied
to DEAE-cellulose column. 5 CVs of binding buffer were
applied, and flow-through was collected. Elution of the
protein was done with step gradient, first with 2 CVs of
100mM NaCl containing 50 mM phosphate buffer (pH 7.4),
and later with 2 CVs of 300 mM NaCl containing 50mM
phosphate buffer (pH 7.4). SOD activity was checked
for all the collected fractions. Fraction, showing SOD
activity after DEAE-C column purification, was loaded
on SDS-PAGE gel and stained with Coomassie brilliant
blue staining. Fractions having SOD activity collected in
DEAE purification were loaded onto a Sephadex G-75 (GE
Healthcare) column equilibrated with 50mM phosphate
buffer (pH 7.4), and elution was done with the same buffer.
SOD activity was checked for all the collected fractions.
Fraction showing the highest SOD activity after Sephadex
column purification was loaded on SDS-PAGE gel and
stained with silver staining.

Ultra Performance Liquid Chromatography (UPLC)

Cu-Zn SOD was separated by Reverse phase UPLC using
a modified method formerly developed by Steen V.
Petersen et al.'”Cu/Zn superoxide dismutase (Cu/Zn-SOD!
Bovine Cu-Zn SOD is used as a standard. Concentration of
standards used were 5, 10, 20, 40, 60, 85, and 100ng/mL.
Samples were diluted to fall within the range and acidified
with the addition of trifluoroacetic acid (TFA). The
separation was carried out on reversed-phase UPLC
(Waters) on the ZORBAX C8 column (2.1 mm x 50 mm;
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during lab-scale fermentation without and with Skp co-expression.
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Agilent). Bound Cu-Zn SOD was eluted by a segmented
linear-gradient increasing the concentration of solvent
B (90% acetonitrile/ 0.08% TFA) in solvent A (0.1% TFA)
from 0% to 30% in 2.5 minutes (6% B/ 0.5 min) followed
by 0.5% B/0.5 min from 30% to 60%. The column was
operated atroom temperature ata flow rate of 0.5 mL/min.

RESULTS

Cell Growth

The cloned vector (Fig. 2) was transformed in an
expression host and expressed at a lab-scale fermenter.
The growth pattern for the cultures without and with Skp
chaperon was checked and it was observed that culture
with Skp chaperone co-expression showed improvementin
ODgognm- This confirms that Skp chaperone co-expression
helps in increasing cell viability and cell number (Fig. 3).

SOD Activity

When tested for SOD activity after fermentation, the SOD
activity increased from 6.85 U/mLto 12.9 U/mL for Cu-Zn
SOD when Skp chaperone is co-expressed (Fig. 4).

Periplasmic protein expression

Samples collected during fermentation were subjected
to periplasmic protein isolation. When run on SDS-PAGE,
periplasmic proteins were detected. An increase in the
expression was observed for Cu-Zn SOD protein on the

gel (Fig. 5).
Western Blot

The presence of unprocessed, free SOD subunits was
observed in the western blot analysis for samples isolated
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Fig. 4: SOD activity comparison with and without co-expression of
Skp.
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from periplasm (Fig. 6a). Skp chaperone co-expression was
done to solve it. In western blot analysis done after Skp
co-expression, only a single band for SOD dimer at ~31.4
kDa was observed with the absence of free SOD subunits
(Fig. 6b).

Purification of SOD

Equilibration buffer eluted unbound proteins on the
DEAE cellulose column. The bound proteins with Cu-Zn
SOD were eluted through a step gradient method using
100 mM and 300 mM NaCl with 50 mM phosphate buffers
atpH 7.4. In the SOD activity determination, fractions 11-14
showed significant SOD activity and were used in further
purification. The highest SOD activity was observed in
fraction 13. In the SDS-PAGE analysis of the fraction,
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Fig. 5: Periplasmic protein SDS-PAGE. 15% polyacrylamide gel
- Non-reducing. Lane 1: Medium range protein marker, Lane 2:
Before induction samples, Lane 3: 2"%-hour sample, Lane 4: 4"-hour
sample, Lane 5: 6™M-hour sample, Lane 6: 8™M_hour sample, Lane 7:
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Fig. 6: Western blot analysis of periplasmic protein fractions. (a)
Cu-Zn SOD expression without Skp chaperon co-expression and (b)
Cu-Zn SOD expression with Skp chaperon co-expression.
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SOD protein was observed in the fractions 10-14 (Fig. 7).
Fractions from the first purification with Cu-Zn SOD were
loaded on a Sephadex G-75 gel chromatography column
for second-step purification. SOD activity was observed
for fractions between 9 to14, and maximum activity was
observed in fraction 11. A purified Cu-Zn SOD band was
observed on SDS-PAGE stained with silver staining (Fig. 8).

UPLC

To determine unknown Cu-Zn SOD from the sample, UPLC
was carried out. A set of known concentrations of bovine
Cu-Zn SOD was used to obtain a standard curve (Fig. 9) with

100mM  300mM Post
Ladder Ls FT FIBB EB EB elution
1 2 3 4 5 6 7
97.4kDa —
66kDa —

Cu-Zn
SOD

14.7kDa —

Fig. 7: SDS-PAGE of DEAE-C fractions. LS: loading solution, FT:
flow through (1-5 combined), FTBB: Flow through binding buffer
(1-5 combined), 100mM EB: 100mM Nacl elution buffer (1 &

2 combined), 300mM EB: 300mM NaCl elution buffer (1 & 2
combined), Post elution (1-3 combined).
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Fig. 8: SDS-PAGE of Sephadex purified fraction.
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Fig. 11: Mass spectrometry cloned Cu-Zn SOD.

area obtained for Cu-Zn SOD from samples extrapolated
to find unknown concertation. The concertation for Cu-Zn
SOD with co-expression of Skp chaperone was found to be
higher (Fig. 10). The yield of Cu-Zn SOD without and with
co-expression of Skp chaperone was determined using
concertation of SOD in the samples. The yield of Cu-Zn
Superoxide dismutase was found to be 30.92mg/L without
Skp chaperone co-expression, while yield increased to
52.01mg/L when Skp chaperone is co-expressed.

Mass Spectrometry

Mass spectrometry analysis was carried out to determine
the molecular weight of expressed Yeast Cu-Zn Superoxide
dismutase in E. coli periplasm. The molecular weight for
Yeast Cu-Zn Superoxide dismutase was found to be 31.46
kDa (Fig. 11).

DISCUSSION

Molecular chaperones act as a folding catalyst and
co-expression of such molecules improve-very significantly
in many cases-the yield of numerous heterologous
proteins in E. coli. Although there is still no cure for
folding-related difficulties, nor even a decided method
to find out the ideal candidate(s) for co-expression with
a protein of interest, scientists are gradually turning to
chaperone co-expression methods that are accessible
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commercially and non-commercially as to look to solve
folding bottlenecks.

Skp is one of the critical chaperones to tackle various
issues related to periplasmic protein expression. Skp
co-expression was found effective in processing free
Cu-Zn SOD subunits present in the periplasm in this work.
Co-expression of the Skp helped improve cell viability
and cell number, observed during lab-scale fermentation.
The activity of Cu-Zn SOD doubled when Skp chaperone is
co-expressed. This proves the benefits of Skp co-expression
during Cu-Zn SOD periplasmic expression in E. coli.
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