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The 5= terminal nucleotide sequence of a gene is often a bottleneck in recombinant protein production. The ifn-�2bS gene is
poorly expressed in Escherichia coli unless a translocation signal sequence (pelB) is fused to the 5= end of the gene. A combined
in silico and in vivo analysis reported here further indicates that the ifn-�2bS 5= coding sequence is suboptimal for efficient gene
expression. ifn-�2bS therefore presents a suitable model gene for describing properties of 5= fusions promoting expression. We
show that short DNA sequences corresponding to the 5= end of the highly expressed celB gene, whose protein product is cytoso-
lic, can functionally replace pelB as a 5= fusion partner for efficient ifn-�2bS expression. celB fusions of various lengths (corre-
sponding to a minimum of 8 codons) led to more than 7- and 60-fold stimulation of expression at the transcript and protein lev-
els, respectively. Moreover, the presence of a celB-based fusion partner was found to moderately reduce the decay rate of the
corresponding transcript. The 5= fusions thus appear to act by enhancing translation, and bound ribosomes may accordingly
contribute to increased mRNA stability and reduced mRNA decay. However, other effects, such as altered protein stability, can-
not be excluded. We also developed an experimental protocol that enabled us to identify improved variants of the celB fusion,
and one of these (celBD11) could be used to additionally increase ifn-�2bS expression more than 4-fold at the protein level. Inter-
estingly, celBD11 also stimulated greater protein production of three other medically important human genes than the wild-type
celB fragment.

The current availability of strong and well-characterized pro-
moter systems practically guarantees sufficient transcript

amounts for production of recombinant proteins, provided that
downstream expression processes are effective. However, this is
frequently not the case (1, 2). A central control point in expression
of bacterial genes is the transcript’s 5= terminal end that contains
the start codon, which defines both the start of translation and the
reading frame, and the Shine-Dalgarno (SD) sequence within the
5= untranslated region (5=-UTR), which facilitates 16S rRNA-spe-
cific ribosome binding (3). The encompassing ribosomal binding
site (RBS) is usually defined as a segment of mRNA sterically pro-
tected by the ribosome against RNase digestion and consists of
about 15 to 25 nucleotides on each side of the start codon (4, 5).

Multiple lines of evidence have suggested that structural fea-
tures of the RBS quantitatively control the efficiency of translation
by modulating ribosome binding (6–9). Although less has been
published about sequence structural features in the 5= coding re-
gion than those in the 5=-UTR, several studies have directly or
indirectly implicated the importance of folding free energy at the
beginning of a coding sequence (10–12) and documented the in-
terplay between the SD, the initiation codon, and the 5= coding
region in translation initiation (13–16). In addition to the role in
translation initiation, structural features such as stable 5=-termi-
nal stem-loops strongly affect half-lives of bacterial mRNAs (17–
19) by facilitating protection from RNase E-mediated degradation
in Escherichia coli (20, 21). Also, ribosome binding to the RBS
typically appears to protect mRNAs from RNase attack (22, 23),
although such protection does not always lead to more protein
product (24, 25). A dual function of the ribosomal protein S1
represents a possible link between translation and mRNA degra-
dation in controlling gene expression. This essential mRNA bind-

ing protein has been described to have a role in the control of both
translation and mRNA stability, presumably due to an overlap of
its binding site with the RNase E cleavage sites upstream of the SD
sequence (26–29).

We previously showed that the codon-optimized ifn-�2bS

gene, encoding the medically important cytokine alpha interferon
2b (IFN-�2b), is poorly expressed in E. coli, unless a translocation
signal sequence like pelB is used as its 5= fusion partner (30). The
use of the strong Pm promoter (30–32) should ensure that suffi-
cient amounts of transcripts are produced, an assumption that is
in agreement with our recent finding that relatively high levels of
ifn-a2bS transcript can be reached also in the absence of the pelB
signal sequence (33). The pelB fusion partner is therefore likely
involved in the stimulation of processes downstream of transcrip-
tion and not transcription per se. Generally, short translocation
signal sequences have previously been shown to have a high pos-
itive impact on the expression level (34–36), but it is not clear to
what extent the translocation process itself is involved in this stim-
ulation.

By using ifn-�2bS as a model, we here report an investigation of
the importance of the length of the fusion partner and to what
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extent translocation is required to achieve high protein produc-
tion levels. We also developed a procedure for identification of
improved fusion partners via random mutagenesis of an oligonu-
cleotide sequence that does not represent a translocation signal.
The results demonstrate that such improved variant sequences
can be identified, and by using a selected example, we also show
that it quite significantly stimulated the expression of all tested
target genes.

MATERIALS AND METHODS
Biological materials, DNA manipulation, and growth conditions. Stan-
dard DNA manipulations, E. coli cultivation, and basic expression studies
were performed as described previously (37). Kanamycin (50 mg/liter) or
ampicillin (200 mg/liter) was added as the selection marker when appro-
priate. For expression experiments, induction of the XylS-Pm system was
done by adding m-toluic acid to a final concentration of 0.5 mM. E. coli
strains and plasmids used in this study are listed in Table 1. Custom PCR
primers and oligonucleotides (see Table S1 in the supplemental material)
were supplied by Eurofins MWG Operon or Sigma-Aldrich Co. Spiked

oligonucleotide mixtures used for combinatorial library construction
were supplied by MedProbe AS. DNA sequencing was performed by Eu-
rofins MWG Operon.

Vector construction. The construction of pIFN30Sy_X vectors (X �
01, 03, 09, 54, 74, 75, 81, 82, 88, 98; X denotes the corresponding ifn-�2bS

synonymous variant) was based on the pIFN30S plasmid. The DNA frag-
ment containing the ifn-�2bS gene was in each case PCR amplified by
using pIFN30S plasmid DNA and one of 10 variant primer pairs of INF-
Sy_X.F and TMB8goi.R. Specific synonymous mutations in the ifn-�2bS

5= coding sequence were always introduced by the forward primer (INF-
Sy_X.F). The resulting PCR products were NdeI-NotI digested and in-
serted into the corresponding sites of pIFN30S, replacing the original
501-bp fragment with the ifn-�2bS DNA sequence.

pIFNcelBN vectors (N � 3, 5, 6, 7, 8, 10, 15, 20, 23, 25, 30, or 38; N
denotes the number of codons) were made by replacing the 60-bp NdeI-
NcoI fragment in pIFN30SpelB, containing the pelB sequence, with an-
nealed oligonucleotides corresponding to the 5= terminal end of the celB
gene. pIFNcelB69 was constructed by PCR amplification of the first 69
codons of celB, using the pLB11 vector as the DNA template (primer pair

TABLE 1 Bacterial strains and plasmids

Strain or plasmid Descriptiona Reference/source

E. coli strains
DH5� General cloning and expression host Bethesda Research

Laboratories
RV308 Production strain ATCC 31608

Plasmids
pIFN30S RK2-based vector expressing the IFN-�2bS–c-Myc–His6 fusion protein from the XylS-Pm expression

cassette; Apr; 8.8 kb
30

pIFN30SpelB RK2-based vector expressing the PelB–IFN-�2bS–c-Myc–His6 fusion protein from the XylS-Pm expression
cassette; Apr; 8.9 kb

30

pLB11 RK2-based expression vector containing the XylS-Pm promoter system and celB as a reporter gene for Pm;
Kmr; 9.0 kb

37

pIFN30Seq_X pIFN30S derivatives containing ifn-�2bS synonymous variants; X corresponds to seq_01, seq_03 seq_09,
seq_74, seq_75, seq_81, or seq_98

This study

pIFNcelBN pIFN30SpelB derivative where the pelB signal sequence was exchanged with various celB fragments, N � 3,
5, 6, 7, 8, 9, 10, 15, 20, 23, 25, 30, 38, or 69; N denotes no. of codons of a fusion partner

This study

pGM29 RK2-based vector expressing the GM-CSF–c-Myc–His6 fusion protein from the XylS-Pm expression
cassette; Apr; 8.7 kb

30

pGM29ompA RK2-based vector expressing the OmpA–GM-CSF–c-Myc–His6 fusion protein from the XylS-Pm
expression cassette; Apr; 8.8 kb

30

pGM29celB23 pGM29ompA derivative where the ompA signal sequence was exchanged with the celB23 fragment This study
pMA-T-G-CSF pMA vector (GeneArt; Invitrogen) with the g-csf insert, provided by Vectron Biosolutions; Apr; 3.0 kb Unpublished
pMA-T-TNF-�1a pMA vector (GeneArt; Invitrogen) with the tnf-�1a insert, provided by Vectron Biosolutions; Apr; 3.0 kb Unpublished
pG-CSFNF Derivative of pIFN30S expressing G-CSF–c-Myc–His6 fusion protein from the XylS-Pm expression cassette;

Apr; 8.9 kb
This study

pG-CSFcelB23 Derivative of pIFNcelB23 expressing the CelB23–G-CSF–c-Myc–His6 fusion protein from the XylS-Pm
expression cassette; Apr; 9.0 kb

This study

pTNFNF Derivative of pIFN30S expressing the TNF-�1a–c-Myc–His6 fusion protein from the XylS-Pm expression
cassette; Apr; 8.8 kb

This study

pTNFcelB23 Derivative of pIFNcelB23 expressing the CelB23–TNF-�1a–c-Myc–His6 fusion protein from the XylS-Pm
expression cassette; Apr; 8.9 kb

This study

pBSP1bla RK2-based expression vector containing the XylS-Pm promoter system and bla as a reporter gene;
Kmr; 9.5 kb

40

pJN100 Conjugative shuttle expression vector with the pANT1202-derived SnpR (LysR-like protein)-activated snpA
promoter; Arr; 6.5 kb

49

pVK61 pBSP1 derivative in which the bla reporter gene was replaced by the aac(3)-IV gene; Kmr; 7.9 kb This study
pVK65 pVK61 derivative with introduced NcoI site at the 5= terminal of the aac(3)-IV gene; Kmr; 7.9 kb This study
pARcelB23 Derivative of pVK65 expressing the celB23–aac(3)-IV fusion gene; Kmr; 8.0 kb This study
pARcelBD11 Derivative of pARcelB23 in which the NdeI-NcoI fragment encoding celB23 was replaced by oligonucleotides

encoding the D11 mutant; Kmr; 8.0 kb
This study

a Apr, ampicillin resistance; Kmr, kanamycin resistance; Arr, apramycin resistance.
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PmUTR.F and celB69NcoI.R). The resulting DNA fragment was digested
with NdeI and NcoI and ligated into the corresponding sites of
pIFN30SpelB. Vector pGM29celB23 was constructed in an analogous way,
by replacing the 69-bp NdeI-NcoI fragment from pGM29ompA, contain-
ing the ompA sequence, with annealed oligonucleotides corresponding to
the first 23 codons of celB.

Plasmids pG-CSFNF and pTNFNF are pIFN30S derivatives constructed
by exchanging the NcoI-NotI fragment that encodes ifn-�2bS by the cod-
ing regions of g-csfS and tnf-�1aS genes, respectively. The DNA fragments
encoding g-csfS and tnf-�1aS were generated by NdeI-NotI digestion of
pMA-T-G-CSF and pMA-T-TNF-�1a plasmids, respectively. For con-
struction of the pG-CSFcelB23 and pTNFcelB23 vectors, the g-csfS and
tnf-�1aS coding regions were PCR amplified from plasmid pMA-T-G-
CSF and pMA-T-TNF-�1a, respectively, by using the primer pairs G-
CSF–NcoI.F/VectronGOI.R and TNF-NcoI.F/VectronGOI.R, respec-
tively. The resulting DNA fragments were digested with NcoI and NotI
and ligated into corresponding sites of the pIFNcelB23 plasmid, replacing
the ifn-�2bS coding region.

The plasmid pARcelB23, used for construction of the celB23 mutant
library, was based on the vector pBPS1bla. In order to introduce an NcoI
site at the beginning of the aac(3)-IV gene, aac(3)-IV was PCR amplified
with the primer pair accNcoI.F and acc3IV.R from pJN100. The resulting
PCR product was NdeI-EcoRI digested and introduced into the corre-
sponding sites of pBPS1bla, replacing the bla coding region and generat-
ing plasmid pVK65. The DNA sequence corresponding to celB23 was in-
troduced as annealed oligonucleotides into the NdeI-NcoI site of pVK65
generating the pARcelB23 vector. Plasmid pARcelBD11 was generated by
replacing the NdeI-NcoI fragment containing the celB23 sequence in
pARcelB23 with the D11 variant sequence as annealed oligonucleotides.
Vectors pIFNcelBD11, pGM29celBD11, pG-CSFcelBD11, and pTNFcelBD11

were created in an analogous way from plasmid pIFNcelB23,
pGM29celB23, pG-CSFcelB23, and pTNFcelB23, respectively.

Construction and screening of the combinatorial library in the
celB23 fragment. A strategy involving doped synthetic oligonucleotides
was used for introducing random mutations in the celB23 sequence, sim-
ilarly to the protocol previously described for the Pm promoter and the
5=-UTR region (38, 39). Synthetic oligonucleotides were designed to con-
stitute a double-stranded DNA fragment with NdeI- and NcoI-compati-
ble ends when annealed for subsequent easy cloning into the pARcelB23

vector. Four different nucleotide mixtures, shown in the oligonucleotide
sequences by the numbers 1 to 4, were used to synthesize doped oligonu-
cleotide mixtures. The probability of keeping the original base in each
position was set to 79%, and the other accepted bases were introduced at
equal frequencies. The mixtures used were the following: 1: 79% A, 7% C,
7% G, 7% T; 2: 7% A, 79% C, 7% G, 7% T; 3: 7% A, 7% C, 79% G, 7% T;
4: 7% A, 7% C, 7% G, 79% T. A randomized celBR library was generated by
replacing the original celB23 sequence with an oligonucleotide mixture
defined by 5=-TATG222132141132221444322332113223342314223
3122342443421141423123222433C-3=. The noncoding strand was kept
complementary to the original celB23 sequence (5=-CATGGCCAGGGCG
TCGATATTGACAAGACGGTCCGGATCGACCGGCTTGCCGGCAA
ATGGGCTTATGCTGGGCA-3=). The oligonucleotides were annealed as
described before (40) and ligated into the NdeI-NcoI-digested and calf
intestinal alkaline phosphatase-treated plasmid pARcelB23. The ligation
mixture was transferred into DH5� using kanamycin as selection. Ap-
proximately 150,000 transformants were mixed to constitute the library.

Screening for variant celB sequences resulting in increased apramycin
tolerance levels of the host cells was performed essentially as previously
described (40), except that apramycin was used for selection instead of
ampicillin.

Measurements of mRNA decay by inducer washout and qRT-PCR
analysis. Recombinant cultures were grown and induced as described
above in biological materials, DNA manipulation, and growth conditions.
After 90 min of continuous growth (30°C, 200 rpm), the cultures were
concentrated by rapid filtration through a Millipore EZ-Pak membrane

filter (Millipore) with the use of a vacuum pump. The filter with harvested
cells was washed with 10 ml of phosphate-buffered saline (137 mmol/liter
NaCl, 2.7 mmol/liter KCl, 8.1 mmol/liter Na2HPO4 · 2H2O, 1.76 mmol/
liter KH2PO4 [pH 7.4]), and the cells were resuspended in fresh 30°C
prewarmed LB medium without inducer. The culture growth was main-
tained for another 10 to 30 min. Samples for quantitative reverse tran-
scription-PCR (qRT-PCR) analysis were collected directly after filter
transfer and cell resuspension and at several time points after transfer.
Immediately after collection, each sample was treated with the stabilizing
RNAprotect cell reagent (Qiagen). Total RNA isolation, cDNA prepara-
tion, and qRT-PCR were performed as described previously (38). Oligo-
nucleotides used for transcript quantification were the previously used
qRT-PCR primers for ifn-�2bS and gm-csf (33), the APR69-263F/APR69-
327R primer pair [the acc(3)-IV gene], and the primer pair used to am-
plify a fragment from the 16S rRNA gene that was applied as a normalizer
(38). All experiments were repeated at least twice, and measurements
were carried out with a minimum of three technical replicates. Com-
putational estimation of relative decay rates was performed as de-
scribed in reference 33.

Quantification of recombinant proteins by SDS-PAGE/Western
blot analysis. For analysis of recombinant protein production levels, ex-
ponentially growing cells were induced with m-toluic acid as described
above, and cell growth was continued for 5 h. Qualitative detection of
recombinant proteins was performed by using SDS-PAGE and Western
blotting essentially as previously described (41), except that direct detec-
tion with HisProbe-horseradish peroxidase (HRP) (Thermo Scientific)
was applied for His-tagged proteins. Crude extracts were prepared by
sonication four times each for 90 s, with 30-s cooling periods (Branson
sonifier, 30% duty control, 3 output control). Total protein concentration
was determined with the Bio-Rad detergent-compatible protein assay
(Bio-Rad Laboratories, Hercules, CA, USA) as described by the manufac-
turers, and the maximum protein concentration of a sample of cell lysate
was �20 to 25 �g/�l. The maximum volume of a protein gel well was 15
�l, making the maximum capacity of a protein gel well �300 to 375 �g.
Signals were developed by using Pierce ECL Western blot substrate for
chemiluminescent detection according to the manufacturer’s instruc-
tions. Chemiluminescence was detected by the ChemiDoc XRS imaging
system and analyzed by Image Lab 4.0 software (Bio-Rad Laboratories.)

Construction of the in silico library of ifn-�2bS and bioinformatic
sequence analysis and in silico analysis of 5= fusion sequences. The com-
binatorial library of synonymous ifn-�2bS sequence variants was created
with the use of the Python programming tool by allowing all possible
synonymous codon substitutions except for very rare codons (less than
5% frequency of usage) in the first eight codons after the ATG start site.
Each synonymous variant was subsequently ranked with respect to (i) the
sum of the codon usage frequency in the eight variable codons (defined as
the codon usage index) and (ii) the free folding energy of the �32 to �30
region (where �1 corresponds to the A of the ATG translation initiation
codon). The �32 to �1 region is the Pm promoter-associated 5=-UTR
(sequence shown in reference 39), and the �1 to �30 region represents
the first 10 codons of the gene coding sequence. Codon usage frequencies
were calculated from coding regions of all genes in the E. coli K-12 genome
obtained from the Ensembl project databases (http://www.ensembl.org).
To calculate the free folding energies, we used the hybrid-ss-min program
from the UNAfold package (42). Predictions of translation initiation rates
were carried out as previously described (37) by the reverse engineering
tool of the RBS calculator (43).

In order to characterize the nature of 5= terminal sequences, the trans-
lated sequence of ifn-�2bS or the celB-based fusion/pelB signal sequence
added to the 5= terminal of the ifn-�2bS gene was submitted to the SignalP
4.0 server (http://www.cbs.dtu.dk/services/SignalP/) (44), which predicts
the presence and location of signal peptide cleavage sites in amino acid
sequences. The predicted discrimination score (D-score) was used to dis-
criminate signal peptides from nonsignal peptides. The PelB–IFN-�2b
protein served as a positive control (D-score, 0.881), the IFN-�2b protein
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served as a negative control (D-score, 0.157), the default cutoff value
discriminating a signal peptide from a nonsignal peptide was 0.570, and
the D-scores of fusion proteins CelB23–IFN-�2b and CelBD11–IFN-�2b
were predicted to be 0.109 and 0.180, respectively.

RESULTS AND DISCUSSION
Rationally designed synonymous variants of the ifn-�2bS 5=
coding sequence can lead to strong stimulation of transcript ac-
cumulation without a corresponding increase in protein pro-
duction. To test whether predictions based on bioinformatics
analyses could be used to achieve high-level expression of ifn-�2bS

without interfering with the native amino acid sequence, a proce-
dure involving three steps was used. First, we generated in silico a
combinatorial synonymous library of the first 9 codons of ifn-
�2bS that after exclusion of very rare codons represented 83.3% of
all possible combinations of synonymous codon substitutions (see
Materials and Methods). Next, the resulting 7,680 sequences were
bioinformatically sorted with respect to minimum folding free
energy and codon usage of the 5= region (Fig. 1). A few common
characteristics, such as an unstructured mRNA sequence near the
RBS and frequent occurrence of rare codons at the 5= end, have
been suggested to positively influence translation (10, 45). We,
therefore, as the last step, selected several ifn-�2bS sequence vari-
ants with either the highest folding free energy (seq_09, seq_74,
seq_81, seq_98) or a low codon usage index (see Materials and

Methods) of the 5= end (seq_01, seq_03, seq_75) and then analyzed
ifn-�2bS expression for all these in vivo. The corresponding ex-
pression constructs pIFN30Seq_X (Table 1), together with the
wild-type plasmid pIFN30S and positive-control pIFN30SpelB,
were established in E. coli DH5� and used for determination of
both mRNA (qRT-PCR) and protein levels (Western blotting).
The results showed that none of the variants led to a stimulation of
protein production that was sufficient for detection. Moreover, as
deduced from the amount of total cell protein needed for obtain-
ing a visible detection pattern on a Western blot (Table 2), the
protein production levels of ifn-�2bS synonymous variants (and
the wild type) were at least 60-fold lower than for the plasmid
construct in which the ifn-�2bS gene starts with the in-frame fu-
sion partner pelB.

Interestingly, four out of seven ifn-�2bS synonymous variants
resulted in much higher levels of accumulated transcripts (over
8-fold, see seq_98) than the original gene. The three variants gen-
erating the most transcripts (seq_01, seq_75, seq_98) also per-
formed similarly to or even better than the pelB–ifn-�2bS fusion,
with respect to the amounts of transcript generated (Table 2). It is
in itself intriguing that variants at the 5= end of the coding se-
quence can lead to such a strong stimulation at the transcript level,
which in principle could be caused by enhanced mRNA stability,
by increased rate of transcription, or by a combination of both.

FIG 1 In silico combinatorial library of the 5= coding sequence of ifn-�2bS plotted as a function of minimum free folding energy and the codon usage index
(defined as a sum of frequencies of synonymous codon usage in E. coli). Sequences that have been experimentally characterized are marked with arrows. ifn-�2bS,
original gene (30); seq_01 to seq_98, selected synonymous variants for expression studies. Expression of none of the tested ifn-�2bS synonymous variants could
be detected at the protein level, although some variants (indicated in dark-shaded boxes) could increase the transcript levels around 8-fold compared to that of
ifn-�2bS.
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Protection of mRNA from degradation by improved ribosome
binding and/or translation has been described (22, 23), but in this
case it seems less likely since protein production was still very
inefficient. We could not rule out that the amount of protein
produced from this particular gene under the conditions used is
not solely limited by the amount of transcript but might be also
affected by some sequence features negatively influencing pro-
cesses downstream of transcription.

The results reported above indicate that bioinformatics predic-
tions can give an indication of the limiting steps in bacterial gene
expression. In a search for variants of the ifn-�2bS 5= coding se-
quence that would result in an expression level comparable to or
higher than that obtained by a pelB–ifn-�2bS fusion, a physical
library which statistically corresponds to the one generated in
silico could in principle have been generated and screened. How-
ever, such an approach would require a very laborious screening
program, and we therefore instead focused on analyzing the na-
ture of 5= fusion partners that are able to stimulate expression at
the protein level.

A nonsignal sequence leads to stimulation of ifn-�2bS ex-
pression when used as the 5= terminal fusion partner. The trans-
location function of the PelB peptide could potentially be impor-
tant for efficient protein production, as also other translocation
signals, such as OmpA and consensus signal peptide (CSP), have
been described to stimulate expression levels of recombinant pro-
teins (41, 46). To indirectly analyze the role of protein transloca-
tion in ifn-�2bS expression, we substituted the pelB signal with the

5= part of the celB gene (length similar to that of pelB), whose
protein product (phosphoglucomutase) is cytoplasmic (47). We
further confirmed by the SignalP prediction tool (44) that the celB
5= terminal does not have properties of a signal sequence (see
Materials and Methods). Another reason for selecting this partic-
ular gene is that it has been previously shown to be very efficiently
expressed from the XylS-Pm system (31). An initial test showed
that such a fusion improves protein production of ifn-�2bS to a
similar extent as pelB (data not shown), suggesting that transloca-
tion is not required for ifn-�2bS expression. We therefore contin-
ued with a more systematic analysis of several variant celB-based
5= fusion partners.

Initially, we explored to what extent the length of a celB-based
fusion influences ifn-�2bS expression at the protein level. This was
done by constructing 13 different plasmid constructs expressing
different celBN–ifn-�2bS fusions, in which N (3, 5, 6, 7, 8, 10, 15,
20, 23, 25, 30, 38 and 69) denotes the number of codons from celB.
Determination of the protein production levels in the correspond-
ing DH� strains showed that 5= celB fusions have to include a
minimum of 8 codons to lead to detectable protein production
(Fig. 2). For sequences longer than 8 codons, the protein levels
appeared to be positively correlated with fusion partner length of
up to 20 to 25 codons. An exception from this expression pattern
was observed for the celB fusion of 10 codons that was less efficient
than any other celB fusion longer than 8 codons. The reason for
this is unknown, but it illustrates how minor differences in the 5=
coding region can have a strong effect on the gene expression level.

TABLE 2 5= Coding sequence characteristics together with corresponding transcript and protein levels for 8 synonymous codon variants of the ifn-
�2bS gene, when expressed from the XylS-Pm system in the DH5� strain

Gene name mRNA coding sequence Transcript levela
IFN-�2b protein
detectionb

ifn-�2bS ATGTGCGATCTGCCGCAGACCCATAGC 1.01 � 0.12 BDL
seq_01 .....T..C..T..C..A..A..CTCA 6.81 � 1.72 BDL
seq_03 .....T..CT....C..A..A..CTCA 4.74 � 0.35 BDL
seq_09 ........C..T..C..A.....CTCA 1.25 � 0.10 BDL
seq_74 ........C..T..C..A..A..CTCA 2.11 � 0.29 BDL
seq_75 .....T..CT.A..A..A..A..CTCA 7.27 � 0.78 BDL
seq_81 ........C.....C..A......... 0.88 � 0.18 BDL
seq_98 .........T.A..C..A.....CTCA 8.19 � 1.91 BDL
pelBc ATGAAATACCTATTGCCTACGGCAGCC 6.07 � 0.87 1–5 �g
a All values are relative to the ifn-�2bS transcript level, which is arbitrarily set to 1.
b Limits of Western blot detection when total cell protein was used as the sample. BDL, below detection limit (�300 �g). One to five micrograms of total protein was sufficient to
detect the PelB–IFN-�2b fusion protein by Western blotting (see Fig. 5), while using the maximum capacity of a protein gel (300 �g) was not sufficient to detect the protein
production of any of the ifn-�2bS gene variants.
c The pelB-ifn-�2bS fusion served as a positive control in the expression experiments.

FIG 2 Expression of celBN–ifn-�2bS (N � 8, 10, 15, 20, 23, 25, 30, 38, or 69 codons) fusion genes at the protein level, as determined by SDS-PAGE/Western blot
analysis of corresponding E. coli DH5 cell extracts. HisProbe-HRP was used for specific detection of the fusion proteins. The same amount of total protein (50
�g) was loaded in all wells. There was no detectable protein when the ifn-�2bS gene was expressed without a fusion partner and when celB fusions were shorter
than 8 codons. The IFN-�2b production level when the pelB sequence is used is shown in the rightmost column. The size of the IFN-�2b– c-Myc–His6 protein
complex is 22.4 kDa, the size of PelB–IFN-�2b– c-Myc–His6 is 24.4 kDa, and for CelBN–IFN-�2b– c-Myc–His6 it varies between 23.3 kDa (N � 8 amino acids)
and 29.9 kDa (N � 69 amino acids).
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All celB-based fusions longer than 20 codons also seemed to func-
tion equally well as pelB, meaning that ifn-�2bS expression at the
protein level is again at least 60-fold better with the 5= celB fusion
partner than without it. In conclusion, besides being independent
of translocation, the celB-based 5= fusion partner can strongly
stimulate protein production of the ifn-�2bS model gene, with the
corresponding levels varying significantly over a certain threshold
value (represented here by the 5= fusion length of 8 codons).

celB-based 5= fusion partners increase ifn-�2bS transcript
levels more than 7-fold and also lead to more stable mRNA. As

presented in Table 2, the transcript amounts of pelB–ifn-�2bS are
enhanced about 6-fold (compared to those of ifn-�2bS), but in
contrast to the synonymous variants of ifn-�2bS, this increase is
associated with a much stronger effect at the protein level. A cor-
responding analysis of the transcript amounts produced from 11
different celBN–ifn-�2bS variants showed an increase in transcript
accumulation from around 5- to 7-fold for 5= celB fusions con-
taining from 8 to 69 codons (Table 3). Shorter celB-based se-
quences of 3 and 5 codons did not lead to more transcripts, con-
sistent with what was also observed at the protein levels (Fig. 2).
However, the observed increase in transcript amounts did not
directly reflect the multifold stimulation at the protein levels dis-
played by celB fusions longer than 8 codons.

Unlike the synonymous mutations in the ifn-�2bS sequence,
the DNA sequences of the celB-based 5= fusions appear to stimu-
late both transcript accumulation and downstream processes, ul-
timately resulting in high-level protein production. The stimula-
tion at the level of transcripts may potentially be an indirect effect
of improved translation by possibly protecting the transcripts
from degradation. To experimentally test this idea, a newly devel-
oped noninvasive technique for monitoring mRNA stability,
based on washout of the transcriptional inducer (33), was em-
ployed, using strains DH5�(pIFNcelB25) and DH5�(pIFN30S)
(Fig. 3). Subsequent mathematical fitting (developed together
with the inducer washout method) estimated the decay rates of
ifn-�2bS and celB25–ifn-�2bS mRNAs to be 0.32 (95% confidence
interval [CI] � 0.26 to 0.38) and 0.17 (95% CI � 0.13 to 0.20),
respectively. Even though this difference appears to be significant,

TABLE 3 Transcript amounts for celBN–ifn-�2bS fusions when
expressed from the XylS-Pm system in corresponding DH5� strains

Fusion partner for ifn-�2bS Transcript levela

No fusion 1.00 � 0.17
celB3 0.87 � 0.09
celB5 1.22 � 0.16
celB8 5.75 � 1.54
celB10 4.65 � 0.39
celB15 5.60 � 1.19
celB20 5.54 � 0.38
celB23 7.56 � 1.37
celB25 7.66 � 0.93
celB30 6.69 � 1.45
celB38 5.71 � 0.86
celB69 5.07 � 1.23
a All values are relative to the ifn-�2bS transcript level (no fusion), which is arbitrarily
set to 1.

FIG 3 Determination of transcript decay kinetics by the inducer washout method in DH5� cells (see Materials and Methods for details); both ifn-a2bS and
celB25–ifn-a2bS transcript amounts at time point 0 are arbitrarily set to 1 in order to discriminate transcript decay rates. Error bars show the deviation
between two biological recurrences. The figure plotted in the upper right corner represents the same data, only in this case all transcript amounts are
relative to the ifn-a2bS transcript amount at time zero, arbitrarily set to one. Solid lines represent the best fit to the data, calculated according to the
methodology described in reference 33. RQ, relative quantification; au, arbitrary units.
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it can hardly alone explain the multifold expression differences
observed at the protein level. Therefore, the use of 5= fusion part-
ners presumably modulates translation of ifn-�2bS, while the im-
proved mRNA stability can be a secondary effect of the improved
translation. The increase in accumulated transcripts is then a con-
sequence of this stabilization, although some effect on transcrip-
tion as well as stabilization of the fusion transcript per se cannot be
excluded. In addition, the fusion might also act through enhanc-
ing the protein stability by modulating the N-end rule proteolytic
pathway (48).

Development of a selection system for direct identification of
5= fusion partners optimized for high-level protein production.
Generation and selection of mutant libraries of short nucleotide
sequences have been established as an effective approach to iden-
tify variants that improve recombinant gene expression, as de-
scribed previously for the Pm promoter, its UTR, and the CSP
translocation signal sequence (38–40). All of these previous stud-
ies used the bla gene (encoding 	-lactamase) as a powerful screen-
ing tool that can report the expression levels through the corre-
sponding ampicillin tolerance levels of the host cells. 	-Lactamase
is translocated into the periplasm, and the enzyme is providing
host resistance/tolerance only if export takes place. In a search for
candidate genes that could be used as reporters decoupled from a
translocation process, we found that the apramycin resistance
gene [aac(3)-IV; encoding cytoplasmic aminoglycoside-(3)-
acetyltransferase IV] might be a good choice.

One requirement of this approach is that the AAC(3)-IV pro-
tein, with a celB fusion partner at the N-terminal end, retains its
enzymatic activity. This was tested with 11 5= fusion partners of
various lengths (containing 3, 5, 8, 10, 15, 20, 23, 25, 30, 38, or 69
codons from the 5= end of celB). The corresponding DNA se-
quences were fused in frame to aac(3)-IV under the control of Pm,
and the resulting apramycin tolerance levels of the host cells
were determined. The tolerance was found to increase with the
length of the celB fusion, differing up to 10-fold between
DH5�(pARcelB3) and DH5�(pARcelB69), under induced condi-
tions (50 �M m-toluate). The strain displaying the highest apra-
mycin tolerance under induced conditions while keeping low
background when uninduced (induction ratio of 10) was found to
be DH5�(pARcelB23).

To establish whether apramycin tolerance levels of DH5�
(pARcelB23) display a proportional response to a change in the
expression level of the aac(3)-IV reporter, DH5�(pARcelB23) cells
were plated on solid medium supplemented with increasing
amounts of inducer (0 to 2,000 �M). In this way, only transcrip-
tional stimulation through the XylS-Pm system, which displays a
continuous response to various inducer concentrations (44), was
expected to occur. The result showed that the apramycin tolerance
of the host increased as a growing function of the inducer concen-
tration and therefore confirmed a direct relationship between an-
tibiotic tolerance of the host and the corresponding reporter gene
expression (Fig. 4). Based on this result, we considered the apra-
mycin-based selection system competent for identifying se-
quence-optimized 5= fusion partners that can be used to promote
recombinant protein production.

Additionally, up to 4-fold stimulation of protein production
of ifn-�2bS can be achieved by an optimized 5= celB fusion. A
library of randomized DNA sequences based on celB23 was gener-
ated by doped oligonucleotide mutagenesis, allowing all the rele-
vant bases to vary. Screening of this library [termed celBR-aac(3)-

IV] led to identification of 26 candidates with up to a 20-fold
increase in apramycin tolerance of the host (selection of 14 se-
quences, which conferred the highest apramycin tolerance to the
host cell, is shown in Table 4) compared to that of the original
DH5�(pARcelB23) strain.

Among the selected celB variants, the average number of point
mutations was 5.6, and they were typically randomly distributed
throughout the celB coding region. A second codon mutation
(CCC to TCC or TCT, proline to serine) was found in 11 variants
and observed to cause a major effect in the final expression level
(see variant D20). We envisioned that the observed stimulation of
host apramycin tolerance might also in some cases be caused by
enhanced specific catalytic activity of the CelB-AAC(3)-IV fusion
protein, without being associated with higher levels of protein
production. Such improvement might be based on changes in the
sequence of the 5= fusion and/or on changes in the coding se-
quence of the reporter. Because our goal was to select a 5= fusion
variant that affects expression in general (theoretically through
changes in mRNA stability, translation, or protein stability), hy-
pothetical candidates that improve specific catalytic activity of the
reporter protein (thus acting in a protein-specific manner) would
be irrelevant in the current study. They could have been elimi-
nated by Western analysis, but relevant antibodies are unfortu-
nately not directly available. We therefore instead prescreened the
14 mutants listed in Table 4 by relative quantification of aac(3)-IV
transcript amounts, to eliminate those with potentially improved
catalytic activity. The qRT-PCR analysis showed that several fu-
sion partners led to increased transcript levels, and particularly for
celBD11, an approximate 5-fold improvement relative to that of
celB23 was observed (Table 4).

The celBD11 fusion partner was selected as the most promising
candidate and analyzed for its potential to increase protein pro-
duction of ifn-�2bS. We confirmed by the SignalP prediction tool

FIG 4 Apramycin tolerance level of DH5�(pARcelB23) presented as a log 10
function of increasing concentration of the XylS-Pm expression system in-
ducer (m-toluate). LB medium (100 �l supplemented with 50 mg/liter kana-
mycin) in a 96-well microtiter plate (Nunc) was inoculated with
DH5�(pARcelB23) cell culture and incubated at 30°C overnight. The cells were
then diluted twice by a 96-pin replicator into new microtiter plates with 100 �l
LB medium in each well and subsequently spotted onto L-agar with m-toluate
and apramycin at the concentrations indicated (�g/ml). The plates were incu-
bated at 30°C for 2 days.
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that celBD11 does not exhibit properties of a signal sequence (see
Materials and Methods). Determination of protein levels in E. coli
production strains RV308 harboring pIFNcelBD11, pIFNcelB23, or
pIFN30S plasmids showed that, compared to celB23 and pelB, the
celBD11 fusion improves ifn-�2bS expression at the protein level
about 4- and 2-fold, respectively (Fig. 5). Since pelB has been
shown to be useful for industrial-level production of the IFN-�2b
protein from XylS-Pm (30), we conclude that the selection proto-
col for improved fusion partners reported here has a significant
potential for improvement of recombinant gene expression. It
also appears likely that a more extensive screening of promising
candidates would yield even more potent candidates than celBD11.

The celBD11 fusion partner appears to have a generally posi-
tive effect on recombinant protein production. We could not
exclude that some context dependency would limit the usefulness
of the celBD11 fusion partner, and we therefore also tested its per-
formance with respect to its ability to stimulate production of
three other poorly expressed heterologous genes of human origin:
granulocyte colony-stimulating factor (G-CSF), granulocyte mac-
rophage colony-stimulating factor (GM-CSF), and tumor necro-
sis factor �1a (TNF-�1a). The protein production levels in strain
RV308 showed that celB23 by itself is very effective; for gm-csf and
g-csf, it raised the protein production level from undetectable to a
clearly visible protein band (Fig. 6). The protein level was further
increased when using the optimized celBD11, ranging from about
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FIG 5 Western blot detection of the IFN-�2b protein when the respective
gene was expressed either with pelB, celB23 (23 indicates the number of
codons), or the optimized celBD11 fusion. Expression of ifn-a2bS without any
fusion did not lead to detectable protein (IFN-�2b). The genes were expressed
in E. coli production strain RV308. Cell samples were lysed by sonication, and
the total crude cell extracts were subjected to analysis. HisProbe-HRP was used
for specific detection of the fusion proteins. For IFN-�2b proteins containing
pelB, celB23, or celBD11 fusions, dilution series of decreasing total protein
amounts were loaded; 1 corresponds to 10 �g. The size of PelB–IFN-�2b– c-
Myc–His6 is 24.4 kDa and of CelB23–IFN-�2b– c-Myc–His6 and CelBD11–IFN-
�2b– c-Myc–His6 is 24.9 kDa, while the protein complex without an N-termi-
nal fusion peptide is 22.4 kDa.

FIG 6 Characterization of gm-csf, g-csfS, and tnf-�1aS expression at the pro-
tein level by Western blotting. The gene constructs containing either the celB23

fusion partner or its optimized version, celBD11, or no 5=-terminal fusion (NF)
were expressed in E. coli RV308. Cells were lysed by sonication, and the total
crude cell extracts were subjected to analysis. HisProbe-HRP was used for specific
detection of the fusion proteins, and the same amount of total protein (50 �g) was
loaded in all wells. The size of GM-CSF–c-Myc–His6 is 17.5 kDa, of CelB23–GM-
CSF–c-Myc–His6 and CelBD11–GM-CSF–c-Myc–His6 is 20.1 kDa, of G-CSF–c-
Myc–His6 is 21.7 kDa, of CelB23–G-CSF–c-Myc–His6 and CelBD11–G-CSF–c-
Myc–His6 is 24.3 kDa, of TNF-�1a–c-Myc–His6 is 20.1 kDa, and of CelB23–TNF-
�1a–c-Myc–His6 and CelBD11–TNF-�1a–c-Myc-His6 is 22.7 kDa.
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2-fold (gm-csf and tnf-�1a) to 4-fold (g-csf) compared to the effect
of celB23.

Concluding remarks. Fusion partners commonly used to
stimulate recombinant protein production are often also protein
translocation signals, but the results reported here indicate that
translocation is not needed for the fusion partner to give rise to the
desired effect. However, the length is critical, and in the model
system used here, a minimum of eight codons were found to be
required. The study also demonstrated that a fusion partner could
simply be selected from the 5= end of a highly expressed gene
(celB), giving rise to a stimulation of expression similar to that of
the well-established pelB signal sequence, also originating from a
well-expressed gene (30). Interestingly, the celB sequence could be
further improved via random mutagenesis combined with the
strong selection method developed in this study. By introducing a
protease cleavage site allowing the fusion partner to be cleaved off
after production, the methodology described here should be ap-
plicable for the improvement of many protein production pro-
cesses. Even though the use of fusion partners seems to work for
expression of several different proteins, the underlying mecha-
nisms are not clear. The nucleotide sequence at the 5= terminus
may represent a problem for the initial steps in translation, but not
if it is moved further into the coding sequence by the 5= fusion
partner. An alternative explanation is that the proteins are ex-
tremely unstable in E. coli but are somehow protected from deg-
radation by the fusion partner.
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