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ABSTRACT

MvaT from Pseudomonas aeruginosa is a member
of the histone-like nucleoid structuring protein
(H-NS) family of nucleoid-associated proteins
widely spread among Gram-negative bacteria that
functions to repress the expression of many
genes. Recently, it was reported that H-NS from
Escherichia coli can form rigid nucleoproteins fila-
ments on DNA, which are important for their
gene-silencing function. This raises a question
whether the gene-silencing function of MvaT,
which has only �18% sequence similarity to H-NS,
is also based on the formation of nucleoprotein fila-
ments. Here, using magnetic tweezers and atomic
force microscopy imaging, we demonstrate that
MvaT binds to DNA through cooperative polymer-
ization to form a nucleoprotein filament that can
further organize DNA into hairpins or higher-order
compact structures. Furthermore, we studied DNA
binding by MvaT mutants that fail to repress gene
expression in P. aeruginosa because they are spe-
cifically defective for higher-order oligomer forma-
tion. We found that, although the mutants can
organize DNA into compact structures, they fail to
form rigid nucleoprotein filaments. Our findings
suggest that higher-order oligomerization of MvaT
is required for the formation of rigid nucleoprotein
filaments that silence at least some target genes in
P. aeruginosa. Further, our findings suggest that
formation of nucleoprotein filaments provide a

general structural basis for the gene-silencing
H-NS family members.

INTRODUCTION

DNA packaging and gene regulation are critical elements
in all organisms. In Escherichia coli, a nucleoid-associated
protein called histone-like nucleoid structuring protein
(H-NS) is involved in DNA compaction and serves as a
global transcription regulator mainly by functioning as a
gene silencer, especially for those genes that were acquired
by horizontal transfer (1–3). H-NS is able to self-associate
through its N-terminus, forming dimers and higher-order
oligomers, whereas its C-terminus serves as a
DNA-binding domain (4–7).

The mechanism by which H-NS performs its functions
is based on its interaction with DNA. Previously, it was
observed that H-NS can bridge two double-stranded
DNA to form hairpin structures (8,9), or in contrast, it
can polymerize along the double-stranded DNA causing
DNA stiffening (10,11). Recently, it was found that the
concentration of magnesium can dictate which of the two
binding modes H-NS adopts; binding modes can be
switched by adjusting the concentration of magnesium
over a physiological range (11). It was also shown that
the stiffening of the DNA backbone is caused by forma-
tion of a rigid H-NS protein filament along the DNA (11).
A recent structural study has implied that H-NS has at
least two oligomerization domains that can link H-NS
dimers to form a helical-like filament (12). The physio-
logical relevance of the formation of H-NS filaments is
suggested by its sensitivity to salt osmolarity, temperature
and pH, three factors known to modulate gene regulation
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by H-NS, over physiological ranges (10,11). Additional
in vitro evidence was reported recently in which it was
shown that SsrB, an H-NS antagonizing protein, can
only compete for DNA binding with H-NS under condi-
tions in which H-NS predominately binds DNA in the
stiffening mode (13).

H-NS family members are widely spread among
Gram-negative bacteria (14,15). The H-NS homology
has often been defined by the capability to complement
E. coli hns mutants. MvaT, a protein found in
Pseudomonas strains, has been identified as an H-NS-like
protein, although it only shares �18% sequence identity
to E. coli H-NS (16–19). Despite its lack of sequence simi-
larity to H-NS (20), MvaT is functionally similar to H-NS
as a global gene regulator. In Pseudomonas aeruginosa, it
controls the expression of hundreds of genes (21,22). In
addition, preliminary architectural domain analysis of P16
P. mevalonii, which is 82% similar in sequence to MvaT in
P. aeruginosa, revealed structural similarity to E. coli
H-NS (23). Finally, like H-NS, MvaT preferentially asso-
ciates with AT-rich regions of DNA (3,24).

Pseudomonas aeruginosa is a mortal pathogen in cystic
fibrosis patients (25). The hundreds of genes controlled by
MvaT include those involved in biofilm formation,
exotoxin A production and quorum sensing (20,22,26–29).
Just like H-NS, MvaT can form higher-order oligomer
states mainly through oligomerization domains in its
N-terminus and is predicted to contain DNA-binding
domains mainly in its C-terminal region (16,30). A
previous study on the MvaT-dependent cupA gene regula-
tion suggests that the ability to form higher-order oligomers
is essential for gene silencing by MvaT, as MvaT mutants
that are defective for higher-order oligomer formation but
are unaltered with respect to dimer formation fail to repress
cupA expression (30).

MvaT, as a nucleoid-associated protein, may also play a
role in physical organization of chromosomal DNA in
Pseudomonas species. In agreement with this possible
function, a previous atomic force microscopy (AFM)
study has shown that MvaT is able to bridge the DNA
and form higher-order complexes depending on protein
concentration (18). However, although MvaT can bridge
the DNA, it was not known whether MvaT, like H-NS,
can bind the DNA in the stiffening mode and form a rigid
nucleoprotein filament that is potentially important for its
gene-silencing function. Furthermore, because it has been
shown that higher-order oligomerization is necessary for
gene silencing of cupA gene expression by MvaT (30), it
raises the question of how this higher-order oligomeriza-
tion affects the DNA binding properties of MvaT. As
MvaT performs its functions through DNA binding,
answers to this question may provide a link between
MvaT nucleoprotein structure and its gene-silencing
function.

In this article, we show that MvaT can form rigid nu-
cleoprotein filaments that stiffen the DNA, and this
filament can mediate further DNA organization into
hairpin structure or higher-order compact structures at
increased protein concentration. Importantly, we present
evidence that MvaT mutants that are specifically defective
for higher-order oligomer formation cannot form the rigid

nucleoprotein filaments. In addition, we show that MvaT
nucleoprotein filaments are insensitive to changes in salt
osmolarity, pH and temperature, and are thus distinct
from those formed by H-NS, which is very sensitive to
these factors over physiological ranges.

MATERIALS AND METHODS

Proteins

MvaT-His6 protein and its mutants, MvaT(F36S)-His6
and MvaT(R41P)-His6, were purified as described previ-
ously (30).

AFM imaging

Freshly peeled mica was incubated with 0.01–0.1%
3-Aminopropyltriethoxysilane (APTES) in de-ionized
water for 15min. One percent glutaraldehyde was then
incubated on top of the APTES layer to form glutaral-
dehyde mica. The DNA substrate was made by linearizing
phiX174 DNA (RF 1) with Xho1 restriction enzyme
(NEB). Protein (30–3000 nM) and DNA (10 ng) complex
in 10mM Tris (pH 7.4), 50mM KCl was incubated on the
glutaraldehyde mica for 15min after being mixed.
The protein DNA complex was imaged using Molecular

Imaging 5500 AFM (Molecular Imaging, Agilent
Technologies) on acoustic AC mode. Silicon cantilever
with a resonant frequency of �300 kHz and force
constant of 40N/m is used for the imaging (Photonitech,
Singapore). Images were collected with a resolution of
1024 � 1024 pixels, with a scan speed of 0.5–1 lines per
second. The scan size varies from 1 to 4 mm. All the images
were processed with Gwyddion software (gwyddion.net).

Transverse magnetic tweezers

Single �-DNA molecules, end-labeled with biotin on both
ends, were stretched in the focal plane (31). One end was
tethered to streptavidin-coated cover glass edge, and the
other end was bound to a 2.8mm paramagnetic bead
(Dynalbeads M-280 Streptavidin, Invitrogen, Singapore)
as illustrated in Supplementary Figure S1. A home-made
glass channel was made to contain these constructs in
which the buffer can be changed with constant flow
using a syringe pump. The end-to-end extension of the
DNA was determined from the centroid of the bead to
the edge of the cover glass. The details of the methods
are described in the Supplementary Methods.

Binding and cooperativeness measurements

Single �-DNA molecules are stretched by transverse
magnetic tweezers as described in the previous section.
We probed the persistence length of MvaT nucleoprotein
filaments at various protein concentrations using the force
jumping method to isolate the properties of the filaments
with minimal contribution from the DNA folding. We
could get the DNA occupancy from the persistence
length measurement. The measured extension of the
DNA is:

zapparent ¼ �zsaturated+1� �ð Þznaked
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where zapparent is the measured extension of the mixture of
nucleoprotein filaments portion and naked DNA portion,
zsaturated is the extension of the nucleoprotein filaments
portion and znaked is the extension of the naked DNA
portion. Re-arranging the equation to find a:

� ¼
zapparent � znaked
zsaturated � znaked

As shown in Supplementary Figure S2, a fully coated
MvaT nucleoprotein filament has negligible reduction in
contour length compared with the naked DNA; hence, we
assumed the MvaT nucleoprotein filament has the same
contour length as the naked DNA. Substituting the high
force approximation of Marko–Siggia formula:

z ¼ L 1�

ffiffiffiffiffiffiffiffiffi
kBT

4FA

r !

where F is the stretching force, A is the persistence length
of the DNA, kB is the Boltzmann constant, T is the
temperature, z is the measured extension of DNA or
MvaT nucleoprotein filament and L is the contour
length of the DNA, which is approximately the same as
the DNA coated with MvaT, we would get the occupancy
a in terms of the experimentally measured persistence
length:

� ¼
1�

ffiffiffiffiffiffiffiffiffiffiffiffi
Anaked

Aapparent

q
1�

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Anaked

Asaturated

q
where Aapparent is the measured persistence length of the
mixture of nucleoprotein filaments portion and naked
DNA portion, Asaturated is the persistence length of the
nucleoprotein filaments portion and Anaked is the persist-
ence length of the naked DNA portion.

RESULTS

MvaT can simultaneously stiffen and fold DNA in
single-molecule DNA stretching experiments

To determine whether, like H-NS, MvaT could bind DNA
in the stiffening mode, we studied the mechanical response
of a single �-DNA (48 502 bp) to MvaT-binding using a
transverse magnetic tweezers (31). Theoretical predictions
have shown that binding of DNA-distorting proteins can
change the force-extension curves of DNA, thus giving us
information on the binding mechanism (32). For proteins
that cause DNA bends or make DNA more flexible, the
extension of DNA bound with proteins will be generally
shorter than the same DNA before protein binding. On
the contrary, for proteins that enhance DNA bending
stiffness, the extension of DNA bound with proteins will
be generally longer than the same DNA before protein
binding. For proteins that change DNA contour length,
the extension of DNA bound with proteins will be differ-
ent from the same DNA before protein binding at higher
tension range (32).
Recent experiments suggest that the DNA binding

properties of E. coli H-NS family proteins, such as

H-NS and StpA, depend on both monovalent cations
and magnesium (11,33). To separate the possible effects
of magnesium-dependent MvaT–DNA interaction, we
first studied the force response of DNA to MvaT in the
absence of magnesium. In our experiments, we first
applied a high force (�10 pN) to prevent DNA folding
during the buffer changing process. After buffer exchange,
we reduced the force successively till �0.1 pN, giving us
the forward curve. Afterward, we increased the force suc-
cessively back to high force, giving us the reverse curve. At
each force, the DNA was held for 30 s and the extension
was averaged from the last 15 s of the data. Overlapping
forward and reverse curves means that the DNA–protein
complex is at steady state over the time scale, whereas
non-overlapping curves, i.e. hysteresis, hints to
protein-induced non-equilibrium DNA folding. It was
known previously that DNA folding by formation of
hairpin or compact DNA structures often caused hyster-
esis in single-DNA stretching experiments (13,33).

Our magnetic tweezers data show that MvaT can sim-
ultaneously stiffen and fold DNA depending on the
protein concentrations. At 100 nM MvaT, stiffening dom-
inates in the range of forces tested, indicated by higher
extension of DNA compared with the naked DNA at
the same force (Figure 1A). Although the hysteresis is
negligible in Figure 1A for this protein concentration,
varying levels of hysteresis were seen in other independent
experiments under the same experimental conditions.
Increasing the protein concentration to 300 nM results in
a similar degree of DNA stiffening as observed at 100 nM
MvaT, whereas the hysteresis was progressively larger
compared with results obtained with 100 nM MvaT.
Increasing the MvaT concentration further to 600 nM
resulted in a degree of stiffening similar to that observed
for the other concentrations of MvaT tested at forces
above 0.7 pN. At forces below 0.7 pN, the pre-stiffened
DNA started to fold, and the extension dropped signifi-
cantly resulting in DNA that was shorter than the
extended naked DNA (blue line). At 600 nM MvaT with
forces �0.1 pN, DNA extension became too short to be
recorded by our instrument (Supplementary Figure S1), so
we did not record the reverse curve. Figure 1B shows the
DNA folding and unfolding time course recorded on one
DNA, in which apparent DNA folding started at �0.5 pN
or less, and unfolding of partially folded DNA started at
�1 pN or greater. Because of the non-equilibrium nature
of the DNA folding and unfolding process, the values of
the unfolding forces varied from one experiment to
another. For folded DNA, unfolding forces often started
at �1 pN. But to completely unfold the DNA, larger
forces in the range from 2 to 10 pN were observed in
different experiments (see Supplementary Figure S3B for
an additional time course data on the same DNA). These
force values are in general similar to those observed in
DNA folding and unfolding by H-NS at �10mM
MgCl2 (11).

Figure 1 demonstrates that MvaT binding can cause
both DNA stiffening and DNA folding. The DNA stiffen-
ing is particularly interesting, as it was also observed for
H-NS and StpA binding to DNA. In those cases, it was
known that the stiffening was caused by a cooperative
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polymerization process of H-NS and StpA, resulting in
formation of rigid nucleoprotein filaments (11,33).
Therefore, it will be interesting to examine whether
MvaT-induced DNA stiffening is also caused by forma-
tion of an MvaT nucleoprotein filament through coopera-
tive polymerization. The traditional electrophoretic
mobility shift assay (EMSA) measurement is not suitable
for the cooperativeness measurement, as the measured co-
operativeness may have contribution from both protein
polymerized along DNA as well as from DNA bridging
and higher-order folding. Therefore, we chose to measure
the cooperativeness of MvaT binding to DNA based on
the apparent DNA bending persistence length measure-
ments using single-DNA stretching experiments, as
described in the next paragraph.

As shown in Figure 1A, because of the experimental
timescale used (30 s at each data point), we get a mixture
of signals from both DNA stiffening and folding, which
will complicate our quantification of the level of DNA
stiffening. Noticing that folding generally occurs at
lower force and with a slower kinetics, we reasoned that
it should be possible to minimize the interference from
DNA folding by quickly jumping between forces. In the
force-jumping measurements, we held the DNA at �10
pN to prevent DNA folding while allowing the rigid

nucleoprotein filament to completely form. Then, we
jumped the force to a lower value and recorded the
DNA extension by holding the DNA for only �3 s to
prevent significant folding. Then, we jumped back to the
higher force to ensure the folding at the lower force was
negligible. Repeating this process to a few other lower
force values, we obtained the force-extension of the
MvaT nucleoprotein filament over a much wider force
range with reduced folding because of the shorter time
the DNA was held at low forces (Supplementary Figure
S2). From these force curves, the corresponding apparent
DNA bending persistence lengths at various concentration
of MvaT were determined by fitting to the Marko–Sigga
formula (34,35) (Figure 1C), which reached saturation at
�100 nM MvaT concentration with a persistence length
value of �200 nm. The error bars were standard deviation
obtained from three independent measurements. The large
variation of the persistence length is unclear; however, it
can be explained by interference from DNA folding
because we cannot completely eliminate DNA folding by
force jumping. Previously, it was reported that the nucleo-
protein filament formed by H-NS has a bending persist-
ence length of �130 nm at the highest protein
concentration measured (10), which is slightly less stiff
than that formed by MvaT.

Figure 1. Co-existence of DNA stiffening and folding by MvaT. (A) Apparent stiffening occurred at 100 nM MvaT, indicated by longer extension
than the naked DNA at same forces. There is negligible folding over the experimental time scale because no hysteresis was observed when we
compare between the forward (from higher force to lower force) and reverse curve (from lower force to higher force). Similar degree of stiffening is
also observed at 300 nM MvaT, together with apparent folding indicated by the non-overlapping forward and reverse curve, i.e. hysteresis. At
600 nM MvaT concentration, the DNA is stiffened at high forces before being folded at lower forces. The reverse curve for 600 nM MvaT was not
included, because at force <0.1 pN, the DNA was already folded shorter than �3mm, which is outside our observation window (Supplementary
Figure S1). Line is drawn connecting the data points to guide the eye. (B) Another independent experiment was done to represent the real time
process of DNA folding and unfolding at 600 nM MvaT. The force required to fully unfold the partially folded DNA at this protein concentrations is
�2 pN. (C) Quantification of MvaT filament stiffness at various protein concentrations. Extension at each force point is recorded briefly and
returned back at higher force to ensure no significant folding is involved. At lower force, where folding starts to dominate, the data at that force are
omitted from the persistence length measurement to ensure that we measure the persistence length of the filaments with minimal contribution from
the DNA folding. The persistence length measurement is extracted from three independent data points (n=3). (D) Measurement of MvaT coopera-
tive binding to DNA. The data are fitted with Hill equation to measure dissociation constant and cooperativeness of MvaT binding to DNA. Three
independent measurements (n=3) give the number of dissociation constant and cooperativeness, as shown in the figure legend.
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The fraction of DNA coated with MvaT can be
calculated from the apparent DNA bending persistence
lengths, as described in the ‘Materials and Methods’
section. This allowed us to determine the dissociation
constant Kd and cooperativeness by investigating the de-
pendence of the DNA occupancy fraction on MvaT con-
centration. Figure 1D shows that the DNA occupancy
fraction obtained from three independent experiments,
where the error bars represent the standard deviation, as
a function of MvaT concentration. The saturated persist-
ence length used for the calculation of the occupancy was
defined as the higher value of persistence length between
300 and 600 nM MvaT. Fitting these data using the Hill
equation (see ‘Materials and Methods’ section), Kd and
the Hill coefficient (n) were determined to be �20 nM
and 1.54, respectively. For comparison, the value of Kd

determined by EMSA is �148 nM (Supplementary Figure
S4). Considering the different sequences and different
lengths of the two DNA, the values from the two
methods are consistent with each other. Importantly, the
�1.54 Hill coefficient indicates positive cooperativeness.
Hence, we conclude that MvaT-induced DNA stiffening
was caused by rigid nucleoprotein filament formation
through cooperative polymerization of MvaT along
DNA.
In summary, Figure 1 has shown that MvaT is able to

simultaneously stiffen and fold the DNA, and that DNA
folding is progressively enhanced as the concentration of
MvaT increases. Importantly, DNA folding can take place
after DNA stiffening occurred, indicating that nucleopro-
tein filament formation and folding are not necessarily
mutually exclusive processes. Further, MvaT was found
able to form a rigid nucleoprotein filament through a co-
operative polymerization process.

MvaT forms nucleoprotein filaments and compact
DNA structures

Dame et al. (18) has shown by using AFM that, in >5mM
MgCl2, MvaT is able to bridge DNA and form
higher-order complexes in a protein concentration-de-
pendent manner. To relate the DNA-binding properties
of MvaT we observe in our single-molecule experiments
to those observed previously, we performed AFM imaging
experiments of DNA organization by MvaT at various
concentrations.
We first imaged DNA–MvaT complexes formed by

incubating 0.2 ng/ml DNA in 50mM KCl, pH 7.5, at
23�C at various MvaT concentrations. At an MvaT con-
centration of 30 nM, corresponding to 1 monomer of
MvaT for every 10 base pairs of DNA, most of the
DNA are organized into hairpin structures. These DNA
hairpins either assume extended or more compact
conformations. Figure 2B shows two representative
DNA images, and more images can be found in
Supplementary Materials (Supplementary Figures S5A).
Increasing the MvaT concentration to 300 nM (corres-
ponding to 1 monomer of MvaT to 1 bp of DNA)
(Figure 2C–E and Supplementary Figures S5B)
promotes formation of two distinct types of DNA organ-
ization: more extended hairpins, some of which appear

helical-like (magenta arrows), and collapsed compact
structures (green arrows).

For these hairpins, loops are often found at the end
of the hairpins, which are either coated by protein
(Figure 2C, white arrow) or not (Supplementary
Figure S5B, indicated by cyan arrows). Protein-coated
loops are generally larger than the uncoated ones, suggest-
ing that MvaT-coated DNA is likely stiffer than the naked
DNA. In addition, the width of the protein-coated DNA
complex in the loop is comparable with the apparent
width of DNA in the hairpin, suggesting that the hairpin
is not formed by association of two protein-coated DNA
segments. Otherwise, one would expect double the width
in the hairpin region. A plausible explanation for this ob-
servation is that the protein-coated DNA can associate
with naked DNA segments to form DNA hairpins.

In addition to these regular hairpins, collapsed compact
structures were also observed, which are contradictory to
the above mechanism that predicts hairpin structures only.
One would argue that these structures are caused by
further condensation of the filaments by direct inter-
filament association. This mechanism predicts progressive
DNA compaction as incubation time increases, as more
and more filaments will be associated with each other.
However, by increasing the incubation time from 15min
to 4 h, we did not observe significant increase in the
fraction of the compact DNA structures (Supplementary
Figure S6A), suggesting that the more compact structures
were formed by a different mechanism. Based on the ob-
servation of increasing fraction of the compact structures
at higher protein concentration of 3 mM, at which the for-
mation of DNA hairpins were no longer observed after
15min of incubation time (Figure 2F and Supplementary
Figure S5C), we speculate that free proteins in solution
mediate the further DNA compaction. Details are dis-
cussed in the ‘Discussion’ section.

As suggested by Figure 2C, DNA hairpins are likely
formed by MvaT nucleoprotein filaments interacting
with the uncoated region on the same DNA. This mech-
anism has two implications: (i) a cooperative polymeriza-
tion process to form MvaT nucleoprotein filaments and
(ii) a bridging process between the region where a nucleo-
protein filament is formed and the region where DNA
remains uncoated by MvaT. According to this mechan-
ism, one would predict that, under conditions that MvaT
filament formation dominates, bridging should be
suppressed on shorter DNA, because on shorter DNA,
polymerization has a higher chance to complete on the
entire DNA before bridging occurs. To test this, we used
shorter DNA (576 bp) and complexed it with 300 nM
MvaT (1 monomer MvaT to 1 bp DNA). As expected
from the prediction at this MvaT concentration and
molar ratio, the majority of the conformations are mono-
meric filaments (Supplementary Figure S7A), and a
smaller fraction of compact structures. We also performed
the imaging experiments under conditions in which forma-
tion of compact structures dominates at high MvaT
concentration and molar ratio. Increasing the MvaT con-
centration to 3 mM yields compact DNA structures that
associate many nearby DNA species (Supplementary
Figure S7B), consistent with our observation on larger
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phiX174 DNA that at high concentrations, MvaT
promotes the formation of more compact DNA
structures.

Taken together, the results shown in this section have
demonstrated two distinct DNA organizations by MvaT:
extended DNA hairpins and compact DNA structures,
and increasing MvaT concentration and molar ratio to
DNA can shift the relative abundance toward compact
structures. The former is likely because of the formation
of a rigid nucleoprotein filament that associates with
naked DNA, and the latter is possibly because of
protein-mediated inter-filament association that will be
discussed in the ‘Discussion’ section. In general, these
imaging results are also in agreement with the previous
AFM imaging results obtained with MvaT in the
presence of magnesium (18).

Environmental factors moderately modulate DNA folding
by MvaT, whereas MvaT nucleoprotein filaments are
generally insensitive

Members of the Pseudomonas genus are well known for
their adaptability to a wide range of environmental con-
ditions (36). These environmental conditions can affect the
binding of many proteins to DNA. In the case of H-NS,
gene expression can be modulated through environmental
signals (37). One possibility of this modulation is the direct
response of the nucleoprotein filament formed by H-NS to
the environment. Single molecule manipulation has
revealed that the formation of H-NS filaments is
affected by changes in salt osmolarity, pH and tempera-
ture over physiological ranges (10,11). By comparison,
H-NS-induced DNA bridging was found largely insensi-
tive to these factors (11). Although it remains unclear
whether MvaT has a regulatory response to changes in
these factors in vivo, investigation of the response of the

MvaT nucleoprotein filaments to experimental conditions
may provide new insights to the understanding of the
response of the MvaT–DNA complexes in vivo. Because
MvaT has two distinct DNA organization modes (folding
and stiffening), we asked how these two modes are
affected by these environmental factors.
As the osmolarity of bacteria is regulated over a wide

range roughly up to a few hundred mM (Christian and
Waltho, 1961), it is important to see how the DNA struc-
tures organized by MvaT depend on ionic strength. We
first investigated the effect of the salt osmolarity in the
range of 50–200mM KCl. Figure 3A shows the data
obtained on the same DNA from higher to lower salt con-
centration at a fixed MvaT concentration of 300 nM. The
effect of the KCl concentration appears to slightly increase
the amount of hysteresis (i.e. the level of DNA folding) as
the KCl concentration decreases. These results suggest the
compactness of the DNA is slightly tuned by the KCl
concentration, in addition to the protein concentration,
over a physiologically relevant range. This observation is
consistent with our AFM imaging experiments where
fewer fractions of compacted DNA structures were
observed at 200mM KCl (Supplementary Figure S6E
and F) compared with those observed at 50mM KCl
(Supplementary Figure S5B and C). Similar experiments
were repeated to study the effects of pH in the range of
6.5–8.5 and to study the effects of temperature in the range
of 23�C–37�C (Figure 3B and C). We observe an increase
in hysteresis and strong DNA folding, as the pH value was
decreased. The same trend goes for temperature, although
with less sensitivity, as also shown in another independent
experiment in Supplementary Figure S3E.
As previously shown by our group, magnesium has an

important effect on H-NS binding to DNA. Increasing
MgCl2 from lower to higher concentrations can switch

Figure 2. AFM images of linearized double-stranded phiX174 DNA complexed with MvaT at various concentrations. (A) Naked DNA image as
control. (B) DNA molecules complexed with 30 nM MvaT show extended DNA hairpins. (C–E) DNA molecules complexed with 300 nM MvaT.
Thick helical-like nucleoprotein filaments are generally seen at this concentration (magenta arrow). These filaments can associate with naked DNA to
form large protein-coated loop (white arrow). We also observe compact DNA structures as shown by the green arrows. (F) DNA molecules
complexed with 3 mM MvaT. At this higher protein concentration, most DNA molecules are condensed into such compact structures. The
surface areas for all the images are 0.7 mm � 0.7 mm.
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the DNA conformation from extended monomeric nu-
cleoprotein filaments to bridged DNA. This raises an
interesting question regarding whether MvaT–DNA inter-
action is also sensitive to magnesium. As the free magne-
sium concentration in bacteria is in the range of a few mM
(38,39), we varied the concentration of MgCl2 from 0–
5mM. Figure 3D shows that the amount of hysteresis
was found to increase slightly. These observations are in
agreement with AFM imaging in the presence of 2mM
MgCl2 (Supplementary Figure 6C and D).
Increased magnesium concentration, which increases

the ionic strength, should increase the electrostatic
screening similar to increasing the KCl concentration.
The opposite trend of magnesium compared with KCl
suggests that magnesium increases the level of folding
likely through a different mechanism. Interestingly, it is
generally consistent with the trend observed in H-NS and
StpA, where higher magnesium concentration promotes
more higher-order DNA conformations (DNA bridges
or compact structures) (8,11,33). However, the mechan-
isms of magnesium-induced compaction for both H-NS
and MvaT and possibly other H-NS-like protein remain
unknown and may be different from each other.
We next examined the DNA stiffening responses to en-

vironmental factors quantified by the force jumping
methods mentioned earlier. As shown in Figure 4A–D,
the formation of the MvaT nucleoprotein filament is
insensitive to salt, osmolarity, pH, temperature and mag-
nesium. This is different from H-NS, which respond sen-
sitively to these factors over similar ranges. This raises a
question whether the regulatory role of MvaT depends on
these factors in vivo.

Taken together, our results in this section show that in
the range of factors tested (KCl, pH, temperature and
magnesium), the formation of the rigid MvaT nucleopro-
tein filament is insensitive, whereas the DNA folding is
moderately modulated.

MvaT mutants that are specifically defective for
higher-order oligomer formation cannot bind DNA in the
stiffening mode but can still fold the DNA

The ability of MvaT dimers to form higher-order oligo-
mers has been shown to be essential for MvaT to function
as a silencer (30). In particular, mutants of MvaT contain-
ing amino acid substitutions F36S and R41P were found
to be specifically defective for higher-order oligomer for-
mation and unable to repress expression of the cupA
fimbrial genes (30). To test whether the ability of MvaT
to form higher-order oligomers is important for MvaT to
form a rigid nucleoprotein filament, which causes DNA
stiffening in magnetic tweezers measurements, or DNA
folding, or both, we measured the abilities of
MvaT(F36S) and MvaT(R41P) to both stiffen and fold
the DNA.

The results presented in Figure 5A and B show the
impact of the mutants on DNA force response. We found
that both of the mutants that are impaired for higher-order
oligomer formation could not stiffen the DNA as indicated
by the shorter extension of protein-bound DNA over the
whole force range that we scanned. However, the mutants
were still able to fold DNA, and the folding occurred
at higher forces compared with the wild-type MvaT
(Figure 1A and B). The absence of stiffening is not

Figure 3. Susceptibility of MvaT-DNA complexes on salt osmolarity, pH, temperature and magnesium. (A) DNA-protein complexes response to
KCl concentration with the KCl concentration varied from 50 to 200mM. Stronger folding is seen with decreasing salt osmolarity, indicated by
larger hysteresis. (B) DNA-protein complexes response to pH with the pH varied from 6.5 to 8.5. Folding is stronger at lower pH (6.5), and the
DNA is hardly unfolded at this condition. (C) DNA-protein complexes response to temperature, as the temperature is varied from 23�C to 37�C.
Stronger folding is observed as the temperature is increased. (D) Magnesium can further enhance the DNA compaction by MvaT when MgCl2 is
varied from 1mM to 5mM.
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because of insufficient protein concentration because we
estimate that the Kd of the MvaT mutants is similar to
that of the wild-type protein (Supplementary Figure S4).
From the comparison between wild-type and mutant
MvaT proteins on DNA force response, we conclude that
the higher-order oligomerization of MvaT is necessary for
the assembly of a rigid nucleoprotein filament. In addition,
because higher-order oligomerization of MvaT is necessary
for its gene-silencing function, these findings suggest that
the ability of MvaT to assemble a rigid nucleoprotein
filament is important for silencing.

We next compared the abilities of wild-type MvaT and
the higher-order oligomerization defective mutants to
organize the DNA by AFM imaging. Figure 5C and D
show the DNA structures formed at a protein concen-
tration of 300 nM for MvaT(F36S) (Figure 5C and
Supplementary Figure S5E) and MvaT(R41P)
(Figure 5D and Supplementary Figure 5H), both of
which only show compact DNA structures. For
comparison, the wild-type MvaT under the same
reaction conditions results in much more extended
DNA hairpins co-existing with compact structures, as
shown in Figure 1C–E and Supplementary Figure S5B.
The disappearance of the extended hairpin structures,
which suggests the absence of rigid filament, is consistent
with our observation of the disappearance of DNA
stiffening in single-DNA stretching experiments (Figure
5A and B). Similar imaging observations were also per-
formed at a lower protein concentration of 30 nM
(Supplementary Figure S5D and G) or at a higher
protein concentration of 3 mM (Supplementary Figure
S5F and I), at which no extended DNA conformations
are observed.

DISCUSSION

The binding modes of MvaT to DNA

In this work, we have provided a comprehensive study of
the binding modes of MvaT to DNA under various
physiologically relevant conditions. The DNA-binding
mechanism of MvaT is summarized in Figure 6. In
terms of the impact of MvaT on the mechanical properties
of DNA, our studies have revealed that MvaT binding can
cause DNA-stiffening, suggesting the assembly of a rigid
nucleoprotein filament, which is similar to what is
observed with H-NS (11). To our knowledge, this is the
first demonstration of the existence of rigid nucleoprotein
filaments formed by a gene-silencing nucleoid-associated
protein (NAP) in another species of Gram-negative
bacteria, which is in a different order from the enteric
bacteria, such as E. coli and Salmonella, in the bacterial
kingdom. The relevance of the MvaT nucleoprotein
filament to its gene-silencing function will be discussed
in the next section. As H-NS and StpA are also known
to form nucleoprotein filaments with some evidence of
their possible role in gene silencing (11,13,33), our
findings raise an important question of whether the for-
mation of nucleoprotein filaments is a conserved and
general mechanism across prokaryotes for gene silencing.
We also found that a pre-stiffened DNA could be

further folded at sufficiently low forces. In AFM imaging
experiments, we found MvaT can organize DNA into two
distinct types of conformations, i.e. extended DNA hairpin
structures and more compact DNA structures. The former
is consistent with rigid nucleoprotein filaments that can
interact with naked DNA, whereas the latter was
speculated because of protein-mediated compaction

Figure 4. Susceptibility of MvaT filaments to salt osmolarity (A), pH (B), temperature (C) and MgCl2 (D). Extension at each force point is
recorded briefly and returned back at higher force to ensure no significant folding is involved; hence, the extension of the filaments could be
estimated across a larger range of forces. We found that MvaT filaments are not responsive to the factors tested, indicated by similar amount of
filament stiffness.
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through higher-order oligomerization of the protein
already bound on the DNA. One possibility is that
MvaT has an additional low-affinity oligomerization
domain in addition to the other two oligomerization
domains that are required for filament formation. Hence,
at higher protein concentration, the filaments can be
further compacted by free protein through the additional
oligomerization domain. This mechanism predicts
increasing proportions of the compact structures at
higher protein concentrations, which is consistent with
our experimental observations by single-DNA stretching
experiments and AFM imaging at higher MvaT concentra-
tions (Figures 1A, 2F and Supplementary Figure S5C). In
further support of this speculative mechanism, we
introduced additional protein after incubating DNA and
MvaT for 4 h at an MvaT concentration of 300nM, where
the conformation of the majority of DNA-containing
species is rigid filament-mediated DNA hairpins as

shown in Supplementary Figure S6A. After introduction
of additional protein to a final concentration of 3mM,
within 15min of incubation, all the hairpins disappeared,
and only the compact structures were observed
(Supplementary Figure S6B).

Implications of MvaT filament formation on
gene silencing

We have found that MvaT is able to stiffen the DNA
through the formation of rigid nucleoprotein filaments,
hence adopting more extended conformations as seen in
the AFM. In contrast, MvaT mutants that cannot form
higher-order oligomers are completely defective for
forming MvaT filaments on the DNA. This implies that
higher-order oligomerization is necessary for MvaT to
bind DNA in the stiffening mode and thus for the forma-
tion of rigid nucleoprotein filaments. Because the
oligomerization-defective MvaT mutants used here have
previously been shown to be incapable of repressing ex-
pression of the cupA fimbrial genes in P. aeruginosa (30),
our single molecule studies suggest that at least for some
genes, MvaT needs to bind DNA in the stiffening mode to
function as a silencer. This view is consistent with the
recent studies of H-NS and StpA, where formation of a
rigid nucleoprotein filament was found relevant to its gene
silencing function (11,13,33). In particular, it was reported
that SsrB, a well-known anti-silencing protein that relieves

Figure 5. Single molecule stretching experiments show that MvaT
mutants are totally defective of stiffening. MvaT(F36S) (A) and
MvaT(R41P) (B) can only fold the DNA at the range of concentration
tested. To further support these results, we do AFM images of
linearized double-stranded phiX174 DNA complexed with 300 nM
MvaT(F36S) (C) and MvaT(R41P) (D). In agreement with our
magnetic tweezers data, we only observed compacted DNA structures,
in contrast to the extended hairpins we observed for wild-type MvaT at
the same concentration (Figure 2C–E). The surface areas for the images
in panel C and D are 0.7 mm � 0.7 mm.

Figure 6. A schematic figure of DNA organization by MvaT. At a
concentration of a few hundred nM MvaT, the majority of the DNA
are organized into rigid nucleoprotein filament that can associate with
naked DNA segments to form DNA hairpins. At higher MvaT con-
centrations (few mM range), MvaT nucleoprotein filaments can be
further compacted into more compact structures, which we speculate
are because of free protein-mediated compaction through higher-order
oligomerization.
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H-NS mediated repression of gene expression, only
competes with H-NS binding to DNA under conditions
in which H-NS can form a rigid filament (13). Taken
together, the results obtained with MvaT in this study
and the results obtained in previous studies with H-NS,
suggest that binding DNA in the stiffening mode may be a
conserved feature of members of the H-NS family that is
essential for these proteins to function as silencers, at least
at some promoters. However, caution should be taken
when the effects of the MvaT mutations on the
gene-silencing capability of MvaT are generalized to
H-NS family members because the MvaT mutants have
only been shown incapable of repressing the expression of
the cupA genes.

Rigid nucleoprotein filament formation results in DNA
being covered by a continuous filament, making access to
the DNA more difficult. This will also significantly reduce
the dissociation rate of the protein from the DNA. With
these filament properties, we suggest the following two
possible mechanisms by which the nucleoprotein
filament formed by H-NS-like proteins can result in gene
silencing: (i) the filament formation can block DNA access
preventing RNA polymerase from binding to the pro-
moter or (ii) a stable nucleoprotein filament can block
the translocation of RNA polymerase that has initiated
transcription.

MvaT mutants that are specifically defective for
higher-order oligomer formation cannot form rigid nu-
cleoprotein filaments (as evident from the lack of stiffen-
ing), and therefore, they might not be able to prevent
RNA polymerase access to DNA or block the transloca-
tion of RNA polymerase along the DNA. To our know-
ledge, this is the first demonstration by single-molecule
studies that mutants, which are defective for higher-order
oligomer formation, are defective for rigid nucleoprotein
filament formation. These oligomerization-defective
mutants of MvaT only form compact DNA structures
through a mechanism that need not necessarily be the
same as that used by the wild-type protein. As these
mutants failed to repress cupA gene expression in vivo,
this finding suggests that DNA folding per se is not a
sufficient mechanism to silence cupA gene expression.
Although DNA bridging is a form of DNA folding, it is
important to emphasize that the DNA folding observed in
our single-molecule studies need not necessarily result
from DNA-bridging. It is also important to emphasize
that even if the DNA folding observed in our
single-molecule studies were the result of DNA bridging,
our studies would not rule out the possibility that DNA
bridging played an important role in repressing the expres-
sion of MvaT target genes other than cupA.

Implications of MvaT-induced DNA folding on
chromosomal DNA compaction

In addition to establishing that MvaT forms rigid nucleo-
protein filaments, our magnetic tweezers and AFM data
have shown that MvaT filaments can be folded into more
compact DNA structures in a manner that can be
influenced by multiple factors, including protein concen-
tration, salt concentration, temperature and pH over

physiologically relevant ranges. This supports the idea
that, in addition to its gene-silencing function, MvaT
may be one of the NAPs in P. aeruginosa that plays a
prominent role in packaging the nucleoid (18). As we
have shown in our magnet tweezers experiments, rigid
MvaT filaments still exist under conditions where DNA
is folded into more compact structures, suggesting that the
dual activities of DNA packaging and potential nucleo-
protein filament-mediated gene silencing can be simultan-
eously achieved.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Figures 1–7, Supplementary Methods
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