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Abstract

The histone-like nucleoid structuring (H-NS) protein and its analogues bind large stretches of
horizontally acquired AT-rich DNA in a broad range of bacterial species. Binding by H-NS
silences the promoters within such DNA that would otherwise deplete the cellular pool of RNA
polymerase. Selective de-repression can occur when sequence-specific DNA-binding proteins
locally disrupt H-NS function; this mechanism is important for the regulation of many virulence
genes. In this issue of Molecular Microbiology, Rangarajan and Schnetz show that when
transcription from a neighbouring region invades an H-NS-bound locus, it can disrupt local H-NS
repression. Moreover, they show that de-repression occurs in a dose-dependent manner, and they
demonstrate a natural example of this in Escherichia coli. This finding has important implications
for H-NS function and its impact on genome evolution.

ABBREVIATED SUMMARY

The histone-like nucleoid structuring (H-NS) protein and its analogues silence transcription across
large stretches of horizontally acquired AT-rich DNA in a broad range of bacterial species. In this
issue of Molecular Microbiology, Rangarajan and Schnetz show that when transcription from a
neighbouring region invades an H-NS-bound locus, it can disrupt local H-NS repression. This
finding has important implications for H-NS function and its impact on genome evolution.
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H-NS and transcription: a complex relationship

The Histone-like Nucleoid Structuring (H-NS) protein is an abundant DNA-binding protein
found in Escherichia coliand closely related species. H-NS preferentially coats large AT-rich
regionsof the genome (Grainger et al., 2006; Lucchini ef al., 2006; Navarre et al., 2006;
Oshima et al., 2006; Kahramanoglou et a/., 2011). Although H-NS is not widely distributed
among prokaryotes, functionally analogous proteins have been identified in a broad range of
bacteria (Singh et a/.,, 2016); analogues include MvaT/U in pseudomonads (Castang et al.,
2008), Lsr2 in mycobacteria (Gordon et a/., 2010), and Rok in bacilli (Smits and Grossman,
2010). The primary function of H-NS and its analogues is believed to be transcriptional
repression (Dorman, 2007; Landick et al., 2015). Since H-NS binds to AT-rich DNA, this
repression is associated with horizontally acquired genes, which often have higher AT-
content than the genome as a whole (Lucchini et a/,, 2006; Navarre et al., 2006; Oshima et
al., 2006). Failure to repress horizontally acquired genes can substantially reduce fitness (Ali
et al., 2014). In addition to silencing transcription of the genes themselves, H-NS silences
transcription of numerous promoters within these genes. Indeed, the majority of H-NS-
repressed promoters are inside genes and/or far from gene starts (Singh et a/., 2014).
Consequently, loss of H-NS is highly toxic due to redistribution of active RNA polymerases
(RNAPs) from housekeeping genes to intragenic promoters that would ordinarily be silenced
(Lamberte et al., 2017).

H-NS binds the DNA minor groove using an arginine side chain that resides within a hook-
like motif (Gordon et al., 2011) (red sectors in Figure 1). Furthermore, H-NS can interact
with itself via two distinct protein surfaces, allowing “daisy chaining” of individual
protomers (blue and green sectors in Figure 1) (Arold et a/., 2010). These properties of H-
NS account for its ability to coat large stretches of DNA (Figure 1). Two distinct modes of
DNA binding have been described. First, H-NS binding can unfurl the DNA into extended
linear filaments (Figure 1, top). This is commonly referred to as the “stiffening” mode of
binding (Amit et al., 2003; Liu et al., 2010). Second, H-NS can simultaneously bind two
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distant sections of DNA by creating nucleoprotein “bridges” (Figure 1, bottom) (Dame et al.,
2006). /n vitro, H-NS can switch between the two modes of binding based on the
concentration of divalent cations (Liu et a/,, 2010; van der Valk et al., 2017). Osmolarity and
H-NS-interacting proteins have also been proposed to modulate the mode of H-NS binding
(van der Valk et al., 2017). Importantly, it is unknown which of the two confirmations is
adopted at different loci /in vivo.

H-NS represses transcription in several ways, and these appear to be linked to the stiffening
and bridging modes of DNA binding. The primary mode of H-NS repression is at the level
of transcription initiation; promoters that are bound by H-NS are often transcriptionally
silenced. This can be due either to occlusion of RNAP (potentially associated with bridging
or stiffening), or RNAP trapping (associated with bridging) (Figure 1). H-NS has also been
shown to prevent transcription elongation /n vitro by strongly increasing pausing of RNAP
(Kotlajich et al., 2015). Importantly, this function of H-NS requires that it bind in the
bridging mode (Figure 1, bottom). Although H-NS inhibition of transcription elongation has
not been directly observed /n vivo, H-NS binding is associated with sites of Rho-dependent
transcription termination /n vivo (Peters et al., 2012), suggesting that H-NS effects on
transcription elongation occur in cells.

Anti-silencing and potential roles of overlapping transcription

There are numerous described examples of DNA-binding proteins that selectively de-repress
transcription of H-NS-silenced genes by binding to promoter regions (Stoebel et a/., 2008).
These examples are often associated with the expression of virulence factors encoded by AT-
rich DNA. In some instances, de-repression has been proposed to occur by large-scale
displacement of H-NS (Turner and Dorman, 2007), whereas in other examples, de-
repression is believed to require only local remodeling of H-NS, with the extended H-NS
oligomer remaining bound to DNA (Will et al., 2014; Newman et al., 2018). These latter
studies are most consistent with H-NS binding in the stiffening mode, and it has been
proposed that H-NS-DNA complexes are more resistant to de-repression in the bridged form
than the stiffened form (Walthers et al., 2011). This hypothesis is consistent with the
observed differences between the effect of bridged and stiffened H-NS-DNA complexes on
transcription elongation /n vitro (Kotlajich et al.,, 2015). Nonetheless, since no studies have
addressed the mode of H-NS binding /7 vivo, mechanisms of de-repression are incompletely
described.

In this issue of Molecular Microbiology, Rangarajan and Schnetz describe a novel
mechanism of H-NS de-repression. They demonstrate that transcription elongation that
extends across H-NS-silenced promoters can lead to de-repression /n vivoin E. coli (Figure
2). De-repression by such invading transcription occurs in a dose-dependent manner, such
that increased levels of invading transcription lead to greater de-repression. Rangarajan and
Schnetz show that this form of de-repression occurs not only in plasmid constructs, but also
at the native bg/promoter that is de-repressed by transcription invading from the upstream
pst-phoU transcript. These observations fundamentally change our view of how H-NS-
silenced promoters are regulated, and raise many important questions about the mechanism
of H-NS repression/de-repression, and the impact of H-NS on genome evolution.
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Although it is unknown whether H-NS binds DNA /n vivo in the bridged or stiffened mode,
the observation of overlapping transcription disrupting H-NS-mediated repression strongly
suggests that these promoters are bound by stiffened filaments, because bridged complexes
inhibit transcription elongation /n vitro (Kotlajich et al., 2015). Assuming H-NS is bound at
these loci in stiffened filaments, it will be interesting to determine whether elongating
RNAPs completely displace H-NS from the DNA as they transcribe this region (Figure 2,
top) or whether H-NS is locally remodeled (Figure 2, bottom), as has been suggested for
some cases where DNA-binding proteins that counteract H-NS-mediated silencing (Will et
al., 2014; Newman et al., 2018). If the examined promoters are indeed bound by stiffened H-
NS filaments, there may be other promoters that are bound by bridged complexes, and hence
would likely be resistant to de-repression by overlapping transcription. Moreover, since H-
NS can switch between binding modes depending upon the conditions (Liu et a/., 2010; van
der Valk et al., 2017), H-NS-silenced promoters may be differentially susceptible to de-
repression by invading transcription depending on the growth conditions of the cells. If
growth-dependent differences in de-repression are observed, this may be a useful way to
infer the mode of H-NS binding at specific loci /n vivo.

While the mode of H-NS binding to silenced promoters may impact their susceptibility to
overlapping transcription, the mode of overlapping transcription may also be important. For
example, the dose-dependence of overlapping transcription on de-repression may simply
reflect repeated displacement of H-NS from the DNA. Indeed, high levels of transcription
may prevent reassociation of H-NS with the DNA. An alternative explanation is that dose-
dependence results from the increased processivity of RNAP in highly transcribed regions
(Epshtein and Nudler, 2003). This increased processivity may facilitate elongation of RNAP
through H-NS-bound regions, and the accompanying remodeling or displacement of H-NS.
Coupling of translation and transcription is also known to increase RNAP processivity
(Proshkin et al., 2010). Therefore, whether or not the overlapping transcript is translated
may impact the level of de-repression. It is noteworthy that not all H-NS-bound promoters
are de-repressed by overlapping transcription. For instance, upstream of the eAxCABD
operon in £. coli 0157, there are multiple promoters that are all silenced by H-NS. However,
transcription from one promoter does not de-repress those adjacent; their proximity
sterically hinders the binding of RNAP. In this scenario, H-NS can enhance transcription by
optimally positioning RNAP at the desirable promoter (Singh and Grainger, 2013).

Implications for genome evolution

The impact of overlapping transcription on H-NS-mediated silencing is likely to affect the
genomic locations at which horizontally acquired genes can stably integrate. For example, if
a horizontally acquired gene was subject to invading transcription from an adjacent gene/
operon, H-NS-mediated repression could be relieved at a cost to cell fitness. Alternatively,
the impact of overlapping transcription on H-NS-mediated silencing may promote genome
evolution by facilitating regulatory coupling between adjacent genes/operons. For example,
a horizontally acquired gene may be selectively de-repressed when the upstream gene/
operon is transcribed. This would allow for immediate integration of horizontally acquired
genes into regulatory networks, without the need to acquire binding sites for transcription
factors in the promoter region.
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H-NS plays an important role in genome evolution by silencing the transcription of
horizontally acquired genes and the promoters that are often found within them (Lamberte et
al. 2017). If a horizontally acquired gene is subject to de-repression as a result of
overlapping transcription, this also has implications for transcription from intragenic
promoters. AT-rich genes typically contain many intragenic promoters that are ordinarily
silenced by H-NS (Singh et al., 2014; Lamberte et al., 2017). If a horizontally acquired gene
is de-repressed, it is likely that all the internal promoters will also be de-repressed due to the
overlapping transcription of the mRNA. This would likely impose a fitness cost, since de-
repression of H-NS-silenced intragenic promoters diverts RNAP away from housekeeping
genes (Lamberte ef a/., 2017). It may also impact the expression of neighbouring genes,
since H-NS-silenced promoters within genes can potentially transcribe mRNAs for
downstream genes (Chintakayala et al., 2013; Lamberte ef a/., 2017).

Concluding remarks

In conclusion, the work of Rangarajan and Schnetz reveals a novel mechanism by which H-
NS-mediated silencing can be reversed. Many details of this process are left to be
discovered, and future studies will likely shed light on the mechanisms of DNA binding and
repression by H-NS. Lastly, the observation that overlapping transcription can counteract H-
NS-mediated repression suggests that other complexes that translocate along DNA, such as
the DNA replication machinery, may have similar effects.
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The top panel shows stiffened, linear H-NS filaments that are unable to block transcription
elongation but can block access of initiating RNAP to promoters. It is unclear is the passage
of RNAP (travelling from left to right) through such filaments transiently remodels the H-

NS-DNA complex or if H-NS is completely displaced. The bottom panel shows H-NS

complexed with DNA in a bridged conformation. Such nucleoprotein does not allow passage

of transcribing RNA polymerase, and may trap RNA polymerase at promoters, and/or

occlude access. The DNA is shown as a black line, and promoters as arrows. H-NS is shown

by circles coloured red, green and blue. The red sector of the circle indicates the H-NS
DNA-binding determinant, whilst the green and blue sectors represent the two distinct

regions that H-NS uses for self-association.
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Figure 2. Modelsfor de-repression of H-NS bound promoter s by invading transcription
An elongating RNAP (travelling from left to right) de-represses promoters (arrows) within

DNA loci (black lines) bound by H-NS (circles). It is not clear if de-repression involves
complete dismantlement of H-NS filaments (top) or if H-NS filaments are instead transiently
remodeled (bottom). In the latter scenario, interactions between H-NS molecules would be
maintained (blue and green sectors) whilst the interaction between H-NS and the DNA is
transiently broken (red sectors).
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