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ABSTRACT The heat-stable nucleoid-structuring (H-NS) protein is a global transcrip-
tional regulator implicated in coordinating the expression of over 200 genes in Esche-
richia coli, including many involved in adaptation to osmotic stress. We have applied su-
perresolved microscopy to quantify the intracellular and spatial reorganization of H-NS in
response to a rapid osmotic shift. We found that H-NS showed growth phase-dependent
relocalization in response to hyperosmotic shock. In stationary phase, H-NS detached
from a tightly compacted bacterial chromosome and was excluded from the nucleoid
volume over an extended period of time. This behavior was absent during rapid growth
but was induced by exposing the osmotically stressed culture to a DNA gyrase inhibitor,
coumermycin. This chromosomal compaction/H-NS exclusion phenomenon occurred in
the presence of either potassium or sodium ions and was independent of the presence
of stress-responsive sigma factor �S and of the H-NS paralog StpA.

IMPORTANCE The heat-stable nucleoid-structuring (H-NS) protein coordinates the
expression of over 200 genes in E. coli, with a large number involved in both bacte-
rial virulence and drug resistance. We report on the novel observation of a dynamic
compaction of the bacterial chromosome in response to exposure to high levels of
salt. This stress response results in the detachment of H-NS proteins and their subse-
quent expulsion to the periphery of the cells. We found that this behavior is related
to mechanical properties of the bacterial chromosome, in particular, to how tightly
twisted and coiled is the chromosomal DNA. This behavior might act as a biome-
chanical response to stress that coordinates the expression of genes involved in
adapting bacteria to a salty environment.

KEYWORDS Escherichia coli, H-NS, chromosome organization, nucleoid-associated
proteins, osmotic stress, stress response

Bacteria are under constant pressure to adapt and flourish within unstable and often
unpredictable environments. One of the more effective means by which bacteria

adapt to environmental stressors is that of acquiring genetic traits through the mech-
anism of horizontal gene transfer (HGT). Expression of most horizontally acquired
genes, however, simply incurs a metabolic cost or worse for the host, placing the cells
at a competitive disadvantage. Bacteria have therefore evolved to mitigate the costs of
HGT, with many enteric bacteria, such as Escherichia coli and Salmonella, utilizing the
heat-stable nucleoid-structuring (H-NS) protein (1, 2). H-NS acts as a global transcrip-
tional silencer of foreign (or xenogeneic) DNA acquired through HGT, primarily by
binding to adenine-rich and thymine-rich regions of the chromosome (1, 3). H-NS has
been implicated in coordinating a range of bacterial stress responses such as adapta-
tion to changes in pH, temperature, and osmolarity (4). Because of these observations,
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for decades H-NS was thought to primarily regulate the stress response of enterobac-
teria. However, with the later advent of high-throughput sequencing techniques, a
crucial role for H-NS in silencing xenogeneic DNA was identified (5). It is now generally
appreciated that H-NS, like a eukaryotic histone, is a general factor that has evolved
many regulatory roles, including controlling the expression of AT-rich genes that are
transcriptionally responsive to a variety of conditions, including stress.

H-NS polymerizes on DNA to both block RNAP access to promoters and likely also
to trigger RNAP stalls during its translocation/elongation along the DNA template
(6–10). As a consequence of its function, it also acts as a “domainin” (a DNA binding
protein) that prevents the diffusion of supercoils generated during replication and
transcription along the DNA molecule, instead keeping such supercoils trapped at a
local region of the chromosome (10–14). Indeed, the ability of H-NS to trap supercoils
was identified in early studies on the biochemical properties of the molecule (15). One
reason that H-NS may contribute to RNAP stalling is that of preventing the free
diffusion of positive supercoils in front of the translocating polymerase.

H-NS has been implicated in the regulation of the E. coli and Salmonella osmotic
responses both globally and specifically by several independent studies. H-NS is a direct
negative regulator of the proV locus (where it was also named OsmZ in early studies)
(16, 17). Globally, H-NS affects levels of �S (�38 or RpoS), the RNAP sigma subunit that
mediates the enterobacterial general stress response to conditions, including starvation
and osmolarity (18, 19).

Supercoiling tension along any stretch of DNA represents a combination of the
activities of topoisomerases (stable changes to linking number), DNA binding proteins
(domainins), and helicases/polymerases, which transiently cause supercoiling stress via
the translocational unwinding of the DNA template (20). The findings that H-NS
constrains supercoils, that H-NS negatively regulates the expression of several osmot-
ically induced genes, and that high osmolarity alters the overall average negative
supercoiling of several genes and plasmid reporters have led many to speculate that
H-NS controls supercoiling in the cell (2, 15, 21). However, it is unclear exactly how H-NS
binding is affected by DNA supercoiling, whether supercoiling is affected by H-NS
directly or indirectly, and whether external triggers such as osmolarity or temperature
can modulate the ability of H-NS to directly affect DNA supercoiling. These problems
arise, in part, from the paucity of tools with sufficient resolution to dissect how H-NS
responds in vivo to perturbations in environmental conditions.

In this study, we focused on the spatiotemporal distribution of H-NS binding along
the E. coli chromosome, in response to osmotic stress, and at different phases of growth
(both exponential and early stationary phase). Previously, it was found that several
highly expressed nucleoid-associated proteins (NAPs) such as H-NS distribute in a more
or less random fashion about the nucleoid volume (22). We should comment, since it
is often incorrectly cited, that while H-NS was reported to cluster into a single focus
within E. coli (22), this observation proved to represent an artifact caused by weak
dimerization of the fluorescent protein mEos2 (23). This weak dimerization of the fused
fluorescent label, combined with the fact that H-NS itself forms extended protein
filaments (24–26), likely led to mEos2-mediated aggregation of the H-NS nucleoprotein
complexes. Changes to the dimerization domain of mEos2, resulting in the highly
monomeric mEos3.2 (27), mitigate this effect and reveal that H-NS-mEos3.2 is dispersed
in small punctate foci randomly throughout the nucleoid.

We have observed a pronounced, almost immediate spatial redistribution of H-NS
following osmotic shock during the stationary phase of growth. A rapid increase in
osmolarity causes the bacterial chromosome to tightly condense, at which point H-NS
apparently detaches from the chromosome and migrates toward the periphery of the
cell. This behavior is not observed in exponential phase under the same stress condi-
tions; rather, H-NS remains distributed throughout the nucleoid despite a slight com-
paction of the chromosome. If, however, we subject exponentially replicating cells to
the DNA gyrase inhibitor coumermycin (28–30) during osmotic shock, we observe both
increased compaction of the chromosome and an apparent detachment/exclusion of
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H-NS from the nucleoid volume, similar to what was observed in stationary phase.
Dissociation of H-NS from the chromosome was also measured in chromatin immuno-
precipitation (ChIP) assays. Notably, the observed compaction and H-NS redistribution
were independent of the general stress response sigma factor �S and of the nucleoid-
associated H-NS paralog StpA.

RESULTS
In situ analysis of H-NS and nucleoid localization. We proceeded to visualize the

spatial distribution of H-NS and the nucleoid using superresolved radial fluctuation
(SRRF) imaging (31), an approach similar to techniques such as superresolution optical
fluctuation imaging (SOFI) (32) that make use of temporal correlations in an image stack
to achieve superresolved image reconstructions. SRRF imaging applied to a conven-
tional, wide-field image stack can result in a resolution of approximately 100 to 150 nm,
which provided sufficient detail for this study (see Fig. S3 in the supplemental material).

For the imaging, the chromosomal hns gene was engineered with a 3= in-frame
fusion to the gene encoding the monomeric photoactivatable fluorescent protein
mEos3.2 (further fused at the 3= end with a sequence encoding a FLAG epitope tag) to
generate a chimeric protein, H-NS-mEos3.2FLAG. While we did not make use of the
photoswitchable properties of mEos3.2 here, its proven ability to remain truly mono-
meric when fused to H-NS made it an ideal choice for this study (23). Our initial pilot
studies utilized this chimeric protein expressed from a low-copy-number plasmid using
the native hns promoter. However, we found that plasmid-mediated expression of
H-NS-mEos3.2FLAG led to the appearance of punctate foci (Fig. S4), which may have
been caused by overexpression of the protein or H-NS association with the expression
plasmids themselves, as H-NS was previously shown to bind the hns promoter (33).

To circumvent these issues, we constructed an E. coli strain with a chromosomally
encoded version of H-NS-mEos3.2FLAG. The sequence was recombined into the hns
locus, leaving it under the control of the native hns promoter, to generate strain
WN3334. During imaging, this strain did not show the same problematic foci as were
observed with the plasmid-encoded chimeric protein. We verified that the chimeric
H-NS-mEos3.2FLAG protein was functional and capable of silencing loci at a level similar
to that seen with wild-type H-NS (Fig. S5). To observe the nucleoid, we employed DAPI
(4=,6-diamidino-2-phenylindole) staining and merged the two images to analyze where
H-NS-mEos3.2FLAG localized with respect to the bulk chromosome.

Dynamics of the nucleoid in response to osmotic shock during growth and
stationary phase. A previous study reported by Cagliero and Jin (34) showed that
RNAP was displaced and that the nucleoid condensed dramatically under conditions of
osmotic shock when exponentially growing E. coli cells were treated with NaCl. We
examined the dynamic response of the nucleoid to osmotic stress by fixing cells at a
series of time points following induction of osmotic shock. Panels A and B of Fig. 1 show

FIG 1 Dynamics of chromosome compaction following osmotic shock. (A and B) Absolute, projected
chromosome area (A) and the area fraction (i.e., normalized to the projected area of the cell) (B), for both
exponential-phase and stationary-phase cells, up to 60 min after osmotic shock. Error bars represent
standard deviations of the means (see Table S1 in the supplemental material).
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the absolute area and fractional area (relative to that of the cell) of the nucleoid,
respectively, for cells in the exponential-growth phase or the stationary-growth phase.
The analysis examined DAPI-stained chromosomal DNA at 0, 5, 10, 20, 30, 45, and 60
min after the addition of 300 mM KCl.

In rapidly growing cells, the nucleoid showed significant condensation between 5
and 10 min, but by 20 min the images of the chromosome were difficult to differentiate
from those taken before the changes in preinduction. We presume that this was due to
rapid adaptation of the cells to osmotic stress, whereby the cells immediately import K�

to prevent dehydration and stabilize turgor pressure and begin to accumulate os-
molytes and small molecule osmoprotectants such as proline within minutes. Similar
dynamics seen during the exponential phase were previously reported by Cagliero and
Jin, although the level of compaction reported in minimal media appears to be greater
than what we observed. While we are unsure of the origin of this discrepancy, we note
that Cagliero and Jin provided limited data in minimal media and induced shock with
roughly twice the level of osmolarity as was used in this study. In the stationary phase,
the nucleoid was more compact preshock and condensed less dramatically than the
nucleoid of cells in the exponential-growth phrase after the addition of KCl. However,
after the addition of KCl, the nucleoid remained condensed and did not return to its
preshock size after 60 min.

H-NS is displaced from the stationary-phase chromosome during osmotic
shock. Concurrent with imaging the chromosome, we examined the localization of
H-NS-mEos3.2FLAG at various time points after osmotic shock in both rapidly growing
cells (Fig. 2) and stationary-phase cells (Fig. 3). In both figures, images are provided for
0, 5, 10, and 45 min postinduction. Images representing additional time points are
provided elsewhere (see Fig. S6 in the supplemental material).

After induction of osmotic shock, no noticeable response was observed in the
spatial distribution of H-NS during the rapid growth phase (Fig. 2). However, during
stationary phase (Fig. 3), after 5 min, H-NS appears to have reorganized throughout the
cell volume, forming a ringlike pattern that was fully established by 10 min postinduc-
tion and maintained for at least 60 min, which is the longest period for which we
measured. The chromosome, which was already more condensed in stationary phase
than in exponential phase, continued to compact until roughly 10 min postinduction.
From these images, the osmotically shocked stationary-phase chromosome appears to
have been tightly condensed within the center of each cell, with the bulk of H-NS
surrounding it.

FIG 2 SRRF images of exponential-growth-phase dynamic response to osmotic stress (300 mM KCl). From
left to right, t � 0, 5, 10, and 45 min postinduction. (A to D) H-NS (H-NS-mEos3.2FLAG). (E to H)
Chromosome. (I to L) Merged images. The merged images were magnified to show details (magnified
regions are indicated by boxes in the images above the merged images). All scale bars are 2 �m.
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Coumermycin inhibition of DNA gyrase alters the nucleoid response to osmotic
shock during rapid growth. We hypothesized that extreme DNA compaction, affected
by supercoiling, might play a role in the spatial reorganization of H-NS. Cells were
treated with 5 �g/ml coumermycin for 30 min and then imaged at 30 min after osmotic
induction. Coumermycin is an antibiotic that acts as a DNA gyrase inhibitor by blocking
access of ATP to the enzyme and may also inhibit cell growth and DNA synthesis
(28–30). No effect was seen in stationary phase; however, cells within exponential phase
displayed a spatial reorganization of H-NS-mEos3.2FLAG similar to what was previously
observed only in stationary phase (Fig. 4). Once again, the bacterial chromosome was
observed to have been significantly more compact than before osmotic induction and
H-NS was again seen to have been excluded from the chromosomal volume and
pushed toward the periphery of the bacterial cell. We note, however, that this behavior
was not seen in exponentially growing cells treated with coumermycin alone.

Chromatin immunoprecipitation of H-NS during osmotic shock. A prior study
examined the effect of transient K� accumulation on the organization of the nucleoid
and the association of RNAP (34). Using cell fractionation, Cagliero and Jin also noted
that H-NS appeared to transiently and partially dissociate from the nucleoid before
reassembling after osmoadaptation (34). If H-NS does dissociate from the chromosome,
it should manifest as a decrease in DNA binding in chromatin immunoprecipitation
assays. The alternative hypothesis is that while H-NS migrates to the periphery of the
cell during chromosomal compaction, the H-NS-bound DNA sequences remain associ-
ated with the protein and “loop” away from the bulk of the nucleoid, which might not
be discernible by microscopy.

To test whether H-NS was indeed displaced from its bound loci during osmotic
shock, we performed chromatin immunoprecipitation analysis of a nonfluorescent
hemagglutinin (HA)-tagged H-NS protein on four known H-NS-bound loci around the
chromosome (proV, xapR, yjcF, and bglF) under both stationary-phase and rapid-
growth-phase conditions before and after treatment with sodium chloride and/or
coumermycin (Fig. 5). Consistent with what was observed by microscopy, we found
that H-NSHA association with its DNA targets (e.g., proV) was diminished in response to
a rapid increase in osmolarity and that this dissociation was particularly acute during

FIG 3 SRRF images of stationary-phase dynamic response to osmotic stress (300 mM KCl). From left to right, t � 0, 5, 10, and 45 min
postinduction. (A to D) H-NS-mEos3.2FLAG. (E to H) Chromosome. (I to L) Merged images. The merged images were magnified to show
details (magnified regions are indicated by boxes in the images above the merged images). All scale bars are 2 �m. (M and N)
Major-axis (M) and minor-axis (N) normalized intensity cross sections of H-NS distribution at 30 min postinduction. Intensity traces from
individual bacteria (40 cells) are shown, with the average given by the dashed line (mean pixel values are indicated by circles).
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stationary phase. Coumermycin on its own did not dramatically affect H-NSHA binding
in either growth phase but dramatically potentiated the displacement of H-NSHA

caused by an increase in osmolarity during exponential growth. The fact that H-NSHA

behaved similarly to the fluorescent chimeric H-NS protein suggests that the observed
displacement was not an artifactual event caused by fusion with the bulky mEos3.2
protein.

It might be expected that displacement of H-NS from the chromosome would lead
to an increase in gene expression from its repressed loci. To test this, we examined the
transcript abundance of H-NS repressed loci in the stationary-phase cells treated 30 min
with KCl and/or coumermycin (Fig. 6). We observed that the proV transcript was
strongly upregulated under these conditions (20-fold increase in steady-state transcript
levels). The bglF and yciF genes show more modest 2-fold increases in expression, and
the expression level of the xapR transcript was essentially unchanged. There are several
possible reasons why some bound loci did not respond transcriptionally to the dis-
placement of H-NS. Under these conditions, the chromosome was tightly compacted
and RNAP was expected to be in complex primarily with the sigma subunit �S, which
has been shown to positively regulate the proV P1 promoter (35). proV is also known to
respond positively to osmotic stress, suggesting that its promoter is optimized for high
levels of expression under these experimental conditions (36). In contrast, RNAP-�S is
not known to regulate xapR or yjcF or the bglGFB promoters. Indeed, some evidence
suggests that the bglGFB operon may be downregulated under conditions where �S is
active (37, 38). Therefore, it is likely that H-NS displacement alone is insufficient to
activate transcription at many loci and that transcription occurs only in the context of
the appropriate promoter, supercoiling, and DNA binding proteins.

StpA and �S are not involved in the observed compaction of the nucleoid or
expulsion of H-NS. It is possible that H-NS dissociation from DNA is a biophysical
consequence of osmotic shock, or it is possible that cellular factors are specifically

FIG 4 Analysis of cells treated with coumermycin (Table S2). (A) SRRF images of exponential-growth-phase cells
subjected to osmotic stress treatment (300 mM KCl) for 30 min without (left column) or with (right column)
coumermycin (Coum; 5 �g/ml). From top to bottom, H-NS-mEos3.2FLAG, DAPI-stained chromosome, and merged
images. Scale bars are 2 �m. (B and C) Comparison of the projected chromosome area (B) and area fraction (C)
between exponential growth phase and stationary phase cells. Shown are results for control cells, cells subjected
to osmotic shock (KCl), and cells exposed to KCl plus coumermycin.
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involved in displacing H-NS from the chromosome. We entertained the idea that H-NS
might transiently be displaced from the bacterial chromosome during osmotic shock
through competition from its paralog StpA. Notably, StpA demonstrates higher affinity
for DNA in vitro in the presence of salt (9, 39). To assess whether StpA plays any role in
displacing H-NS from the nucleoid, we visualized H-NS-mEos3.2FLAG localization in an
isogenic strain harboring a deletion in stpA. We observed that H-NS was displaced from
the chromosome similarly in both the absence and presence of StpA, indicating that
competitive binding was not the root cause of H-NS depletion from the chromosome
(Fig. S7).

Given that �S is a central and pleiotropic regulator of the cellular response to
general stress, including osmotic shock (40), we also assessed whether a member of the
�S regulon might be directly or indirectly involved in displacing H-NS from the

FIG 5 Chromatin immunoprecipitation of H-NSHA at four H-NS-bound loci (proV [upper left], xapR [upper right], yjcF [lower
left], and bglF [lower right]) during osmotic shock (KCl) or gyrase inhibition with coumermycin (Coum) or both. Cells,
diluted in M9 medium from overnight cultures, were grown to the indicated growth phase. At 30 min after addition of KCl
or coumermycin or both, cells were fixed with formaldehyde and DNA-protein complexes were immunoprecipitated as
described in Materials and Methods. Enrichment of bound DNA was quantified by real-time PCR and normalized to the
amount of DNA in the sample prior to immunoprecipitation. Values above or adjacent to bars indicate the mean levels of
ChIP efficiency.

FIG 6 Transcript levels of H-NS-regulated genes in the stationary phase during osmotic shock. RNA was
extracted from stationary-phase cultures 30 min after treatment with 300 mM KCl. RNA was reverse
transcribed, and transcript levels were measured by quantitative real-time PCR. Fold change is reported
compared to identical cultures to which KCl had not been added. All transcripts levels were normalized
to those of gyrB as a control. Values above bars represent mean values corresponding to fold changes
in expression.
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chromosome under conditions of osmotic shock. However, we found that the localiza-
tions of H-NS-mEos3.2FLAG were similar between strains with or without functional �S

(Fig. S7).
These findings, along with data corresponding to the speed at which displacement

occurs, suggest that H-NS displacement from the chromosome may be a direct
consequence of the physical changes that occur inside the cell as a result of osmotic
shock and that it is not caused by specific cell-encoded regulatory factors.

DISCUSSION

On average, the bacterial chromosome of E. coli is negatively supercoiled. However,
the level of negative superhelicity varies throughout the growth phase, with the overall
level decreasing as the cell moves from exponential to stationary phase (20, 41). This
transition is thought to be mediated primarily by changes in DNA gyrase activity and
the altered binding of nucleoid-associated proteins (NAPs). DNA gyrase induces neg-
ative supercoiling, which facilitates transcription by relieving torsional stress along
double stranded DNA, while NAPs are conjectured to stabilize the level of local
supercoiling throughout the chromosome (29, 41–45).

We have observed that during stationary phase, under conditions of osmotic stress,
the E. coli chromosome tightly condenses and the nucleoid-associated protein H-NS is
actively excluded from the DNA-containing volume of the cell, relocating toward the
membrane periphery. While this behavior was observed in stationary phase, such gross
spatial reorganization was not seen under identical conditions during rapid growth—
despite the concurrent observation that the chromosome condenses following osmotic
shock in both phases, although more so during stationary phase.

We were then able to reproduce a similar effect in the exponential phase upon
addition of coumermycin, an antibiotic compound that inhibits DNA gyrase activity.
Following exposure to coumermycin, the chromosomal DNA showed an increased level
of compaction and H-NS was again excluded from the nucleoid volume, similarly to
what we had previously observed only in stationary phase. When we then repeated the
coumermycin experiments in stationary phase, again under conditions of osmotic
stress, we detected no observable changes. The chromosome remained significantly
condensed, with H-NS excluded from the nucleoid volume.

We provide a few possible explanations for our observations. In one model, osmotic
stress induces the rapid condensation of the bacterial chromosome. While the mech-
anism is unclear, Cagliero and Jin posit that the rapid accumulation of cytoplasmic K�

after osmotic stress may induce RNAP to detach from the chromosome and that the
absence of transcriptional procession and sliding by the enzyme, which may enlarge
the nucleoid structure, leads to condensation. This occurs in both exponential and
stationary phase, though to different extents. In stationary phase, where the DNA
already displays a reduced level of negative supercoiling before imposition of osmotic
stress conditions, DNA condensation is so extreme that H-NS rapidly dissociates from
the DNA. In exponential phase, this response is attenuated by the activity of DNA
gyrase, which keeps the overall level of negative supercoiling elevated in preparation
for higher levels of transcriptional activity than those that occur in stationary phase. The
chromosome condenses, but only to a limited extent, and H-NS is still able to remain
bound. However, by interfering with DNA gyrase activity by the use of coumermycin,
the level of negative helicity is reduced and the chromosome is then able to tightly
compact, removing H-NS from the DNA.

Yet another model posits that high osmolarity in the cytoplasm reduces the affinity
of H-NS for DNA and that large-scale H-NS dissociation releases previously trapped
supercoils, which causes the compaction of DNA (once again, the effect would be
greater in stationary-phase cells). This model suggests that the disruption of H-NS
binding is the “proximal” event that occurs prior to chromosome compaction. The
bacterial cell would then adapt via the production and accumulation of compatible
solutes, which would ultimately restore homeostasis. Therefore, the order of events, i.e.,
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whether nucleoid compaction directly causes H-NS to dissociate or whether dissocia-
tion of H-NS leads to chromosomal compaction, remains unclear.

It seems perhaps counterintuitive that relaxing of negative supercoils, instead of
causing an expansion, leads to a tighter compaction of the nucleoid, and yet this
phenomenon has been observed before by other groups (34, 46). Since supercoiling is
known to affect the binding affinity of many proteins, it could be that a reduction in
negative superhelicity causes other proteins to bind to and further condense the
chromosomal DNA. Beyond simply being counterintuitive, a real complication for this
model is that several groups have found osmotic stress to increase, not decrease, the
level of negative supercoiling within bacterial cells (16, 47, 48). We note that those
previous studies examined DNA topology using linkage assays or cruciform formation
in plasmid reporters in actively growing cells or after extended periods of growth at
high osmolarity, all of which represent conditions that differ from the specific condi-
tions under which we observed chromosomal compaction. But if the extreme compac-
tion of the chromosome and subsequent expulsion of H-NS represent results of
increased negative supercoiling, then why do we observe this behavior in stationary
phase and not exponential phase unless we inhibit DNA gyrase? While we are unable
to answer this question at present, the effect is quite apparent in our data and it
suggests a simple biophysical mechanism for responding to osmotic stress by prevent-
ing H-NS-mediated gene silencing of particular stress response genes.

Given that �S had no effect on the displacement of H-NS, it does not appear that the
general stress response plays an early role in condensing the chromosome or expelling
H-NS from the nucleoid volume following osmotic shock. Instead, it is more likely that
H-NS displacement is an upstream event that would help augment the osmotic stress
response by affecting levels of �S (49). Both �S itself and many �S-regulated genes are
induced under conditions of osmotic stress (50, 51), and loss of H-NS has been
demonstrated to stabilize �S via derepression of the �S antiadaptors IraM and IraP (19).
Dissociation of H-NS from the chromosome shortly after osmotic shock would presum-
ably potentiate activation of the �S regulon.

Finally, we note that during our review of the literature there remained a number of
statements and views regarding supercoiling, osmolarity, and gene regulation that
were apparently contradictory. It is clear from our study and those performed by others
that growth phase, source of osmotic stress, and length of exposure all play a role in
what has been observed, which makes comparisons between studies challenging.
Furthermore, it remains unclear how well plasmid linking numbers can serve as
surrogate metrics for supercoiling-mediated phenomena that may be local. It also
remains difficult to dissect which effects represent bona fide regulatory responses to
changes in supercoiling and which represent adventitious secondary consequences
caused by perturbations in nucleoid structure.

MATERIALS AND METHODS
Strains and plasmids. These studies employed E. coli strain BW25113 (genotype: F� lacIq rrnBT14

ΔlacZWJ16 hsdR514 ΔaraBADAH33 ΔrhaBADLD78), previously used as the wild-type strain for the generation
of the Keio single-gene-knockout collection (52). Isogenic hns deletion strain JW1225-2 (BW25113;
Δhns-746::kan) was used for experiments with plasmid-encoded H-NS-mEos3.2FLAG.

Labeling H-NS with photoactivatable mEos3.2. The gene encoding the monomeric, photoactivat-
able fluorescent protein mEos3.2 in plasmid pmEos3.2C (27) was amplified and inserted via Gibson
assembly to generate an intermediate construct, producing a chimeric protein where the full-length E.
coli H-NS protein from E. coli BW25113 is linked by its C terminus to a linker (sequence: GSAGSAAGSGEF),
mEos3.2, and a C-terminal FLAG epitope tag. The entire chimeric construct was subsequently cloned
upstream of the chloramphenicol resistance gene (cat [transcribed separately from a downstream
promoter]) of plasmid pXG10 (53). This plasmid was then used as a PCR template to generate the
fragment hns-mEos3.2-FLAG-cat by PCR using Phusion high-fidelity DNA polymerase (Thermo Fisher) and
primers SB039 (5=-GCCGCTGGCGGGATTTTAAGCAAGTGCAATCTACAAAAGAGCTCTTTTTTGTGCGGTGCC)
and SB40 (5=-CCTCAACAAACCACCCCAATATAAGTTTGAGATTACTACACAACAGGAGTCCAAGCGAGC).

The purified PCR fragment was subsequently used to replace the chromosomally carried hns gene in
strain BW25113, at its native chromosomal location and under the control of its native promoter, using
the lambda red recombinase method described previously by Datsenko and Wanner (54) to generate
strain WN3334. The tagged chromosomal copy of hns was verified by Sanger sequencing at the TCAG
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Sequencing Facility (Centre for Applied Genomics, Hospital for Sick Children) using primers EMC003
(5=-GGTGTTATCCACGAAACGG) and EMC004 (5=-CGTTAAATCTGGCACCAAAG).

Derivatives of strain WN3334 lacking rpoS (encoding �S) and stpA were made by performing
P1vir-mediated transduction (55) of strain WN3334 by the use of phage P1vir lysates derived from strains
JW2644-3 (ΔstpA750::kan) and JW5437-1 (ΔrpoS746::kan) from the Keio E. coli single-gene-knockout
collection (52). These strains, selected for growth on both chloramphenicol and kanamycin, were verified
by PCR and sequencing of the relevant chromosomal loci.

Cell fixation and sample preparation. We initially grew bacteria in M9 medium (BioShop) supple-
mented with MgSO4 (2 mM), CaCl2 (0.1 mM), thiamine (0.01%), Casamino Acids (0.1%), and glucose (1%).
Cells were shaken at 220 rpm at 37°C until they reached exponential (�3 h, optical density at 600 nm
[OD600] of �0.3) or stationary (�6 h, OD600 of �2) phase. We then exposed the cells to osmotic stress by
adding KCl to the culture to reach a final concentration of 300 mM (osmolarity, �0.6 Osm/liter).
Substituting KCl for NaCl yielded no observable differences in cellular responses (see Fig. S1 in the
supplemental material). We concede that the addition of salts can also result in ionic stress upon the
cells, but this possibility was not further explored in the present work. After exposure of the cells to
the stress, we fixed the bacterial cells with 10� diluted formalin solution in H2O (Sigma-Aldrich) (�37%
formaldehyde stabilized with 10% to 15% methanol). In control experiments, we found that fixation with
methanol-free formaldehyde (Thermo Fisher) did not have an effect on the observed results. The
exposure time before fixation ranged from 5 to 60 min for the time course experiments, but the exposure
time was set at 30 min for all other experiments. Cultures were incubated with formaldehyde and with
shaking at room temperature for 30 min. This was followed by 15 min of centrifugation at 1,000 � g,
discarding of the supernatant, and washing three times with 1 ml of phosphate-buffered saline (PBS). For
each washing step, the pellet was first mixed with PBS for 5 min in an orbital shaker and then centrifuged
for 10 min at 1,000 � g at room temperature. After the final wash, the sample was ready to be imaged
or was stored at 4°C to be imaged within 1 week.

Samples were mounted by placing 3 �l of fixed cells atop a small 1.5% agarose pad. The agarose pad
was then flipped over onto a coverslip that had been precleaned with an initial 30 min of sonication in
3 M KOH, rinsed in distilled water (dH2O), and then again sonicated for 30 min in ethanol (99%). Cells
remained immobilized between the coverslip and the agarose pad. The coverslip was then affixed to the
microscope slide with a 2.5-mm-diameter CoverWell spacer (Sigma-Aldrich) inserted between the two
glass surfaces.

Superresolved microscopy. Microscopy was performed using an inverted Olympus IX-71 micro-
scope equipped with a 60� oil immersion total internal reflection fluorescence (TIRF) objective (Olym-
pus; APON 60XOTIRF) (numerical aperture [N.A.], 1.49). Images were additionally magnified by a tele-
scope inserted into the collection path of the microscope such that the effective pixel size was �73 nm
and collected by an electron multiplying charge-coupled-device (EMCCD) camera (Andor, iXon3). All data
acquisition was controlled by the open source microscopy program �Manager (56).

To obtain superresolution radial fluctuation (SRRF) images, we conducted widefield fluorescence
microscopy by imaging mEos3.2 in the green channel. We imaged the fluorescent protein by excitation
performed with a low-intensity (� 8 W/cm2) 488-nm-wavelength laser (OBIS; Coherent) and transmission
of the emission fluorescence using a 520/35-nm band-pass filter (Chroma). We acquired 100 frames for
each region of interest (ROI) at a frame rate of 20 Hz. Subsequently, we applied SRRF to the image stack
through an open source, graphics processing unit (GPU)-enabled ImageJ plugin (31). SRRF requires the
user to define a ring radius for the underlying radiality analysis. A related technique (superresolution
quantitative image rating and reporting of error locations [SQUIRREL]), which is also available as an
ImageJ plugin, can be used to evaluate the quality of SRRF images (57). Critical to achieving accurate
images is the appropriate choice of the ring radius (31). Therefore, we generated SRRF images from our
raw image stack for various values of the ring radius, evaluated the resulting images with SQUIRREL, and
chose the input value for the ring radius such that the level of error in the SRRF image was minimized
(Fig. S2).

Nucleoid imaging. Fixed cells were stained with DAPI (3=,6-diamidino-2-phynylindole), which en-
abled visualization of cellular DNA. We added this stain to fixed cultures to reach a final concentration
of 0.1 �g/ml and incubated the cultures at room temperature for 5 min. Samples were then centrifuged
at 5,000 � g at room temperature for 1 min, the supernatant was discarded, and the pellets were washed
by three subsequent resuspensions and centrifugations in 1 ml of fresh PBS. To image the DAPI-stained
nucleoid of the bacterial cells, we employed an arc lamp (X-cite Series 120 Q), with a 325/50 excitation
band-pass filter and a 447/60 emission band-pass filter inside the filter cube. For each image, a stack of
100 frames was acquired at a frame rate of 20 Hz.

Image analysis and analytics. To quantify the spatial distribution of H-NS, cells were first manually
segregated in ImageJ and then analyzed with custom MATLAB software. Cells that appeared to be
dividing or that were larger than roughly 3 �m were removed from the statistical analysis. The principal
axes of each cell were identified, and the cells were then rotated through a linear transformation so that
their axes aligned. Cross sections were acquired by normalizing the axes of the cell from 0 to 1 and
plotting the intensity of a single pixel along the major principal axes.

Chromosome compaction was then quantified from fluorescence images by measuring the projected
area occupied by the chromosome within the cell. Closed regions outlining the chromosome were
automatically detected within ImageJ and the resulting areas calculated. Note that some cells displayed
two distinct globular regions that we took to represent two copies of the chromosome. For those cells,
the area of each region was determined separately and then the measurements were added together.
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Finally, cell boundaries were acquired from bright-field images of the cells using ImageJ and used to
normalize the area of the DNA containing nucleoid regions.

Chromatin immunoprecipitation (ChIP). Chromatin immunoprecipitation assays were carried out
as described previously (58). Briefly, E. coli BW25113 Δhns was complemented with pWN426 (pHNSHA),
which produces a functional variant of H-NS that carries a C-terminal hemagglutinin (HA) epitope tag
that enables the protein to be immunoprecipitated with anti-HA antibodies (5). This strain was grown in
M9 medium supplemented with MgSO4 (2 mM), CaCl2 (0.1 mM), thiamine (0.01%), Casamino Acids (0.1%),
glucose (1%), and chloramphenicol (10 �g/ml). Overnight cultures were subcultured 1:50 in fresh M9
medium and grown to the exponential (OD600 of �0.3) and stationary (OD600 of �2) phases (matching
the imaging conditions). Cells were then exposed to osmotic stress by adding KCl (300 mM) to the culture
for 30 min. Coumermycin (final concentration, 5 �g/ml) was also added to a set of samples 30 min prior
to imposition of the osmotic stress.

To cross-link protein to DNAs from the different samples (50 ml each), formaldehyde was added to reach
a final concentration of 1% for 15 min at room temperature before quenching with 1.25 mM glycine for
10 min was performed. Cells were washed twice with cold PBS and sonicated to generate chromosomal
fragments with an average size of �500 bp. Lysates were cleared by centrifugation and precipitated with
anti-HA antibody (clone HA-7; Bioshop) using agarose-protein G beads (Calbiochem) as previously described
(58). The samples were incubated at 65°C for 5 h to break the DNA-protein cross-links.

DNA fragments that coprecipitated with H-NSHA were quantified by real-time quantitative PCR using
SsoFast EvaGreen Supermix (Bio-Rad) according to the manufacturer’s instructions with the following
gene-specific primers: for bglF, 5=-ACACTGTTAACCGCCAGGAAGACA-3= (forward) and 5=-GGATGAAAGC
AAAGCGCAAGCAGA-3= (reverse); for yjcF, 5=-AGTTCCGTGCAGGAAGAGAACCTT-3= (forward) and 5=-TGG
TTACGTCGCTTTCGGCTTACT-3= (reverse); for proV, 5=-AATATTTGGCGAGCATCCACAGCG-3= (forward) and
5=-TTTACCCGAGCCGGATAATCCCAT-3= (reverse); and for xapR, 5=-GCAATCGACGCGATTCTTCCATCAAG-3=
(forward) and 5=-GCAGCGCGTTTAAATATGTCTCAGCC-3= (reverse).

Reverse transcriptase quantitative PCR (qPCR). Total RNA was isolated from relevant bacterial
strains 30 min after treatment with KCl or coumermycin as described for the chromatin immunoprecipi-
tation experiment. A 0.5-ml volume of culture was combined with 1 ml of RNAprotect reagent (Qiagen).
The samples were incubated at room temperature for 30 min, and the cells were harvested by centrif-
ugation at 4,600 � g for 10 min. Total RNA was purified using an Aurum total RNA minikit (Bio-Rad)
followed by reverse transcription using an iScript cDNA synthesis kit (Bio-Rad). The resulting cDNA was
analyzed by real-time quantitative PCR with gene-specific primers identical to those used in the chromatin
immunoprecipitation experiment and with SsoFast Evagreen Supermix (Bio-Rad) according to the manufac-
turer’s instructions. Transcript levels were normalized to the gyrB gene, amplified with primers 5=-CACTTTC
ACGGAAACGACCGCAAT-3= (forward) and 5=-TTACCAACAACATTCCGCAGCGTG-3= (reverse).
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