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Abstract

Codon usage and thermodynamic optimization of the 5 0-end of mRNA have been applied to improve the efficiency of human protein
production in Escherichia coli. However, high level expression of human protein in E. coli is still a challenge that virtually depends upon
each individual target genes. Using human interleukin 10 (huIL-10) and interferon a (huIFN-a) coding sequences, we systematically ana-
lyzed the influence of several major factors on expression of human protein in E. coli. The results from huIL-10 and reinforced by
huIFN-a showed that exposing AUG initiator codon from base-paired structure within mRNA itself significantly improved the trans-
lation of target protein, which resulted in a 10-fold higher protein expression than the wild-type genes. It was also noted that translation
process was not affected by the retained short-range stem–loop structure at Shine–Dalgarno (SD) sequences. On the other hand, codon-
optimized constructs of huIL-10 showed unimproved levels of protein expression, on the contrary, led to a remarkable RNA degrada-
tion. Our study demonstrates that exposure of AUG initiator codon from long-range intra-strand secondary structure at 5 0-end of
mRNA may be used as a general strategy for human protein production in E. coli.
� 2006 Elsevier Inc. All rights reserved.
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Production of human proteins using prokaryotic expres-
sion system becomes a much higher demand for functional
and structural analysis of numerous gene products, as well
as for pharmaceutical productions because its advantages
in low-cost and high yield over mammalian system. The
regulation of gene expression in Escherichia coli has been
relatively well understood, and commercial available
expression vectors have also provided a wide range of
choices, however, high level expression of human proteins
in E. coli is still a challenge that virtually depends upon
each individual target genes [1,2]. A variety of factors that
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significant influence protein expression in E. coli have been
identified, among which, codon usage, RNA secondary
structures and mRNA stability have been the major con-
cerns [3–5].

Human IL-10 (huIL-10) is a pivotal cytokine that pre-
dominantly exerts immunosuppress activity, and plays an
important role in negative control of autoimmunity.
HuIL-10 cDNA encodes a 160 amino acid mature peptide
that contains all the major rare codons for E. coli,
includes AGA and AGG for arginine, AUA for isoleu-
cine, CUA for leucine, and CCC for proline. As previous-
ly reported, wild-type huIL-10 cDNA is poorly expressed
in E. coli [6]. In the present study, using the coding
sequence of huIL-10 and huIFN-a as the examples, we
have systematically tested the influences of the major ele-
ments on human protein expression in E. coli. The results
from the expression of huIL-10 and reinforced by huIFN-
a showed that RNA secondary structure at initiator AUG
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codon is the key limiting factor for high-level expression
of huIL-10 in E. coli. Thus, our study supplies a novel
convenience strategy for improving human protein expres-
sion in E. coli.

Materials and methods

Reagents. Oligonucleotides and pCR–TOPO derived vector was pur-
chased from Invitrogene (Carlsbad, CA). Restriction and modification
enzymes were purchased from New England Biolabs (Beverly, MA). E.

coli expression strain BL21 (DE3) Gold, Pfu, and Tag DNA Polymerase
were purchased from Strategen (Cedar Creek, TX). QIAquick Gel
extraction Kit, QIAprep Spin Miniprep Kit, QIAquick PCR purification
Kit, and RNeasy Mini Kit were purchased from QIAGEN (Valencia,
CA). All growth medium were purchased from Difco (UK) and all the
chemical reagents were from Sigma–Aldrich. Sequencing was performed
according to a dideoxy terminator protocol.

Plasmid construction. The cDNAs containing the coding sequence for
mature peptide of human IL-10 and human interferon-a were amplified by
RT-PCR from total RNA isolated from human bone marrow (Clonetech)
and cloned into pCR-TOPO derived vector according to manufacture’s
instructions. The primer sets used for cloning of huIL-10 cDNA were
upstream primer: 5 0-ATG AGC CCA GGC CAG GGC AC-3 0, down-
stream primer: 5-TTA TTA GTT TCG TAT CTT CAT TGT C-3 0, for
cloning of huIFN-a were: upstream primer: 5 0-ATGTGTGATCTG
CCTCAAACCCACA-30 and downstream primer: 5 0-TTATGTCATG
GTCATAGCAGAAAC-3 0. On both primer sets for huIL-10 and huIFN-
a, additional start codon ATG and the stop codon TAA were added to the
5 0-end of the upstream and downstream primers respectively and indicated
as underlines. The resulted clones were designated as pCR-huIL10-wt and
pCR-IFNa-wt for huIL-10 and huIFNa coding sequences, respectively.
pCR-huIL10-wt was then used as the backbone for generating the pCR-
huIL10-ILRP by introducing the silent mutations into the major rear
codons, including AGA and AGG (Arg), which are the rarest codons in E.

coli, AUA (Ile), CUA (Leu), and CCC (Pro). pCR-huIL10-5 0, pCR-
huIL10-30, pCR-huIL10-503 0, and pCR-huIL10-ILRP-5 0, pCR-huIL10-
ILRP-30, and pCR-huIL10-ILRP-5 03 0 which containing the either or both
of 5 0-end and 3 0-end modifications for reducing the stabilities of RNA
secondary structures were also created by PCR-based site-directed muta-
genesis based on the pCR-huIL10-wt and pCR-huIL10-ILRP. The pCR-
huIL10-TM contains a synthesized sequence that code for mature huIL-10
peptide by altering all of the codons toward to E. coli favorite ones using
Online Codon Maximizer program from MCLAB at: http://
www.mclab.com/toolbox/codonMaximization.html. The pCR-IFNa-wt5 0

that contains 5 0-end modified coding sequence for huIFN-a was also
created using the pCR-IFNa-wt as the template. All the recombinants that
created in this study were verified by DNA sequencing.

Growth and IPTG inductions of transformed BL21 (DE3). To induce
the expression of the recombinant protein, 1 mM/ml of IPTG was added
and cultured for 3 h. The uninduced samples were cultured under the same
conditions as induced except without the additional IPTG. By the end of
induction, the bacterial were harvested by centrifugation at 4000g for
10 min at 4 �C and either freeze at �80 �C or preceded immediately for
further use.

Western blot. After electrophoresis the proteins were transferred onto
Immobilon P membranes (Millipore) by Trans-Blot SD Semi-Dry
Transfer Cell (Bio-Rad) according to manufacturer’s guides. The mem-
branes were blocked with 5% non-fat dried milk/TBST (137 mM NaCl,
15 mM Tris–HCl (pH 7.6), and 0.1% Tween 20) for overnight at 4 �C, then
incubated for 1 h at room temperature with monoclonal anti-huIL-10
antibody (Santa Cruz Biotechnology, CA) for 2 h at 4 �C. After four 5-
min washes in TBST, the membranes were incubated in 2.5% non-fat dried
milk/TBST with goat anti-mouse HRP conjugate antibody (Amersherm
Biosciences KK) with 1:50,000 dilution for 40 min at room temperature.
Following four washes with TBST, the signal was detected using Super-
Signal Chemiluminescent Substrate (Pierce Chemical Co., Rockford, IL)
and exposed with X-ray film.
RNA secondary structure prediction. RNA structures were analyzed
using the algorithm of favorite thermodynamic by Vienna RNA Second-
ary Structure Prediction program on the web at http://rna.tbi.univie.ac.at/
cgi-bin/RNAfold.cgi.

Isolation of total RNA from E. coli and RT-PCR. Total RNA was
extracted from previously collected bacterial cells using TRIzol (Invit-
rogen, Carlsbad, CA) according to the manufacturer’s instructions.
After precipitation, the total RNA was resuspended in RNase-free
water and analyzed by UV spectrometer for both quantity and quality
assay. The corresponding tRNAs were visualized by ethidium bromide
staining after electrophoresis on a 1% agarose/formaldehyde gel. To
eliminate the possible DNA contamination, the total bacterial RNA
was first treated with RNase free DNase I (MBI Fermentas, hanover,
MD) at 1 U/lg total RNA for 30 min at 37 �C and purified with
RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions.
Then 2 lg of RNA was subjected for reverse transcription using
M-MLV Reverse Transcriptase (Invitrogen, Carlsbad, CA) and random
hexamer primers according to the manufacturer’s instructions. cDNAs
were then amplified with the corresponding gene-specific primer sets by
PCR for 30 cycles under the condition of 30 s at 94 �C, 1 min at 58 �C,
and 1 min at 72 �C. The PCR products were analyzed on a 1.5%
agarose gels containing 0.5 lg/ml ethidium bromide. If the PCR
products were used for cloning, then the corresponding bands were
excised from the agarose gel and recovered by QIAquick Gel extraction
Kit.

Results

Optimizations of codon bias had no effect on huIL-10 mRNA
translation in E. coli

To evaluate the influence of codon bias for huIL-10
expression in E. coli, pCR-huIL10-CodonMax and pCR-
huIL10-ILRP plasmids were constructed as described in
methods. After induced by 1 mM IPTG, the protein
expression levels were detected by Coomassie blue stain-
ing and Western Blot with anti-huIL-10 antibody. Unex-
pectedly, the expression of target protein showed no
apparent change in comparison with pCR-huIL10-wt
clone (Figs. 1A and B). Because ribosomes can bind to
the 5 0-end of the growing mRNA to initiate translation
before synthesis of the mRNA is completed, and the
steady-state transcription level reflects the results of both
RNA synthesis and degradation in prokaryocytes, we fur-
ther examined the transcription status in these expression
clones by RT-PCR. The results showed that no significant
differece was observed in mRNA levels between pCR-
huIL10-wt and pCR-huIL10-ILRP (Fig. 1C). Surprising-
ly, a less mRNA transcription level was obtained in
pCR-huIL10-CodonMax. Above evidence implicates that
the inhibitory factor in huIL-10 expression is most likely
due to the mRNA secondary structure, but not codon
usage.

Exposure of AUG start codon from base-paired mRNA

structure improved the huIL-10 protein expression

By inspecting the sequences of IL10-wt with Vienna
online program using thermodynamic algorithm in search
for the most energetically favored structure, a possible
long-range secondary structure spanning at ribosome-
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Fig. 1. Optimizations of codon bias had no effect on huIL-10 protein expression in E. coli. The protein expression pattern from pCR-huIL10-wt, pCR-
huIL10-ILRP, and pCR-huIL10-CodonMax transformed BL21 (DE3) strains were examined by reduced SDS–PAGE (A), or Western blot (B) with
monoclonal anti-huIL-10 antibody. The mRNA levels were detected by RT-PCR (C) with gene-specific primers after cDNA synthesis from total RNA
isolated from corresponding expression strains as indicated. The quality and quantity of total RNA used for RT-PCR were evaluated by running 5 lg total
RNA on a formaldehyde agarose gel and visualized by ethidium bromide staining (C). The BL21 strain transformed with empty vector was used as vector
controls as indicated in all the experiments.
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binding site (RBS), translation initiator AUG and the
first seven codons was predicted (Fig. 2A). The corre-
sponding pilot of free energies for each nucleotide and
the overall free energy were calculated and indicated in
Fig. 2B. To expose start AUG codon from intra-strand
structure, six silent mutations were introduced into the
first few codons of huIL10-wt (Fig. 2E) and huIL10-
ILRP, in which the single long-range secondary structure
was separated into two small stem–loops, one locating at
SD region and the second locating at the first seven
codons down stream of AUG initiator with free energy
of �3.8 and �4.7 kcal/mol, respectively (Figs. 2C and
D). The data showed that AUG initiator site-exposed
clones had significantly higher translation efficiency than
pCR-huIL10-wt clone (Fig. 3A). Photometry intensities
of each corresponding bands were then measured by
gel scanning (Fig. 3B), showing that 11-fold increase
accounts for 20% of total host cellular proteins were
achieved from both pCR-huIL10-wt5 0 and pCR-
huIL10-ILRP5 0. The specificity of the target product
was further confirmed by Western blot with monoclonal
anti-human IL-10 antibody (Fig. 3C). In contrast with
the protein level, the specific mRNAs from those clones
were also tested later and showed a equal expression
level (Fig. 5B), indicating that modifications on the
translation initiator sequence effectively improve the
translation and have no negative influence on the tran-
scription process and the stability of the mRNA.



Fig. 2. Illustration of RNA secondary structures predicted at 5 0-end of huIL10-wt and pCR-huIL10-wt5 0. The theoretical DG values of RNA secondary
structures at 5 0-end of pCR-huIL10-wt (A) and pCR-huIL10-wt5 0 (C) were calculated by Vienna RNA Secondary Structure Prediction program (http://
rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) with thermodynamic algorithm and illustrated. The energy pilot for each nucleotides that participated in the
secondary structures were also calculated and illustrated with line graph in (B) for pCR-huIL10-wt and in (D) for pCR-huIL10-wt5 0. The initiator AUG
codon and SD sequence were indicated with circles and boxes, respectively, and the nucleotides that forming base-pair in the secondary structures within
SD region were indicated with italic letters. The sequence alignment with pCR-huIL10-wt and pCR-huIL10-wt5 0 was presented in (E), where the
nucleotides with underline indicated the substitutions with synonymous codons.
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Reduction in the stability of RNA structure at 3 0-end of

mRNA led to much lower production of huIL-10 protein

We also explored the roles of the secondary structure at
3 0-end for the expression of huIL-10 in the E. coli. The
analysis with Vienna online program showed that a long-
range intra-strand RNA structure at just few nucleotides
before the terminate TAA codon was predicted total free
energy of �7.0 kcal/mol (Fig. 4). To investigate the effect
of 3 0-end of mRNA stability on the translation of huIL-
10 mRNA, eleven silent mutations were introduced by
site-directed mutagenesis. The number of nucleotides
spanned in the intra-strand structure was reduced from
40 nucleotides to 20 nucleotides and the number base-
paired nucleotides were reduced from 10 to 7, in compari-
son between pCR-huIL10-wt and pCR-huIL10-wt3 0, and
the total free energy was increased from �7.0 to
�3.3 kcal/mol. In additional, the same modifications were
also applied on pCR-huIL10-ILRP, pCR-huIL10-wt5 0,
and pCR-huIL10-ILRP5 0. The mRNA and protein expres-
sion levels were detected in all constructs containing 3 0-end
modifications. More surprisingly, the remarkable decrease
was observed in both mRNA (Fig. 5B) and protein
(Fig. 5A) expression levels, suggesting that the reduced sta-
bility of RNA structure at 3 0-end exerts a significant nega-
tive effect on protein expression.

Exposure of initiator AUG in huIFN-a mRNA intra-strand

structure also greatly improved the translation

The huIFN-a cDNA was cloned and expressed in the
same expression system as used for huIL-10. The expression
production of the wild-type huIFN-a genes was only 3.6% of
total host proteins A and C) (Fig. 7B). Analyzing the 5 0-end
of the sequence including RBS and 54 nt downstream of start
codon AUG, two stem–loops with total free energy of
�19.38 kcal/mol were predicted (Figs. 6A and C), although
the SD site was totally exposed in single strand. One of the
stem–loop was a relative long-range intra-strand structure
with 44 nt and 12 base-paired located between RBS region
and 10 codons upstream initiator AUG, this structure
was speculated the blockade element for gene translation
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Fig. 3. Exposure the initiator AUG codon from intrastrand structure increased the target protein production. The protein expression patterns from
transformed BL21 (DE3) strains with various constructs as indicated were detected with SDS–PAGE (A) and Western blot (C). The relative photometry
intensity for the total cellular proteins and the bands corresponding to the target protein in IPTG induced samples (A, lanes 2, 4, 8, and 10) were measured
by gel scanning and the percentage of target proteins in total host soluble proteins are calculated and indicated in (B). The bar graph in (B) represented the
relative fold according to the measurements of photometry intensity from corresponding bands and compared to the pCR-huIL10-wt.
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efficiency. To expose the initiator AUG codon, total 18 silent
mutations were introduced into huIFN-a (Fig. 6E). This
modification resulted in a fully exposure of AUG start codon
and a four-base-paired stem loop formed at SD region with
free energy of �4 kcal/mol and a long-range secondary
structure downstream of the AUG start codon (Figs. 6B
and D). The production of target protein in huIFNa-wt5 0

was 12-fold higher than huIFNa-wt clone and enhanced to
20% of total host proteins. The data further confirmed that
altering local secondary structure to just expose the initiator
AUG can effectively improve the translation, in despite of
the total free energy had not sharply increased.
Discussion

In this report, we describe the correlation between trans-
lation efficiency and RNA secondary structure at initiator
AUG site, which serves as a strongly negative regulator
for human protein synthesis in E. coli. Silent mutation into
the 5 0-end of mRNA based on the analysis of RNA second-
ary structure in order to just expose the start codon AUG
were confirmed to effectively promote the translation effi-
ciency in our established expression systems. It should be
noted that codon bias has been considered as the most
important factor that often causes early termination of



Fig. 4. Illustration of RNA secondary structures predicted at 3 0-end of pCR-huIL10-wt and pCR-huIL10-wt3 0. The theoretical DG values of RNA
secondary structures at 3 0-end of pCR-huIL10-wt (A) and pCR-huIL10-wt3 0 (C) were calculated by Vienna Prediction program with thermodynamic
algorithm and illustrated. The energy pilot for each nucleotides that participate in the secondary structures were also calculated and illustrated with line
graph in (B) for pCR-huIL10-wt and in (D) for pCR-huIL10-wt3 0. The terminator TAA codon was indicated with circles and boxes, respectively. The
sequence alignment with pCR-huIL10-wt and pCR-huIL10-wt3 0 was presented in (E) where the nucleotides with underline indicated the substitutions with
synonymous codons.
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translation for non-host protein synthesis [7–10]. One of
commonly employed strategies is substitution of the rare
codons to the host preferred ones [11–13]. In our study,
we functionally analyzed the rare codons of human IL-10
gene and exploited two different approaches to optimize
the rare codons, but no significant increase in huIL-10 pro-
tein expression were detected in both codon optimized con-
structs (pCR-huIL10-ILRP and pCR-huIL10-CodonMax)
(Figs. 1A and B). This result was consistent with the previ-
ously report, which showed that codon optimization led to
significantly lower expression compared to the wild-type
fungal cutinase gene [14]. Considering codon optimization
could result in the significant changes on RNA secondary
structure and the rate of RNA degradation, we further
analyzed the transcription levels in those clones and pre-
dicted the RNA secondary structure at 5 0-end or 3 0-end.
Expression levels of IL-10 mRNA were unaltered between
pCR-huIL10-wt and pCR-huIL10-ILRP transforms, but
the significantly lower levels of IL-10 transcript was detect-
ed in pCR-huIL10-CodonMax clones (Fig. 1C), suggesting
that codon optimizations did not improve huIL-10 protein
expression in E. coli. In addition, it had been predicted that
total free energy of the long-range structure between RBS
and 5 0 coding sequence was decreased to �13.32 kcal/mol
but the intra-strand structure located at AUG codon had
not altered apparently in pCR-huIL10-CodonMax clone.
Meanwhile, the total free energy at the 3 0 end of mRNA
was increased from �7.0 to �4.9 kcal/mol (data not
shown), implying that unstable RNA secondary structure
at 3 0-end eventually caused mRNA degradation. These
results highlight the important roles of 5 0- or 3 0-end sec-
ondary structure for non-host protein expression in E. coli.

Secondary structures at RBS have been found to closely
correlate with the translation efficiency, where three ele-



Fig. 5. Reduction in the stability of RNA secondary structure at 3 0-end of huIL-10 mRNA led to rapid RNA degradation. The protein expression pattern
and the level of corresponding transcripts from various constructs as indicated were evaluated by SDS–PAGE and RT-PCR with the same protocol as
described as in Fig. 1.
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ments including SD sequence, start codon AUG and the
space between SD and start codon AUG are considered
as the most important factors [15,16]. Long-range RNA
secondary structures at the RBS region have been demon-
strated the inhibitory element for translation initiation [17–
19]. However, recent studies have demonstrated that the
short stem–loops at the front or downstream region of ini-
tiator ATG codon could either enhance or reduce the pro-
tein productions [20–23], while another study found that
the short-range structure at 5 0-end of mRNA has no effect
to the translation efficiency unless its free energy is less than
�6.0 kcal/mol [24]. In our current study, the alternations
on pCR-huIL10-wt5 0 and pCR-huIL10-ILRP5 0 have
increased overall free energy of the long-range structure
from �12.5 to �4.7 kcal/mol (Fig. 2D), the translation ini-
tiator site AUG also exposed from the long-range second-
ary structure consequently. Although the base-paired
structure located at the SD site was more stable and the
paired bases were increase from 2 nucleotides to 4 nucleo-
tides in pCR-huIL10-wt5 0 clone (Figs. 2A and C), the
expression of target protein was significantly higher than
the wild-type pCR-huIL10-wt (Fig. 3B). Related to the role
of secondary structure at AUG site, Birgit Klinkert and his
colleague have found that a secondary RNA structure
encompassing the AUG initiation codon within a double-
stranded region blocks the translation of psbD mRNA
and serves as a negative regulatory determinant for the syn-
thesis of the D2 protein in chlamydomonas [25]. Similarly,
our results have implicated that exposing and reducing
the stability of secondary structure at AUG site could pos-
sesses an extended advantage for improving the translation
efficiency in E. coli and also revealed that if the overall free
energy of the secondary structure at RBS region is less than
�6.0 kcal/mol, it has no inhibitory effects on the transla-
tional efficiency. Furthermore, as the result of silent muta-
tion for the initiator AUG codon exposure, there is a
conversion from G/C-rich to A/U-rich initiation region,
which has been described previously that optimization of
the A/U-content of codons immediately downstream of
the initiation codon improve the heterologous gene expres-
sion in E. coli [26,27]. Results obtained from the expression
of human interferon-a (huIFN-a) using the same expres-
sion system further confirmed that changing the local
RNA secondary structure at initiator AUG codon could
effectively stimulate the translation of target gene (Fig. 7).

Additionally, bioinformatic inspection of the 3 0-end of
huIL-10 mRNA in pCR-huIL10-CodonMax clone shows
a decreased thermodynamic stability, which appears the
major cause for much lower transcription of huIL-10
mRNA than wild-type. To confirm our speculation, similar
unstable secondary structure as pCR-huIL10-CodonMax
was obtained by introducing eleven silent mutations into
3 0-end of huIL-10 gene. Moreover, those point mutations
were also introduced into pCR-huIL-10-wt5 0 and pCR-
huIL10-ILRP5 0, the high-level expression of huIL-10 pro-
tein clones, which will provide an answer to the question
whether such unstable secondary structure at 3 0-end con-
tributes to the poor mRNA transcription. Besides the



Fig. 6. Illustration of RNA secondary structure predicted at 5 0-end of huIFNa-wt. The theoretical DG values of RNA secondary structures at 5 0-end of
huIFNa-wt (A) and huIFNa-wt5 0 (B) were calculated by Vienna Prediction program and illustrated. The initiator AUG codon and SD sequence were
indicated with circles and boxes respectively and the nucleotides that forming base-pair in the secondary structures within SD region were indicated with
italic letters. The sequence alignment with huIFNa-wt and huIFNa-wt5 0 was presented in (C), where the nucleotides with underline indicated the
substitutions were made with synonymous codons.

76 W. Zhang et al. / Biochemical and Biophysical Research Communications 349 (2006) 69–78
decreased transcription of huIL-10 mRNA, the suppres-
sion of huIL-10 synthesis was also observed in pCR-
huIL10-wt5 03 0 and pCR-huIL10-ILRP5 03 0 clones and the
lack of protein synthesis was found in pCR-huIL10-wt3 0,
pCR-huIL10-ILRP3 0 clones (Fig. 5). Previous studies indi-
cated that stem–loop secondary structures in 3 0 UTR of
prokaryotic message apparently protect against degrada-
tion by the exonucleases RNase II and PNPase [28–30].
All these accumulated data implied that long-range second-
ary structure of 3 0-end mRNA is a critical factor to main-
tain the thermodynamic stability, on the contrary, such
long-range secondary structure at 5 0-end, particularly at
AUG start site, remarkably suppressed the translation of
non-host protein in E. coli.

In conclusion, different from the mammalian cells,
the transcription and translation are tightly coupled in



Fig. 7. Exposure of AUG start codon from base-paired mRNA structure improved protein production of recombinant huIFN-a in E. coli. The protein
expression patterns from transformed BL21 (DE3) strains with pCR-huIFNa-wt and pCR-huIFNa-wt5 0 are detected with the SDS–PAGE (A) and the
relative photometry intensity for the total cellular proteins and the target bands in IPTG induced samples (A, lanes 4 and 6) were measured by gel scanning
as same as in Fig. 1 and indicated in (B). The bar graph in (B) represented the relative fold inductions according to the photometry intensity from
corresponding bands as indicated and compared to the photometry intensity of the target band in pCR-huIFNa-wt.
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E. coli. RNA folding seems formed only partially but not
necessarily in full length, particularly for 5 0-end where
both transcription and translation initiate. Thus, search-
ing only a partial of 5 0 sequences including 5 0-UTR
and 20–50 nt downstream of initial codon AUG for sec-
ondary structure analysis instead of a full length coding
sequence might be more reliable to reflect the in vivo sit-
uation. Furthermore, the strategy of optimization of a
partial RNA secondary structure at initiator AUG site
that we have used in this study can be suggestive as a
general approach for the expression of high-level homol-
ogous protein in E. coli.
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