
The rigor of our understanding of
the various aspects of gene expression
in Escherichia coli has allowed geneti-
cists not only to engineer increasingly
sophisticated expression vectors to
maximize gene expression but also to
create a growing number of host strains
for optimizing the expression of gene
products. The advent of inducible ex-
pression systems, especially in the bac-
teriophage T7 RNA polymerase-based
system (1–3), allows nearly routine
overexpression at levels from 2% to as
high as 50% of the cell protein. Howev-
er, for unknown reasons, several pro-
teins (usually of low molecular weight)

are very difficult to express in E. coli
host cells; typical examples are several
proteins of Mycobacterium tuberculo-
sis and Pseudomonas aeruginosa
(4–7). The use of low copy number T7
expression vectors has improved the
expression of some proteins of both mi-
croorganisms in E. coli (8). Another al-
ternative to circumvent this constraint
uses the standard artifice of engineer-
ing the genes encoding such proteins
“fused” with genes encoding proteins
that are readily overexpressed in E.
coli. In addition, these proteins contain
a specific binding motif to facilitate the
purification and detection of the recom-
binant fusion proteins. Some common
examples are calmodulin-binding pep-
tide, glutathione-S-transferase (GST),
maltose-binding protein, and thiore-
doxin (9). However, a serious limita-
tion of this procedure is the obvious
fact that the recombinant protein is
“contaminated” with an unrelated mol-
ecule, which is a situation that is in di-
rect opposition to the very concept of
producing recombinant proteins to gen-
erate highly purified molecules. De-
spite the fact that most of these systems
offer the option of specific digestion of
the junction of the two fused proteins
(by engineering specific enzymatic
sites at the junction), followed by pu-
rification of the protein of interest, this
procedure is cumbersome and often
does not work properly. Moreover,
many proteins are not expressed well
even as fusion proteins.

Here we report the results of a sim-
ple, alternative procedure to express M.
tuberculosis problem proteins in E.
coli. In contrast to engineering the
genes of these proteins with a heterolo-

gous “carrier” gene, we constructed
“homo-fusions” (i.e., fusions of two or
three copies of the same gene in tan-
dem expressed as dimers or trimers).
This simple procedure resulted in the
excellent expression of the immunolog-
ically reactive recombinant proteins.

This alternative was initially used to
express the gene of a small molecular
weight protein of M. tuberculosis,
which we could not otherwise express.
The gene encoding this 6.4-kDa protein
(which we named U2) [GenBank® ac-
cession no. CAB08507; open reading
frame (ORF) Rv0909] has been under
investigation in our laboratory as a po-
tential diagnostics and vaccine candi-
date. Our initial approach, involving
PCR amplification followed by cloning
into the pET-17b vector and transfor-
mation into E. coli BL-21 (DE3) pLysS
host cells (both from Novagen, Madi-
son, WI, USA), was disappointing.
Upon induction with IPTG, no signifi-
cant expression of the protein could be
obtained; in fact, a region of diffused
band of lower molecular weight than
expected was observed. No significant
expression of this molecule could be
achieved either with the BL-21(DE3)
or the BL-21(DE3) pLysS. Before test-
ing the expression of U2 in convention-
al and commercially available systems
involving fusion proteins (hetero-fu-
sions), we tested the possibility of facil-
itating expression by simply increasing
the molecular weight of the protein us-
ing the artifice of constructing homo-
fusions instead. Three sets of oligonu-
cleotide PCR primers were used
separately to amplify the full-length
ORF of U2 from genomic DNA of the
virulent Erdman strain of M. tuberculo-
sis. Table 1 depicts the sequences of
these three sets of primers. The resul-
tant PCR products were double-digest-
ed with NdeI and HindIII, HindIII and
BamHI, and BamHI and EcoRV, re-
spectively. The three fragments were
ligated (T4 DNA ligase; Stratagene, La
Jolla, CA, USA) and cloned into the
pET-17b vector in tandem, which was
also double-digested with NdeI and
HindIII, HindIII and BamHI, and
BamHI and EcoRV, respectively, in
successive rounds of digestion, liga-
tion, transformation, and plasmid
preparation. The result was three
clones: one, the original copy of the
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gene in pET-17b; one in
which two copies of the
gene were fused (expressed
as a homo-dimer); and one
in which three copies were
fused (expressed as a
homo-trimer). The ligation
products were initially
transformed into E. coli
XL1-Blue competent cells
(Stratagene) and were sub-
sequently transformed into
E. coli BL-21(DE3) pLysS
for expression.

The genes encoding the
recombinant dimer and
trimer fusion proteins were
induced in LB medium with
0.25, 0.5, 1.0, and 2.0 mM
IPTG for 3 h at 37°C. Be-
fore induction, bacteria were
expanded in LB medium for
approximately 18 h at 37°C.
Regardless of the IPTG con-
centration, similar yields of
the recombinant proteins
(8–10 mg/L E. coli culture)
were achieved consistently.
Coomassie® staining of

polyacrylamide gels performed under
reduction conditions clearly revealed the
presence of distinct induced proteins,
migrating at positions that matched the
expected molecular weights of both the
homo-dimer and homo-trimer of the na-
tive U2 (Figure 1) induced with 1 mM
IPTG. Western blot analyses with anti-
His-tag antibody confirmed that the
overexpressed proteins were the correct
proteins (data not shown). The recombi-
nant trimer was found in the insoluble
inclusion body and was easily purified
from 1 L IPTG-induced batch cultures
by affinity chromatography using the
one-step QIAexpress® Ni-NTA agarose
matrix (Qiagen, Valencia, CA, USA) in
the presence of 8 M urea, as previously
described (10). The yield of recombi-
nant protein varied from 8 to 10 mg/L
induced bacterial culture. The purity of
the purified recombinant protein was as-
sessed by SDS-PAGE, followed by
Coomassie Blue staining (Figure 1), and
N-terminal sequencing using Edman
chemistry with a Procise® 494 protein
sequencer (Applied Biosystems, Foster
City, CA, USA) confirmed the correct
sequence (data not shown).

To ascertain that the expressed and

Set 1 5′ 5′-CAATTACATATGCATCACCATCACCATCACATGGGAATCCTGGACAAG-3′
NdeI

3′ 5′-CAATTAAAGCTTGCTCTGCTGGTCGCTCAT-3′
HindIII

Set 2 5′ 5′-CAATTAAAGCTTATGGGAATCCTGGACAAG-3′
HindIII

3′ 5′-CAATTAGGATCCGCTCTGCTGGTCGCTCAT-3′
BamHI

Set 3 5′ 5′-CAATTAGGATCCATGGGAATCCTGGACAAG-3′
BamHI

3′ 5′-CAATTAGATATCCTAGCTCTGCTGGTCGCTCAT-3′
EcoRV

Set 1 contains at the 5′ end an NdeI restriction site and the ATG initiation codon together (un-
derlined), followed by a sequence encoding six histidines (bold) and sequence derived from the
U2 gene (italic). The 3′ end contains the N-terminal protein-coding sequence followed by a
HindIII restriction site (underlined). Set 2 contains at the 5′ end the HindIII restriction site, fol-
lowed by the gene-derived sequence, and the 3′, the gene coding sequence (italic), followed by
a BamHI restriction site (underlined). Set 3 contains at the 5′ end the BamHI restriction site (un-
derlined), followed by the gene-derived sequence, and the 3′, the gene coding sequence (ital-
ic), followed by the stop codon CTA (bold/italic) and by an EcoRV restriction site (underlined).

Table 1. Sets of Forward (5′′) and Reverse (3′′) Primers Used to Engineer the Homo-Trimer U2 Gene

Figure 1. Expression of U2 as homo-dimer and homo-trimer recombinant proteins. E. coli
BL21(DE3)pLysS transformed with expression vector pET-17b containing the genes encoding U2
monomer, U2 dimer, and U2 trimer, respectively. The gel was stained with Coomassie Blue. U2
monomer (lanes 1–4); U2 dimer (lanes 5–8); U2 trimer (lanes 9–12); purified U2 trimer (lane 13). U2
trimer was purified by affinity chromatography with one-step QIAexpress Ni-NTA agarose matrix. Non-
induced E. coli lysate (lanes 1, 5, and 9), E. coli lysate from induction with 1 mM IPTG for 1 h (lanes 2,
6, and 10), 2 h (lanes 3, 7, and 11), and 3 h (lanes 4, 8, and 12). The numbers on the left indicate molecu-
lar weights of the markers in kilodaltons (prestained SDS-PAGE marker, broad range; Bio-Rad Labora-
tories, Hercules, CA, USA). The numbers on the right indicate the relative molecular weights of ex-
pressed trimer (23 kDa) and dimer (13 kDa) proteins and the position of the expected migration of the
monomer molecule (6.4 kDa). MWM, molecular weight marker.
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purified recombinant U2 homo-fusion
proteins had preserved epitopes, both
ELISA and Western blot analyses were
performed using human sera from
patients with pulmonary tuberculosis
and from healthy persons from areas
where tuberculosis is not an endemic
disease (USA) as a control. Figure 2
shows the results and clearly demon-
strates the recognition of the recombi-
nant protein by the sera from patients
with tuberculosis and not by the control
sera, thus indicating the preservation of
the tuberculosis-specific epitopes in the
trimerized format of the U2 molecule.

To evaluate the potential of engi-
neering homo-fusions to overexpress
problem proteins in E. coli, we tested
another small molecular weight M. tu-
berculosis protein (9 kDa), which we
have previously described (11). This
recombinant molecule, named DPPD
(based on sequence of the first four
amino acids of its N-terminus), is a
very useful tool for the diagnosis of tu-
berculosis (accession no. NP_334475;
ORF CDC1551). Unfortunately, thus
far, we have been unable to express
DPPD either as a single or fusion re-
combinant protein using the following
systems: pET vector (Novagen),
Rosetta BL-21(DE3) systems (No-
vagen), pQ30 (Qiagen), pET 32A (No-
vagen), pThioHis (Invitrogen, Carls-
bad, CA, USA), and pGEX-2T
(Amersham Biosciences, Uppsala,
Sweden). To overcome this problem,
we engineered DPPD as a chimerical
construct with a highly expressing 12-
kDa M. tuberculosis protein named
Ra12 (11,12). This construct yielded a
DPPD fusion protein that could be pu-
rified and tested. However, because
the Ra12 gene, in contrast to DPPD, is
broadly distributed among the My-
cobacterium genus, this fusion protein
introduced an undesired property to
the recombinant DPPD. To circumvent
this problem, three DPPD gene copies
were contiguously fused and cloned
into the pET plasmid vector (pET-
17b), followed by the transformation
of E. coli BL-21(DE3) pLysS for high-
level expression. Exactly the same
step-wise ligation and cloning strate-
gies we used to express U2 were used
to engineer the DPPD homo-fusion.
Figure 3A illustrates the results and
clearly shows that the tri-fusion DPPD

Figure 3. Expression of the homo-trimer DPPD gene as a recombinant protein. E. coli
BL21(DE3)pLysS transformed with expression vector pET-17b, containing the homo-trimer DPPD
gene, was grown and induced with IPTG. The cells were lysed, and the DPPD protein was purified by
affinity chromatography using the one-step QIAexpress Ni-NTA agarose matrix. Expression and purifi-
cation were evaluated by SDS-PAGE (gradient gel 20; 4%) under reducing conditions, and gel was
stained with Coomassie Blue. (A) Lane 1, noninduced E. coli lysate; lane 2, induced E. coli lysate; lane
3, purified recombinant trimer DPPD protein. (B) Western blot analysis of DPPD. A replica of the gel
described in panel A was transferred to a nitrocellulose membrane. Proteins were identified using a
mouse anti-His-tag monoclonal antibody. Reactivity was detected with peroxidase-labeled goat anti-
mouse immunoglobulin and developed using ECL® chemoluminescent reagent (Western blot detection
system; Amersham Biosciences). The numbers on the left side of panels A and B indicate the molecular
weights of the markers. Arrows point to the homo-trimer DPPD. MWM, molecular weight marker.

Figure 2. Serological reactivity of U2 with sera from tuberculosis patients and normal individuals.
Sera from 15 patients with pulmonary tuberculosis and no signs of co-infection with HIV and from 15
healthy purified protein derivative-negative individuals (Normal) were evaluated for reactivity with U2
using standard sandwich ELISA. The results are plotted as OD490, given by the sera diluted at 1/25. The
serological reactivity of U2 with these two panels of sera was performed three times (one month apart).
Bars represent the standard deviation of the absorbance readings obtained with these three determinations.



was easily expressed and purified.
Western blot analyses revealed that the
expressed and purified molecule was
the correct His-tag recombinant pro-
tein (Figure 3B). Moreover, amino
acid sequencing using Edman degra-
dation confirmed the correct N-termi-
nal sequence of the molecule (data not
shown). In addition, the immunologi-
cal reactivity of the purified trimer
[elicitation of delayed type hypersen-
sitivity (DTH)] was tested in M. tuber-
culosis-infected guinea pigs. Five in-
fected and three noninfected control
animals were skin-tested with 5 µg pu-
rified recombinant tri-fusion DPPD,
and the development of DTH was read
24 h later. All five infected guinea pigs
showed typical DTH reactions, with
diameters ranging from 8 to 12 mm in-
duration. No reaction was observed in
any of the noninfected controls (data
not shown).

At this point, in the absence of fur-
ther mechanistic studies, it is difficult
to explain how the act of fusing genes
to each other facilitates gene expres-
sion. Further studies involving RNA
stabilization, for example, are needed
to evaluate the mechanism involved in
protein overexpression by fusing sever-
al copies of the same gene in tandem.

Finally, although the validation of
this alternative approach needs to be
tested for proteins other than those en-
coded by M. tuberculosis genes, this
system already represents an attractive
and significant achievement for the
production of the recombinant proteins
of this important pathogen.
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