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ABSTRACT

H-NS proteins act as osmotic sensors translating
changes in osmolarity into altered DNA binding prop-
erties, thus, regulating enterobacterial genome or-
ganization and genes transcription. The molecular
mechanism underlying the switching process and its
conservation among H-NS family members remains
elusive. Here, we focus on the H-NS family protein
MvaT from Pseudomonas aeruginosa and demon-
strate experimentally that its protomer exists in two
different conformations, corresponding to two differ-
ent functional states. In the half-opened state (dom-
inant at low salt) the protein forms filaments along
DNA, in the fully opened state (dominant at high salt)
the protein bridges DNA. This switching is a direct
effect of ionic strength on electrostatic interactions
between the oppositely charged DNA binding and N-
terminal domains of MvaT. The asymmetric charge
distribution and intramolecular interactions are con-
served among the H-NS family of proteins. There-
fore, our study establishes a general paradigm for
the molecular mechanistic basis of the osmosensi-
tivity of H-NS proteins.

INTRODUCTION

Bacteria are frequently exposed to changes in their extracel-
lular milieu. Key to their survival is to adapt quickly to these
environmental fluctuations by adjusting their cellular ma-
chinery, enabling them to operate optimally under the new

conditions, and to acquire new competencies through hor-
izontal gene transfer (HGT) (1). These adaptation mecha-
nisms are regulated by the bacterial genome, the dynamic
organisation of which modulates access to the genetic ma-
terial to adapt and fine-tune gene expression and for incor-
poration of DNA of foreign origin (2).

The Histone-like nucleoid structuring (H-NS) protein is
a key regulator of the dynamic bacterial genome (3,4). The
protein is conserved among enterobacteria and plays a de-
terminant role in their nucleoid architecture. Generally, this
protein acts as repressor of transcription, silencing the ex-
pression of many different genes and operons. Often the
genes and operons targeted by H-NS family proteins are
regulated by environmental conditions such as osmolar-
ity, pH and temperature (5–7). Additionally, H-NS family
members have the unique ability to ‘switch off’ xenogeneic
genes, often in pathogens, to suppress their detrimental ef-
fect on bacterial fitness, until external conditions require ex-
pression (8–11). To similar effect, H-NS has been shown to
silence spurious transcription at intragenic promoters in Es-
cherichia coli (12).

H-NS is expressed at high levels (>20 000 copies per
cell). The protein binds non-specifically to DNA, but has
a preference towards genomic regions with high AT con-
tent (10,11,13), containing specific six contiguous steps (14).
DNA binding typically initiates at such high-affinity sites
on the DNA (15). This step is followed by oligomerization
of the protein, forming lateral nucleoprotein filaments (16),
which stiffens DNA (17). Under appropriate conditions the
protein can mediate bridge formation between this filament
and a second DNA duplex (18–22).
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The current paradigm is that divalent ions drive the tran-
sition between lateral H-NS–DNA filaments and bridged
DNA-H-NS–DNA complexes, without dissociation of the
protein from the DNA (20,23). This switching between the
two types of complexes is believed to be the mechanistic ba-
sis of the role of H-NS proteins in bacterial nucleoid organ-
isation and transcription regulation (20,23,24). Nonethe-
less, the molecular basis that governs this phenomenon is
still controversial. Previously published molecular dynam-
ics of H-NS, indicated that the switch between the two DNA
binding modes involves a change from a half-open (also re-
ferred to as a closed conformation) to an open conforma-
tion driven by MgCl2 (20). These conformational changes
are modulated by the interactions between the N-terminal
domain of H-NS and its C-terminal DNA binding domain
(DBD). Mutagenesis at the interface of these domains gen-
erated an H-NS variant no longer sensitive to MgCl2, which
can form filaments and bridge DNA. Recently, these inter-
actions were confirmed by Arold et al. using H-NS trun-
cated domains (25). However, it was claimed that these in-
teractions could not occur unless H-NS oligomerization is
abolished by temperature. These discrepancies in conclu-
sions arise presumably from the lack of experimental struc-
tural information on the full-length protein in solution.

H-NS family members share a conserved fold topology,
with a C-terminal DBD and an N-terminal domain con-
nected via a flexible linker (26,27). The structural unit of
an H-NS nucleoprotein filament is a dimer (also called
protomer) formed through the N-terminal dimerization
sites of two monomers (site 1), which further oligomer-
ize through a secondary oligomerization site (site 2) (28)
(Figure 1A,B). Multiple studies have revealed the struc-
tures of H-NS truncated domains including the dimeriza-
tion sites and the DBD from different bacteria (14,29–31).
Meanwhile, no structure of the full-length protein is avail-
able. The structure of the N-terminal domain oligomer (1–
83) of the Salmonella typhimurium H-NS C21S mutant was
solved by crystallography (32). These studies revealed a he-
lical scaffold of a head–head and tail–tail protomer organ-
isation, suggesting structural models involving that type of
H-NS arrangement in both lateral H-NS–DNA filaments
and bridged DNA–H-NS–DNA complexes.

Early studies by liquid state NMR on full length H-NS
from E. coli and S. typhimurium have shown that resonances
of the N-terminal domain residues were missing in the
protein heteronuclear single quantum coherence (HSQC)
NMR spectrum (29,33). A similar observation was made
using solid-state NMR in which case only 33% of the pro-
tein spectrum was assigned (34). These difficulties were at-
tributed to the inherent dynamics and structural hetero-
geneity of the system. Thus, owing to their flexibility and
the large size of their self-assembled complexes, the char-
acterization of the conformational landscape of full-length
H-NS proteins and its contribution to functional regula-
tion remains a challenge. In this work we have overcome
these constraints by using an abridged structural version of
H-NS, MvaT from P. aeruginosa, in which we scrutinized
its protomer structural/function relationship in response to
changes in the surrounding ionic strength.

MvaT is a functional homologue of H-NS that regu-
lates the expression of ∼350 genes including the genes re-

sponsible for virulence (35) and biofilm formation (36,37).
Like other members of the H-NS family, oligomerization
of MvaT along DNA is required for its gene silencing activ-
ity (38,39) and ability to stiffen and bridge DNA duplexes
(19,39).

Here, we have combined integrative structural biology
methods and (single-molecule) biochemical assays to deci-
pher the structural changes in MvaT that drive the switch
between its DNA stiffening and bridging activities under
the influence of different salt conditions. These structural
changes appear to be conserved within the H-NS family of
proteins. Our studies thus provide a fundamental answer on
how H-NS family members respond to changes in the os-
motic environment to modulate their DNA binding modes,
and hence to regulate bacterial nucleoid organisation and
gene expression.

MATERIALS AND METHODS

Construction of expression vectors and mutagenesis

The MvaT coding gene from P. aeruginosa and its DBD
(residues 76–124) were subcloned into pET30b vector with-
out and with C-terminal 6× His-tag, respectively, using
Gibson assembly (40). The Gibson assembly primers were
purchased from Sigma-Aldrich. Mutated MvaT derivatives
were generated using the same approach. Accuracy of the
cloned sequences was confirmed by DNA sequencing.

DNA substrates

All tethered particle motion and pull-down bridging as-
say experiments were performed using a random, AT-rich,
685 bp (32% GC) DNA substrate. The DNA substrate
was generated by PCR and the products were purified us-
ing a GenElute PCR Clean-up kit (Sigma-Aldrich). If re-
quired, DNA was 32P-labeled as described previously (20).
For the electrophoretic mobility shift assay an AT-rich 200
bp (32%GC) was generated using the same procedure.

The oligonucleotides to generate the 12 bp DNA du-
plex d(CGCATATATGCG) were purchased from Sigma
Aldrich. The lyophilized oligonucleotides were solubilized
in 20 mM Bis–Tris Buffer, 50 mM or 300 mM KCl, pH 6,
combined and hybridized by heating to 98◦C for 3 min, fol-
lowed by slow cooling down to room temperature. The 12
bp DNA duplex was used for NMR titration of the MvaT
dimer and DBD.

Protein expression and puri�cation

Escherichia coli BL21 competent cells were transformed
with the MvaT pET30b vector and cultured in LB medium.
For 15N 13C or 15N isotopic labeling, the transformed cells
were first cultured in 2 mL LB medium and then transferred
into 50 mL of inoculation culture in M9 medium (compris-
ing the required isotopes) for incubation overnight at 37◦C.
The inoculation culture was diluted in 1 L M9 medium
and was incubated at 37◦C until it reached an OD600 ≈0.6.
MvaT production was induced by adding 100 �M of iso-
propyl �-D-1-thiogalactopyranoside (IPTG) and the cul-
ture was incubated overnight at 20◦C. The next day cells
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Figure 1. Fold topology and charged residue/charge distributions of H-NS family proteins. (A) N-terminal dimerization sites of long H-NS family members.
The upper panel depicts a schematic representation of the long H-NS oligomer. The dimerization sites (site 1) are shown in magenta and the oligomerization
sites (site 2) in cyan. The DNA binding domain is shown in orange sphere and the linker region in blue. In the middle panel is the H-NS N-terminal
domain crystal structure (1–83) (PDB ID: 3NR7) (32). Site 1 and Site 2 helices are colored and labelled as in the upper panel. In the lower panel is the
H-NS protomer structural model adapted from our earlier MD simulation studies (20). (B) N-terminal dimerization sites of short H-NS family members.
The upper panel depicts a schematic representation of the short H-NS oligomer. In the middle panel is the TurB N-terminal domain crystal structure
(1–64) (PDB ID: 5B52) (54). Lower panel is the MvaT protomer structural homology model (see M&M). The color code is as in (A). (C) The electrostatic
potential surfaces of H-NS and MvaT are depicted on full-length protomer structural models of the proteins using a red/white/blue color gradient. The
negative and positive patches on the proteins’ surfaces are indicated. In the lower panel is the five amino acid averaged charge window of the proteins
protomers primary sequences. Positive, negative and neutral charged amino acid fragments are shown in blue, red and white bars, respectively. (D) Primary
sequence alignment of selected members of the H-NS family of proteins from different bacterial organisms. The conserved positions of the charged amino
acids in the protein’s primary sequences are highlighted in blue (positive residues) in red (negative residues). The fold diagram of the H-NS monomer from
E. coli is represented using the same color code in (A). The nomenclature of the N-terminal helices is indicated in black for the long H-NS family members
and in magenta for the short members.
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