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Abstract

A major obstacle associated with recombinant protein over-expression in Escherichia coli is the production of insoluble inclu-
sion bodies, a problem particularly pronounced with Mycobacterium tuberculosis proteins. One strategy to overcome the formation
of inclusion bodies is to use an expression host that is more closely related to the organism from which the proteins are derived.
Here we describe methods for efficiently identifying M. tuberculosis proteins that express in soluble form in Mycobacterium

smegmatis. We have adapted the M. smegmatis expression vector pYUB1049 to the Gateway� cloning system by the addition
of att recombination recognition sequences. The resulting vector, designated pDESTsmg, is compatible with our in-house Gate-
way� methods for E. coli expression. A target can be subcloned into pDESTsmg by a simple LR reaction using an entry clone
generated for E. coli expression, removing the need to design new primers and re-clone target DNA. Proteins are expressed by
culturing the M. smegmatis strain mc24517 in autoinduction media supplemented with Tween 80. The media used are the same
as those used for expression of proteins in E. coli, simplifying and reducing the cost of the switch to an alternative host. The
methods have been applied to a set of M. tuberculosis proteins that form inclusion bodies when expressed in E. coli. We found
that five of eight of these previously insoluble proteins become soluble when expressed in M. smegmatis, demonstrating that this is
an efficient salvage strategy.
� 2007 Elsevier Inc. All rights reserved.
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Introduction

One of the main obstacles encountered with recombinant
protein over-expression in Escherichia coli is the production

of insoluble inclusion bodies (IBs)2. In the context of Struc-
tural Genomics projects we and others have found insoluble
protein expression to be a major bottleneck in obtaining suit-
able targets for structural studies [1–3]. This problem is par-
ticularly pronounced with Mycobacterium tuberculosis

proteins. Recent statistics from the TB Structural Genomics
Consortium show that across the 130 member laboratories,
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less than half of M. tuberculosis proteins expressed in E. coli

are obtained in soluble form (see http://www.webtb.org). In
our laboratory, researchers typically find that just three of
each set of eight (37.5%) Gateway� cloned M. tuberculosis

proteins are soluble when expressed in E. coli [2].
One salvage strategy to overcome the formation of IBs is

using an expression host that is more closely related than
E. coli to the organism from which the proteins are derived.
However, such strategies are rarely used by Structural
Genomics laboratories as the time taken to establish proto-
cols for an alternative expression system, and to subclone
targets into new expression vectors, is significant. The large
numbers of M. tuberculosis proteins that express as IBs in
E. coli represent a significant investment in cloning and
expression studies. The development of a simple and rapid
system to enable expression of M. tuberculosis proteins in
an alternative host could rescue otherwise intractable pro-
teins and increase success rates.

The non-pathogenic mycobacterium M. smegmatis is an
attractive alternative host for parallel expression of M.

tuberculosis proteins. It is relatively fast growing with a
doubling time of approximately 3 h [4] and is likely to pro-
vide mycobacterium-specific chaperones which may aid
correct folding of heterologously expressed proteins. Fur-
thermore, we and others have reported successful expres-
sion of individual M. tuberculosis proteins using M.

smegmatis as a host [5–7]. For example, the M. tuberculosis

protein FGD1 was completely insoluble when expressed in
E. coli, but when expressed in M. smegmatis using the shut-
tle vector pYUB1049, soluble protein was produced with a
yield of 7 mg/L culture [5]. Based on our success with
FGD1 we sought to expand our M. smegmatis expression
capability and to assess its efficiency as a salvage strategy.

Here we describe a method for rapidly identifying M.

tuberculosis proteins that express in soluble form in M.

smegmatis. We have adapted the original M. smegmatis

expression vector pYUB1049 to the Gateway� cloning sys-
tem by the addition of att recombination recognition
sequences. The resulting vector, designated pDESTsmg, is
compatible with our in-house Gateway� methods for
E. coli expression [2]. A target can be subcloned into
pDESTsmg by a simple LR reaction using the Entry clone
that was generated for E. coli expression, thereby removing
the need to design new primers and re-clone target DNA.
Proteins are expressed by culturing the M. smegmatis strain
mc24517 in autoinduction media [8] supplemented with
Tween 80, building on protocols recently developed in
our laboratory [5]. Autoinduction media affords the advan-
tage of decreased handling as cultures do not require mon-
itoring of optical density and induction [8]. It lends itself
well to parallel processing and is particularly useful in the
case of M. smegmatis where cultures are grown for 4–5
days. The methods have been applied to a set of M. tuber-

culosis proteins that form IBs when expressed in E. coli. We
found that >50% of these previously insoluble proteins are
soluble when expressed in M. smegmatis using pDESTsmg,
demonstrating that this is an efficient salvage strategy.

Materials and methods

Construction of pDESTsmg

A new hexahistidine (His6) tag sequence was introduced
into the M. smegmatis vector pYUB1049 (Fig. 1a; kindly
provided by Professor W. R. Jacobs, Albert Einstein Col-
lege of Medicine) to enable expression of an N-terminal
His6-tag following Gateway� conversion. The oligonucleo-
tides YUB_his_1 (5 0-CATGTCGCATCACCATCACC
ATCACCTCGAAT-CAC-3 0) and YUB_his_2 (5 0-CAT-
GGTGATTCGAGGTGATGGTGATGGTGATGCGA-
3 0) were annealed and ligated into NcoI-cleaved pYUB1049
(Fig. 1b) to produce pYUB1049+his (Fig. 1c). Correct ori-
entation of the YUB_his insert was confirmed by DNA
sequencing.

pYUB1049+his was digested with the restriction
enzymes NcoI and BamHI to remove the original His6-
tag and thrombin cleavage site. The digested vector was
treated with Klenow enzyme (Roche) to generate blunt
ends and ligated with Gateway� cloning cassette B (Invit-
rogen) using T4 DNA ligase (Fig. 1d). The correct orienta-
tion of the Gateway� cassette was confirmed by digestion
with the restriction enzyme EcoRI and DNA sequencing.

The insertion of Gateway� cassette B created a stop
codon (TGA) prior to the attR1 recombination site
(Fig. 1e). This was removed using whole plasmid inverse
PCR using the Ex-Site Mutagenesis Kit (Stratagene) and
the oligonucleotides YB4_Gate_mut_1 (5 0-TCAACAA
GTTTGTACAAAAAAGCTGAAGC-3 0) and YB4_Ga-
te_mut_2 (5 0-TGGTGA-TTCGAGGTGATGGTGATG
GTG-3 0). Removal of the stop codon was confirmed by
DNA sequencing and the resulting vector was designated
pDESTsmg (Fig. 1f).

Cloning into pDESTsmg

Gateway� entry clones harbouring M. tuberculosis

open reading frames (ORFs) were sub-cloned via an
LR reaction into pDESTsmg for subsequent expression
in M. smegmatis. The entry clones had been generated
previously using published methods [2]. Briefly, nested
PCR was performed on M. tuberculosis H37Rv genomic
DNA to generate products in which the target ORFs are
flanked by the attB sequences necessary for subsequent
Gateway� cloning. BP reactions, where attB-flanked
PCR products are recombined with an attP substrate
(pDONR221; Invitrogen) using BP Clonase� (Invitro-
gen), were performed to generate the entry clones. The
entry clones, which contain attL sequences, were recom-
bined with the attR substrate pDESTsmg in an LR reac-
tion using LR Clonase� (Invitrogen) to generate a M.

smegmatis expression construct.
To verify that recombination with pDESTsmg had

occurred the expression constructs were transformed into
E. coli TOP10 cells and plated on low salt LB agar medium
(yeast extract 5 g/L, tryptone 10 g/L, NaCl 5 g/L and agar
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