
Heterologous Proteins Production in Escherichia coli:
An Investigation on the Effect of Codon Usage and 

Expression Host Optimization
Hasan Mirzahoseini, PhD.*, Samaneh Mafakheri, M.Sc., Nafiseh Soltan Mohammadi, M.Sc.,

Somayeh Enayati, M.Sc., Nahid Mortazavidehkordi, B.Sc. 

Biotechnology Research Center, Pasteur Institute of Iran, Tehran, Iran

* Corresponding Address: P.O. Box: 1316943551, Biotechnology Research Center, Pasteur Institute of Iran, Tehran, Iran
Email: mirzahoseini@pasteur.ac.ir

Received: 24/Oct/2009, Accepted: 3/May/2010
Abstract
Objective: The production of heterologous proteins in Escherichia coli is strongly affected 
by codon bias. This phenomenon occurs when the codon usage of mRNA coding for the 
foreign protein differs from that of the bacterium. The ribosome pauses upon encountering 
a rare codon and may detach from mRNA, thereby the yield of recombinant protein pro-
duction reduces. The aim of this study is to investigate the effect of these codon numbers 
reductions on the recombinant protein production.
Materials and Methods: Since most amino acids are encoded by more than one codon, 
codons were changed in order to their usage in a special host such as E. coli without any 
transformation in amino acids sequence. Silent mutations in 5' codons of human basic 
fibroblast growth factor cDNA carried out by site-directed mutagenesis and the expression 
level of the recombinant protein is analyzed by means of sodium dodecyl sulfate polyacry-
lamide gel electrophoresis (SDS-PAGE) and Western blot.
Results: Expression level in mutant and wild-type genes indicated a considerable difference. 
In contrast with the remarkable bands of wild-type gene in all the strains particularly in codon 
plus strain, there were no significant bands related to mutant gene in SDS-PAGE analysis.
Conclusion: Because of the same conditions of mutant and wild-type genes during the 
translation and transcription, this significant difference may relate to mRNA efficiency for 
translation. Our results indicate that increased stability of 5' mRNA secondary structures 
in E. coli prevents efficient translation initiation. Furthermore, wild-type gene significant 
bands in codon plus strain support the hypothesis that the possible elimination of transla-
tional pauses that increase translation rate leads to over expression.
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Introduction
Escherichia coli is the system of choice for over 
expressing of heterologous proteins (1). As a host, 
this bacterium has numerous advantages, including: 
inexpensive culture conditions, very well known 
genetic background, easy manipulation and amena-
bility to high density fermentation procedures (1-4). 
Although E. coli has a remarkable capacity to pro-
duce large quantities of proteins, recombinant pro-
teins are often expressed in low amount when the 
codon usage of the mRNA encoding the foreign pro-
tein differs from that of the E. coli host (4, 5). This 
problem can arise due to product toxicity, mRNA 
instability, lack of posttranslational modification, 
saturation of the folding machineries of the host 
cell and cofactors deficiency (6). In addition, deple-
tion of low-abundance tRNAs occurs if the foreign 
mRNA contains many codons that are rare in E. coli. 
This deficiency may lead to amino acid mis-incor-

poration and/or polypeptide truncation following 
by the effect on the heterologous protein expression 
levels and quality (7). Two alternative strategies are 
utilized to remedy codon bias. One approach is site-
directed mutagenesis of the target sequence for the 
generation of codons reflecting tRNA pool in the 
host system (8, 9) and another is the co-transforma-
tion of the host with a plasmid harbouring a gene 
encoding tRNA cognate to the problematic codons 
(10). While codon optimization is a cumbersome 
and expensive process, modifying host availability 
of the rare tRNAs is an easier approach. This meth-
odology guides to the commercialization of bacte-
rial strains carrying plasmids containing extra cop-
ies of problematic tRNAs genes. 
The aim of this work is to analyze the expression 
of codon optimized the codons of human basic 
fibroblast growth factor (hbfgf) cDNA in E. coli 
BL21(DE3)-pLysS strain (BL) commonly used for 
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protein expression, a codon bias-adjusted strain, 
BL21-Codon Plus (DE3)-RIL strain and OrigamiB 
(DE3) to evaluate both codon optimization and 
host modification. As the secondary structure at the 
translation initiation region (TIR) of the mRNA that 
plays a crucial role in the efficiency of gene expres-
sion (11) site directed mutagenesis is applied in this 
region by a long primer to study the affect of codon 
usage content of the mentioned cDNA. 

Materials and Methods
Primer designing and site directed mutagenesis 
by polymarase chain reaction (PCR)
A long primer was designed to modify 5' end of 
hbfgf cDNA by site directed mutagenesis PCR us-
ing a wild type hbfgf cDNA as a template which 
was a gift from Dr. Seno (Table 1b). Moreover, this 
project was approved by Pasteur Institute of Iran. 
The mutant hbfgf cDNA encoding a variant of 18 
kilo Dalton of the corresponding protein which was 
amplified during PCR containted 11 codons chang-
es in favor of the codon usage of the host bacteria 
(E. coli). Changed codons were selected based on 
E. coli codon usage table from San Diego State 
University (http://www.sci.sdsu.edu/~smaloy/Mi-
crobialGenetics/topics/in-vitro-genetics/codon-
usage.html). mRNA secondary structure and total 
free energy of each wild type and mutant hbfgf 
cDNAs were predicted by Vienna RNA Web Serv-
ers. The designed upstream (forward) mutagenic 
primer, the downstream (reverse) primer and the 
wild-type gene sequences are shown in table 1. For 
in vitro amplification, Gradient PCR was used in 
order to determine the optimum annealing temper-
ature at a range of 59°C to 70.5°C. 

Subcloning of mutant hbfgf 
PCR product was cloned into pGEM-T easy vector 
(Promega, USA) and transformed into Top10f cells 
(Novagen, UK) for  reproduction. α-complementation 

phenomenon (blue/white screening assay) was used 
for isolation of cells containing cloned cDNA (12). 
The white colonies containing our desire mutant 
cDNA were chosen among the blue colonies and 
their plasmids were extracted using plasmid purifi-
cation kit (Qiagen, Germany). Mutant hbfgf cDNA 
was isolated from T-vector by NdeI (Fermentas, 
Lithuania) and BglII (Fermentas, Lithuania) diges-
tion and ligated into NdeI and BamHI sites of pET-
22b expression vector (Novagen, UK). 

Escherichia coli strains
Escherichia coli strains comprised Top10f (Novagen, 
UK), BL21 (DE3)-PlysS (Novagen, UK), BL21Co-
donPlus (DE3)-RIL (Stratagene, USA) and Origa-
miB (DE3) (Novagen, UK) were selected for repro-
duction of new construct and expression of hbFGF. 

Expression and identification
At the first stage, the new construct (named pET-
1010) was transformed into Top10 host cells for re-
production. Afterwards, the new construct was iso-
lated and transformed into the BL21 (DE3) pLysS, 
BL21-Codon Plus (DE3)-RIL and OrigamiB (DE3) 
for expression. Transformants were grown on Lu-
ria Bertani (LB) agar plates containing 50 μg/ml 
of ampicillin. The cells only bearing the expressed 
plasmid were inoculated into LB medium contain-
ing related antibiotic (50 μg/ml of ampicillin) for 
plasmid selection. When the absorbance value at 
600 nm reached to 0.5, recombinant protein pro-
duction was induced by adding 1 mM isopropy1 
β-D-1-thiogalactopyranoside (IPTG) to the culture 
media for approximately 5 hours. Subsequently, the 
cells were collected by centrifugation and suspend-
ed in 250 μl of 50 Mm Tris-HCl buffer (pH=7.2). 
The suspension was kept on ice, then cells were 
sonicated (3 times, 30 seconds each time) and cen-
trifugated for seperateing the cell proteins from the 
other cell particles.
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Table 1: Wild-type gene, forward mutagenic primer and reverse primer sequences 
a) Wild-type Gene Sequence
5’ATG CCC GCC TTG CCC GAG GAT GGT GGA TCG GGC GCC ATA CCG CCC GGC CAC TTC 3’

Start codon

b) Forward mutagenic primer sequence with NdeI Restriction Enzyme Site

Ndel

5’ TACATATG CCG GCG CTG CCG GAA GAC GGT GGT TCT GGT GCG ATC CCG CCC GGC CAC TTC 3’
Start codon

c) Reverse primer sequence with Bgl II Restriction Enzyme Site

BGl II

5'T ACT ATT AGA TCT TGG CCA TTA AAA TCA GC 3'
*The forward primer is flanked by NdeI site and the reverse primer is flanked by BglII site.



SDS-PAGE using 15% acrylamide was applied to 
analyze the induced as well as uninduced lysate 
cells based on the method of laemmli (13). In ad-
dition, the samples were boiled with loading buffer 
including 2-Mercaptoethanol as a detergent and 
EDTA as a protease inhibitor. Identification of 
hbFGF was based on SDS-PAGE assay followed 
by the densitometer scanning; therefore, we used 
Quantity-One 1D-Analysis software (Bio-Rad, 
USA). 
Western blotting assay was utilized in order to 
confirm hbFGF protein band. Briefly, the proteins 
separated on the gel were transformed onto a 0.2 
μm pore size nitrocellulose membrane (schlecher 
& Schuell, USA). Rabbit anti-hbFGF anti serum 
(Sigma, USA) were served as the primary anti-
body and secondary antibody, horse radish peroxi-
dase conjugated goat-anti-rabbit antibody (Sigma, 
USA) was added, then followed by incubation at 
room temperature for two hours. The immunoreac-
tion was visualized using 0.5 mg/ml diaminobenzi-
dine HCl and 0.01% H2O2. 

Results
Construction of pET-1010
The PCR products were analyzed on 1.5 % agarose 
gel stained with ethidium bromide. The expected 
size of the target amplification fragment was 450 
bp (Fig 1).

Fig 1: Mutant hbfgf amplification by gradient PCR, Lane 
1: 1 kb DNA ladder (Fermentas, Lithuania), Lane 2: Blank 
sample, Lanes 3 to 8, gradient PCR, temperatures from 
59°C to 70.5°C.

The band corresponded to 450 bp was purified 
from agarose gel and cloned into the pGEM-T 
Easy vector. Mutant hbfgf cDNA was isolated from 
T-vector by NdeI and BglII digestion and ligated 
into NdeI and BamHI sites of pET-22b expression 
vector. The correct insertion of the new construct 
was verified by the restriction digest and plasmid 
sequencing. Briefly, the new construct (pET-1010) 
was analyzed by digestion with two different re-
striction enzymes, HindIII and BglII. If the ligation 
process was successful, we should have a 600 bp 
band in agarose gel according to pET-22b restric-
tion sites (Fig 2), otherwise, we were able to see a 

200 bp band. Moreover, Nucleotide sequence of 
the mutant hbfgf was determined by Gene Fana-
varan Company (Tehran, Iran).

Fig 2: Gel electrophoretic analysis of pET-1010 in compare 
with pET-22b for confirming the correct ligation of mutant 
hbfgf cDNA in pET-22b vector. Lane 1: pET-2010 is digest-
ed with Hind III & Bgl II, Lane 2: pET22b is digested with 
Hind III, Lane 3: 1 kb DNA Ladder (Fermentas, Lithua-
nia). The 600 bp band in lane 1 shows the right cloning of 
hbfgf cDNA in pET-22b vector.

Expression of wild type and mutant hbfgf genes
pET-1010 was transformed into three E. coli 
strains: BL21(DE3) PlySs, BL21-CodonPlus 
(DE3)-RIL and OrigamiB(DE3), for expression. 
Cells containing the expressed construct were 
grown and induced by IPTG. Comparing the result 
from SDS-PAGE to the wild-type gene revealed 
that a codon of the optimized gene construct dis-
played undetectable levels of the protein produc-
tion (Fig 3, Lanes 3, 5 and 7). 

Fig 3: Comparison of expression levels of wild-type and mu-
tant genes in three different strains of E. coli. The arrows 
in the left show molecular weight. Lane 1: Protein marker, 
Lane 2: OrigamiB(DE3) cell without plasmid, Lane 3: in-
duced BL21CodonPlus(DE3)-RIL cell containg pET-1010, 
Lane 4: induced BL21CodonPlus(DE3)-RIL cell containg 
pET-22b-wild type gene, Lane 5: induced BL21(DE3)PlySs 
cell containg pET-1010, Lane 6: induced BL21(DE3)PlySs 
cell containg pET-22b-wild type gene, Lane 7: induced Ori-
gamiB (DE3) cell containing pET-1010, Lane 8: induced 
OrigamiB (DE3) cell containing pET-22b-wild type gene.
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Fig 5: Illustration of RNA secondary structures. The theoretical ∆G values of RNA second-
ary structures at 5'end of wild type (A) and mutant hbfgf (B) were calculated by Vienna RNA 
Secondary Structure Prediction program (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) with 
thermodynamic algorithm and illustrated.
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Fig 4: Western Blotting Analysis. Lane 1: induced Origami B (DE3) cells containing pET-22-
b-wild type gene, Lane 2: induced BL21Codon Plus (DE3)-RIL cells containg pET-22b-wild 
type gene, Lane 3: induced BL21 (DE3) PlySs cells containg pET-22b-wild type gene, Lane 
4: induced BL21Codon Plus (DE3)-RIL cells containg pET-1010, Lane 5: induced BL21 
(DE3) PlySs cells containg pET-1010, Lane 6: induced Origami B (DE3) cells containing 
pET-1010, Lane 7: Origami B (DE3) cells without plasmid, Lane 8: Protein marker.



Furthermore, wild-type hbfgf cDNA was over ex-
pressed in the codon bias-adjusted strain and west-
ern blotting analysis that confirmed the obtained 
results from SDS-PAGE (Fig 4).

mRNA secondary structure and its total free energy
By inspecting the sequences of wild type and mu-
tant hbfgf cDNA with Vienna online program, pos-
sible secondary structures were predicted (Fig 5). 
The total free energy at the 5' end of the mRNA 
was increased from -23.40 kcal/mol to -22.80 kcal/
mol, implying that unstable RNA secondary struc-
ture at 5' and might cause mRNA inefficiency for 
translation.

Discussion
Many studies have questioned the importance 
of codon usage of 5' end of genes according to 
host cells for the initiation of translation (14-16). 
Matching the codon usage of recombinant genes 
to that of the expression host is a common strat-
egy for increasing the expression of heterologous 
proteins in bacteria and it is always employed sec-
ondary structure of mRNA (17,18). However, we 
found that the altering codons to those preferred 
by E. coli led to significantly lower expression 
compared to the wild-type hbfgf gene, despite the 
presence of several rare E. coli codons in the hbfgf 
sequence. 
Evidence indicates that these strategies do not nec-
essarily result in the same degree of enhancement 
for different heterologous protein expression. In 
the some studies, modification of TIR according to 
the codon usage of host revealed higher level of 
expression (16, 19), but in the other experiments 
showed an opposite effect on the expression level 
(20). In particular, our results indicate that the in-
creased stability of 5′ mRNA secondary structures 
in E. coli optimized transcript prevents efficient 
translation. In fact, ribosomes do not recognize 
mRNA secondary structures and only bind to sin-
gle-stranded RNA. Hence, secondary structure of 
mRNA is a key factor in determining the efficien-
cy of translation initiation in prokaryotes, in other 
words, translation efficiency is directly determined 
by the availability of unfolded TIR (21).
In addition, in spite of the fact that codon usage 
optimization of the 5’end of mRNA has been ap-
plied to improve the efficiency of human protein 
production in E. coli; high level expression of hu-
man protein in the mentioned-bacteria is still a 
challenge that virtually depends upon each indi-
vidual target genes (22). A possible explanation is 
that the effects vary based on the identity, density 
and location of the rare codons; in addition, it may 

involve complex effects on mRNA structure and 
its stability. 

Conclusion 
Although we tried to increase the abundance of 
tRNA with changing in codon usage in human ba-
sic fibroblast growth factor, the results underscore 
the importance of RNA stability, but not neces-
sarily tRNA abundance for efficient heterologous 
protein production in E. coli. These results empha-
size the idea that potential 5′ mRNA secondary 
structures should be considered along with codon 
usage when designing a synthetic gene for high 
level expression in E. coli.
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