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A B S T R A C T

Nucleoid associated proteins (NAPs) are known organisers of chromosomal structure and regulators of tran-
scriptional expression. The number of proposed NAPs in mycobacteria are significantly lower than the number
identified in other organisms. An interesting feature of mycobacterial NAPs is their low sequence similarity with
those in other species, a property that has hindered their identification. In this review, we discuss the current
evidence for the proposed classification of six mycobacterial proteins, Lsr2, EspR, mIHF, HupB, MDP2 and
NapM, as NAPs in mycobacterial species with an emphasis on their roles in modulating chromosome structure
and transcriptional regulation. In addition, we highlight the technical difficulties associated with investigating
and providing evidence for the classification of proteins as NAPs in mycobacteria. We also address the role of
mycobacterial NAPs as mediators of stress responses and highlight the recent developments aimed at targeting
NAP-DNA interactions for the development of novel anti-TB drugs.

1. Introduction

The ability of Mycobacterium tuberculosis to adapt to the adverse
conditions encountered during infection is crucial to its survival within
the host, and involves appropriate changes in gene expression in re-
sponse to the changing environment. Numerous studies have in-
vestigated the transcriptional response of M. tuberculosis following ex-
posure to host-derived stresses such as hypoxia [1–4], nutrient
limitation [5], oxidative and nitrosative stress [6], and extensive work
has been done to characterise the transcription factors involved in
mediating these responses. More recently, the shift to a ‘systems
biology’ approach has sought to understand the complex interactions
between various components of these regulatory networks [7–9]. In
bacteria, genomic DNA is compacted to a structure called the nucleoid,
which is roughly 104 times smaller than the volume of linear DNA of
equivalent length [10]. The organisation and plasticity of this structure
is crucial for gene expression, since it must allow proteins involved in
transcription to access the DNA. Nucleoid associated proteins (NAPs),
also known as histone-like proteins, are a group of small, highly
abundant DNA binding proteins implicated in maintaining chromosome
structure [11–13], and they therefore play an important role in reg-
ulating gene expression, both globally and locally [14,15]. NAPs are

often positively charged, low molecular weight, dimeric proteins which
modulate the bacterial chromosome through bending, wrapping and
bridging of DNA [11,13]. These proteins are distinct from homo-tetra-
meric single stranded DNA binding proteins (SSBs), which are required
for chromosome replication in eubacteria [16]. Unlike NAPs, these
helix destabilising proteins are known to possess an oligonucleotide
binding fold (OB-fold) on the N-terminal domain which is essential for
oligomerization and DNA binding [17]. Furthermore, the primary
function of SSBs is to prevent the formation of secondary DNA struc-
tures through the occupation of ∼35, ∼56 or ∼65 nucleotides
[18–20]. Like NAPs, SSBs interact with DNA in a sequence independent
manner and physically protect DNA from chemical attacks and nu-
cleases [16,21]. In Escherichia coli the differential expression of NAPs is
proposed to drive growth-phase dependent changes in chromosome
structure [22]. The identification of NAPs in mycobacteria has been
hindered by low sequence conservation with other well-characterised
NAPs. This review aims to summarize our current knowledge of pro-
teins proposed to function as NAPs in mycobacteria (Table 1).

2. Lsr2 is a novel DNA-bridging protein in mycobacteria

Lsr2 is a small (12kDa) basic protein which is highly conserved in
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mycobacteria and related actinomycetes. Forward genetic screens pre-
dicted lsr2 to be essential for survival of M. tuberculosis in vitro [23,24],
nevertheless, a slow growth Δlsr2 deletion mutant has been generated
[25]. Characterization of the Δlsr2 deletion mutant revealed that Lsr2
was required by M. tuberculosis for growth under normoxic and hy-
peroxic conditions, as well as for the adaptation to anaerobiosis [26].
Initial evidence identifying Lsr2 inM. tuberculosis as a novel histone-like
protein included the ability to: (a) form large multimeric complexes
with DNA, (b) bind preferentially to AT-rich sequences (commonly
found within promoter regions and foreign acquired DNA), (c) induce
modest supercoiling in relaxed plasmid DNA, and (d) inhibit tran-
scription and topoisomerase I in vitro [27]. In ChIP-chip studies Lsr2 co-
precipitates with 21% and 13% of theM. tuberculosis andMycobacterium
smegmatis genomes respectively, showing a preference for binding to
regions with low GC content, including those regions acquired by
horizontal gene transfer [28]. Whole genome expression data demon-
strated that the majority of genes identified in ChIP-chip studies were
upregulated in the Δlsr2 deletion mutant, supporting the proposed role
of Lsr2 as a transcriptional repressor [26,28].

Atomic force microscopy (AFM) revealed that Lsr2 has DNA-brid-
ging properties [29], and complementation studies suggest that it
functions analogously to the E. coli DNA-bridging NAP H-NS [30]. Si-
milar to the E. coli NAP H-NS, Lsr2 contains an N-terminal dimerization
domain (residues 1–65) and a C-terminal DNA-binding domain (re-
sidues 51–112), although the structure of the C-terminal domain is
distinct from that of H-NS [28]. Despite their unique C-terminal domain
structures, H-NS and Lsr2 share a common binding mechanism to the
minor groove of DNA, and in both cases, their increased affinity for AT-
rich sequences is determined by the width of the minor groove [31].
The narrower minor groove produced by AT-rich DNA sequences is
proposed to help H-NS and Lsr2 bind the minor groove in an “AT-Hook-
Like” grip [31–33]. Following binding to the minor groove, Lsr2 and H-
NS are able to bridge distant DNA fragments into hairpins and loops
[29]. In vitro, Lsr2 binds co-operatively along extended DNA to form a
rigid Lsr2-DNA nucleoprotein filament, while at low DNA tension it
causes DNA aggregation [34], suggesting that the variation in DNA
tension across the chromosome may act to regulate the formation of
Lsr2-DNA structures. Structural studies of the Lsr2 N-terminal domain
demonstrated that removal of the first three amino acid residues by
trypsin resulted in a shift from dimerization to oligomerization, leading
authors to speculate that proteolytic processing of Lsr2 may be a me-
chanism of regulating its binding in vivo [35]. Interestingly, some my-
cobacteriophages appear to have acquired lsr2 from their host, although
the significance of this is unclear [36].

3. EspR and HupB, transcriptional regulators and NAPs?

The primary role of NAPs is to maintain chromosome structure, and
in most instances this is facilitated through binding to numerous sites in
the chromosome in a sequence-independent manner. However, some
NAPs also bind high-affinity binding sites, making it difficult to dis-
tinguish these proteins from transcriptional regulators, particularly if
their binding has an impact on gene expression.

EspR, encoded by Rv3849 in M. tuberculosis, is a small (14.7 kDa)
protein that is highly conserved in mycobacteria and related actino-
mycetes. Initial interest in EspR was due to its role in regulating ESX-1,
a virulence-associated type VII secretion system in M. tuberculosis,
mediated via induction of the espACD (Rv3616c-Rv3614c) operon [37].
Like other ESX-1 secretion mutants, a transposon mutant producing low
levels of EspR induced high levels of IL-12 in macrophages and was
defective for survival in mice [37]. EspR was originally thought to be a
secreted substrate of ESX-1, however more recent work demonstrated
that it is mainly cytosolic, and its intracellular concentration increases
throughout the cell cycle, reaching approximately 100 000 molecules
per cell in stationary phase [38]. Recently the two-component systems
PhoP-PhoR and MprA-MprB were shown to directly regulate EspR,Ta
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