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Abstract

Mycothiol ligase (MshC) is a key enzyme in the biosynthesis of mycothiol, a small molecular weight thiol found in Mycobacteria spp.
and other actinomycetes. Mycothiol plays a fundamental role in these organisms by helping to provide protection from the eVects of reac-
tive oxygen species and electrophiles, including many antibiotics. It has recently been demonstrated that the MshC gene and more gener-
ally the production of mycothiol are essential to Mycobacterium tuberculosis, indicating that MshC may represent a novel target for new
classes of antituberculars. Because MshC cannot be expressed heterologously in Escherichia coli and isolation from Mycobacterium
smegmatis is impractical, we have optimized the E. coli–M. smegmatis shuttle vector pACE for cloning and recombinant expression of
MshC (under control of an acetamidase-inducible promoter). To improve expression levels and simplify puriWcation, we further con-
structed three N-terminal-MshC fusion proteins where N-terminal tags included the B1 domain of streptococcal protein G (to give GB1-
MshC), glutathione-S-transferase (to give GST-MshC) and maltose binding protein (to give MBP-MshC), for expression in M. smegma-
tis. By expressing all three fusion proteins in a mutant strain of M. smegmatis mc2155, namely I64 L205P MshC M. smegmatis which lacks
mycothiol ligase activity, we demonstrate in vivo mycothiol ligase activity for each construct. Recombinant GST-MshC and MBP-MshC
were isolated in one step by aYnity chromatography in a yield of 0.7 and 1.2 mg fusion protein/L and exhibited speciWc activities of
9 nmol min¡1 mg¡1 and 25 nmol min¡1 mg¡1, respectively.
© 2006 Elsevier Inc. All rights reserved.
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Introduction [1,2] and has been shown to be present in all major groups
Mycothiol (MSH, AcCys-GlcN-Ins)1 is the dominant low
molecular weight thiol that is so far unique to actinomycetes
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1 Abbreviations used: MSH, AcCys-GlcN-Ins, 1-D-myo-inosityl-2-(N-acetyl
tyl-2-amino-2-deoxy-�-D-glucopyrano-side; Cys-GlcN-Ins, 1-D-myo-inosityl-
decyl sulfate–polyacrylamide gel electrophoresis; GB1, B1 immunoglobulin 
MBP, maltose binding protein; DTT, dithiothreitol; SDM, site directed muta
spray ionization; MSD, mass selective detector; ORF, open reading frame.
of actinomycetes [1]. Mycothiol comprises one unit each of
N-acetylcysteine (AcCys), 1-D-myo-inositol (Ins) and 2-
amino-2-deoxy-D-glucopyranose (GlcN). Mycothiol is
-L-cysteinyl) amido-2-deoxy-�-D-glucopyranoside; GlcN-Ins, 1-D-myo-inosi-
2-(L-cysteinyl) amido-2-deoxy-D-glucopyranoside; SDS–PAGE, sodium do-
binding domain of streptococcal protein G; GST, glutathione-S-transferase;
genesis; DAD, diode array detector; API-ES, atmospheric pressure electro-
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assumed to be the functional equivalent of glutathione in
mycobacteria and has been shown to be involved in protect-
ing Mycobacterium tuberculosis and Mycobacterium smegma-
tis from toxic oxidants and antibiotics [3,4]. Owing to the
demonstration that mycothiol-deWcient mutants become
hypersensitive to some Wrst line antituberculars, interest in
identifying inhibitors of mycothiol biosynthesis and mycoth-
iol-assisted detoxiWcation has continued to rise [5].

Mycothiol biosynthesis occurs in at least four steps and
involves the gene products of mshA through mshD. The
third committed step in mycothiol biosynthesis involves
transfer of L-cysteine (Cys) to GlcN-Ins to produce Cys-
GlcN-Ins and is catalyzed by the enzyme mycothiol ligase,
or mshC (L-Cys:1D-myo-inosityl 2-amino-2-deoxy-�-D-
glucopyranoside ligase), in an ATP-dependent manner [2,6]
(Fig. 1). Recently, the mshC gene has been shown to be
essential for growth in M. tuberculosis by targeted gene dis-
ruption [7] and by transposon site hybridization [8]. When a
second copy of mshC was inserted into the genome prior to
targeted inactivation of the native mshC gene, viable
mutants were isolated [7]. Since MshC has been shown to
be required for MSH biosynthesis [4], these studies indicate
that mycothiol is essential for growth in M. tuberculosis
strains provoking further study of this enzyme as a thera-
peutic target.

The initial report describing the identiWcation and charac-
terization of MshC relied on laborious isolation methods
from large scale cultures of M. smegmatis that were further
hampered by the production of two MshC protein products
that diVered by addition of eight amino acids on the N-termi-
nus [6]. In contrast to heterologous production of most pro-
teins that can be expressed well in Escherichia coli, there is
ample evidence that the proteins derived from M. tuberculosis
are refractory to these conditions [9–12]. Because a prerequi-
site for screening small molecule libraries to identify inhibi-
tors of MshC will rely on reproducible production of
relatively large amounts of active enzyme, we have optimized
the E. coli-mycobacterial shuttle vector pACE [13,14] to pro-
vide a robust cloning and expression vector system for pro-
duction of MshC using M. smegmatis as the expression host.
Fusion to three unrelated proteins through the N-terminus of
MshC increases production and greatly facilitates puriWca-
tion. We believe these expression vectors will be of general
value for production of proteins derived from M. tuberculosis.

Materials and methods

Construction of mshC-tagged expression plasmids pACE/
GB1-MshC, pACE/GST-MshC and pACE/MBP-MshC

The MshC gene was previously ampliWed from total geno-
mic DNA of M. tuberculosis strain H37Rv and cloned into
the BamHI/HindIII sites of pRSETA (Invitrogen) [6]. The
resulting plasmid pRSETA/MshC was used as a template for
PCR ampliWcation of MshC using Taq PCR master mix kit
according to the manufacturer’s instructions (Qiagen)
together with an appropriate pair of forward and reverse
primers designed for each of three fusion protein constructs.
The primer sequences used are shown in Table 1 and num-
bered 1, 2 and 4. The ampliWed MshC gene products were
subcloned into the BamHI/XhoI sites of pGEV2 [15], NcoI/
BamHI of pET-42a (Novagen) or BamHI/HindIII sites of
pMALc2X (New England Biolabs) using a quick ligation kit
(New England Biolabs) to generate constructs encoding
GB1, GST-H6-S and MBP fusion proteins, respectively. Note
that insertion of the MshC gene into the NcoI/BamHI sites of
pET-42a generates a fusion construct in which GST and
MshC are separated by a 6-His and S tag-linker, referred to
above as GST-H6-S and as GST from here on. The corre-
sponding constructs, referred to as pGEV/MshC (for expres-
sion of GB1-MshC), pET42a/MshC-2 (for expression of
GST-MshC after frame correction of pET42a/MshC by
primer set 3 listed in Table 1) and pMALc2X/MshC (for
expression of MBP-MshC), were subsequently used as tem-
Fig. 1. Biosynthetic scheme of mycothiol.
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plates for PCR ampliWcation of individual tags and/or the
complete fusion protein sequences for cloning into the pACE
shuttle vector (Table 1) [13,14].

Prior to insertion of genes encoding tags or complete
fusion proteins into the vector, additional cloning sites NdeI
and SpeI were introduced into pACE/MshC by site directed
mutagenesis (Stratagene) using the primer sets 5 and 6 to
produce pACE/MshC-1 and pACE/MshC-2, respectively.
Separate plasmid preparations of pACE/MshC-2 were
digested with NdeI/ClaI or NdeI/BamH1 and dephosphoryl-
ated with Antarctic phosphatase (NEB) for cloning of NdeI/
AclI digested GST-MshC and MBP-MshC fragments,
ampliWed from pET42a/MshC-2 and pMALc2x/MshC using
the set of primers 8 and 9, respectively; or a NdeI/BamHI
digested GB1 fragment ampliWed from pGEV2 using primer
set 7 (Table 1). Ligation of these fragments into complemen-
tary linear pACE/MshC-2 was performed using T4 DNA
ligase (NEB) at 16°C overnight. The ligation mixtures were
puriWed by ethanol precipitation [16] and electroporated into
Electromax E. coli DH10B (Invitrogen) according to the
manufacturer’s instructions. The constructs, identiWed as
pACE/GB1MshC, pACE/GSTMshC and pACE/MBPM-
shC, were veriWed by restriction analysis and DNA sequenc-
ing (Fig. 2). All sequences have been deposited in GenBank.

Transformation and isolation of recombinant I64 
M. smegmatis strains

The diVerent expression plasmids were electroporated into
the I64 L205P MshC M. smegmatis mutant (referred to as
I64 M. smegmatis) that is devoid of cysteine ligase activity
and therefore mycothiol production [4]. Preparation of I64
M. smegmatis competent cells and electroporation proce-
dures were performed following published protocols [17].
BrieXy, I64 M. smegmatis was grown in 7H9/OADC/Tween
(comprising Middlebrook 7H9 (DIFCO) media supple-
mented with 10% OADC (Oleic acid, albumin, dextrose, cat-
alase, BBL) and 0.05% Tween 20) until midlog phase. After
harvesting, cells were washed twice with cold 10% glycerol by
resuspension and centrifugation. I64 M. smegmatis compe-
tent cells in 10% cold glycerol (0.06 ml) were transformed by
electroporation in the presence of 1�g of DNA (1.2 kV) in
prechilled 1 mm gap cuvettes using a Multiporator®/Electro-
porator 2510 (Eppendorf, Hamburg, Germany). Cells were
harvested with 1 ml of warm 7H9/OADC/Tween and incu-
bated for 2 h at 37 °C with shaking (225 rpm). An aliquot
(25�l) of this culture was plated on 7H9/OADC/Tween agar
plates containing 75�g/ml hygromycin (Invitrogen). Plates
were incubated at 37 °C for three days to obtain the trans-
formed recombinant strains.

Expression of recombinant GB1-MshC, GST-MshC and 
MBP-MshC fusion proteins

The selected I64 M. smegmatis recombinant strains
were grown in 25 ml 7H9/OADC/Tween containing 75 �g/
ml hygromycin for 72 h at 37 °C with shaking (225 rpm). A
1-ml aliquot of this starter culture was transferred to
100 ml of 7H9 containing 1% glucose, 0.05% Tween 20
and 75 �g/ml hygromycin and incubated overnight at
Table 1
Summary of primers and templates used in this study and plasmids generated

a Capital letters indicate the added restriction sites in the PCR ampliWcation.
b Underlined letters indicate the added restriction sites by site directed mutagenesis.
c Primers were designed to delete a single nucleotide located 5� to the NcoI restriction site.
¤ Not applicable.

Primer set Primer ID Primer sequencea,b Restriction site Template Construct

1 5�GEV-MshC 5�-gcttatGGATCCatgcagtcgtgg-3� BamHI pRSETA/MshC pGEV/MshC
3�GEV-MshC 5�-agttcaCTCGAGctacaggtccacc-3� XhoI

2 5�42a-MshC 5�-gcttatCCATGGatgcagtcgtgg-3� NcoI pRSETA/MshC pET42a/MshC
3�42a-MshC 5�-agttcaGGATCCctacaggtccacc-3� BamHI

3 5�42aX-MshCc 5�-ggtattgagggacgcgggccatggatgcagtcgtgg-3� N/A¤ pET42a/MshC pET42a/MshC-2
3�42aX-MshCc 5�-ccacgactgcatccatggcccgcgtccctcaatacc-3� N/A¤

4 5�GEV-MshC 5�-gcttatGGATCCatgcagtcgtgg-3� BamHI pRSETA/MshC pMALc2x/MshC
3�MBP-MshC 5�-agttcaAAGCTTctacaggtccacc-3� HindIII

5 5�pACEMshC-1 5�-gataagagaaagggagtccacatatgggatccatgcagtcgtgg-3� NdeI pACE/MshC pACE/MshC-1
3�pACEMshC-1 5�-ccacgactgcatggatcccatatgtggactccctttctcttatc-3�

6 5�pACEMshC-2 5�-gaaaggcagtccacatatgactagtggatccatgcagtcgtgg-3� SpeI pACE/MshC-1 pACE/MshC-2
3�pACEMshC-2 5�-ccacgactgcatggatccactagtcatatgtggactccctttc-3�

7 5�GB1 5�-gtcaggCATATGcagtacaagctt-3� NdeI pGEV pACE/GB1-MshC
3�GB1 5�-tacacgGGATCCacgcggaaccag-3� BamHI

8 5�GST-MshCf 5�-aagcgcggatcccatatgtcccct-3� NdeI pET42a/MshC-2 pACE/GST-MshC
3�GST-MshCf 5�-tgctgtAACGTTctacaggtccaccccgagcag-3� AclI

9 5�MBP 5�-cagcgaCATATGaaaatcgaagaa-3� NdeI pMALc2X/MshC pACE/MBP-MshC
3�GST-MshCf 5�-tgctgtAACGTTctacaggtccaccccgagcag-3� AclI



M.-T. Gutierrez-Lugo et al. / Protein Expression and PuriWcation 50 (2006) 128–136 131
37 °C with shaking. After incubation, cells were harvested
by centrifugation at 8000g for 15 min, 4 °C (Beckman
Avanti J-20 XP centrifuge) and resuspended to an A600 of
0.3 in fresh 7H9 medium containing 0.4% acetamide
(Sigma), 0.05% Tween 20 and 75 �g/ml hygromycin
(referred to as expression medium) and incubated at 37 °C
with shaking (225 rpm). Cells were harvested after 22–26 h
by centrifugation (8000g, 4 °C for 15 min) and stored at
¡80 °C until further use.

Frozen cell pellets were thawed and resuspended to 25%
w/v cell suspension in cold lysis buVer containing 50 mM
HEPES, pH 7.5 (Cellgro), 3 mM �-mercaptoethanol
(Aldrich), 5 mM MgCl2 (Quality biological Inc.) and prote-
ase inhibitors (Complete, EDTA-free protease inhibitor
cocktail tablets, Roche). The cells were disrupted by ultra-
sonication in an ice bath using an Ultrasonic Processor XL
sonicator (Misonix Inc.) for 7 cycles (3 s on, 3 min oV) each.
Cell lysates were centrifuged at 3000g for 1 h at 4 °C, and
supernatants were transferred to clean tubes. Cell lysates
were analyzed by SDS–PAGE for protein expression
(Phastgels™ Gradient 10–15, Amersham Biosciences) and
visualized by staining with Coomassie Blue (Coomassie™
Blue R-350, Amersham Biosciences).

Detection of ligase activity by means of mycothiol production 
by recombinant I64 M. smegmatis pACE/GB1-MshC, 
pACE/GST-MshC and pACE/MBP-MshC strains

I64 M. smegmatis recombinant strains were grown in
expression medium (100 ml) under the conditions described
above. The cultures were incubated for up to 55 h and ali-
quots of 1–12 ml (depending on cell density) were taken
during incubation to give cell pellets of approximately
10 mg wet weight. Each aliquot was transferred to a tared
1.5 ml microcentrifuge tube and cells pelleted at 12,100g for
10 min at 4 °C (Sorvall Biofuge Fresco); cell pellets were
stored at ¡20 °C until further use.

Pellets were extracted and analyzed for total mycothiol
content, and mycothiol production was quantiWed employ-
ing a modiWed method described previously by Newton
et al. [1]. BrieXy, cell pellets were lysed by vortexing in 160 �l
of reducing lysis buVer (50 mM HEPES 7.5 in 50%
Fig. 2. Maps of mycobacterial expression vectors generated in this study encoding N-terminal-tagged MshC. Unique restriction sites are labeled and their
locations indicated in parentheses. Proteins are labeled in bold and denoted by thick lines on the maps with the N-terminal tag and MshC colored blue and
green, respectively.
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CH3CN:H2O, 4 mM DTT) followed by incubation at 60 °C
for 30 min with constant vortexing. Reduced thiols were
derivatized by addition of 40 �l of 100 mM monobromobi-
mane in acetonitrile and kept at 60 °C for 10 min with occa-
sional vortexing, and then placed on ice and quenched with
75 �l of 0.5 M methanesulfonic acid (Fluka). Samples were
centrifuged at 12,100g at 4 °C for 10 min. Supernatants
(2 �l) were analyzed for total mycothiol content by LC–MS
plus Xuorescence detection using the following chromato-
graphic conditions: Waters Symmetry C18 5�m column
(4.6£ 150 mm) Wtted with a QR 5 �m C18 guard cartridge
(4.6 mm£ 1 cm), gradient elution (Xow rate of 0.5 ml min¡1)
of 5% MeOH/95% 0.15% formic acid in water to 100%
MeOH in 15 min followed by a 2-min wash with 100%
MeOH. The column was reequilibrated with 5% MeOH/
95% 0.15% formic acid for 3 min prior to each injection.
Detection of derivatized thiols was accomplished using a
Xuorescence detector (Agilent Technologies) with excita-
tion at 398 nm and emission at 480 nm. Under these chro-
matographic conditions mycothiol bimane eluted at 9.9 min
(m/z 677, 699, 715). Total mycothiol content (�mol/g wet
weight) in each aliquot was calculated by comparing peak
areas against a mycothiol calibration curve.

PuriWcation and characterization of GST-MshC and MBP-
MshC from recombinant I64 M. smegmatis strains

To obtain recombinant GST-MshC or MBP-MshC
fusion proteins, respective I64 M. smegmatis strains
I64pACE/GST-MshC and I64pACE/MBP-MshC were
grown in 4£ 500 ml (1 L Xasks) of expression medium
(described above) inoculated with 3–4 ml each of a starter
culture grown in 7H9 supplemented with 1% glucose, 0.05%
Tween 20 and 75 �g/ml hygromycin. The cultures (A600 0.3)
were incubated at 37 °C (225 rpm) for 22–26 h and cell
lysates were prepared by sonication at 4 °C for 7 cycles (3 s
on, 3 min oV) each, followed by centrifugation at 4 °C for
1 h at 18,000g. All subsequent puriWcation steps were car-
ried out at 4 °C.

The resulting protein extracts were diluted 1:1 v/v with
appropriate binding buVer before loading onto an aYnity
resin column equilibrated in the same buVer. For GST-MshC,
supernatants were diluted with GST bind/wash buVer (Nova-
gen) and loaded onto a column containing 12ml GST
Sepharose™ aYnity resin (Novagen, 1.6£7.5cm). MBP-
MshC supernatants were diluted with 50mM HEPES,
200mM NaCl, pH 7.5, and loaded onto a column containing
20ml amylose resin (New England Biolabs, 2.6£5cm). Using
an ÄKTAprime plus chromatographic system (GE Health-
care), columns were washed with 10 column volumes of bind-
ing buVer followed by elution with three column volumes of
10mM reduced glutathione (Novagen) in binding buVer for
GST-MshC (Xow rate 0.8mlmin¡1) or 10mM maltose
(Sigma) in 50mM HEPES, pH 7.5, 200mM NaCl for MBP-
MshC (Xow rate of 1mlmin¡1). All binding and elution
buVers also contained 5mM MgCl2, 3mM �-mercap-
toethanol and 5mM benzamidine (Sigma) as protease inhibi-
tor. Fractions (2ml) were collected during the elution step and
analyzed by SDS–PAGE for detection of fusion proteins.
Fractions containing the desired recombinant protein were
pooled and stored as 20% glycerol stocks at ¡80°C. Protein
concentrations were determined by A280 measurements and
calculated using theoretical extinction coeYcients of
127,825M¡1 cm¡1 for GST-MshC and 145,565M¡1 cm¡1 for
MBP-MshC (http://us.expasy.org/tools/protparam.html) [18].

Identity of the puriWed recombinant proteins was con-
Wrmed by mass spectrometry analysis using an Agilent
Technologies LCMS equipped with DAD detector and
API-ES ionization source. Proteins were eluted from a C3
reverse phase column (Zorbax 300SB-C3, 2.1£ 150 mm,
5 �m, Agilent) using a linear gradient of 5–95% acetonitrile
in 5% acetic acid over 25 min at a Xow rate of 0.2 ml min¡1

at 40 °C, and detected by UV at 280 nm and positive API-
ES. The retention times for GST-MshC and MBP-MshC
under these conditions were 41.1 and 40.5 min, respectively.
Deconvolution of the mass spectra indicated molecular
weights of 77.28 kDa and 88.68 kDa, in excellent agreement
with the predicted masses of 77.2758 and 88.6791 kDa.

Detection of mycothiol ligase activity

Mycothiol ligase activity of the I64 M. smegmatis trans-
formed strains was measured by a modiWed method
reported by Sareen et al. [6]. Enzyme activity was assayed in
0.2 ml micro tubes at a Wnal volume of 25 �l containing
25 mM HEPES, pH 7.5, 100�M Cys (Calbiochem), 50 �M
GlcN-Ins, prepared by cleavage of mycothiol bimane with
mycothiol-S-conjugate amidase [19], 1 mM ATP (Sigma),
1 mM MgCl2, 1 mM DTT (ICN Biomedicals), and 12 �l of
diVerent dilutions of protein extracts or aYnity-puriWed
fractions. The reaction mixture was incubated at 37 °C for
30 min. After incubation, thiols were derivatized by addi-
tion of 25 �l of 8 mM monobromobimane (Sigma) in aceto-
nitrile and incubated at 60 °C for 10 additional minutes.
Finally, reactions were quenched by addition of 50 �l of
cold 20 mM methanesulfonic acid. The resulting mixture
(5–10 �l) was analyzed by LCMS using a Waters Symmetry
C18 5 �M column (4.6£150 mm) Wtted with a QR 5 �m
C18 cartridge (4.6 mm£ 1 cm). The gradient elution using
5 mM ammonium formate, pH 6.5, and MeOH consisted of
four steps at a Xow rate of 0.5 ml min¡1: 5–12% MeOH in
4 min, 12–25% MeOH in 6 min, 25–100% in 5 min, followed
by a 3-min wash with 100% methanol. Detection of deriva-
tized thiols was accomplished using a Xuorescence detector
with excitation at 398 nm and emission at 480 nm. Under
these chromatographic conditions Cys-GlcN-Ins bimane
showed a retention time of 14.5 min (m/z 635, 657, 673).

Results and discussion

Construction of MshC expression plasmids

The production of recombinant MshC is a major prereq-
uisite for the screening of potential mycothiol ligase inhibi-

http://us.expasy.org/tools/protparam.html
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tors. However, the isolation of mycothiol ligase from M.
smegmatis proved to be an arduous task [6] such that isola-
tion of suYcient quantities of active enzyme from M.
smegmatis would be impractical. We therefore sought to
generate a strain that expresses signiWcant amounts of solu-
ble and active recombinant mycothiol ligase that is amena-
ble to aYnity puriWcation. Expression of a target protein
fused with another protein of intrinsically high solubility is
a well known strategy to produce soluble recombinant pro-
teins [20–22]. We began these eVorts by Wrst cloning the
MshC gene (Rv2130c, 1245 bp) from M. tuberculosis into
pGEV2 [15], pET42a and pMALc2X plasmids under the
control of T7 or tac promoters to generate respective fusion
proteins GB1-MshC, GST-MshC and MBP-MshC for
expression in E. coli. However, despite enhanced expression
in E. coli relative to the MshC gene on its own, all fusion
proteins were produced primarily as insoluble inclusion
bodies. Attempts to improve expression and solubility of
these proteins, including use of codon optimized E. coli
strains and induction with varying amounts of isopropyl �-
D-thiogalactoside (IPTG) at diVerent cell densities alone or
in combination with varying temperatures, were unsuccess-
ful.

Recombinant mycobacterial proteins have proved noto-
riously diYcult to express in E. coli [9–12]. Mycobacteria
have a high GC content (65.6% in M. tuberculosis) and
unique codon preferences, and the encoded proteins tend to
be rich in glycine, alanine, proline and arginine, all of which
can be detrimental for overexpression in E. coli [9]. Since E.
coli was not found to be a suitable host for the production
of recombinant MshC, we investigated the possibility of
producing the same recombinant fusion proteins in the fast
growing non-pathogenic bacterium M. smegmatis. For this
study we selected the I64 M. smegmatis mutant as a host
strain for expression of these MshC fusion proteins.
Because this mutant lacks MshC activity and is deWcient in
mycothiol production [4], we foresaw the potential of using
mycothiol production as an indicator of our constructs’
activity. To generate mycobacterial compatible expression
vectors, the constructs generated for expression of tagged
MshC in E. coli, namely pGEV/MshC (GB1-MshC),
pET42a/MshC-2 (GST-MshC) and pMALc2X/MshC
(MBP-MshC), were next employed as templates for the
ampliWcation of the fragments to be cloned into the myco-
bacterial expression vector pACE (8191 bp) [13,14]. The set
of expression vectors were generated by either inserting a
PCR product of MshC with its N-terminal tag into pACE
or by inserting the N-terminal tag alone into pACE/MshC.
The Wrst strategy proved successful in the construction of
the GST-MshC and MBP-MshC fusion proteins while for
GB1-MshC it was necessary to insert the GB1 fragment
into the pACE/MshC plasmid.

In all cases, MshC was Wrst cloned into the two unique
cloning sites BamHI/ClaI of pACE. Once the plasmid
pACE/MshC (9412 bp) was obtained, two additional
unique cloning sites, NdeI and SpeI, were introduced by
two separate site directed mutagenesis reactions. The result-
ing vector named pACE/MshC-2 (9424 bp) was then
digested with NdeI and ClaI (for GST-MshC and MBP-
MshC) and with NdeI/BamHI (for introduction of GB1). It
is important to note that the MshC gene also contains a
ClaI restriction site at position 1217. For purposes of keep-
ing the MshC gene intact, the GST-MshC and MBP-MshC
PCR products were generated with an AclI restriction site
which is compatible with ClaI. After cloning into this site it
is converted into a non-cleavable AclI/ClaI hybrid. How-
ever, when pACE/MshC is digested with ClaI, there
remains a possibility that the restriction enzyme will cut
MshC within the gene at position 1217. Consequently, even
after gel puriWcation, it is possible that some of the linear
vector may contain a small fragment of the MshC gene cor-
responding to base pairs 1217–1245. Sequencing of the
GST-MshC and MBP-MshC expression plasmids showed
that neither contains the additional fragment. The resulting
expression vectors were identiWed as pACE/GB1MshC
(9595 bp), pACE/GSTMshC (10246 bp) and pACE/
MBPMshC (10588 bp) (Fig. 2).

Expression of tagged mycothiol ligase constructs in I64 M. 
smegmatis and evaluation of their ligase activity

With the intent of improving protein expression and
simplifying the puriWcation of recombinant MshC
(45.6 kDa), the MshC gene from M. tuberculosis (Rv2130c,
1245 bp) was fused at the N-terminus with GB1 (180 bp,
6.7 kDa), GST (837 bp, 31.7 kDa, which includes C-terminal
6-His and S-tags) and MBP (1173 bp, 43.0 kDa) tags using
the pACE vector that controls protein expression through
the acetamidase promoter. pACE was previously generated
by ampliWcation of the acetamidase gene from M. smegma-
tis [13,14]. The acetamidase promoter consists of 4 ORFs
identiWed as AmiS (642 bp), AmiD (285 bp), AmiA (429 bp)
and AmiC (1074 bp) that are involved in regulation and
transport. The acetamidase from M. smegmatis is an induc-
ible enzyme and enables the organism to use several amides,
such as acetamide as sole carbon sources [23,24]. Upon
addition of 0.4% acetamide to the medium, the three fusion
proteins were expressed at maximum levels after 22–26 h of
incubation and were present in the soluble fraction. Analy-
sis of the resulting protein extracts on SDS–PAGE indi-
cated that the three fusion proteins migrated at the
expected molecular weight and that the fusion tags are well
tolerated in the I64 M. smegmatis mutant (Fig. 3). Expected
molecular weights of GB1-MshC, GST-MshC and MBP-
MshC fusion proteins are 52.4 kDa, 77.3 kDa and 88.7 kDa,
respectively.

In addition to the fusion proteins, it appears that upon
induction with acetamide, each of the three transformed
strains expresses two other major proteins migrating at
»45 kDa and »60 kDa (Fig. 3, lanes 2–6). The band at
»45 kDa may represent acetamidase, whose molecular
weight is calculated to be 43 kDa, as there is precedent for
levels of this enzyme increasing up to 100-fold in the pres-
ence of suitable substrate such as acetamide [23,24]. In the



134 M.-T. Gutierrez-Lugo et al. / Protein Expression and PuriWcation 50 (2006) 128–136
case of the GB1-MshC construct, this fusion protein
migrated together with the band of 45 kDa (Fig. 3, lane 4).
However, expression of GB1-MshC was unambiguously
demonstrated by measurement of its ligase activity (Table
2) and by complementation of the mycothiol deWcient I64
mutant (Fig. 4). Ligase activity for all protein extracts is
summarized in Table 2. All three of the fusion proteins
showed ligase activity and the highest levels were observed
for GST-MshC and MBP-MshC, both of which exhibited
speciWc activities of 0.3 nmol min¡1 mg¡1. These results indi-
cate that the fusion tags do not interfere with the activity of
mycothiol ligase. However, if desired each of the fusion
proteins can be cleaved within the linker separating MshC
and its N-terminal tag. The GB1 and MBP fusion proteins
contain thrombin and factor Xa cleavage sites, respectively,
while the GST fused protein contains both.

Complementation of the mycothiol deWcient I64 M. 
smegmatis mutant

The I64 M. smegmatis mutant used in this study was
generated previously by chemical mutagenesis of M.
smegmatis mc2155. The I64 mutant strain was shown to be
deWcient in mycothiol production producing only 1% of the

Fig. 3. SDS–PAGE analysis of protein extracts. Lanes 1–6 contain a
molecular weight marker and protein extracts of I64pACE, I64pACE/
MshC, I64pACE/GB1MshC, I64pACE/GSTMshC and I64pACE/
MBPMshC, respectively. Molecular weights in kDa are labeled to the left
of lane 1 and acetamidase-induced MshC constructs are marked with
arrows. The strong bands at approximately 45 and 60 kDa that are pres-
ent in lanes 2–6 appear upon induction with acetamide.
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Table 2
SpeciWc activity of protein extracts and puriWed fractions obtained from
selected strains in expression mediuma

a SpeciWc activity of supernatants is based on total protein determined
by the Bradford protein assay.

Strain/construct SpeciWc activity 
(nmol min¡1 mg¡1)

M. smegmatis mc2155 0.06
M. smegmatis I64pACE nd
M. smegmatis I64pACE/MshC 0.2
M. smegmatis I64pACE/GB1-MshC 0.1
M. smegmatis I64pACE/GST-MshC 0.3
M. smegmatis I64pACE/MBP-MshC 0.3
amount of mycothiol as its parent strain (0.1 �mol/g versus
10 �mol/g dry weight, respectively), and I64 M. smegmatis
exhibits increased sensitivity to free radicals, alkylating
agents and a variety of antibiotics. MshC activity in this
mutant strain was shown to be 62% that of its parent
strain. Sequencing of the mshC gene revealed that a single
amino acid substitution, Leu 205 to Pro, is responsible for
the reduced mycothiol production and its associated phe-
notype [4]. The I64 M. smegmatis strain was thus chosen for
expression of recombinant M. tuberculosis MshC to pre-
vent any interference from endogenous wild type M.
smegmatis MshC and to facilitate complementation experi-
ments.

To determine whether the recombinant MshC fusion
proteins were active, I64 pACE/GB1-MshC, I64 pACE/
GST-MshC, and I64 pACE/MBP-MshC were transformed
into I64 M. smegmatis and acetamidase-induced mycothiol
ligase activity and mycothiol production of these recombi-
nant strains was measured in parallel with those of the I64
M. smegmatis mutant (I64pACE), its parent strain M.
smegmatis mc2155, and non-tagged MshC (I64 pACE/
MshC). The levels of mycothiol of all the strains were deter-
mined at multiple stages of growth (up to 55 h) in expres-
sion medium under antibiotic pressure, except for the
parent strain mc2155 which was grown in the absence of

Fig. 4. Complementation of the mycothiol deWcient I64 M. smegmatis
mutant. (A) Growth rate measured as cell density (A600) versus time (h).
(B) Total mycothiol content of wild type mc2155 and I64 M. smegmatis
recombinant strains after transfer to expression medium and induction
with acetamide. Starter cultures of all strains were grown in nutrient-rich
7H9/OADC/Tween prior to inoculating a larger volume of expression
medium.
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antibiotics. The I64pACE strain produced on average
around 0.1 �mol of total mycothiol per gram wet weight,
averaging less than 5% of the levels produced by the parent
strain during growth (Fig. 4). In general, all strains contain-
ing constructs of tagged and non-tagged MshC produced
mycothiol levels between 2 and 69 times higher (depending
on time from induction) than the I64pACE mutant, or lev-
els at least as great as those of the parent strain grown
under identical conditions (Fig. 4B). The three diVerent
recombinant strains had a maximum peak of mycothiol
production at 22–26 h after induction. After this point, the
levels of mycothiol decline in parallel with the growth
curve, most probably due to the consumption of the acet-
amide used as a source of nitrogen and carbon (Fig. 4A).
These results indicated that the three fusion proteins are
functional in vivo and complement the ligase activity in the
I64 M. smegmatis mutant. Of the three recombinant strains,
I64pACE/MBP-MshC produced the highest levels of myc-
othiol, namely 6.6 �mol/g wet weight at 26 h, which is a 2.2-
fold increase relative to the parent strain.

PuriWcation of rGST-MshC and rMBP-MshC

On the basis of the observed complementation of the
mycothiol deWcient I64 M. smegmatis mutant by the three
constructs (Fig. 4) and evaluation of their ligase activity
(Table 2), I64pACE/GST-MshC and I64pACE/MBP-
MshC were selected for aYnity puriWcation of recombinant
protein. These recombinant strains were grown on a 2-L
scale and processed as described in “Materials and meth-
ods” section. The entire protocol for expression and puriW-
cation required 5 days for growth and induction and
approximately 8 h to generate cleared cell lysates and to
purify the proteins by aYnity chromatography on glutathi-
one or amylose resin columns. As seen in the SDS–PAGE
denaturing gels in Fig. 5, aYnity puriWcations of the GST-
and MBP-tagged MshC proteins were very eVective and
yielded fractions containing fusion proteins of the expected
molecular weights Mr»77 and »88 kDa that were at least
90% pure (as determined by SDS–PAGE and LC–MS).
Starting from a 2-L culture of M. smegmatis I64pACE/
GST-MshC or I64pACE/MBP-MshC, 0.7 mg/L of pure
rGST-MshC and 1.2 mg/L of pure rMBP-MshC were
obtained (Table 3). The molecular weights of the aYnity-
puriWed GST-MshC and MBP-MshC fractions were con-
Wrmed by LC–MS giving observed masses of 77.28 kDa and
88.68 kDa, respectively, in excellent agreement with the cal-
culated molecular weights of 77,275.8 Da and 88,679.1 Da.
Evident from the SDS–PAGE and detectable by LC–MS
analysis, two minor species with respective masses of 31.8
and 42.9 kDa are observed in the GST-MshC and MBP-
MshC aYnity-puriWed fractions (Fig. 5, lanes 3 and 6). As
the predicted masses of GST and MBP are 31.8 and
42.7 kDa respectively, these impurities likely correspond to
the GST and MBP tags as a result of proteolysis within the
spacer separating the tags and MshC.

Mycothiol ligase activities of total protein extracts and
combined aYnity-puriWed fractions for rGST-MshC and
rMBP-MshC were measured using the protocol described in
“Materials and methods” section and yielded Wnal speciWc
activities of 9 nmol min¡1 mg¡1 for puriWed rGST-MshC and
25 nmol min¡1 mg¡1 for puriWed rMBP-MshC. Because the
greatest recovery and speciWc activity was observed with
rMBP-MshC (Table 3), this construct will likely be chosen
for larger scale protein production and used in screening
eVorts aimed at identifying small molecule inhibitors of
MshC. In anticipation of such eVorts, we have monitored at
approximately two-week intervals the activity of rMBP-
MshC stored as 20% glycerol stocks at ¡80 °C. Thus far, we
have observed no detectable loss of activity upon storage
under these conditions for at least three months (data not
shown), further indicating that these constructs and proto-
cols will allow for production of active enzyme in quantities
suYcient to support future studies.

Fig. 5. SDS–PAGE analysis of protein extracts and aYnity-puriWed
recombinant GST-MshC and MBP-MshC. Lanes 1 and 4, molecular
weight markers (kDa); lanes 2 and 5, protein extracts of I64pACE/GST-
MshC and I64pACE/MBPMshC; lanes 3 and 6, aYnity-puriWed GST-
MshC and MBP-MshC.
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Table 3
PuriWcation of recombinant GST-MshC and MBP-MshC proteinsa

a SpeciWc activity of supernatants is based on total protein determined by the Bradford protein assay.

Step Total protein (mg) Total activity (nmol min¡1) SpeciWc activity (nmol min¡1 mg¡1) Recovery (%)

Total protein extract
GST-MshC 118.1 36.5 0.3
rGST-MshC 0.7 6.3 9.0 17

MBP-MshC 82.7 26.9 0.3
rMBP-MshC 1.2 22.3 25.0 83
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Concluding remarks

In summary, we have demonstrated that recombinant
MshC fusion proteins can be expressed in M. smegmatis
using the pACE vector under the control of the acetami-
dase promoter. The GB1, GST and MBP tags are well tol-
erated in the I64 M. smegmatis mutant and the resulting
MshC fusion proteins are functional in vivo. Acetamidase-
induced expression of each of these constructs greatly
improved the yield of MshC relative to the naturally occur-
ring levels produced by the wild type strain M. smegmatis
mc2155. The yields obtained with this system for the GST-
MshC and MBP-MshC protein ranged from 0.7 to 1.2 mg
of pure and active protein/L. The speciWc mycothiol ligase
activities measured for rGSTMshC and rMBPMshC were
9 nmol min¡1 mg¡1 and 25 nmol min¡1 mg¡1, respectively. In
particular, recombinant GST- and MBP-tagged MshC con-
structs can be produced at levels that will support screening
eVorts aimed at identifying inhibitors of mycothiol ligase. If
desired, MshC may also be cleaved from its N-terminal tag
by incubation with proteases Factor Xa (MBP-MshC and
GST-MshC) or thrombin (GST-MshC) with negligible
losses in quantity or activity (M.T.G.L. and C.A.B., unpub-
lished data). This expression system represents a robust
method for expression of recombinant mycobacterial pro-
teins that cannot be expressed in other heterologous sys-
tems such as E. coli.
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