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Abstract

Epidermal growth factor (EGF) is a highly effective stimulator which promotes cell proliferation and this has led it to
being proposed as a prospective healing agent for various treatments of wounds and many other clinical applications. With
such a high demand for this protein, it is therefore important to firstly develop an expression system that efficiently gener-
ates sufficient amounts of the protein but also of high purity and biological activity. In this study, we have developed an
efficient recombinant EGF production route that includes rapid multicopy recombinant screening using Pichia pastoris. In
addition, we have optimized protein expression conditions and a simple protein purification procedure. Firstly, quantifica-
tion of the ratio of ZEGF PCR band brightness to AOX/ was used to screen the multicopy transformants. Furthermore,
Real-time PCR was used to detect the copy number of ZEGF integrated into the Pichia pastoris genome, which is con-
sistent with the normal PCR results. Optimization of recombinant hEGF expression using the selected multicopy Pichia
pastoris strain was performed, hEGF protein was highly expressed under pH 7 conditions for a culture period of 60 h.
Moreover, ammonium sulfate precipitation in combination with cationic affinity and hydrophobic interaction chromatog-
raphy were used to produce 99% pure recombinant hEGF, with high biological activity of 2 x 10° IU/mg. Thus we have
developed a method using Pichia pastoris to produce high levels of hEGF of high purity and specific activity. Our route
may also be suitable for the production of other therapeutic recombinant proteins.
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Introduction

Epidermal growth factor (EGF) is a peptide consisting of 53
amino acid residues and three disulfide bonds, which was
first discovered in the mouse submaxillary gland (Cohen
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1962). The human epidermal growth factor (hEGF) was
first isolated from urine (Starkey et al. 1975) and func-
tional studies demonstrated that it promotes cell prolifera-
tion and inhibits gastric acid secretion. Accordingly, hEGF
has been widely used in wound repair, corneal injuries and
gastric ulcers (Cohen and Carpenter 1975). In particular,
hEGF proteins conjugated to hyaluronate or loaded onto
heparin-based hydrogel sheets showed a long-term effect
to heal chronic skin wounds (Kim et al. 2018; Goh et al.
2016). Traditionally, EGF was isolated from fresh animal
urine, blood, breast milk and gastric juice via a complicated
method (Starkey et al. 1975; Parries et al. 1995). The yield
and purity of the EGF extracted from this process were also
low and could not meet the demand of clinical applications.
Therefore, several studies have attempted to increase the
production of recombinant hEGF using genetic engineering
techniques. Over the last two decades, various host systems
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have been used to produce hEGF, including Escherichia coli
(Lee et al. 2000, 2003; Sharma et al. 2008), Bacillus brevis
(Ebisu et al. 1996), Saccharomyces cerevisiae (Topczewska
and Bolewska 1993), baculovirus (Wei et al. 2006), Arachis
Hypogaea L (Yao et al. 2019), rice and tobacco (Wu et al.
2014; Bai et al. 2007). However, most of these systems have
limitations mainly involving a low level of protein produc-
tion and or low biological activity (Allen et al. 1985; Abdull
Razis et al. 2006).

The methylotrophic yeast Pichia pastoris has been
widely used in heterologous protein expression due to its
many advantages, such as achieving high cell density, post-
translational protein modifications and possession of an
efficient secretory system (Juturu & Wu 2017). Generally,
the copy number of the gene of interest in the host cells
determines the overall protein expression level. Therefore,
methods describing screening for high-yielding strains of
recombinant protein expression have been reported. The
positive transformants of Pichia pastoris GS115 were
screened on Yeast Extract Peptone Dextrose Medium
(YPD) agar supplemented with geneticin to select for hyper-
resistant clones (Eissazadeh et al. 2017). Specific radioim-
munoassay polyclone antiserum against human luteinizing
hormone was used to detect the ability to secrete luteinizing
hormone (Gadkari et al. 2003). However, hyper-resistant
clones selected using YPD agar supplemented with gene-
ticin could not determine the gene copy number, and a spe-
cific RIA method required different antibodies according
to target proteins. Moreover, in the industrial production
process of recombinant proteins, the importance of expres-
sion cassettes quantitation in Pichia pastoris was empha-
sized (Inan et al. 2006), and Real-time PCR has been used to
determine the gene copy number in Pichia pastoris (Hartner
et al. 2008; Schroer et al. 2010; Marx et al. 2009; Abad et
al. 2010). Although this method could accurately determine
gene copy number, it was not suitable for industrial applica-
tion due to its complex operation and the high cost of equip-
ment and consumables.

In order to enhance production of functional recombi-
nant EGF proteins for wide range of clinical applications,
in this study, we have developed a rapid screening method
to discover high copy colonies highly expressing recombi-
nant hEGF in Pichia pastoris yeast using a traditional PCR
method, as well as optimized protein expression conditions
and an efficient untagged hEGF protein purification proto-
col using cationic affinity followed by hydrophobic interac-
tion chromatography.
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Materials and Methods
Materials

Reagents for PCR amplification and restriction enzymes
were purchased from Thermo (Shanghai, China). The hEGF
standard for determination of hEGF activity was purchased
from NIFDC (Beijing, China). All chemicals and reagents
for expression, purification and protein assays were from
Sangon Biotech (Shanghai, China). The hEGF gene (Gene-
Bank Accession No. M15672) sequencing was performed
by Genewiz (Tianjin, China). Rabbit anti-EGF polyclonal
antibody (Cat. No. D320578; 1:5000) was bought from
Sangon Biotech (China), mouse anti-PI3K monoclonal
antibody (Cat. No. sc-374,534; 1:200) and mouse anti-Akt
monoclonal antibody (Cat. No. sc-81,434; 1:200) were pur-
chased from Santa Cruz Biotechnology (USA), mouse anti-
GAPDH monoclonal antibody (Cat. No. KM9002; 1:5000),
goat anti-Mouse IgG (H+L)-HRP (Cat. No. LK2003;
1:5000) and goat anti-Rabbit IgG (H+L)-HRP (Cat. No.
LK2001; 1:5000) were purchased from Sungene Biotech
(China).

Construction of pPICZa-hEGF Recombinant Plasmid
and Transformation into Pichia PastorisX33

The sequence corresponding to human EGF was
amplified using the primers 5'CTCTCGAGA-
AAAGAGAGGCTGAAGCTAATAG3' and 5'GTTCTAG-
ATTAGCGCAGTTCCCACCACTTC3' to introduce Xhol
and Xbal sites for cloning. Additionally, a stop codon was
introduced at the end of the gene to prevent expression of the
optional hexa-histidine tag in the vector. The amplified frag-
ment was cloned into the Pichia pastoris expression vector
pPICZoA (Invitrogen) downstream of the Alcohol Oxidase
1 (A0X1) promoter, the resulting recombinant DNA con-
struct (pPICZao-hEGF) was verified by DNA sequencing
using AOXI specific primers. 10 pg pPICZa-hEGF plas-
mid was linearized using Sacl and electroporated into 80 pul
competent Pichia pastoris X33 cells using a standard yeast
transformation method (Zhao et al. 2018). 1ml ice-cold 1 M
sorbitol was added into the transformed cells and incubated
at 30 °C for 60 min. The yeasts were then plated on YPD
agar plates containing 600 pg/ml, 800 ug/ml and 1000 pg/
ml Zeocin respectively and incubated at 30 °C for 3—5 days.

Selection of Transformants and Analysis of Gene
Copy Number

The genomic DNA of the transformants were extracted to
be used as the PCR templates. Gene copy numbers were
analyzed by PCR using the upstream/downstream 40X1
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gene primers 5'-GACTGGTTCCAATTGACAAGC-3' and
5'-GCAAATGGCATTCTGACATCC-3". The 40X locus
is the site for the ZEGF gene integrated into the Pichia
pastoris genome, therefore, theoretically the PCR prod-
ucts of positive transformants contain two bands at 2200 bp
and 688 bp. The PCR products were detected by agarose
electrophoresis. The 2200 bp and 688 bp band was further
analyzed as unit gray value using ImageJ software, and the
gray ratio was calculated according to the formula, gray
ratio = gray value y/gray value ,, gray value ; indicates the
value of AEGF gene band, gray value , indicates the value
of AOXI gene band. Real-time PCR mixtures were prepared
using SYBR Green Master Mix (ABI, U.S.A). Real-time
PCR amplification was performed using an ABI StepOne
instrument. The reaction was carried out at 95°C for 2 min,
followed by 40 cycles of 95°C for 10 sec, 60°C for 30 sec,
72°C for 30 sec and 95°C for 1 min. The sequences (writ-
ten from 5’ to 3”) of primers used for RT-PCR were as fol-
low: GAP-F, 5'-ATATTAACGGTTTCGGACGTATTG-3',
GAP-R, 5'-GATGTTGACAGGGTCTCTCTCTTGG-3';
AOX-F, 5'-GAGACATGGCTCCTATGGTTTGG-3', AOX-
R, 5-CGTTCTTTGCAGTTGGCTTCTTC-3"; hEGF-F,
5'-CTCGAGAAAAGAGAGGCTGAAGCT-3', hEGF-R,
5-TCTAGATTAGCGCAGTTCCCACCAC-3.

Optimization of Protein Expression Conditions

Selected colonies were inoculated and grown in flasks
containing 10 ml BMGY medium (100 mM potassium
phosphate buffer, 13.4 g/l YNB, 4x10~* g/l biotin, 10 g/l
glycerol) for 24-36 h. The culture broth was chilled after
centrifugation at 8000 rpm for 5 min at RT, the superna-
tant was removed and the cells were then transferred to 400
ml BMMY medium (100 mM potassium phosphate buffer,
13.4 g/l YNB, 4x10~* g/l biotin) for 6 h. They were then
harvested at the following times: 0, 24, 36, 48, 60, 72, 84,
96 h at pH (3, 5, 7, 9) and screened for the most optimal
protein expression.

Purification of Recombinant hEGF

Solid ammonium sulfate was added to the culture superna-
tants at different concentrations and incubated for 30 min at
4 °C, then centrifuged at 20,000 rpm for 10 min. The 60%
ammonium sulfate precipitation was dissolved in 20 mM
citrate buffer (pH 2.2), then dialyzed against the same buffer
overnight. For experiments with RTU Fast SP FF, a cation-
exchange chromatography column (Gadkari et al. 2003), the
column was first equilibrated with 20 mM citrate buffer (pH
2.2). After column equilibration, the sample was injected,
then 20 mM sodium citrate buffer (pH 7) used as elution
buffer was mixed with a 0-100% linear gradient. The eluted

fractions were collected separately and analyzed by 12%
SDS-PAGE. For RTU Fast Phenyl HP, hydrophobic inter-
action chromatography column (Gadkari et al. 2003), the
column was first equilibrated with 20 mM phosphate buf-
fer (pH 7) containing 1 M NaCl, then the collected fraction
from SP column was injected. Elution was then carried out
in 0-100% linear gradient mixing with 20 mM phosphate
buffer (pH 7). Each eluted fraction was collected separately
and analyzed by SDS-PAGE. Finally, the most promising
fraction was dialyzed and dissolved in 20 mM phosphate
buffer solution (pH 7.4). The columns were regenerated
after each chromatographic run according to the manu-
facturer’s instructions. Purification experiments were car-
ried out using AKTA Pure chromatographic platforms (GE
Healthcare). The RTU Fast SP FF column and RTU Fast
Phenyl HP column were purchased from HuaChun Biologi-
cal Technology (Tianjin, China).

Cell Culture and Analysis of the Biological Activity of
Recombinant hEGF

NIH/3T3, a fibroblast cell line that was isolated from a
mouse NIH/Swiss embryo, was obtained from the American
Type Culture Collection (ATCC), and cultured in DMEM
(Gibco, Cat. No. 12,100,046) supplemented with 10% FBS
(EVERY GREEN), 100 U/ml penicillin/0.1 mg/ml strepto-
mycin (Beyotime) in a humidified atmosphere with 5% CO,
at 37 °C.

To determine the biological activity of purified recom-
binant hEGF, firstly the proliferation rate of NIH/3T3
cells under hEGF stimulation was determined using
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bro-
mide (MTT) assay (Robinson et al., 1996). The activity of
the hEGF standard stock was 200 IU. The NIH/3T3 cells
were cultured in complete medium (DMEM medium with
10% fetal bovine albumin) under 5% CO, at 37 °C for 24 h.
The cells were then seeded into 96-well plates (5 x 10° cells/
well). After incubation at 37 °C and 5% CO, for 24 h, the
medium was replaced with maintenance medium, and the
cells were incubated under the same conditions for 24 h.
Then both the purified recombinant hEGF and hEGF stan-
dards were added into the media to make a series of concen-
trations. After 72 h incubation, 20 ul MTT solution (0.5 mg/
ml in PBS) was added and incubated for an additional 4 h
at 37 °C. Finally, the supernatant was discarded and 200 pl
dimethyl sulfoxide (DMSO) was added to fully dissolve the
purple crystal, then measured at an absorbance of 490 nm
using a microplate reader (Bio-Rad, USA). Moreover, to
measure EGFR signaling, the NIH/3T3 cells were incubated
with different concentrations (0, 0.25, 0.5 and 1.0 ng/ml) of
hEGF for 24 h. The cells were collected and analyzed by
Western blot using antibodies against PI3K and Akt,
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Western Blot

Cell lysates and protein samples were extracted and sepa-
rated by 12% SDS-PAGE and transferred onto PVDF
membranes. After blocking with 5% non-fat milk in Tris-
buffered saline containing 0.1% Tween-20 (TBST), the
membranes were incubated with primary antibody at 4 °C
overnight. After washing with TBST buffer, the membranes
were incubated for an additional 2 h with the appropriate
secondary antibodies conjugated to HRP. The immunoblot
bands were visualized using a chemiluminescence analysis
system (SageCreation, Beijing, China). The density of the
bands was analyzed using ImageJ software (Wayne asband,
NIH, Bethesda, MD, USA).

Statistical Analysis

Quantitative data were expressed as mean + SD. Student’s
unpaired test were used to compare the differences between
groups using GraphPad Prism 8.3.0 (GraphPad Soft-
ware, USA). P values <0.05 were considered statistically
significant.

Results

Screening of Multi-Copy Recombinants Highly
Expressing Recombinant hEGF

To produce recombinant human EGF in Pichia pastoris
X33, the full-length human EGF ¢cDNA was cloned into
expression vector pPICZa for secreted expression using the
a-factor secretion signal induced by methanol. The recom-
binant plasmid pPICZa-hEGF was firstly linearized by the
restriction enzyme Sacl and then transformed into Pichia
pastoris X33 by electroporation (Fig. 1 A). The transfor-
mants were grown and selected on YPD plates with 600 and
800 pg/ml zeocin. 65 zeocin-resistant transformants were
chosen and further analyzed by PCR using the upstream/
downstream AOX1 gene primers. 63 were positive recombi-
nants, which produced a band of 688 bp (hEGF gene 162 bp
plus the 526 bp sequence from the expression vector), and
2200 bp PCR band corresponding to the amplification of
the AOXT gene in the Pichia pastoris X33 genome. Interest-
ingly, we found that the ratio of ZEGF PCR band brightness
to AOX1 was quite different among the positive recombi-
nants (Fig. 1B).

Therefore, we speculated that the ratio might be related
to the AEGF gene copy number integrated into the Pichia
pastoris genome, suggesting the higher ratio of ZEGF to
AOXI, the more copies of hEGF gene integrated into the
yeast genome. Thus, among the 62 positive recombinants, 5
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representative recombinants were selected for further analy-
sis of the ratio of two PCR bands using ImageJ software,
and it was found that No. 4 recombinant showed the high-
est ratio, followed by No. 3 recombinant, and then No. 1
recombinant showing the lowest (Fig. 2 A). Furthermore,
Real-time PCR was used to detect the copy numbers of
hEGF and AOX1I integrated into the yeast genome using the
housekeeper gene GAP as the internal reference gene. Real-
time PCR result indicated that the No. 4 recombinant had
the highest ZEGF gene copy number of 10, No. 3 recom-
binant had 6 hZEGF gene copies, No. 1 recombinant had no
gene copies and the other recombinants had only one copy,
which was consistent with the traditional PCR results and
ImageJ quantification data (Fig. 2B).

It has been usually considered that recombinants contain-
ing multi-copy integrations of the expression cassettes were
associated with high level expression of the desired protein.
Therefore, these 5 selected recombinants were used for fur-
ther protein expression trials. The expressed and secreted
recombinant protein in the culture supernatant was evalu-
ated by SDS-PAGE followed by silver staining. A protein
band at a molecular weight of about 6 kDa correspond-
ing to the calculated molecular weight of the recombinant
hEGF was consistently detected. The No. 4 recombinant
containing the highest ZEGF gene copy number produced
much higher expression levels (0.23 mg/ml) than others
(Fig. 2 C). The expressed protein was further verified by
Western blot using an anti-EGF antibody (Fig. 2D). These
results suggest that the rapid screening method using PCR
can be used to efficiently select multi-copy recombinants
that highly express recombinant proteins such as hEGF in
this case using Pichia pastoris.

Optimization of Recombinant hEGF Expression

To optimize the expression conditions for recombinant
hEGF protein, the selected multicopy recombinant No.4
strain was first inoculated into BMGY media and the cul-
tures were then transferred to BMMY media and 1% of
methanol was added to induce protein expression. It has
been previously well characterized that the period of culture
expression time is conducive to obtain high-quality target
protein so the culture samples were collected every 12 h
and analyzed by SDS-PAGE. The expression of hEGF was
increased with the culture period and reached a maximum
of 0.26 mg/ml at 84 h then decreased to 0.25 mg/ml at 96 h
(Fig. 3 A). However, after 60 h expression to 0.24 mg/ml,
the accumulation rate of hEGF protein was only 0.02 mg/
ml within 24 h. Considering the increasing non-target pro-
teins in the later stage of culture cycle of Pichia pastoris, as
well as the industrial production efficiency, this suggested
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Fig. 1 A Schematic representation of integration events in Pichia pastoris. 5’ Pyox,: 5> AOXI promotor region, TT: AOXI transcription termination
region. B Rapid screening of multi-copy transformants using PCR. M: DNA markers, N: negative control using X33

that 60 h culture was the optimized culture period for hREGF
expression.

The pH of culture media is another important factor
affecting protein expression. In order to determine the opti-
mal pH value of culture, BMMY media were adjusted to
different pHs (3, 5, 7 and 9) and cultured for 60 h to allow
for protein expression. The cultures were collected and ana-
lyzed by SDS-PAGE. Under pH 7 condition, the expression
of hEGF was significantly higher than that under pH 3 con-
dition and was not significantly different from that under
pH 5 and pH 9 conditions. Infact the proportion of hEGF
in total protein terms reached 76% under pH 7 conditions,
which was significantly higher than that of 35% and 24%
under pH 5 and pH 9 conditions respectively. Considering
the expression level and the proportion of hEGF, pH 7 was
chosen as the optimized culture pH for hEGF expression
(Fig. 3B).

Purification of Recombinant hEGF Protein

Recombinant hEGF protein was expressed under the opti-
mized conditions. In order to concentrate hEGF in the
culture supernatant for the next stage of purification, the
expressed proteins were firstly purified by ammonium sul-
fate fractionation. To determine the range of ammonium
sulfate concentration for fractional precipitation of the
recombinant protein, firstly, the fermentation supernatant
was precipitated in 45—-100% saturated ammonium sulfate
and analyzed by SDS-PAGE followed by silver staining. As
shown in Fig. 4 A, about 70% target protein was precipi-
tated in 55-60% saturated ammonium sulfate. Therefore,
the culture media was firstly precipitated in 50% ammo-
nium sulfate, then the supernatant was further precipitated
when the concentration of ammonium sulfate reached 60%.
The precipitated proteins were dissolved in citric acid
sodium citrate buffer and desalted by dialysis. lon exchange
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Fig. 2 Selection of multicopy recombinants highly expressing recombinant hREGF. A PCR analysis of 5 representative recombinants, the ratio of
EGF PCR band brightness to AOX was quantified using ImageJ software. M: DNA markers; N: negative control using X33. B Real-time PCR
analysis of the copy numbers of AEGF and AOXI genes. C Expression of recombinant hEGF was analyzed by SDS-PAGE. Following silver
staining, the hEGF protein expression level was quantified using ImagelJ software. M: Protein markers; N: negative control using X33, 1-5: 5
representative recombinants in the same order as A. D Expressed recombinant hEGF was analyzed by Western blot using an anti-EGF antibody.1:
negative control using X33; 2: hEGF standard; 3: sample collected from No. 4 recombinant

chromatography and hydrophobic interaction chromatogra-
phy were used for further protein purification.

The RTU Fast SP FF column was employed to capture
the hEGF protein in the citric acid sodium citrate buffer (20
mM pH 2), the target protein being eluted using 0-100%
gradient of phosphate buffer (20mM, pH 7). The collected
fractions were analyzed by SDS-PAGE followed by silver
staining which showed that hEGF was mainly in the second
peak. The purity of the collected protein was increased from
95 to 97% compared to the loading protein after ammonium
sulfate precipitation (Fig. 4B). The SP FF column purified
protein was adjusted to phosphate buffer (20 mM, pH 7)
containing 1 M NaCl, and injected into a RTU Fast Phe-
nyl HP column, the target protein was eluted using 0-100%
gradient of phosphate buffer (20 mM, pH 7). The collected
protein fractions were analyzed by SDS-PAGE followed by
silver staining which showed that hEGF was mainly in the
second peak with a purity of 99% (Fig. 4 C). Increased load-
ing of 10 pg purified hEGF protein was further analyzed by
SDS-PAGE and following silver staining, no obvious non-
target protein bands were detected (Fig. 4D). The recovery
of the purified hEGF was 33% (Table 1).
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Measuring the Biological Activity of Purified hEGF

EGF is a growth factor that stimulates the proliferation of
epithelial and epidermal cells. The activity of EGF is deter-
mined by the dose-dependent proliferation of NIH/3T3
cells. MTT assay was used to detect the proliferation of
NIH/3T3 cells treated with hEGF standard or our puri-
fied hEGF respectively. The activity curves were drawn
by Graphpad software, and showed that the EC50 value of
the hEGF standard sample was 0.1 IU (Fig. 5 A), while the
EC50 value of our purified hEGF sample was 0.0017 ng/ml
(Fig. 5B), equivalently, the biological activity of the purified
hEGF protein was calculated to be 2 x 10° TU/mg.

To further verify whether purified hEGF stimulates the
EGFR (epidermal growth factor receptor) signaling path-
way, different concentrations of hEGF were added into the
culture medium respectively and NIH/3T3 cells treated for
24 h. The treated cells were then collected for Western blot
analysis. EGFR signaling pathway is involved in PI3K/
AKT signaling cascades, Western blot analysis showed that
the levels of PI3K and Akt were significantly increased in a
dose-dependent manner in the hEGF treated NIH/3T3 cells
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(Fig. 5 C). This result indicates that our recombinant hEGF
proteins are functional by activating the EGFR signaling.

Discussion

EGF is an effective stimulator to promote proliferation of
a wide range type of cells, leading to a prospective healing
agent for various corneal and skin wounds. Recombinant
hEGF chemically conjugated to P64 protein derived from
the Meningitis B bacteria has been developed as a thera-
peutic vaccine to treat advanced non-small cell lung cancer
(Saavedra et al. 2018; Rodriguez et al. 2016). Therefore, the
clinical demand of recombinant hEGF has boomed in recent
years. hEGF is a small and yet complex protein containing
of three disulfide bridges with glycosylation and so proper
folding is important for its biological activity. The Pichia
pastoris expression system is a promising host for the high
production of active hEGF.

Generally, high target gene copy number strains lead to
optimal expression rates using the Pichia pastoris protein

expression system (Inan et al. 2006; Hartner et al. 2008;
Schroer et al. 2010; Marx et al. 2009; Abad et al. 2010).
Multiple gene insertion events at a single locus in a Pichia
pastoris cell do occur spontaneously with a low frequency
and normally hundreds to thousands of Zeocin-resistant
transformants need to be screened. Therefore, it is important
to apply a high-throughput and more efficient way to screen
and identify multicopy recombinants after Zeocin selection.
Quantitative dot blots or Southern hybridization have been
reported as methods to analyze gene copy number (Clare
et al. 1991; Scorer et al. 1993), however these methods
are time-costly. Real-time PCR (RT-PCR) was success-
fully used to evaluate the relative expression level of miR-
377-3p in healthy and diseased groups (Amini Khorasgani
et al. 2019). Labh used RT-PCR to detect the expression
level of growth genes from liver and immune genes from
head-kidney in Silver Carp (S. N. Labh. 2020). In this study,
we have developed a rapid screening method to efficiently
select multicopy recombinants using normal PCR, measur-
ing the ratios of ZEGF gene copies to AOX] as a means
of monitoring for highly expressed recombinants. Further
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Fig.4 A ammonium sulfate fractionation of expressed protein in the culture, proteins were analyzed by SDS-PAGE followed by silver staining.
M: protein markers. B Expressed protein was purified using SP FF ion exchange chromatography, proteins were analyzed by SDS-PAGE followed
by silver staining. Lane 1: Loading protein samples; 2: Flow through sample; 3: Peak 1 fraction; 4: Peak 2 fraction. C Purified protein using SP
FF ion exchange chromatography was further purified using Phenyl HP hydrophobic interaction chromatography, proteins were analyzed by SDS-
PAGE followed by silver staining. Lane 1: Loading protein samples; 2: Flow through sample; 3: Peak 1 fraction; 4: Peak 2 fraction. D Purified
hEGF was analyzed by SDS-PAGE followed by silver staining. Lane 1: Purified hEGF; 2: hEGF standard; 3: Background without sample loaded

Table 1 Purification of recombinant hEGF produced in Pichia pastoris

Purification step Yield Yield Purity
mg) o) %)
Fermentation supernatant 200 100 76
Ammonium sulfate precipitation 140 70 95
Ton exchange chromatography 97.5 48 97.5
Hydrophobic interaction chromatography 66 33 99.3

real-time PCR determining the actual number of gene cop-
ies reflected the normal PCR results, which indicates that
the rapid screening method developed here using traditional
PCR is feasible. For future work, we would like to monitor

@ Springer

the stability of selected multicopy recombinants after long
time passage of the Pichia pastoris strains.

In addition, the purity of industrially produced recombi-
nant hEGF is crucial for clinical application. It is well known
that recombinant proteins fused with an affinity tag can be
easily purified using affinity chromatography. In most cases,
the recombinant hEGF fused with affinity tag was removed
by treatment with a site-specific protease during purifica-
tion (Ferrer Soler et al. 2003). However, during enzymatic
processing, residual amino acids from the fused tag might
be immunogenic and have negative impacts on clinical
utilization (Kaukoranta-Tolvanen et al. 1996). Moreover,
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Fig. 5 Measurement of the biological activity of thEGF. A MTT assay was used to detect the proliferation of NIH/3T3 cells treated with hEGF
standard, the curve showed the hEGF standard concentration dependent stimulation of cell proliferation. B MTT assay was used to detect the pro-
liferation of NIH/3T3 cells treated with purified hEGF, the curve showed the purified hEGF concentration dependent stimulation of cell prolifera-
tion. C The PI3K and Akt protein levels in the different concentrations (0, 0.25, 0.5 and 1.0 ng/ml) of hEGF treated NIH/3T3 cells were analyzed
by Western blot using antibodies against PI3K and Akt, and quantified using ImageJ software. The quantification was presented as mean +SD of

three independent experiments (¥*P <0.05, **P<0.01)

highly specific proteases are typically expensive and could
be cost-prohibitive (Fong et al. 2010). These problems limit
the large-scale industrial production of high-quality hEGF
production in Pichia pastoris.

Due to the different interactions between proteins and
chromatographic column materials, retention time of pro-
teins in the chromatographic columns are different, thus
separation and purification can be performed according to
the retention time of different proteins (Liu et al. 2020).
Ammonium sulfate precipitation in combination with chro-
matography purification process is of low-cost, which can
obtain about half of the target proteins from the fermenta-
tion broth, and the purity of target protein can reach 95%.
According to the isoelectric point (pI) of hEGF i.e. 4.6, the
ammonium sulfate precipitated expressed hEGF without
tags was adjusted to 20 mM citrate buffer (pH 2.2) and cap-
tured by cation exchange chromatography. Using the RTU
Fast SP FF column, about 2% of the non-target proteins at
26 kDa were removed and the recovery rate of the target
protein with 97% purity was 48%. The remaining non-tar-
get proteins at 16 kDa, which had similar charge properties
to hEGF, were then further divided by employing hydro-
phobic interaction chromatography. The RTU Fast Phenyl
HP column could help to obtain 99% purity target protein
with a recovery of 33%. Using these two chromatographic
approaches we have produced a method to generate biologi-
cally active recombinant hEGF protein on a large scale.

EGF promotes cell growth and differentiation by bind-
ing to its receptor EGFR. The PI3K/Akt signaling pathway
is closely related to cell growth and proliferation, and acti-
vated recombinant hEGF promotes cell proliferation via the
EGFR/PI3K/Akt pathway (Wang et al. 2021; Ilowski et al.
2011). Therefore, the biological activity of EGF can be mea-
sured by detecting the proliferation rate of EGF treated cells
or the activation of EGFR signaling. NIH/3T3 is a fibroblast
cell line that was isolated from a mouse NIH/Swiss embryo
and was usually used to detect biological activity of hEGF.
Our results showed that the endogenous PI3K and Akt pro-
tein levels in the hEGF treated cells were significantly up-
regulated. In addition, the activation of standard hEGF and
purified hEGF on cell proliferation reached the maximum
under concentration of 1.5 IU and 1.3 ng/ml respectively,
and increasing amount of hEGF could not further promote
cell proliferation. These results indicate the purified hEGF
using our developed method is functional.

In summary, we have developed a rapid screening method
to discover high expressing EGF multicopy recombinants
in Pichia pastoris. The highly produced recombinant EGF
proteins were functional and can be used for clinical appli-
cations. We believe that our Pichia pastoris method may
also be used for the high expression of other recombinant
proteins.

Abbreviations
EGF Epidermal growth factor

@ Springer



137 Page 10 of 11

International Journal of Peptide Research and Therapeutics (2022) 28:137

EGFR Epidermal growth factor receptor

AOX1 Alcohol Oxidase 1

YPD Yeast extract peptone dextrose

YNB Yeast nitrogen base

BMGY Buffered Glycerol-complex Medium
BMMY Buffered Methanol-complex Medium
PI3K Phosphoinositide 3-kinases

AKT RAC(Rho family)-alpha serine/threonine-

protein kinase
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