
Nitrile-inducible gene expression in mycobacteria

Amit K. Pandey a, Sahadevan Raman b, Rose Proff a, Swati Joshi a,d, Choong-Min Kang b,e,
Eric J. Rubin c, Robert N. Husson b, Christopher M. Sassetti a,*

a Department of Molecular Genetics and Microbiology, University of Massachusetts Medical School, Worcester, MA 01655, USA
b Division of Infectious Diseases, Children’s Hospital, Harvard Medical School, Boston, MA 02115, USA
c Department of Immunology and Infectious Diseases, Harvard School of Public Health, Boston, MA 02115, USA

a r t i c l e i n f o

Article history:
Received 6 December 2007
Received in revised form 19 June 2008
Accepted 8 July 2008

Keywords:
Inducible expression
Gene expression
Nitrile
Overexpression

s u m m a r y

The ability to ectopically control gene expression is a fundamental tool for the study of bacterial phys-
iology and pathogenesis. While many efficient inducible expression systems are available for Gram-
negative bacteria, few are useful in phylogenetically distant organisms, such as mycobacteria. We have
adapted a highly-inducible regulon of Rhodococcus rhodochrous to artificially regulate gene expression in
both rapidly-growing environmental mycobacteria and slow-growing pathogens, such as Mycobacterium
tuberculosis. We demonstrate that this artificial regulatory circuit behaves as a bistable switch, which can
be manipulated regardless of growth phase in vitro, and during intracellular growth in macrophages.
High-level overexpression is also possible, facilitating biochemical and structural studies of mycobac-
terial proteins produced in their native host.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Virtually all inducible gene expression systems are based on
natural bacterial regulons. However, redesigning these endogenous
regulatory circuits is often necessary to produce highly-regulated
systems that make the most useful experimental tools. Negatively-
regulated promoters often suffer from high basal levels of
transcription and are made more inducible by overexpressing the
regulatory protein.1,2 Alternatively, optimal inducibility from posi-
tive regulators can be achieved by designing the circuit to include
positive feedback in which the regulatory protein is induced
simultaneously with the target gene.3

The specific structure of a regulatory circuit can have unexpected
effects on gene expression at the single cell level. Almost all reg-
ulons appear to produce a graded response to different inducer
concentrations when a population of bacteria is observed as
a whole. However, when expression is assayed in single cells,
different circuits produce fundamentally distinct responses. Genes
under the control of a highly-expressed repressor generally produce

titratable expression in each cell.4 In contrast, circuits that contain
a positive feedback loop or those controlled by a regulatory protein
present at an extremely low level, can produce bistable behavior in
which only two states are possible for a cell, fully induced or fully
repressed.5,6 Thus, both the nature of the regulatory element and
the overall structure of the circuit can influence the behavior of an
artificial regulon.

Despite the importance of regulatable gene expression systems,
few have been designed for many of the most important pathogenic
species. Mycobacteria are members of a diverse phylum of high
G þ C bacteria known as Actinobacteria. These bacteria include
relatively rapidly-growing environmental organisms, such as
M. smegmatis, and slow-growing pathogens, such as M. tuberculosis,
the causative agent of tuberculosis. This important human path-
ogen has been the subject of over a century of research, but only
recently have genetic tools been designed to study this organism.

Currently two general types of expression systems are used in
mycobacteria. The first to be described is based on an endogenous
acetamide-inducible promoter,7 and has been used mostly in fast-
growing environmental species. More recently, a number of
systems based on the tetracycline repressor, TetR have been
developed,1,8,9 which are equally effective in both environmental
and pathogenic mycobacteria. While the latter systems have
quickly become a mainstay of the field, other regulons with
different properties are still needed.

Because most of the commonly used regulatory systems of
Gram-negative bacteria are not functional in mycobacteria, we
sought to adapt a regulon of a more closely related species.
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Rhodococcus rhodochrous is a saprophytic organism that is used
extensively in the industrial production of acrylamide and nico-
tinamide and is of interest as a bioremediation agent. Upon
encountering nitrile-containing pollutants, this organism produces
large amounts of a nitrilase enzyme, encoded by the nitA gene,
which detoxifies a broad range of these compounds.10 Under
inducing conditions, this single enzyme can account for 35% of total
cellular protein.11

The regulatory circuit controlling the nitA gene has been
dissected, and appears to be controlled by a single protein, NitR.12

This protein is sufficient to mediate induction from the nitA
promoter in several Streptomyces species.13 NitR is homologous to
the well-characterized AraC protein of Escherichia coli, which acts
as both a positive and negative regulator of the arabinose catabolic
regulon and is the basis of the pBAD series E. coli expression plas-
mids.14 For AraC, the shift from repression to activation is mediated
by allosteric interactions with hexose sugars.15 It has been
hypothesized that NitR is similarly regulated by inducer binding,12

but no direct experimental data is available. The high inducibility
and simplicity of this system prompted us to adapt it for use in
mycobacteria.

2. Results and discussion

The pNIT series of E. coli-mycobacteria shuttle plasmids contain
the artificial regulon depicted in Figure 1. The expression cassette
consists of the nitR gene, encoding the regulatory protein, under the
control of the inducible nitA promoter. A separate cistron contains
a second nitA promoter followed by a multiple cloning site (MCS).

The native ribosome binding site of the nitA gene is preserved in the
MCS allowing any gene to be cloned in frame using the NdeI site
that overlaps the nitA start codon. This arrangement of regulatory
elements was designed to maximize the inducibility of the target
gene by creating a positive-feedback loop in which the expression
of the regulatory protein is simultaneously induced. pNIT-2
contains the same arrangement of regulatory elements and differs
largely in the cloning sites available in the MCS. The sequence of
pNIT-1 has been deposited in GenBank (accession # FJ173069).

To determine if pNIT plasmids could direct gene expression in
mycobacteria, green fluorescent protein (gfp) and catechol-2,3-
dioxygenase (xylE) genes were used as reporters. Initially, we used
the nitrile analog, 3-caprolactam as an inducer, because this inex-
pensive and non-toxic compound had been shown to induce nitA
expression in both Rhodococcus and Streptomyces spp. expressing
NitR.11,13 In M. smegmatis transformed with pNIT-2::xylE, 3-capro-
lactam addition caused a dose-dependent increase in reporter gene
activity (Figure 2A). Optimal induction was achieved with 28 mM
3-caprolactam, which caused a >100-fold increase in reporter gene
expression.

However, very little reporter gene expression was observed
when this compound was added to M. tuberculosis transformed
with pNIT2::xylE (not shown). We suspected that this was due to
the relatively impenetrable hydrophobic cell wall of the slow-
growing pathogenic mycobacterial species. To surmount this
barrier, we tested a number of more hydrophobic nitriles. Of the
compounds tested, isovaleronitrile (IVN) was the most effective,
inducing maximal expression at w5 mM in both M. smegmatis and
M. tuberculosis (Figure 2B and data not shown). Greater than 100-
fold induction was routinely achieved in both mycobacterial species
(Figures 2C–E). In M. smegmatis, similar kinetics of GFP induction
are observed for both compounds (data not shown). At the
concentrations used in this study, neither 3-caprolactam nor IVN
had a detectable effect on the growth rates of M. smegmatis or M.
tuberculosis (not shown).

We then compared pNIT with two existing methods for regu-
lating gene expression in mycobacteria. After 24 h of induction,
pNIT-2 was found to direct equivalent expression of XylE as the
previously described acetamidase-inducible promoter in ‘‘pACET’’
(described in Section 3). However, induction from pNIT-2 was
considerably more rapid (Figure 3A). A GFP reporter was used to
compare pNIT-1 with a commonly used TetR-based expression
plasmid, pUV15TetO.1 Upon induction, both plasmids produced
fluorescence with approximately the same kinetics (not shown),
but pNIT-1::GFP was found to produce w3-fold higher fluores-
cence. For some applications, the most critical parameter is not the
maximal induction level, but the absence of basal (uninduced)
transcription. While we assume that no expression system can be
completely repressed, neither the xylE or gfp reporters used in this
study proved sensitive enough to reliably detect this low level of
protein production. Thus, while we conclude that the basal
transcription from these promoters is reasonably low, these
experiments do not allow the direct comparison of these systems.

While the overall induction achieved by pUV15TetO and pNIT-1
appeared roughly similar at the population level, the circuitry
controlling these regulons varied significantly. Transcription from
the pUV15TetO promoter is controlled by a repressor expressed at
constitutively high-levels. Often, regulons designed in this way
produce titratable expression in individual cells. In contrast, the
pNIT regulatory circuit includes positive feedback component in
which NitR induces its own expression. This raised the possibility
that the pNIT-encoded circuit may behave like other positive
feedback loops and exist only in two distinct states, fully induced or
fully repressed. To investigate this question at the single cell level
we analyzed GFP production by FACS after induction at a half-
maximal inducer concentration. As shown in Figure 3B, pNIT-based

Figure 1. (A) Design of pNIT-1. The expression cassette contains a multiple cloning site
(MCS) into which a target gene is inserted (here shown as the reporters, gfp or xylE)
and the gene encoding the regulatory protein (nitR) under the control of the NitR-
targeted nitA promoter. This design incorporates a positive feedback loop to increase
inducibility. The MCS is transcriptionally isolated by two strong terminator sequences,
one from the E. coli rrnAB operon (‘‘Trrn’’) and one from the bacteriophage fd (‘‘Tfd’’).
The vector backbone (pMV261)20 contains elements necessary for replication in both E.
coli and mycobacteria. These elements are arranged similarly in pNIT-2. (B) The
sequence of the PnitA promoter and MCS is depicted. The probable �35, �10, and þ1
(translational start) sites of the promoter, and the ribosome binding site (RBS) and
translational start site of the nitA gene are annotated as in Ref. 12. Unique restriction
sites in pNIT-1 are indicated.
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