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H-NS and RNA polymerase: a love–hate relationship?
Robert Landick2,3, Joseph T Wade4,5 and David C Grainger1
Histone-like nucleoid structuring (H-NS) protein is a component
of bacterial chromatin and influences gene expression both
locally and on a global scale. Although H-NS is broadly
considered a silencer of transcription, the mechanisms by
which H-NS inhibits gene expression remain poorly
understood. Here we discuss recent advances in the context of
a ‘love–hate’ relationship between H-NS and RNA polymerase,
in which these factors recognise similar DNA sequences but
interfere with each other’s activity. Understanding the complex
relationship between H-NS and RNA polymerase may unite
the multiple models that have been proposed to describe
gene silencing by H-NS.
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Introduction
All life forms must organise their chromosomes within the
confines of the cell or its compartments. This requires
that DNA is folded, so it can be stored in a confined space,
whilst simultaneously remaining accessible, so that the
genetic code can be utilised. In eukaryotes, histone
proteins interact with DNA to form nucleosomes [1].
The nucleosomes are further folded into chromatin fibres
[2]. Our understanding of nucleosome formation at the
molecular level is well developed. Furthermore, it is
known that i) nucleosomes can impede access of cellular
machinery to genes and ii) that this process is carefully
www.sciencedirect.com

regulated by the cell [2]. In prokaryotes, where DNA is
folded into a structure known as the nucleoid, mechanisms of chromosome folding are also best understood at
the molecular level; a group of ‘nucleoid-associated’
DNA-binding proteins impose constraints on DNA topology [3]. The effects on other DNA transactions are
complex and poorly defined.
The Histone-like nucleoid structuring (H-NS) factor is a
15.5 kDa protein found in the bacterium Escherichia coli
and its close relatives [4,5]. Initially referred to as protein
H1, H-NS was first isolated on the basis of its propensity
to bind DNA [6,7]. Subsequent studies showed that this
activity was biased towards AT-rich sequences [8]. The
intracellular abundance of H-NS, alongside its DNA
binding properties, immediately suggested a role in
DNA organisation and the regulation of gene expression
[5]. Thus began decades of painstaking research into
these distinct functions. What followed revealed that
H-NS plays diverse roles in bacterial cells, including
not only the control of gene expression and DNA folding,
but also the facilitation of bacterial genome evolution
[4,5,9,10]. The generally accepted view is that H-NS
binds to several hundred high-affinity nucleation sites
dispersed across the chromosome before oligomerising
across AT-rich DNA segments to exert its various effects.
In many cases, these effects are intertwined and manifest
themselves at the same genomic loci. For example, the
E. coli K-12 ygeH gene is located within a remnant of a
horizontally acquired pathogenicity island. Such regions
are frequently silenced by H-NS, reducing their toxicity
and facilitating genome evolution [10]. However, in the
case of ygeH, H-NS binding not only results in transcriptional repression but also co-localisation of this genomic
locus with other H-NS-bound regions of the chromosome
[11].
Over the past three decades it has become apparent that
H-NS is part of a family of proteins with similar properties
[5]. In E. coli, ‘H-NS-like’ proteins such as StpA, Hha,
YdgT and Ler have now been characterised. These proteins generally interact with H-NS and modulate its DNA
binding or oligomerisation properties. For instance, recent
structural work has shown that Hha binds to the H-NS
oligomerisation domain and alters the ability of H-NS to
regulate a subset of genes, possibly by influencing the
DNA binding activity of H-NS via modified oligomerisation [12,13]. Orthologs of H-NS have been identified in
diverse bacteria, including Bacillus subtilis (Rok), Pseudomonas aeruginosa (MvaT), Burkholderia vietnamiensis (Bv3F)
and Mycobacterium tuberculosis (Lsr2) [14–17]. In Grampositive bacteria and mycobacteria, functional analogues
Current Opinion in Microbiology 2015, 24:53–59

54 Cell regulation

that is essential for DNA binding [16]. The first (Q/R)
and last (R) side chains of the motif dock with the DNA
minor grove. This docking is facilitated by the narrowing
of the minor grove associated with AT-rich DNA. However, minor grooves that are too narrow (e.g. those in Atract DNA) are sub-optimal targets [16]. Studies of the
Ler protein support this view [21]. In complementary
genomic experiments, Gordon and co-workers examined
the DNA sequence specificity of H-NS and Lsr2 by
measuring binding to a double-stranded DNA oligonucleotide microarray [16]. The microarrays consisted of
32 896 possible 8-mer sequences, each represented multiple times on the array. For each 8-mer sequence an ‘Escore’ was determined. The E-score describes the ranking
of probes containing a particular 8-mer, relative to all other
probes, upon protein binding. Put simplistically, the Escore represents the binding preference of H-NS or Lsr2
for a given 8-base sequence. This analysis revealed very
similar DNA-binding specificities for H-NS and Lsr2.
Moreover, the results agreed with previous work proposing
that the best nucleation sites for H-NS contain a central
T–A step and lack extended A-tract or T-tract sequences
[22–24]. Lang and co-workers had previously derived a
DNA sequence logo for H-NS nucleation (Figure 1a) on
the basis of in vitro DNA footprinting analysis and chromosome-wide analysis of H-NS binding [22,23]. Whilst
this logo may not represent the only sequence that H-NS
can recognise with a high affinity, it further supports the
requirement for a T–A step at H-NS nucleation sites.

of H-NS exhibit similar DNA binding properties despite
only partial structural similarity and the absence of sequence similarity [16]. These divergent factors have only
been identified recently; their discovery suggests that HNS-like proteins may be a near universal feature of bacterial chromatin.
Although the influence of H-NS on DNA folding, gene
expression, and horizontal gene transfer is broadly accepted, the molecular mechanism by which H-NS exerts
these effects remains controversial. Multiple models purport to explain H-NS function, and gaping holes in our
knowledge are still evident. For example, it is unclear if
H-NS represses transcription by occluding RNA polymerase targets or by trapping RNA polymerase in unproductive complexes [18–20]. Furthermore, the toxic
effects of AT-rich DNA, and the mechanism by which
H-NS negates this toxicity, remain only partially defined.
In this review, we focus on the ‘love–hate’ relationship
that exists between H-NS and RNA polymerase and the
need for a better understanding of their uneasy partnership. In particular, we discuss reasons why both H-NS and
RNA polymerase have a propensity to bind (i.e. a ‘love’
for) AT-rich DNA and why H-NS-bound AT-rich DNA
‘hates’ to be transcribed.

DNA recognition by H-NS and RNA
polymerase: a shared ‘love’ for AT-rich DNA
Recent structural work has unveiled the precise organisation of the H-NS, Lsr2 and Bv3F DNA binding determinants [16]. Strikingly, although these proteins have a
different overall configuration, a surface exposed loop in
all three factors adopts an almost identical conformation.
This loop contains a conserved Q/RGR amino acid motif

The DNA binding properties of H-NS are particularly
intriguing when considered alongside those of RNA
polymerase. Briefly, the role of RNA polymerase in the
cell can be described by the transcription cycle (Figure 2).
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DNA binding properties of H-NS and RNA polymerase. (a) The H-NS DNA nucleation motif. The panel shows a DNA sequence logo generated
from high-affinity H-NS nucleation sites (adapted from Lang et al. [22]). (b) The DNA sequence logo represents sequence conservation in
promoter 10 elements recognised by the housekeeping s70 factor (25). (c) Promoter 10 elements are enriched in high affinity H-NS targets.
The scatter plot shows H-NS and Lsr2 binding signals generated by the binding of each protein to the double stranded DNA microarray of
Gordon et al. Each data point represents a different DNA octamer sequence. Data points highlighted in red are those that contain a promoter
10 element (as defined in Ref. [30]).
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Figure 2

The transcription cycle
DNA

σ
RNA

H-NS
core RNAP

(a)

RNA polymerase exclusion

Promoter binding

Termination
Stimulation of Rho
dependent termination

RNA polymerase repositioning

(c)

Rh o
Repression of initiation by
direct RNA polymerase
interaction

Initiation

Barrier to
elongation

Elongation

(b)
RNA polymerase trapping

Current Opinion in Microbiology

H-NS can influence all aspects of the transcription cycle. The figure shows a cartoon of the transcription cycle and the potential involvement of HNS at different stages. At the step of promoter binding (a) H-NS can exclude RNA polymerase by occluding promoter DNA elements or bind DNA
in conjunction with RNA polymerase to influence its position on the DNA. Transcription initiation (b) may be blocked by H-NS mediated stalling of
RNA polymerase at promoters and elongation of RNA polymerase, through tracts of H-NS-bound DNA, may impede transcription to enhance
termination by Rho (c).

In this model, RNA polymerase must recognise and
interact with two core promoter DNA elements [25]. Thus,
the RNA polymerase s70 subunit contacts the 10 (50 TATAAT-30 ) and 35 (50 -TTGACA-30 ) hexamers [25].
Recognition of 10 hexamers drives DNA unwinding
during transcription initiation as elegantly demonstrated
by recent structural work [26,27]. During promoter opening,
the second and final positions of the 10 hexamer are
flipped out of the DNA base stack and accommodated
by pockets in the sigma factor. Although details of this
transition remain to be defined, these DNA opening events
are clearly facilitated by the highly conserved T–A step
found in promoter 10 hexamers. This T–A step is easily
observed in a DNA sequence logo, generated from >500
experimentally verified s70-dependent promoters
(Figure 1b) [28]. Interestingly, direct comparison of an
H-NS nucleation motif (Figure 1a) and RNA polymerase
promoter 10 element (Figure 1b) reveal the potential for
overlapping DNA sequence preference. Indeed, it was
recently shown that many H-NS-bound regions of the
E. coli chromosome are enriched for sequences that resemble promoter 10 elements [29,30]. Similarly, identification of putative promoters using genomic SELEX with the
E. coli RNA polymerase holoenzyme revealed an abundance of promoters in H-NS-bound regions of the genome
[31]. The overlapping DNA sequence preference of HNS and RNA polymerase is also evident in the DNA
oligonucleotide array data of Gordon et al. [16]. These
data are shown in Figure1c where i) each data point
represents a different 8-mer and ii) 8-mers containing 10 elements (defined as 50 -TAnAAT-30 , 50 -TATnAT-30
www.sciencedirect.com

or 50 -TATAnT-30 ) are highlighted red. There is a statistically significant overrepresentation of 10 elements
in the top 10% of Lsr2 and H-NS binding targets
(P = <0.0001 for both H-NS and Lsr2, Chi-square test).
For example, whilst only 122 of the 32 896 8-mer
sequences examined by Gordon et al. contained 10 elements, 90 of the 10 elements fell in the top 10% of all 8mers ranked according to the E-score for H-NS binding.
Given the overlapping DNA-binding specificities of RNA
polymerase and H-NS, it is unsurprising that they frequently target intergenic non-coding DNA and genes
enriched for intragenic promoters. As discussed in more
detail below, this shared ‘love’ of AT-rich DNA gives rise
to conflict between RNA polymerase and H-NS.

Conflict between H-NS and RNA polymerase:
interactions at different stages of the
transcription cycle
H-NS interactions with transcription initiation
complexes

A variety of mechanisms have been described for H-NS
modulation of transcription initiation. The simplest mechanism involves occlusion of promoter sequences by H-NS
filaments (Figure 2a). Genome-scale analysis of RNA
polymerase binding, and transcription start-site mapping,
are consistent with this being a common mechanism by
which H-NS represses transcription initiation. Surprisingly, the majority of repressed promoters are located either
inside genes or far from a nearby gene start, suggesting
that H-NS suppresses spurious transcription initiation in
AT-rich regions [29,30]. Several alternative models for
Current Opinion in Microbiology 2015, 24:53–59
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transcription regulation by H-NS are focused on interaction with the transcription initiation complex after promoter binding by RNA polymerase. The principal ‘postbinding’ model posits that H-NS represses transcription
by binding upstream and downstream of an initiating RNA
polymerase, thus ensnaring the polymerase in a repression
loop (Figure 2b) [20]. Recent work with E. coli O157:H7
suggests the action of H-NS may involve even more
complex interactions and intriguing regulatory possibilities. For example, at the LEE5 promoter, H-NS appears to
interact directly with the RNA polymerase alpha subunit to
prevent transcription initiation [32]. Furthermore, at the
ehxCABD operon regulatory region, H-NS appears to prevent RNA polymerase binding to spurious promoter-like
sequences located adjacent to the genuine ehxCABD promoter. In this way, H-NS may ‘focus’ binding of RNA
polymerase to the correct sequence [33]. Interestingly, the
gene regulatory effects of H-NS are not restricted to direct
control of RNA polymerase. Two recent studies showed
that many binding sites for the transcription activators
FNR and CRP are occluded by H-NS [34,35].
The various mechanisms by which H-NS can control
transcription initiation are illustrated in Figure 2b. It is
worth noting that the regulatory mechanisms ascribed to
H-NS are not mutually exclusive. Structural studies of the
H-NS N-terminal oligomerisation domain identified different modes of H-NS dimerisation [36,37]. Whilst both
studies agreed on the presence of three helical segments
(a1, a2 and a3), the coiled-coil formed between the two
a3 helices in an H-NS dimer was proposed to be antiparallel in one structure and parallel in the other. Recent
molecular simulations suggest that both structures may
be relevant, that each could dictate different regulatory
outcomes, and that switching between the two conformations could be controlled by temperature and divalent
cations [19,38]. Given that transcription regulation by HNS is known to be sensitive to osmolarity, it is possible
that transitions in H-NS oligmerisation may determine
which mode of regulation predominates in a particular
condition.
H-NS interactions with transcription elongation
complexes

Although much attention has focused on suppression of
transcription initiation by H-NS, many active transcription elongation complexes are likely to encounter H-NS
(Figure 2c). Such encounters arise both in coding regions
where significant H-NS binding occurs [39,40] and in
non-coding regions, bound by H-NS, that are transcribed
as the result of antisense transcription of neighbouring
genes [41,42]. It is unclear, however, whether bound HNS impacts transcript elongation or if active elongation
can perturb H-NS filaments. Several recent studies
suggest that both these phenomena may occur. By inhibiting the Rho termination factor, Peters et al. [41] found
that most Rho termination in E. coli affects noncoding,
Current Opinion in Microbiology 2015, 24:53–59

antisense transcription, and that a substantial fraction of
these transcription termination events coincide with
sites of H-NS binding. Conversely, deletion of hns results
in increased RNA polymerase binding at 334 chromosomal
loci, of which 222 coincide with Rho-dependent terminators. Thus, it appears that H-NS aids Rho-dependent
transcription termination, especially in untranslated segments of DNA such as antisense transcription units or
horizontally transferred genes. It seems likely that H-NS
impedes the progress of elongating RNA polymerase and
hence makes it more susceptible to termination by Rho
(Figure 2c); such a view is supported by in vitro experiments showing H-NS stimulation of RNA polymerase
pausing and Rho-dependent termination [43].
If H-NS can promote removal of RNA polymerase from
DNA upon close encounter, is the reciprocal also true?
Exciting recent results from Chandraprakash and Seshasayee [44] suggest this may well be the case. These
authors report that when RNA polymerase invades HNS-bound regions of the chromosome, H-NS binding is
reduced. Using a similar strategy of chemical inhibition of
Rho, but instead monitoring H-NS binding levels using
ChIP-seq, Chandraprakash and Seshasayee [44] observed
that the increased read-through of RNA polymerase into
large tracts of H-NS-bound DNA occurred concomitantly
with destabilisation of H-NS–DNA interactions. Whilst
this result shows that RNA polymerase and H-NS perceive each other’s presence during transcription elongation, the molecular details of the interplay remain
undefined (Figure 2c). Thus, careful studies such as
single-molecule approaches that can distinguish effects
of H-NS on transcript elongation rates and different
classes of transcriptional pausing as well as effects of
RNAP on H-NS release are now desirable.

H-NS interactions with RNA

Remarkably, the potential roles of H-NS in transcription elongation also extend to a direct interaction with
the RNA. There have been numerous reports of H-NS,
and orthologs such as StpA, binding to RNA [45,46]. In a
particularly notable piece of work, Park and colleagues
recently showed that H-NS can stimulate the expression of some genes by binding to AU-rich 50 UTRs of
some mRNAs with suboptimal ribosome binding sites
[47]. When H-NS targets these mRNAs, it results in
repositioning of the ribosome and more effective
mRNA translation. We speculate that these properties
of H-NS, which have been long overlooked, may well be
as important as the interactions between H-NS and
RNA polymerase at promoters. Moreover, these HNS–RNA interactions are likely to occur on nascent
RNA, since transcription and translation are coupled in
bacteria. Thus, H-NS–RNA interactions likely represent an additional connection between H-NS and RNA
polymerase.
www.sciencedirect.com
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Summary
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We propose that H-NS and RNA polymerase are engaged
in an inharmonious matrimony with squabbling over
shared interests being commonplace. Whilst the two
factors share certain properties (most notably, a propensity to recognise AT-rich sequences) and participate in
all aspects of the transcription cycle, their union frequently has a disruptive outcome: H-NS interferes with
promoter binding by RNA polymerase, can trap RNA
polymerase in DNA loops, may disrupt transcription
elongation complexes, and can enhance termination.
H-NS has previously been described as promoting ‘xenogeneic silencing’, that is, suppression of transcription
of horizontally acquired genes [48–50]. The model has
since been expanded to include suppression of spurious
promoters within these genes [29,30]. We speculate
that the DNA sequence preferences of H-NS and related proteins have evolved to match those of RNA polymerase, as a mechanism for silencing transcription from
horizontally acquired DNA. However, once horizontally
acquired DNA has been stably inserted in the genome,
the function of H-NS can evolve to accommodate more
complex regulatory outcomes, such as the focusing of
RNA polymerase to the correct transcription start site as
observed for the ehxCABD operon in E. coli O157:H7
[33].
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www.sciencedirect.com

have been highlighted as:
 of outstanding interest
1.
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resolution. Nature 1997, 389:251-260.

2.

Misteli T: Higher-order genome organization in human disease.
Cold Spring Harb Perspect Biol 2010, 2:a000794.

3.

Browning DF, Grainger DC, Busby SJ: Effects of nucleoidassociated proteins on bacterial chromosome structure and
gene expression. Curr Opin Microbiol 2010, 13:773-780.

4.

Dorman CJ: H-NS, the genome sentinel. Nat Rev Microbiol 2007,
5:157-161.

5.

Dorman CJ: H-NS-like nucleoid-associated proteins, mobile
genetic elements and horizontal gene transfer in bacteria.
Plasmid 2014, 75C:1-11.

6.

Laine B, Sautiere P, Spassky A, Rimsky S: A DNA-binding protein
from E. coli isolation, characterization and its relationship with
proteins H1 and B1. Biochem Biophys Res Commun 1984,
119:1147-1153.

7.

Spassky A, Rimsky S, Garreau H et al.: H1a, an E. coli DNA-binding
protein which accumulates in stationary phase, strongly
compacts DNA in vitro. Nucleic Acids Res 1984, 12:5321-5340.

8.

Owen-Hughes TA, Pavitt GD, Santos DS, Sidebotham JM,
Hulton CS, Hinton JC, Higgins CF: The chromatin-associated
protein H-NS interacts with curved DNA to influence DNA
topology and gene expression. Cell 1992, 71:255-265.

9.

Winardhi RS, Gulvady R, Mellies JL, Yan J: Locus of enterocyte
effacement-encoded regulator (Ler) of pathogenic
Escherichia coli competes off histone-like nucleoidstructuring protein (H-NS) through noncooperative DNA
binding. J Biol Chem 2014, 289:13739-13750.

10. Ali SS, Soo J, Rao C, Leung AS, Ngai DH, Ensminger AW,
 Navarre WW: Silencing by H-NS potentiated the evolution of
Salmonella. PLOS Pathog 2014, 10:e1004500.
A study showing that understanding H-NS function can be derived from
examining the mechanisms used by the cell to compensate for loss of H-NS.
11. Wang W, Li GW, Chen C, Xie XS, Zhuang X: Chromosome
organization by a nucleoid-associated protein in live bacteria.
Science 2011, 333:1445-1449.
12. Ali SS, Whitney JC, Stevenson J, Robinson H, Howell PL,
Navarre WW: Structural insights into the regulation of foreign
genes in Salmonella by the Hha/H-NS complex. J Biol Chem
2013, 288:13356-13369.
13. Ueda T, Takahashi H, Uyar E, Ishikawa S, Ogasawara N, Oshima T:
Functions of the Hha and YdgT proteins in transcriptional
silencing by the nucleoid proteins, H-NS and StpA, in
Escherichia coli. DNA Res 2013, 20:263-271.
14. Smits WK, Grossman AD: The transcriptional regulator Rok binds
A + T-rich DNA and is involved in repression of a mobile genetic
element in Bacillus subtilis. PLoS Genet 2010, 6:e1001207.
15. Winardhi RS, Fu W, Castang S, Li Y, Dove SL, Yan J: Higher order
oligomerization is required for H-NS family member MvaT to
form gene-silencing nucleoprotein filament. Nucleic Acids Res
2012, 40:8942-8952.
16. Gordon BR, Li Y, Cote A, Weirauch MT, Ding P, Hughes TR,
 Navarre WW, Xia B, Liu J: Structural basis for recognition of ATrich DNA by unrelated xenogeneic silencing proteins. Proc Natl
Acad Sci U S A 2011, 108:10690-10695.
Detailed structural analysis of interactions between H-NS, Lsr2 and DNA,
reveals how apparently unrelated proteins can have similar roles in the cell.
17. Gordon BR, Li Y, Wang L, Sintsova A, van Bakel H, Tian S,
Navarre WW, Xia B, Liu J: Lsr2 is a nucleoid-associated protein
that targets AT-rich sequences and virulence genes in
Mycobacterium tuberculosis. Proc Natl Acad Sci U S A 2010,
107:5154-5159.
Current Opinion in Microbiology 2015, 24:53–59

58 Cell regulation

18. Lim CJ, Lee SY, Kenney LJ, Yan J: Nucleoprotein filament
formation is the structural basis for bacterial protein H-NS
gene silencing. Sci Rep 2012, 2:509.
19. Liu Y, Chen H, Kenney LJ, Yan J: A divalent switch drives H-NS/
DNA-binding conformations between stiffening and bridging
modes. Genes Dev 2010, 24:339-344.
20. Dame RT, Wyman C, Wurm R, Wagner R, Goosen N: Structural
basis for H-NS-mediated trapping of RNA polymerase in the
open initiation complex at the rrnB P1. J Biol Chem 2002,
277:2146-2150.
21. Cordeiro TN, Schmidt H, Madrid C, Juárez A, Bernadó P,
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