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Abstract
Background and purpose: Codon optimization has been considered as a powerful strategy to increase the
expression level of protein therapeutics in mammalian cells. As an empirical approach to study the effects of
the codon usage and GC content on heterologous gene expression in suspension adapted Chinese hamster
ovary (CHO-s) cells, we redesigned the recombinant human interferon beta (rhIFN-β) gene based on the codon
preference of the CHO cell in a way to increase the GC content in the third position of each codon.
Experimental approach: The nucleotide sequence of the codon-optimized rhIFN-β was synthesized in
parallel with the wild-type and expressed transiently in CHO-s cells using Epstein-Bar virus (EBV)-based
expression system. The protein expression of the rhIFN-β by codon-optimized and wild-type genes were
quantified using ELISA test.
Findings / Results: The results indicated a 2.8-fold increase in the expression level of the biologically active
form of the rhIFN-β by codon-optimized sequence.
Conclusion and implications: These results shed light on the capability of codon optimization to create a
stable CHO cell for scaling up the production of recombinant therapeutics such as rhIFN-β.

Keywords: Codon optimization; CHO-s cells; EBV-based expression system; Human interferon beta;
Recombinant protein production.

INTRODUCTION
Interferons (IFNs) are secretory proteins
with multiple biological properties such as
antiviral, antiproliferative, and immunomodulatory activities (1,2). Due to the
therapeutic potential, IFNs are currently
licensed for the treatment of various viral
infections, malignancies, and immune diseases
(3). Human IFN-β (hIFN-β) is a 166-amino acid
glycoprotein with a single native N-linked
glycan attached to the Asn80 residue (4-6).
Recombinant hIFN-β (rhIFN-β) is considered
as a gold standard therapeutic for treatment of
patients with multiple sclerosis and is widely
used as a first-line treatment to slow the

progression of disabilities possibly through its
anti-inflammatory properties (4,7,8).
The rhIFN-β was initially produced in
Escherichia coli as a non-glycosylated form, in
which Met1 was removed and Cys17 was
replaced by Ser to increase its stability (9,10).
Prokaryotic expression systems have some
great advantages such as rapid growth, high
productivity, easy manipulation, and low cost
(11), however they are not suitable for
production of complex glycoproteins due to
their lack of post-translational modification
machinery (3).
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It has been demonstrated that the
oligosaccharide content plays decisive roles in
stability, solubility, immunogenicity, inhibition
of aggregation of rhIFN-β in vitro as well as
improves the in vivo biological activity
(3,12,13). Therefore, different mammalian
expression systems are preferably used as hosts
for production of rhIFN-β to confer suitable
post-translational modifications and correct
biological functions (14,15). Commercially,
two forms of rhIFN-β are produced; the nonglycosylated form, IFN-β lb, is produced in
Escherichia coli and the glycosylated type,
IFN-β la, with higher bioactivity, produced in
Chinese hamster ovary (CHO) cells (10).
Despite the availability of numerous
mammalian cell lines, nearly 70% of
recombinant therapeutic proteins are produced
in CHO cells that can easily adapt to growth in
the serum-free and suspension culture
conditions (16-18). Although different CHO
expression platforms have been developed for
recombinant protein expression, their relatively
low productivity remains still challenging
compared to the prokaryotic expression
systems (17). Re-engineering to match the
coding sequence of a heterologous gene to the
codons frequently found in the host highly
expressed genes is an appropriate strategy to
achieve higher level of heterologous gene
expression (19). A heterologous gene sequence
that uses rare codons and is not expressed at
high levels, can be converted to a gene with
high expression level by replacing rare codons
with high frequently used codons in a host cell
(20). Codon adaptation index (CAI) is a
universal measure of codon usage bias (21).
The CAI index equals one means that the
optimal codon for each amino acid is used (22).
Codon optimization has been employed
successfully to improve the expression level of
a variety of proteins, from antibodies to
cytokines and the promising results have been
obtained (15,19,23).
In this study, coding sequence of the hIFN-β
was optimized based on the codon preference of
the host CHO cells to achieve efficient
expression of the rhIFN-β. The expression level
of the optimized hIFN-β gene was analyzed and
compared to that of the wild-type in a serum
free and suspension adapted CHO cell line

(CHO-s) using Epstein-Bbar virus (EBV)based expression system.
MATERIALS AND METHODS
Design and synthesis of the codon-optimized
hIFN-β sequence
The hIFN-β coding sequence was retrieved
from NCBI (Accession number: NM_002176)
and subjected for codon adaptation using
optimizer software (http://genomes.urv.es/
OPTIMIZER/) based on the codon usage table
of Chinese hamster (Cricetulus griseus). The
optimized sequence was then validated by
GenScript (www.genscript.com). The codon
optimization of the gene was carried out in a
way to introduce either G or C in the third
position of each codon. A Kozak consensus
sequence with an ATG codon for efficient
initiation of translation was also added at the 5′
end of the optimized sequence. An additional
stop codon was also added at the 3′ end of the
gene. The designed sequence was then
synthesized and cloned into the pGH plasmid.
The recombinant plasmid harboring the codonoptimized sequence was named pGH-IFNβ-opt.
Construction of the recombinant expression
plasmids
Forward and reverse primers with
5´GCCAAGCTTTTGCCACCATGACCAAC
3´ and 5´GGACTCGAGCCCTTTTATCAGTTCCTC3´sequences, were used to amplify the
codon-optimized hIFN-β sequence and
incorporate HindIII and XhoI restriction sites,
respectively, into the 5´ and 3´ ends of the
amplified fragment. In this polymerase chain
reaction (PCR), pGH-IFNβ-opt plasmid,
harboring the codon-optimized hIFN-β
sequence, was used as template. The final
PCR product equipped with recognition
sites for HindIII and Xho1 at the 5´ and 3´
ends was screened by Webcutter server
(http://rna.lundberg.gu.se/cutter2/) to ensure
that there are no extra recognition sites for those
restriction enzymes. The PCR product was then
digested with HindIII and XhoI restriction
enzymes and inserted into the same sites in
pCEP4 mammalian expression vector (Thermo
Fisher Scientific, US), downstream to a
cytomegalovirus (CMV) immediate early
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promoter/enhancer. pCEP4 expression plasmid
carries EBNA1 coding sequence and the EBV
origin of replication (oriP) to permit episomal
amplification of plasmid in mammalian cells.
The wild-type sequence was also synthesized
with unique HindIII and XhoI recognition sites
at the 5´/3´ ends in pGH plasmid to facilitate
sub-cloning steps into pCEP4 expression
vector.
The sequences of all recombinant constructs
were then verified by high quality Sanger-style
sequencing. All cloning steps and plasmid
propagation were carried out in the DH5α strain
of Escherichia coli. The recombinant plasmids
were purified in amounts sufficient for transient
transfection experiments using Midiprep
preparation kit (Roche, Germany).

containing cells while slowly swirling.
Transfected cells were incubated at 37 °C, 5%
CO2 on an orbital shaker at 140 rpm. The
culture media were harvested every 24 h for
three days after transfection. No medium
changes or additions were made after
transfection. The viability of the cells was
determined by hemocytometer counting with
1:10 (v/v) dilution of cells in 0.4% trypan blue.
During transfection, the pcDNA3-GFP
recombinant plasmid expressing green
fluorescent protein as a reporter protein was
also used as a control to verify the correctness
and efficiency of the transfection process.
SDS-PAGE and western blot analysis
Three days after transfection, the culture
media were harvested by centrifugation of the
cell suspensions at 100 g for 5 min and
subjected for sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDSPAGE) and western blot analysis. The SDSPAGE analysis was performed according to the
standard method described by Laemmli in 1970
(24) using13% polyacrylamide resolving and
5% polyacrylamide stacking gels.
Electroblotting of the protein bands from
polyacrylamide gel onto polyvinylidene
difluoride (PVDF) membrane (Roche,
Germany) was carried out using wet procedure
in transfer buffer (25 mM tris, 192 mM glycine,
and 20% methanol) for16 h at 86 mA. The
membrane was then blocked in 5% skim milk
solution (5% w/v, in tris-buffered saline). For
immunoblotting, the membrane was first
incubated with a 1:4000 dilution of rabbit antihIFN-β polyclonal antibody (Millipore Co,
USA) for 1.5 h, then washed and incubated with
a 1:500 dilution of horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG for one
hours at room temperature (Millipore Co,
USA). Immunoreactive bands were finally
visualized using 4-chloronaphthol solution.

Cell line and culture condition
Suspension-adapted FreeStyleTM CHO-S
cells were cultured in FreeStyleTM CHO
expression medium (Thermo Fisher Scientific,
USA) supplemented with 8 mM L-glutamine
and placed in an incubator (37° C, 5% CO2),
while shaking at 140 rpm. The cells were
passaged every 2 days when the density was
approximately 1-1.5 × 10 6 cells/mL. In such
circumstances, maximum cell densities with a
dispersed single cell suspension and an overall
viability of more than 90% were achieved.
Transient transfection of CHO cells
The CHO-s cells were transiently transfected
with recombinant plasmids harboring either
wild-type or optimized hIFN-β cDNAs using
FreeStyle™ MAX reagent (Thermo Fisher
Scientific,
USA)
according
to
the
manufacturer's instructions. In brief, 24 h prior
to transfection, CHO-s cells were cultured in
serum free culture medium in a density of about
5-6 × 105 cells/mL. Just prior to transfection, the
cell density was adjusted to 106 cells/mL by
adding fresh medium. For transfection complex
preparation, 2.5 μg DNA and 2.5 μL
FreeStyleTM MAX reagent were separately
diluted in Opti-PROTM SFM (Thermo Fisher
Scientific, USA) to a final volume of 40 µL.
The diluted plasmid was immediately added to
the diluted reagent. The DNA-reagent complex
solution was incubated for 10 min at room
temperature and slowly added into plate

Expression quantification and biological
activity determination
Human IFN-β enzyme-linked immuneosorbent assay (ELISA) kit (Invitrogen, USA)
was used to quantify the expressed hIFN-β in
culture media. The cell suspensions were
collected every 24 h after transfection for three
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days and centrifuged for 5 min at 100 g. The
supernatants containing the secreted rhIFN-β
were subjected for ELISA test. One-step
sandwich ELISA test was performed in a
96-well microplate pre-coated with polyclonal
antibody specific to conformational epitopes in
hIFN-β. A 1:2 serial dilution of standard hIFNβ (prepared by the kit), covering the range from
0 to 200 IU/mL, was made. The unknown
samples were also 1:30 diluted. Each well of the
microplate was first washed with 400 μL of
washing solution and drained off thoroughly by
tapping on the paper towel. The plate was then
incubated for 2 h at room temperature with
50 μL of enzyme-labeled antibody and 100 μL
of either diluted unknown sample or standard
solution. After washing thoroughly, 100 μL of
color developer was added into the each well
and incubated for 30 min at room temperature
while shacking. Finally, 100 μL of reaction
stopper was added and the absorbance of the
reaction mixture in each well was read at
450 nm. The sample was analyzed out in
duplicate.

Statistical analysis
All experiments were carried out in
triplicates. Values were expressed as means ±
SD. Statistical analysis were performed by oneway analysis of variance (ANOVA) followed
by Scheffe's post hoc test using SPSS version
22 software. P values less than 0.05 were
considered statistically significant.
RESULTS
Codon optimization of the hIFN-β coding
sequence based on CHO codon usage
In this study in order to achieve higher level
of hIFN-β expression in transiently transfected
CHO-s cells, the sequence encoding the hIFNβ (Accession number: NM_002176) was
chosen and subjected for codon optimization. In
this optimization process, 31 codons out of 166
amino acids from hIFN-β protein were
modified based on the frequently used codons
in Chinese hamster. The most frequently used
codons in CHO cells that were chosen for codon
optimization are depicted in Fig. 1.

Fig. 1. The codon usage of the highly expressed human and CHO genes. The codon usage pattern was assumed to affect
the translational efficiency of the recombinant human interferon beta (IFN-β) gene, but not the nature of its amino acid
sequence. The percentage frequencies of the synonymous codons are shown for each corresponding amino acid. The most
prevalent codons are in bold. This was the main criteria for selection of the optimal codons. CHO-s, suspension adapted
Chinese hamster ovary.
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Fig. 2. Alignment of the wild-type and codon-optimized sequences encoding hIFN-β. Both coding sequences have 564
nucleotides with 458 matches, 63 transition changes (purine < - > purine / pyrimidine < - > pyrimidine), and 43
transversion changes (purines < - > pyrimidines) between wild-type (Query) and optimized (Sbjct) sequences. hIFN-β,
the recombinant human interferon beta.

Table 1. Codon adaptation index (CAI), GC percentage and Gibbs free energy calculation.
Sequence name

CAI score

GC (%)

ΔG (kcal/mol)

Wild-type hIFN-β

0.781

44.7

-164.2

Optimized-hIFN-β

1.0

58.2

-203.5

The aligned nucleotide sequences of the
optimized and wild-type genes are shown in
Fig. 2. The CAI scores for the wild-type and
codon-optimized sequences were indicated in
Table 1. The percentage of the total GC
contents of the optimized sequence and its wildtype counterpart were also measured, showing
a significant increase in the GC content of the
optimized coding sequence (Table 1). The GC3
content (proportion of guanine and cytosine
content in the third position of the codons) of
the optimized hIFN-β sequence was also
increased (Table 2).
The Genebee online program was employed
to assess the free energies for secondary
structures of the both wild-type and
optimized sequences.

Based on the calculated free energy, the
optimized sequence was more stable than the
wild-type (Table 1).
The growth rates of the transfected and
untransfected CHO-s cells
The CHO-s cells were transiently transfected
with
recombinant
plasmids
harboring
either wild-type or codon-optimized hIFN-β
sequence. The cell growth rates of transfected
CHO-s cells were monitored for three days after
transfection and compared with that of the
non-transfected one. As depicted in Fig. 3, the
cell growth was greatly affected by the
transfection process. The transfected cells
showed lower growth rates than their
untransfected counterpart.
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Table 2. Coding sequences for the wild-type (A) and codon-optimized (B) hIFN-β. The Gs and Cs in the third codon
positions are bolded.
Gene
Types

Wild type

Codonoptimized

Coding sequences
ATG
TCC
CAA
AAT
ATC
GCC
TTC
GAG
ACA
AAA
CTG
ATA
CTT
ATG
TCC
CAG
AAC
ATC
GCC
TTC
GAG
ACC
AAG
CTG
ATC
CTG

ACC
ACT
AGA
GGG
CCT
GCA
AGA
AAC
GTC
CTC
CAT
GTC
ACA
ACC
ACC
AGG
GGC
CCC
GCC
AGG
AAC
GTG
CTG
CAC
GTG
ACC

AAC
ACA
AGC
AGG
GAG
TTG
CAA
CTC
CTG
ATG
TAC
AGA
GGT
AAC
ACC
TCC
AGG
GAG
CTG
CAG
CTG
CTG
ATG
TAC
AGG
GGC

AAG
GCT
AGC
CTT
GAG
ACC
GAT
CTG
GAA
AGC
CTG
GTG
TAC
AAG
GCC
TCC
CTG
GAG
ACC
GAC
CTG
GAG
TCC
CTG
GTG
TAC

TGT
CTT
AAT
GAA
ATT
ATC
TCA
GCT
GAA
AGT
AAG
GAA
CTC
TGC
CTG
AAC
GAG
ATC
ATC
TCC
GCC
GAG
TCC
AAG
GAG
CTG

CTC
TCC
TTT
TAC
AAG
TAT
TCT
AAT
AAA
CTG
GCC
ATC
CGA
CTG
TCC
TTC
TAC
AAG
TAC
TCC
AAC
AAG
CTG
GCC
ATC
AGG

CTC
ATG
CAG
TGC
CAG
GAG
AGC
GTC
CTG
CAC
AAG
CTA
AAC
CTG
ATG
CAG
TGC
CAG
GAG
TCC
GTG
CTG
CAC
AAG
CTG
AAC

CAA
AGC
TGT
CTC
CTG
ATG
ACT
TAT
GAG
CTG
GAG
AGG
TGA
CAG
TCC
TGC
CTG
CTG
ATG
ACC
TAC
GAG
CTG
GAG
AGG
TGA

ATT
TAC
CAG
AAG
CAG
CTC
GGC
CAT
AAA
AAA
TAC
AAC
TAA
ATC
TAC
CAG
AAG
CAG
CTG
GGC
CAC
AAG
AAG
TAC
AAC
TAA

GCT
AAC
AAG
GAC
CAG
CAG
TGG
CAG
GAA
AGA
AGT
TTT

CTC
TTG
CTC
AGG
TTC
AAC
AAT
ATA
GAT
TAT
CAC
TAC

CTG
CTT
CTG
ATG
CAG
ATC
GAG
AAC
TTC
TAT
TGT
TTC

TTG
GGA
TGG
AAC
AAG
TTT
ACT
CAT
ACC
GGG
GCC
ATT

TGC
TTC
CAA
TTT
GAG
GCT
ATT
CTG
AGG
AGG
TGG
AAC

TTC
CTA
TTG
GAC
GAC
ATT
GTT
AAG
GGA
ATT
ACC
AGA

GCC
AAC
AAG
GAC
CAG
CAG
TGG
CAG
GAG
AGG
TCC
TTC

CTG
CTG
CTG
AGG
TTC
AAC
AAC
ATC
GAC
TAC
CAC
TAC

CTG
CTG
CTG
ATG
CAG
ATC
GAG
AAC
TTC
TAC
TGC
TTC

CTG
GGC
TGG
AAC
AAG
TTC
ACC
CAC
ACC
GGC
GCC
ATC

TGC
TTC
CAG
TTC
GAG
GCC
ATC
CTG
AGG
AGG
TGG
AAC

TTC
CTG
CTG
GAC
GAC
ATC
GTG
AAG
GGC
ATC
ACC
AGG

Fig. 3. Growth curve for the CHO-s cells transfected with recombinant plasmids harboring either wild-type or codonoptimized hIFN-β sequence in comparison with the untransfected one, at transfection day (time 0) and 24, 48, and 72 h
after transfection. Untransfectd cells showed higher proliferation rate in comparison with the transfected cells (** P ˂
0.01). CHO-s, suspension adapted Chinese hamster ovary; hIFN-β, the recombinant human interferon beta.

sequence in comparison with the wild-type
(Fig. 4).
The expression levels 72 h after transfection
were calculated 56.282 × 103 and 19.976 × 103
IU/mL for codon-optimized and wild-type
genes, respectively, showing a 2.8-fold increase
in the expression level of the codon-optimized
sequence (Fig. 4).

Quantity and quality assessment of the hIFNβ based on ELISA assay
To assess the expression level of the hIFN-β
in CHO-s cells transiently transfected by either
construct, the cell culture media were harvested
24-72 h after transfection and subjected for
ELISA test. The results indicated higher level
of hIFN-β expression by the codon-optimized
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Fig. 4. Quantification of the rhIFN-β transiently
expressed by the wild-type and codon-optimized
sequence in CHO-s cells at various post-transfection
times, based on ELISA. **P ≤ 0.01 and ***P ≤ 0.001
indicate significant differences between 2 groups in each
time. CHO-s, suspension adapted Chinese hamster ovary;
hIFN-β, the recombinant human interferon beta.

Fig. 5. Net production of hIFN-β by the wild-type and
codon-optimized constructs at 24, 48, and 72 h after
transfection. **P ≤ 0.01 and ***P ≤ 0.001 indicate
significant differences between 2 groups in each time.
hIFN-β, the recombinant human interferon beta.

Fig. 6. Western blot analysis of the supernatants from CHO-s cells transfected with recombinant plasmid harboring either
wild-type or codon-optimized hIFN-β sequence. Lane 1, protein molecular weight marker; lane 2, hIFN-β expressed by
the wild-type sequence; lane 3, hIFNβ expressed by codon-optimized sequence; and lane 4, untransfected cell culture
medium as negative control. The two arrows, showing the glycosylated and non-glycosylated forms of hIFN-β, indicating
the heterogeneity of the hIFN-β glycoforms. CHO-s, suspension adapted Chinese hamster ovary; hIFN-β, the recombinant
human interferon beta.

The analysis of the variance by one-way
ANOVA confirmed that the differences
between the expression levels of the codonoptimized and the wild-type genes were
significant (P < 0.01). According to the
expression profile indicated in Fig. 4 the highest
protein expression levels for both constructs
were observed at 72 h post-transfection. The net
productions of the hIFN-β at 24, 48, and 72 h
post-transfection were calculated and depicted
in Fig. 5. The maximum rhIFN-β productions in
the case of the wild-type and the optimized
genes were achieved at 48 h after transfection.
As depicted in the Fig. 5, from 48 toward 72 h

post-transfection a reduction in the net
production was observed in the case of both
recombinant constructs. In spite of the decline
in the net production of hIFN-β at 72 h posttransfection, the expression level of the
optimized gene was still higher than that of the
unmodified counterpart (Fig. 5).
Western blot analysis
The samples were harvested 72 h after
transfection and subjected for SDS-PAGE and
western blot analysis (Fig. 6). In the case of the
codon-optimized sequence, the higher
expression level of the hIFN-β, measured by
150
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ELISA, was further confirmed by the western
blot analysis, when compared with the wildtype (Fig. 6). The bands represented the
glycosylated and non-glycosylated forms with
molecular weight of 23-25 and 18 kDa,
respectively. Since hIFN-β is a glycoprotein
with a single N-glycosylation site, it may show
variability in site occupancy by N-glycan
(macroheterogeneity) and result in different
glycoforms with occupied and unoccupied sites.

were separately inserted into pCEP4 expression
plasmid downstream to the CMV enhancer/
promoter to permit transgene expression in
CHO-s cells. pCEP4 expression plasmid also
carries the EBNA-1 gene, and oriP to support
extra chromosomal plasmid replication in
mammalian cells. The verified recombinant
plasmids were transfected into CHO-s cells to
analyze the level of the hIFN-β expression by
each sequence. The results indicated that the
growth rates were greatly affected by the
transfection process (Fig. 3). This phenomenon
can be due to the fact that the cells expressing
heterologous proteins, endure more metabolic
load than the untransfected ones. This
metabolic load decreases the growth and
proliferation rate of the recombinant cells.
Moreover, the transfection reagent used for
transfection in transient gene expression (TGE)
systems may have an adverse effect on cell
proliferation.
The protein expression levels were then
monitored using ELISA for three days after
transfection and the maximum protein
expression was achieved on the third day after
transfection (Fig. 4). The quantification of the
hIFN-β expression showed a 2.8-fold increase
in the expression level of the codon-optimized
sequence at 72 h post-transfection. These
results were further confirmed by the western
blot analysis (Fig. 6). The increased expression
level of the rhIFN-β by codon-optimized
sequence can be attributed to several factors
such as more efficient translation, due to the use
of more abundant isoacceptor tRNAs, and
increased mRNA level due to the higher GC
content (19). Previously it has been shown that
the GC-rich versions of Hsp70, green
fluorescent protein, IL2, and HIV gag genes
were expressed up to 100-fold more efficiently
than the GC-poor counterparts (29,32). In our
study, the codon optimization increased the
total GC content of the gene of interest from
44.7% to 58.2% (Table 1). The GC3 content
was also increased from 60 to 100% (Table 2).
The free energies (ΔGs) released upon folding
of the complete transcripts were calculated
using Genebee, suggesting a higher mRNA
stability for the codon-optimized sequence
(Table 1). The CAI of the optimized sequence
was also raised from 0.78 to 1. The CAI is a

DISCUSSION
Among mammalian expression systems,
CHO cells are widely used for industrial-scale
production of recombinant biopharmaceuticals
(25). Commercially, two types of rhIFN-β have
been approved for the treatment of multiple
sclerosis. The non-glycosylated type, IFN-β 1b,
is produced in Escherichia coli, and the
glycosylated form, IFN-β 1a, with higher
bioactivity is produced in CHO cells (26,27).
The heterologous protein expression in
mammalian cells is significantly influenced by
a variety of factors such as host cells, suitability
of the promoter, position of the ShineDalgarno, stability and GC content of an
mRNA, and codon usage bias (28). Adaptation
of the codon usage of a heterologous gene to
that frequently used in the host cell, improves
translation. Moreover, mRNA transcription and
degradation is strongly influenced by the GC
content of the optimized sequence (29,30).
Codon adaptation or "optimization" have been
used for years to improve heterologous gene
expression (22). Codon optimization strategies
have resulted in the significant increase in the
expression level of a variety of proteins such as
erythropoietin and iCre protein (7- and 1.6-fold,
respectively) (19,31).
In the current work, the effects of codon
usage on the expression level of the hIFN-β in
suspension adapted CHO cell line in a transient
gene expression system and serum-free culture
condition have been studied. The codon usage
of hIFN-β was redesigned to match those
frequently found in CHO cells (Figs. 1 and 2).
The coding sequence was modified in a way to
introduce G or C in the third position of each
codon (Table 2), while the amino acid sequence
of the protein remained unchanged. The codonoptimized as well as unmodified sequences
151
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simple and effective approach to measure the
codon adaptation level of a gene (21).
The CAI value equals one means that the
optimal codon for each amino acid was applied.
Previously, it has been reported by several
studies that the efficiency of recombinant
protein production can be improved by raising
the CAI score and GC content of an open
reading frame (22). These results, therefore,
indicate that the codon engineering is an
effective technique to increase the expression
level of the rhIFN-β in CHO-s cells. This
finding makes it possible to use codon
optimization approach to create a stable CHO
cell lines expressing hIFN-β for further studies
in bioreactors.
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