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Abstract
A putative DNA glycosylase encoded by the Rv3297 gene (MtuNei2) has been identified in
Mycobacterium tuberculosis. Our efforts to express this gene in Escherichia coli either by
supplementing tRNAs for rare codons or optimizing the gene with preferred codons for E. coli
resulted in little or no expression. On the other hand, high-level expression was observed using a
bicistronic expression vector in which the target gene was translationally coupled to an upstream
leader sequence. Further comparison of the predicted mRNA secondary structures supported the
hypothesis that mRNA secondary structure(s) surrounding the translation initiation region (TIR),
rather than codon usage, played the dominant role in influencing translation efficiency, although
manipulation of codon usage or tRNA supplementation did further enhance expression in the
bicistronic vector. Addition of a cleavable N-terminal tag also facilitated gene expression in E.
coli, possibly through a similar mechanism. However, since cleavage of N-terminal tags is
determined by the amino acid at the P1′ position downstream of the protease recognition sequence
and results in the addition of an extra amino acid in front of the N-terminus of the protein, this strategy
is not particularly amenable to Fpg/Nei family DNA glycosylases which carry the catalytic proline
residue at the P1′ position and require a free N-terminus. On the other hand, the bicistronic vector
constructed here is potentially valuable particularly when expressing proteins from G/C rich
organisms and when the proteins carry proline residues at the N-terminus in their native form. Thus
the bicistronic expression system can be used to improve translation efficiency of mRNAs and
achieve high-level expression of mycobacterial genes in E. coli.
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Introduction
Escherichia coli remains a common host for high-level expression of heterologous genes,
however, this often depends on the source of the target genes. A number of factors that
significantly influence gene expression at the translation level have been identified with codon
usage and mRNA secondary structures being the major concerns.

There are marked differences in codon usage from one organism to another. Significant
variation in codon usage patterns among genes in one organism appears to be associated with
their expression levels. Genes with a high proportion of optimal codons are highly expressed,
whereas those with rare codons are poorly expressed [1,2]. Moreover, the presence of rare
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codons can cause ribosome stalling, slow translation, pre-mature translation termination and
translation errors and therefore inhibit proper protein synthesis and even cell growth [3–7]. To
avoid the potential expression problems resulting from rare codons, one can either optimize
codon usage in the target gene by silent mutations for expression in E. coli or expand the
intracellular tRNA pool of rare codons by introducing a plasmid which encodes these tRNAs
[3]. Both strategies have been successfully used to enhance the expression of heterologous
genes with rare codons in E. coli [2,8]. However, negative results have been reported indicating
that factors other than codon usage can affect protein expression [8,9].

It has been widely accepted that secondary structure of mRNA in the translation initiation
region (TIR)2 plays a crucial role in controlling translation efficiency. A quantitative analysis
revealed a strict correlation between the translational efficiency and the stability of the local
secondary structure [10]. Since the 30S ribosomal subunit most likely binds to single-stranded
regions of mRNA and slides into place while unfolding the TIR, the secondary structure(s) by
sequestering either the ribosome binding site (RBS) and/or the initiation codon from ribosome
binding will block translation initiation thereby inhibiting translation [11–13].

A series of two-cistron plasmids (bicistronic vectors) have been successfully used to overcome
translational inhibition of mRNAs with stable secondary structures [14–18]. In such a system,
the first/upstream cistron is generally an A/T-rich sequence, which can minimize local
secondary structure(s) thereby allowing efficient translation initiation [15,16], while the
second/downstream cistron containing the coding sequence of the target gene is translationally
coupled to the first/upstream cistron. Therefore, protein production from a two-cistron system
is theoretically dependent upon the efficiency of translation of the first/upstream cistron [19].
Two models have been proposed in terms of the mechanism of translational coupling [19–
21]. One is that a ribosome translating the upstream cistron disrupts the inhibitory secondary
structure thereby making the RBS of the downstream cistron accessible to other ribosomes
which can initiate translation of the coupled downstream gene. The other is that the same
translating ribosome can re-initiate and continue to translate the downstream cistron.

Mycobacterium tuberculosis, the causative agent of tuberculosis, is a high-G/C gram-positive
bacterium with a genomic G/C content of approximately 65%. The high-G/C content results
in a markedly different pattern of codon usage from that of E. coli. A number of rare codons
for E. coli, widely used in the genome of M. tuberculosis, might be one reason for the poor
expression of mycobacterial genes in E. coli, even in the presence of strong E. coli promoters
[1,22,23]. Moreover, stable secondary structures of mRNA surrounding the TIR can be formed
due to the high-G/C content and may be responsible for the poor expression. A number of
expression systems have been developed for expressing mycobacterial proteins in bacteria that
are phylogenetically closer to M. tuberculosis, particularly Mycobacterium smegmatis [24–
28]. However, the success of these expression systems is still limited to a few genes [24–28].
Thus a versatile efficient expression system is still an urgent need.

The sequence analysis of the genome of M. tuberculosis [29] allowed us to identify three
putative DNA glycosylase genes of the Fpg/Nei family, Rv2464c, Rv2924c and Rv3297. The
Rv2924c gene encodes a 32.0 kDa formamidopyrimidine (Fpg) DNA glycosylase (MtuFpg1).
The Rv2464c and Rv3297 genes encode a 29.7 kDa endonuclease VIII (MtuNei1) and a 28.5
kDa endonuclease VIII (MtuNei2) respectively. The DNA glycosylases of the Fpg/Nei family
recognize and remove oxidized DNA bases as a first step in the base excision repair (BER)
process responsible for removing endogenous oxidative damages from the DNA [30]. As
shown in Salmonella typhimurium [31] and Helicobactor pylori [32], the BER pathway may

2Abbreviations used: TIR, translation initiation region; RBS, ribosome binding site; BER, base excision repair; LB, Luria Broth medium;
ORF, open reading frame; MBP, maltose binding protein.
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be involved in pathogen proliferation or colonization conferring a virulence advantage for the
microorganisms, and if this is true for M. tuberculosis, it could provide a target for future
therapy.

The potential role of codon usage and mRNA secondary structure(s) in regulating gene
expression was tested using the mycobacterial Rv3297 gene as an example. Although both are
regarded as potential causes of poor expression of M. tuberculosis genes in E. coli, our results
suggest that mRNA secondary structure(s), rather than codon usage, is the primary determinant
in influencing translation efficiency. To our knowledge, this is the first report where a
mycobacterial gene has been overexpressed in high-levels in E. coli, and the bicistronic vector
designed here should be generally applicable to improve translation efficiency of mRNAs and
to achieve high-level gene expression of heterologous genes in E. coli.

Materials and methods
Materials

The genomic DNA of M. tuberculosis H37Rv was kindly provided by Dr. Karin Eiglmeier
(Unité de Génétique Moléculaire Bactérienne, Paris, France). The DNA sequences were
retrieved from GenBank for M. tuberculosis H37Rv (Rv2924c: gi|15610061; Rv2464c: gi|
15609601; Rv3297: gi|1877352). The primers were chemically synthesized by Operon
Biotechnologies, Inc. (Germantown, MD) and Midland Certified Reagent Company, Inc.
(Midland, TX). Restriction enzymes were purchased from New England Biolabs (NEB,
Beverly, MA). Cloned Pfu DNA polymerase was purchased from Stratagene (Cedar Creek,
TX). Expression vectors pET30a (Novagen, Madison, WI) and the bicistronic pET vector
(pET30a/ORF6) constructed in this paper were used to overexpress the three mycobacterial
genes in E. coli. Recombinant plasmids were amplified in E. coli TOP10 cells (Invitrogen,
Carlsbad, CA) and plasmid DNA was purified using Wizard Plus Midiprep DNA Purification
System (Promega, Madison, WI). BL21-Gold (DE3) (Stratagene) was used as the host strain
for protein expression in E. coli.

Construction of the bicistronic vector
A 74-mer oligonucleotide (5′
GGAATTCCATATGAAAATCGAAGCAGGTAAACTGGTACAGaaggagATTAACTGA
TATCGGATCCCTCGAGCGG) and its complementary strand were designed and chemically
synthesized by Midland Certified Reagent Company, Inc that included NdeI and XhoI
restriction sites (underlined) at the N and C-termini, an EcoRV restriction site (italics) for
cloning the target gene and a RBS (lowercase/bold) for the target gene. An equal amount of
the oligonucleotide and its complementary strand were annealed in NEBuffer 4 (50 mM
potassium acetate, 20 mM Tris acetate, 10 mM magnesium acetate, 1 mM DTT, pH 7.9) and
then cleaved with NdeI and XhoI. The resulting fragment was purified from a 1% agarose gel
with β-agarase (NEB) and then cloned between the NdeI and XhoI sites of pET30a vector to
create the pET30a-ORF6 vector.

Cloning of the target Rv3297 gene into the pET30a vector
The nucleotide sequence of the Rv3297 gene was optimized with E. coli preferred codons and
chemically synthesized by Gene-Script Corporation (Piscataway, NJ) resulting in the
synthesized Rv3297 (sRv3297) gene. Using two primers: sRv3297-Fwd1 (5′GA
TCCAATCATATGCCGGAAGGTGATACCGTGTGGC) and sRv3297-Rev1 (5′
TGGCTCGAGACGCTGGCACGCCGGGCACCAATAGC), the gene was amplified and
cloned between NdeI and XhoI sites in pET30a vector as described below resulting in pET30a/
sRv3297-His expression vector.
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The Rv3297 gene was also cloned from the genomic DNA using two primers: Rv3297-F (5′
AGATATACATATGCCGGAGGGCGACACCGTCTGGCAC) and pETRv3297Rev-2 (5′
CCGCTCGAGGCGCTGGCAGGCCGGGCACCAATACC) to yield the cloned Rv3297
(cRv3297) gene. The PCR reaction was carried out with cloned Pfu DNA polymerase in an Air
Thermo-Cycler (Idaho Technology, Salt Lake City, UT) for an initial denaturation for 5 min
at 94 °C, 40 cycles with 94 °C for 15 s, 60 °C for 45 s and 72 °C for 2.5 min and an additional
extension for 5 min at 72 °C. The PCR product was cleaved with NdeI and XhoI restriction
enzymes, purified from a 1% agarose gel with β-agarase and then inserted between the NdeI
and XhoI sites of pET30a vector to yield pET30a/cRv3297-His vector.

Additionally, in order to express MtuNei2 fused to a 37 amino acid N-terminal His/thrombin/
S-tag, the cRv3297 gene was sub-cloned into pET30a vector between the KpnI and XhoI sites
using a forward primer Fwd-5 (5′GAAGGAGATGGTACCATGCCGGAGGGCGACACCG)
and pETRv3297Rev-2 to yield pET30a/His-cRv3297.

Cloning of the genes into the bicistronic pET30a-ORF6 vector
To improve expression of the Rv3297 in E. coli, the target gene was amplified and cloned into
the biscistronic pET30a-ORF6 vector as follows. Forward primers, Rv3297-F (5′
GCCGGAGGGCGACACCGTCTGGCAC) and sRv3297-Fwd2 (5′
GCCGGAAGGTGATACCGTGTGGC) missing the ‘AT’ residues in the initiation codon were
used with pETRv3297Rev-2, sRv3297-Rev1, respectively, to amplify the target gene as
described above. The purified and XhoI cleaved PCR products were subsequently cloned into
EcoRV–XhoI digested pET30a-ORF6 resulting in pET30a-ORF6/cRv3297-His and pET30a-
ORF6/sRv3297-His expression vectors.

Similarly, the cloned Rv2924c (cRv2924) gene was amplified and sub-cloned into the pET30a-
ORF6 vector using two primers: Rv2924F (5′pGCCGGAGCTGCCTGAAGTCGAGG) and
pETRv2924c R-2 (5′CCGCTCGAGTTTACGTGGACGTGGCTGGCAACGC) to yield
pET30a-ORF6/cRv2924. Also the synthesized Rv2464c (sRv2464) gene with E. coli preferred
codons was also sub-cloned into the pET30a-ORF6 vector using two primers: Rv2464c Fwd-4
(5′GCC GGAGGGTCATACGCTGCATCGG) and sRv2464-Rev1 (5′
CCGCTCGAGGGTCTGGCACACCGGGCACCAAAACACG) resulting in pET30a-ORF6/
sRv2464.

The nucleotide sequences of all the vectors constructed above were verified by DNA
sequencing (Vermont Cancer Center DNA core facility, Burlington, VT) and confirmed using
Sequencher 4.2.2 (Gene Codes Corporation, Ann Arbor, MI).

mRNA secondary structures
All the mRNA secondary structures were predicted by using Mfold 3.2 [33]. The structures
with the lowest energy were chosen for further comparison and analysis.

Protein expression
The pRARE2 plasmid, which carries seven rare codon tRNA genes for overcoming codon
usage bias, was isolated from Rosetta 2(DE3) competent cells (Novagen) and co-transformed
with each of the expression plasmids when necessary. The parental vector of the pRARE2
plasmid pACYC184, which does not carry any tRNA genes, was used as a control.

Expression vectors carrying the target gene and tRNA plasmids were co-transformed into
BL21-Gold (DE3) and selected on LB agar plates containing kanamycin (50 μg/mL).
Transformed colonies were inoculated into 60 mL of Luria Broth medium (LB) containing
kanamycin (50 μg/mL) and chloramphenicol (34 μg/mL) and grown at 37 °C. Since Fpg/Nei
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family DNA glycosylases generally contain a zinc-finger motif, in order to facilitate the proper
folding of the target protein, cultures were supplemented with 10 μM of ZnSO4 after reaching
an OD600 of 0.2. To further increase the probability of correct folding, the cultures were then
incubated at 22 °C with shaking until an OD600 of 0.5 [34]. After reaching the desired cell
density, 30 mL of the cell culture was aliquoted and induced in a 250 mL flask with 1 mM
IPTG at 22 °C for 18–20 h.

To test for protein induction, cells were harvested by centrifugation and re-suspended in Buffer
A (50 mM sodium phosphate buffer (pH 8.0), 100 mM NaCl, 10% (v/v) glycerol, 5 mM β-
mercaptoethanol) supplemented with 1 mM PMSF, 10 mM Benzamidine and 1%
deoxyribonuclease I (Invitrogen). After sonication, the whole cell lysates were collected, boiled
with 1× SDS-loading dye (50 mM Tris buffer (pH 8.0), 2% (w/v) SDS, 0.1% (w/v)
Bromophenol Blue, 10% (v/v) glycerol, 100 mM β-mercaptoethanol) for 5 min and analyzed
on a 12% SDS–PAGE. The protein bands of interest were then visualized by staining the gel
with GelCode Blue Stain Reagent (Pierce, Rockford, IL) and quantitated with Quantity One
(Bio-Rad, Hercules, CA). N-terminal protein sequencing (Biomolecular Resource Facility, The
University of Texas Medical Branch) was used to confirm identity of the expressed proteins.

Protein purification
His-tagged proteins from 1 l of induced cultures were purified on a 5 mL chelating HP column
(GE Healthcare, Piscataway, NJ) using ÄKTA purifier (GE Healthcare) as previously
described [35]. Briefly, cell lysates were prepared as described above and the soluble fraction
harvested after centrifugation was loaded onto the column using Buffer A. The target protein
was eluted with a linear gradient of 0–100% Buffer B (50 mM sodium phosphate buffer (pH
8.0), 150 mM NaCl, 500 mM Imidazole (pH 8.0), 10% (v/v) glycerol, 5 mM β-
mercaptoethanol) in 20 column volumes. Fractions containing target protein were identified
on an SDS–PAGE, pooled and dialyzed into the storage buffer containing 25% glycerol (20
mM HEPES–NaOH (pH 7.6), 150 mM NaCl, 5 mM DTT, 25% (v/v) glycerol). After
subsequent dialysis into the storage buffer containing 50% glycerol, the protein preparations
were quantitated using the Bradford Assay (Bio-Rad), aliquoted and stored at −20 °C until use.

Results
Overcoming codon bias does not enhance the expression of MtuNei2 in E. coli

A number of E. coli rare codons, such as GGA (Gly), CUA (Leu), CCC (Pro), AGG (Arg),
CGG (Arg), and CGA (Arg) are widely used in the genome of M. tuberculosis. The total usage
of rare codons is 12.9%, and the CGG codon accounts for 6.6% (Table 1) in the cRv3297 gene.
Tandem repeats of CGG codons which can inhibit translation are also present in the coding
sequence of the cRv3297 gene [36]. We initially attempted to express cRv3297 fused to a C-
terminal hexa-his tag using pET30a vector in E. coli. No detectable expression was observed
upon induction with IPTG for 18 h (Fig. 1, compare lanes 1 and 2). Similar observations were
also made when expressing the cloned Rv2924c and the cloned Rv2464c genes in the pET30a
vector (data not shown).

If translation of the cRv3297 gene was limited by the rare codons, supplementing the tRNA
pool with rare codon tRNAs during expression in E. coli or optimizing codon usage should
enhance MtuNei2 expression. To test if rare codon usage is the reason for the poor translation
of the cRv3297 gene in E. coli, we then co-expressed pET30a/cRv3297-His in the presence of
pRARE2 tRNA plasmid, which carries seven rare codon tRNA genes (Table 1). No difference
in expression was observed in the presence of the pRARE2 plasmid (Fig. 1, compare lanes 3
and 4 to lanes 1 and 2). Alternatively, Rv3297 gene optimized with E. coli preferred codons
(sRv3297) was synthesized, cloned into pET30a and expressed in E. coli. As a control, since
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no rare codons are present in the sRv3297 gene, the pACYC184 vector missing the tRNA genes
was co-transformed with pET30a/sRv3297-His into E. coli. Analysis of the whole cell lysates
on a SDS-PAGE gel showed little or no expression of MtuNei2 even after optimizing codon
usage in the synthetic MtuNei2 gene (Fig. 1, compare lanes 5 and 6). These results indicate
that rare codon usage is not the principal factor contributing to the poor expression of MtuNei2
in E. coli.

The bicistronic vector enhances the expression of MtuNei2
Another reason for the poor expression of heterologous genes in E. coli is that mRNA secondary
structure(s) surrounding the TIR sequesters the accessibility of the RBS and/or the translation
initiation codon thereby inhibiting efficient translation. Several two-cistron expression systems
have been successfully applied to enhance translation efficiency thus achieving high-level
expression of mammalian and archaeal genes [14–16,18–20,37–39]. To test if secondary
structure at the TIR was responsible for the poor expression of MtuNei2 in E. coli, we designed
a bicistronic vector in which a leader sequence or an open reading frame (ORF) preceded the
target gene and included the RBS for the downstream gene (Fig. 2a). Also, the last nucleotide
in the stop codon for the ORF overlaps with the initiation codon of the downstream gene thereby
coupling the translation of the target gene with the upstream ORF sequence (Fig. 2b). Further,
inclusion of the RBS for the downstream gene in the upstream ORF sequence should prevent
any secondary structure(s) thereby facilitating efficient translation initiation of the target gene.
The sequence for the ORF used here was derived from the first 15 amino acids of the maltose
binding protein (MBP) gene and was optimized to prevent translational frame-shifts especially
near the RBS in the ORF sequence (data not shown). Finally, two restriction sites (EcoRV and
XhoI) were used to aid in cloning the target genes readily into the biscistronic vector.
Restriction digestion with EcoRV leaves a blunt end and provides the ‘AT’ nucleotides in the
initiation codon (Fig. 2a). Amplification of the target gene with an N-terminal primer missing
the start codon and with a ‘G’ overhang restores the initiation codon for the target gene after
cloning into the bicistronic vector (Fig. 2b). The cloned and synthesized Rv3297 genes were
amplified and sub-cloned into pET30a and the bicistronic vector as described above resulting
in plasmids, pET30a-ORF6/cRv3297-His and pET30a-ORF6/sRv3297-His, respectively.

To compare their translational efficiency, E. coli cells were transformed with the bicistronic
expression vectors carrying the cloned or synthesized Rv3297 genes in the presence of pRARE2
tRNA plasmid or pACYC184 plasmid missing the tRNA genes, respectively. Analysis of
induced cultures by SDS–AGE showed greater than thirty-fold increased expression from the
bicistronic vectors only carrying the cloned (Fig. 3, lanes 4 and 6) or the synthesized Rv3297
gene (Fig. 3, lane 10). Interestingly, the bicistronic vector carrying the cRv3297 gene showed
expression upon IPTG induction both in the absence (Fig. 3, lane 4) and in the presence (Fig.
3, lane 6) of the tRNA plasmid. These data support the hypothesis that disrupting the mRNA
secondary structure at the TIR improves the translation efficiency of the target gene as
evidenced by expression of the cRv3297 gene even in the absence of the tRNA plasmid (Fig.
3, lane 4) and the sRv3297 with no rare codons using bicistronic vector only (Fig. 3, compare
lanes 8 and 10). Also, these data suggest that the tRNA for the rare arginine CGG codon is not
the rate-limiting step for the poor expression of cRv3297 in E. coli (Fig. 3, compare lanes 4
and 6 with and without the tRNA plasmid, respectively). Finally, the enhanced expression
observed with the bicistronic vector carrying the sRv3297 gene (Fig. 3, lane 10) also suggests
that overcoming rare codon usage significantly improves protein expression even though the
mRNA secondary structure determines the translation efficiency at the TIR. The solubility of
the MtuNei2 protein was further improved by using pET30a-ORF6/sRv3297-His in Arctic
Express (DE3) cells (Stratagene), which express cold-adapted chaperonins (data not shown).
Apparently, the enhancement of the overall protein expression is a pre-requisite for the further
improvement of soluble expression.
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Translational coupling using the bicistronic vector inhibits mRNA secondary structure(s)
surrounding the TIR of the target gene

In principle, optimization of codon usage also alters the G/C content of a gene which could
influence accessibility and mRNA secondary structures at or near the translation initiation site
(TIR). To investigate this possibility, we analyzed the G/C content of the nucleotide sequences
of both the cloned and the synthesized Rv3297 genes. Whereas the overall G/C content was
similar for both, the G/C content of the N-terminal first 50 nucleotides in the synthesized gene
was 63% compared to 74% for the cloned Rv3297 gene. While this difference in the N-terminal
G/C content might explain the enhanced expression of the synthesized Rv3297 gene in the
bicistronic vector (Fig. 3, lane 10), this does not account for lack of expression of the same
gene when present in the pET30a vector (Fig. 3, lane 8).

To further address this question, we analyzed the potential mRNA conformations of the first
165 nucleotides transcribed for the cloned and synthesized Rv3297 in pET30a and bicistronic
vectors using Mfold 3.2 [33]. For the bicistronic vector constructs, the 165 nucleotide sequence
included not only the RBS and initiation codon for the ORF6 sequence but also the first 50
nucleotides of the target Rv3297 where the G/C content of the cloned and synthesized
Rv3297 genes differed by more than 10%. Fig. 4 illustrates the most energetically favored
potential stem-loop structures involving the RBS or the AUG codons within the first 165
nucleotides. The average free energy values (ΔG) of the secondary structures in the two pET30a
constructs are −56.3 kcal/mol and −53.8 kcal/mol, respectively (Fig. 4a and b), whereas for
the bicistronic vector constructs the values are −42.23 kcal/mol and −42.03 kcal/mol (Fig. 4c
and d). This decrease in the ΔG values by more than −10 kcal/mol is consistent with the
observed expression of both the cloned and synthesized Rv3297 genes in bicistronic vector
constructs only. Accessibility of the RBS (shaded) in the original pET30a vector (Fig. 4a and
b) is potentially weak since the RBS in both constructs are involved in a long-range stem-loop
structure with ΔG values of −1.8 kcal/mol. The existence of stable secondary structures can
potentially block the efficient binding of ribosomes and further melting of the TIR. In contrast,
the mRNA secondary structures at the RBS for the ORF6 sequence in pET30a-ORF6 constructs
(Fig. 4c and d) are involved in short stem-loop structures and are thermodynamically less
favored with positive ΔG values of 1.2 kcal/mol. Although the free energy values of the mRNA
secondary structures in all four constructs surrounding the RBS and initiation codon of the
target Rv3297 gene are similar (Fig. 4, ΔG = −9.3 to 10.6 kcal/mol), our data suggest that
expression of the target gene in the bicistronic constructs is improved by the effective
translation initiation of the leader ORF6 sequence and by the translational coupling mechanism
[19–21].

Furthermore, the difference in the expression levels of the cloned and synthesized Rv3297
genes in the bicistronic vector constructs (Fig. 3, compare lanes 6 and 10) is somewhat
surprising since the constructs did not show distinct differences in the overall ΔG values of the
secondary structures in the first 165 nt of the target genes (Fig. 4c and d). However, the ΔG
values for the stem-loop structures near the initiation codon of the downstream target genes in
the bicistronic vector constructs are −10.4 kcal/mol and −9.3 kcal/mol, respectively (Fig. 4c
and d). This difference in the free energy values near the initiation codon of the target gene
along with efficient translational initiation of the upstream ORF6 sequence may explain
enhanced expression of the synthesized gene in the bicistronic vector (Fig. 4d). Also, these
data suggest that ribo-some binding may be very sensitive to small changes in the stability of
secondary structures resulting from decreased G/C content of the N-terminus of the target gene.
Additionally, it is likely that codon usage is also a contributing factor to enhanced expression
of the synthesized Rv3297 expression in the bicistronic vector.
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The bicistronic vector is convenient for expressing proteins in their native forms
To test the hypothesis that secondary structure(s) at or near TIR is influencing expression, the
cRv3297 gene was sub-cloned between the KpnI and XhoI sites of the pET30a vector resulting
in pET30a/His-cRv3297 for expression of MtuNei2 fused to a long 37 amino acid N-terminal
His/thrombin/S tag (His-MtuNei2, 32.7 kDa). If mRNA conformation surrounding the TIR is
important in controlling translational efficiency, fusion of the target gene to the long N-terminal
tag should lead to efficient expression of Mtu-Nei2. As shown in Fig. 5, the N-terminal tagged
cRv3297 was expressed at high-levels in the presence of the tRNA plasmid (Fig. 5, lane 10).
Expression of the cRv3297 was also observed in the absence of tRNA (Fig. 5, lane 8) consistent
with our earlier observation (Fig. 3, lane 4) that disrupting mRNA secondary structure at the
TIR is a pre-requisite for translational efficiency. However, MtuNei2 is non-functional with
an N-terminal tag since the N-terminal proline of Fpg/Nei family DNA glycosylases is the
catalytic residue that initiates excision of oxidized bases from DNA [40]. On the other hand,
the cloned and synthesized Rv3297 genes were efficiently expressed (Fig. 3, lanes 6 and 10)
by using the pET30a-ORF6 bicistronic vector and the soluble proteins catalyze excision of 5-
hydroxyuracil from single-stranded DNA containing this lesion (data not shown).

The bicistronic vector was also successfully used to overexpress the other two mycobacterial
DNA glycosylases in this family, MtuNei1 (encoded by sRv2464) and MtuFpg1 (encoded by
cRv2924) (Fig. 6). Both proteins catalyze excision of oxidized bases from DNA (data not
shown). This further demonstrates that the bicistronic vector described here should be generally
applicable to achieve high-level expression of heterologous genes in E. coli.

Discussion
Codon usage vs. efficiency of translational initiation

Theoretically, gene expression can be improved by overcoming codon bias. However, to our
knowledge, there is only one group who showed improved expression of M. tuberculosis
antigen 85B by replacing rare codons with E. coli preferred codons through silent mutations
[41]. A greater than 50-fold improvement of 85B expression was achieved after two pairs of
substitutions, one of which was located at nucleotides 7–15 within the TIR. Numerous
examples of increased protein expression through altered codon usage have been reported. In
many of these examples, codon usage at the N-terminal region was found to be of particular
importance [9,42]. Taken together, these observations suggest that the codon optimization
associated alteration in mRNA conformations should not be ignored.

As was also reported by other groups [8], we found that either supplementing the rare tRNAs
or using the codon-optimized gene failed to enhance the expression of the target protein in the
pET30a vector (Fig. 1), although expression was enhanced in the bicistronic vector (Figs. 3
and 5). These results strongly suggest that factors, other than codon usage, play a dominant
role in controlling translation efficiency.

mRNA secondary structure vs. efficiency of translational initiation
A prevalent mechanism for translational control of gene expression is through modulation of
mRNA secondary structure(s) at the TIR [10]. The stable mRNA secondary structures
involving the RBS or the AUG codons were not only observed in the pET30a construct
containing MtuNei2 gene (cRv3297) but also in the pET30a constructs containing the MtuFpg1
(cRv2924) and MtuNei1 (sRv2464) genes (data not shown), which we believe to be responsible
for the poor expression of these heterologous genes in E. coli as well. The stem-loop structure
surrounding the translational start site as well as other potential stable mRNA secondary
structures due to the high-G/C content should also be present in M. tuberculosis and may
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function as translational regulators. However, to our knowledge, there are no reports in the
literature describing how M. tuberculosis may utilize these structures.

Many reports suggest that the possibility of inhibitory base-pairing in mRNAs surrounding the
TIR could be decreased by designing a proper leader sequence as the first cistron in a bicistronic
vector [14,16,17,37,38,43,44]. However, whether or not mRNA secondary structure(s) is
necessarily involved in the translational coupling of bicistronic vectors remains unclear. Our
results comparing the predicted mRNA secondary structures between the bicistronic vector
and pET30a vector suggest that the decrease in the stability of the secondary structure
surrounding the TIR using the bicistronic constructs is consistent with the enhancement of
expression levels. Therefore, our results strongly support the hypothesis that mRNA secondary
structure(s) surrounding the TIR, rather than codon usage, is the critical first step in effecting
translation efficiency.

Based on our observations, we conclude that there are two rate-limiting steps during translation:
the initiation step (ribosome binding) and the elongation step (protein synthesis). Translation
efficiency first depends on the rate of translation initiation, where the limiting factor is the
stability of mRNA secondary structure(s) surrounding the TIR. After efficient translational
initiation, codon usage controls the elongation kinetics due to different tRNA availabilities.

Summary
Our results demonstrate that rare codon usage is not the primary barrier to efficient translation
of the Rv3297 gene. Instead, mRNA secondary structures appear to play a significant role in
controlling translational efficiency. The bicistronic vector, pET30a-ORF6, greatly enhanced
the expression of MtuNei2 most likely by destabilizing the mRNA secondary structures
surrounding the TIR thereby increasing translation initiation.

Although the versatility of bicistronic systems has been questioned [19] a number of bicistronic
vectors have been successfully used to express foreign genes whose expression was originally
poor in E. coli [14,18,19,37,38]. We show here that the bicistronic system is particularly useful
to achieve expression of soluble and active proteins, which carry the proline residue at the
P1′ position and require a free N-terminus. To our knowledge, this is the first report to show
high-level expression of mycobacterial genes using a bicistronic vector in E. coli.
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Fig. 1.
Expression of Rv3297 (MtuNei2) in the pET30a vector in the presence of pRARE2 tRNA
plasmid. Uninduced (lanes 1, 3 and 5) and induced (lanes 2, 4 and 6) whole cell lysates of
transformed BL21-Gold (DE3) cells were analyzed on a 12% SDS–PAGE gel. Lane M,
Novagen Perfect Protein™ Marker (15–150 kDa). Lane P, purified MtuNei2-His (29.6 kDa).
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Fig. 2.
Schematic of the bicistronic vectors used in this study. (a) Parental pET30a-ORF6 vector, (b)
Rv3297 cloned into the pET30a-ORF6. RBS for the upstream leader sequence and the
downstream target gene are boxed. The cloning sites for the Rv3297 (MtuNei2) gene are
underlined in the parental vector. Nucleotides ‘AT’ of the EcoRV recognition sequence overlap
with the stop codon for the upstream ORF6 and the initiation codon for the downstream target
gene.
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Fig. 3.
Induction of Rv3297 (MtuNei2) expression in pET30a and the pET30a-ORF6 bicistronic vector
in the presence of pRARE tRNA plasmid or pACYC184 missing the tRNA genes. Uninduced
(lanes 1, 3, 5, 7 and 9) and induced (lanes 2, 4, 6, 8 and 10) whole cell lysates of transformed
BL21-Gold (DE3) cells were analyzed on a 12% SDS–PAGE. Lane M, Novagen Perfect
Protein™ Marker (15–150 kDa). Lane P, purified MtuNei2-His (29.6 kDa).
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Fig. 4.
Partial mRNA conformations of the first 165 nucleotides transcribed in pET30a and the
pET30a-ORF6 constructs. (a) pET30a/cRv3297-His, (b) pET30a/sRv3297-His, (c) pET30a-
ORF6/cRv3297-His, (d) pET30a-ORF6/sRv3297-His. Only secondary structures near the RBS
(shaded) and AUG start codons (bold) are shown. The free energy (ΔG) values for the
individual stem-loop structures (aside) and for the folded 165 nt mRNA (below) are shown.
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Fig. 5.
Expression of cloned Rv3297 (MtuNei2) as N- or C-terminal hexa-his tagged fusion proteins.
Uninduced (lanes 1, 3, 5, 7 and 9) and induced (lanes 2, 4, 6, 8 and 10) whole cell lysates of
transformed BL21-Gold (DE3) cells were analyzed on a 12% SDS–PAGE. Lane M, Novagen
Perfect Protein™ Marker (15–150 kDa). Lane P, purified MtuNei2-His (29.6 kDa).
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Fig. 6.
Induction of sRv2464 (MtuNei1) and cRv2924 (MtuFpg1) expression in the pET30a-ORF6
bicistronic vector. Uninduced (lanes 1 and 3) and induced (lanes 2 and 4) whole cell lysates of
transformed BL21-Gold (DE3) cells were analyzed on a 12% SDS–PAGE. Lane M, Novagen
Perfect Protein™ Marker (15–150 kDa). Lane P1, purified MtuNei1-His (30.8 kDa). Lane P2,
purified MtuFpg1-His (33.0 kDa).
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Table 1
Comparison of rare codon usage in the cloned and synthesized Rv3297 (MtuNei2) genes.

Amino acid Rare codon pRARE2 Percentage of total codons in the genes

Cloned Synthesized

Gly GGA + 0.78 0.00

Leu CUA + 0.78 0.00

Ile AUA + 0.00 0.00

Pro CCC + 0.78 0.00

Arg AGG + 0.39 0.00

AGA + 0.00 0.00

CGG + 6.64 0.00

CGA − 1.95 0.00

Total 12.89 0.00
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