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ABSTRACT
The bacterial nucleoid undergoes extensive structural reorganization during growth, influenced by nucleoid-associated proteins

(NAPs) whose interactions and effects on nucleoid organization remain unclear. We investigated these interactions by tracking single

molecules of the NAP HUα-PAmCherry in living Escherichia coli cells in different growth phases, and we further examined how two

NAPs, Dps and H-NS, impact HUα dynamics. HUα mobility varies with growth phase: In exponential phase, HUα has two distinct

mobility states: a fast-diffusing state and a slower, interacting state. In stationary phase, we observed a third population of very slow

molecules, suggesting stable HUα binding or confinement within compacted DNA. Deleting dps increases HUαmobility in stationary

phase, consistent with findings that Dps promotes short-range DNA contacts and nucleoid compaction in deep stationary phase. We

measured in exponential phase that hns deletion leads to nucleoid compaction, faster HUα diffusion, and a third population of very

slow HUα molecules in these cells. In stationary phase, deleting hns increases these stably bound HUα molecules. Our results show

that growth-phase-dependent nucleoid reorganization by Dps and H-NS influences the behavior and function of other NAPs.

1 | Introduction

Bacteria are subject to diverse environmental conditions and fre-
quently adapt to stress, and this response requires the protection
and organization of genomic DNA. The bacterial nucleoid com-
prises the chromosome and DNA-binding proteins. Although it
lacks a protective membrane, the nucleoid is highly organized
[1]. Mechanisms for nucleoid compartmentalization include mac-
romolecular crowding, charge neutralization, and mechanical
stress from DNA supercoiling and nucleoid proteins [2–4]. More
recently, NAPs have been recognized as drivers of both rapid
response to environmental stress and of nucleoid organization,
including by phase separation [5–8]. A part of a larger stress
response system, NAPs upregulate the expression of stress response
proteins [8, 9], compact the nucleoid to physically shield genomic
DNA [10], and catalytically neutralize perturbations [11, 12].

The DNA-binding protein from starved cells (Dps) is highly con-
served among bacteria [13] and helps to protect DNA from

stressors such as oxidative damage, UV radiation, pH imbalance,
and starvation [10, 11, 13–15]. It has long been accepted that
when nutrients are depleted by starvation, bacteria enter the sta-
tionary phase and activate stress-resistance mechanisms to main-
tain the nucleoid structure for cell survival [16, 17]. Additionally,
recent studies have shown that energy-spilling mechanisms such
as overflow metabolism and futile cycles strongly influence the
metabolic pathways that are coupled to stationary-phase physi-
ology [18]. Dps is the most abundant NAP in stationary-phase
cells, with� 180,000 copies per cell [19, 20]. In addition to the
chemical protection provided by the ferritin-like Dps protein
[11, 21, 22], Dps responds to stress by nonspecifically binding
DNA [23], and, in stationary phase, Dps facilitates short-range
DNA–DNA interactions [24]. While the function of Dps has been
well characterized in vitro, how Dps mediates nucleoid morphol-
ogy in vivo is not fully understood [24]. On one hand, Dps-
mediated nucleoid compaction in deep stationary phase has been
found not to affect RNA polymerase (RNAP) activity [24]. Thus,
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the stationary-phase nucleoid remains dynamic and accessible to
protein-DNA interactions. On the other hand, electron micros-
copy images of fixed, stationary-phase E. coli cells have shown
highly organized crystalline arrays of Dps and DNA, indicating
that Dps can organize the nucleoid into a hexagonally packed
biocrystal [23].

The histone-like nucleoid structure protein (H-NS) [25] also
plays major roles in gene regulation and nucleoid organization
[26–29]. H-NS (�20,000 copies/cell) [19] is a global gene regula-
tor in E. coli, directly or indirectly affecting the expression of
�5% of genes in the E. coli genome [30], many of which are
involved in adaptation to changes in environmental conditions
[31]. H-NS forms dimers that can assemble into higher-order
structures to facilitate organization [32, 33]. For instance,
H-NS promotes the formation of DNA loops in the nucleoid
and can bridge DNA [27]. Furthermore, in exponential phase,
H-NS induces hairpin-like structures that can spatially interact,
creating clusters of silenced regions in nontranscribed regions
of the chromosome [34]. H-NS has been recently reported to also
impact cells in stationary phase, despite the lower concentration of
H-NS (�10,000 copies/cell) [19, 35]. We recently found that H-NS
mediates long-range DNA looping and is enriched at DNA loop
anchors, which correlates with enhanced gene silencing in station-
ary phase, and H-NS reallocates transcriptional resources in sta-
tionary phase to reshape transcription [35].

Here, we assessed how the NAPs Dps and H-NS affect the E. coli
nucleoid structure and microenvironment based on tracking and
super-resolving a fusion of the NAP HUα, which interacts
nonspecifically with DNA [36], to the photoactivatable fluores-
cent protein PAmCherry. For each single-molecule HUα-
PAmCherry trajectory, we inferred the number of underlying
mobility states, the average diffusion coefficient of single mole-
cules in each state, the fraction of molecules in each state at a
given time, and the probability of transitioning from one state
to another based on the nonparametric Bayesian statistics algo-
rithm SMAUG [37]. The motion of HUα-PAmCherry indicates its
interactions with the chromosome: immobile HUα-PAmCherry
is DNA-bound, slow HUα-PAmCherry molecules are diffusing
more slowly because of interactions with the nucleoid, and
quickly diffusing HUα-PAmCherry molecules are free within
the cell [38]. Because the nucleoid compaction we measure is
on the whole nucleoid scale, it doesn’t directly measure the reor-
ganization of the nucleoid on the nanometer scale. We expect
that the dynamics of HUα are more sensitive to nanometer-scale
nucleoid regions of DNA that we cannot entirely capture within
our nucleoid compaction assays. We measured the effects of Dps
and H-NS on the nucleoid by tracking single HUα-PAmCherry
molecules in wild-type (WT), Δdps, and Δhns E. coli cells, and we
determined the effect of starvation stress by comparing cells in
exponential and stationary phases. Overall, we found that Dps
slows HUα-PAmCherry dynamics in stationary phase, while hav-
ing no measurable effect in exponential phase, as expected given
the very low Dps expression levels in the exponential phase [19].
We also found that H-NS impacts the distribution of HUα-
PAmCherry dynamics in exponential phase while subtly slowing
HUα-PAmCherry mobility in stationary phase. Overall, these
results indicate that nucleoid organization by Dps and H-NS is
growth phase-dependent and that functions of NAPs are interde-
pendent; HUα-PAmCherry dynamics are altered by the deletion
of other NAPs.

2 | Experimental Section

2.1 | E. coli Growth Conditions

All strains used in this study were derived from the K-12 strain
W3110 (CGSC no. 4474) [39] and contained hupA::PAmCherry
FRT-cam-FRT for imaging [36]. Cells were streaked from glycerol
stocks stored at −80°C onto LB-agar plates containing 20 μg/mL
chloramphenicol (CAS no. 56-75−7), then incubated at 30°C.
Isolated single colonies were then picked and grown in High-
Def Azure (HDA) medium (buffered to pH 7.2; Teknova cat.
no. 3H5000) supplemented with 0.2% glucose (m/v) and grown
overnight at 30°C with shaking at 250 rpm. Precultures were then
diluted 1:100 into 50 mL fresh HDA medium supplemented with
0.2% glucose (m/v) in 150mL Erlenmeyer flasks to allow
ample aeration and incubated at 30°C with shaking at 250 rpm.
For cultures in exponential phase, samples were removed at
OD600 = 0.30–0.40 (Biochrom WPA CO8000 cell density meter).
Optical density measurements were done in standard cuvettes
with a 1-cm path length. Samples were removed at 96 h for sta-
tionary-phase experiments. At least three biological replicates
were analyzed per strain.

2.2 | E. coli Strain List and Construction

Strains cWX2782 [W3110, hupA::PAmCherry FRT-cam-FRT]
and cWX3017 [W3110, Δdps FRT-kan-FRT, hupA::PAmCherry
FRT-cam-FRT] were previously described in McCarthy et al. [24].

Strain cWX2889 [W3110, Δhns FRT, hupA::PAmCherry FRT-
cam-FRT] was generated by P1 transduction of cWX2886
[W3110, Δhns FRT] [35] with P1 lysate from strain hupA::
PAmCherry-frt-cmR-frt [36]. Transductants were selected for
on LB-chloramphenicol 20 μg/mL plates.

2.3 | Single-Molecule Microscopy

For each replicate, 10mL of the cell culture was extracted at the
appropriate time point and then centrifuged at 6600 × g for 7 min.
The supernatant was extracted and filtered twice with 0.22 μm
filters to prepare spent medium. Spent medium was then used
to make 2% (m/v) agarose pads on an argon plasma-etched
No. 1 glass coverslip. Before imaging, 1.5 μL of cells growing
at specified time points were deposited on the agarose pad with
1.5 μL of Fluoresbrite carboxylate YG beads (0.35 μm,
Polysciences) suspended in spent medium (2 μL of beads diluted
into 1 mL of spent medium). We previously measured� 2.6 bil-
lion colony-forming units/mL at 96 h for WT cells [24]. The
deposited sample was then sandwiched onto the agarose pad
by an argon plasma-etched No. 1 glass coverslip.

Experiments were conducted on an Olympus IX-71 microscope
with either a 100× 1.40 NA or a 100 × 1.45 NA phase-contrast
oil-immersion objective heated to 30°C with an objective heater
(Bioptics). Objective immersion oil optimized for 30°C (Zeiss)
was used to reduce optical aberrations. Photoactivation of HUα-
PAmCherry was performed with a 405 nm laser (Coherent
Cube 405–100) with a 1W/cm2 power density. The pulse duration
of the 405 nm laser was 100–300ms. Imaging of HUα-PAmCherry
was carried out with a 561 nm laser (Coherent Sapphire 561–50)
with a power density of 0.46 kW/cm2. The fluorescence emission
of HUα-PAmCherry was filtered with a 561 nm long-pass filter.
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Images were collected with a 512× 512-pixel Photometrics Evolve
electron-multiplying charge-coupled device camera. A 40ms expo-
sure time was used for tracking. Sample drift was monitored with
fluorescent beads located near the cells. Each cell was imaged for
no longer than 1 h.

2.4 | Single-Molecule Microscopy Analysis

2.4.1 | Single-Molecule Trajectory Analysis

Cell segmentation from phase-contrast images was performed
with the Omnipose package in Python [40]. Erroneous segmen-
tations were corrected with the Omnipose GUI or excluded from
analysis. The resulting cell masks were used to calculate cell area
and length (from the maximum Feret diameter) and for single-
molecule analysis. Single-molecule detection, localization, and
tracking were done with the SMALL-LABS algorithm [41].
Single molecules were detected as nonoverlapping spots with
maximum pixel intensity values above the 95th percentile pixel
intensity of the frame. A single-molecule localization was per-
formed by fitting the emission to a 2D Gaussian, and ‘good’ sin-
gle-molecule fits were defined as having a width no larger than 8
pixels (392 nm), a value of 2 for the SMALL-LABS stdtol param-
eter, and a value of 0.06 for the SMALL-LABS maxerr parameter
for the maximum error on the fit. The positions were then con-
nected into tracks by the Hungarian algorithm [42] with a mini-
mum track length of 4 steps and a maximum frame-to-frame step
size of 15 pixels (735 nm).

Recorded trajectories were analyzed via a 2D mean squared dis-
placement (MSD) analysis to calculate the apparent diffusion
coefficient of that track, Dapp:

MSD= 2nDappτ (1)

where n= 2 is the dimensionality of the images, and τ is the time
lapse. The camera integration time was 40 ms, and Dapp was cal-
culated from τ= 40–160 ms using a weighted least-squares fit to
Equation (1). Fits above a threshold of R2≥ 0.70 were used for
further analysis (≥ 50% of the data), while others were excluded.
The distribution of single-trajectory Dapp values was fit to a
Gaussian mixture model to determine the average Dapp and
weight fraction of each population.

2.4.2 | Step-Size Analysis with Single-Molecule Analysis
by Unsupervised Gibbs Sampling (SMAUG)

The same single-molecule trajectories were analyzed by the
SMAUG algorithm, which uses a nonparametric Bayesian statis-
tical framework to classify diffusive mobility states from trajec-
tory data [37]. SMAUG was run for 10,000 iterations on tracks
with a minimum length of 6 steps and the initial number of states
set to 5 to determine the number of mobility states, the average
diffusion coefficient of each state, and the weight fraction of each
state. A minimum of 45,000 steps was considered and analyzed
for each condition.

2.4.3 | Super-Resolution Photoactivated Localization
Microscopy (PALM) Image Reconstruction

Super-resolution images of the nucleoid in each cell were
generated by a PALM reconstruction [43]. All drift-corrected

HUα-PAmCherry localizations with a 95% confidence interval
on the fitted position< 80 nm were selected. A Gaussian blur
with a width equivalent to the 95% confidence interval on the
fitted position was applied to each localization.

2.4.4 | Nucleoid Occupancy Calculations from PALM
Super-Resolution Images

The nucleoid occupancy was determined by fitting the distribu-
tion of pixel intensities in the PALM images with a two-
component Gaussian mixture model. Pixel intensities below
the fifth percentile and above the 99.95th percentile were
excluded from analysis to remove outliers. A threshold pixel
intensity value was set to 50% of the mean intensity of the second
Gaussian distribution. Pixels with intensities greater than the set
threshold were considered part of the nucleoid region [24].
Nucleoid occupancy was calculated as the number of pixels in
the nucleoid region divided by the number of pixels within
the cell mask from cell segmentation of phase-contrast images
via Omnipose as described previously [24].

2.4.5 | Calculation of Localization Heatmaps for Slow
and Fast Trajectories

The coordinates of detected HUα-PAmCherry molecules and cell
masks from Omnipose were used to generate the localization
density heatmaps via the Python package spideymaps [44]. For
each cell, morphological skeletonization was used to define
the midline bisecting the cell along the long axis. We plotted
the localizations from slower molecules (trajectories with
Dapp< 0.15 μm2/s) separately from the localizations from faster
molecules (trajectories with Dapp> 0.30 μm2/s). The cartesian
coordinates (x, y) for each molecule were re-parameterized into
a three coordinate system (r, l, Φ), where r is the radial distance
from the defined midline, l is the longitudinal distance along the
long axis of the cell found from projection onto the midline, and
Φ is the angle measured relative to the midline in the pole
regions of the cell. Parameters r and lwere divided by the average
cell width and total length, respectively, to determine the relative
coordinates rrel and lrel such that all localizations share a com-
mon frame of reference. Localizations were then binned based
on rrel, lrel, and Φ. Because this approach results in unequal
bin areas, bin areas were calculated for each bin in every cell.
Localization counts and associated bin areas were summed
across all cells. Areas and counts were symmetrized fourfold
by adding counts and areas from symmetrically equivalent bins.
The summed localizations were then divided by the summed
areas to determine average localization density (counts per pixel).

2.5 | Bulk Fluorescence Microscopy

For exponential phase imaging, 1 mL of culture was removed and
incubated with SYTOX green (500 nM) for 20 min. After incuba-
tion, cells were centrifuged at 5750 × g for 2.5 min and then
washed twice with spent medium warmed to 30°C to remove
unbound SYTOX green. Cells were resuspended in 500 μL of
spent medium for imaging. For stationary-phase cultures,
100 μL of cell culture was added to 900 μL of spent medium
and stained with SYTOX green (10 μM). The mixture was then
incubated for 45min. The different protocols for exponential
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and stationary phase cell sample preparation were selected based
on labeling efficiency to enable similar signal-to-noise ratios.

Phase-contrast images were collected on an Olympus IX-71
microscope with a 100 ×, 1.45 NA phase-contrast oil-immersion
objective with a 512 × 512-pixel EMCCD camera with a 100ms
exposure time. A CoolLED white light source with a 488 nm
Chroma filter cube set was used to image stained DNA. The sam-
ple was illuminated alternatively with white light and 488 nm
light to image the phase-contrast and fluorescence images of
the nucleoid, respectively.

The cell boundary was determined from segmentation of the
phase-contrast image by Omnipose, and the chromosome was
visualized from SYTOX green fluorescence images. The nucleoid
occupancy from nucleic acid staining was then determined from
the number of pixels in the nucleoid area (as described previously
[24]) divided by the number of pixels in the cell area.

2.6 | Real-Time Quantitative Reverse
Transcription PCR (RT-qPCR)

Cell cultures were grown at 30°C with shaking at 250 rpm and
extracted at OD600 = 0.30–0.40 for exponential phase cells. Total
RNA was extracted from cells using a Monarch Total RNA
Miniprep Kit (NEB #T2010S) following miniprep instructions.
Extracted RNA was quantified with a NanoDrop UV–Vis spec-
trophotometer by averaging three independent measurements.
For RT-qPCR, a Luna Universal One-Step RT-qPCR kit (NEB
#E3005L) was used. A master mix was prepared containing
1 × Luna Universal One-Step Reaction Mix, 1 × Luna
WarmStart RT Enzyme Mix, 0.4 μM each of forward and reverse
primer (for dps, cysG, or hcaT; Table S1), and nuclease-free water.
For the RNA template, 200 ng of RNA was aliquoted into a 384-
well plate and mixed with the master mix, then briefly centri-
fuged. For each RT-qPCR reaction, a no reverse transcriptase
and a no-RNA template control were performed to control for
DNA contamination. The RT-qPCR reactions were performed
using a Bio-Rad CFX Opus 384 Real-Time PCR system. For
RT-qPCR reactions, the following thermal profile was used:
55°C for 10 min, 95°C for 1 min, followed by 45 cycles of 95°C
for 10 s and 60°C for 30 s. RT-qPCR curves were analyzed with
the BR.io Bio-Rad software. The results were analyzed using the
ΔΔCt method [45].

3 | Results

3.1 | Dps-Mediated Nucleoid Compaction Slows
HUα-PAmCherry Diffusion in Stationary Phase

We assessed how the dynamics of the NAP HUα depend on Dps
by imaging HUα-PAmCherry expressed from the native HUα
promoter in E. coli cells [36]. HUα binds DNA without sequence
specificity [46], and PAmCherry is a photo-activatable fluores-
cent protein that does not interfere with HUα function [38].
We analyzed the positions of HUα-PAmCherry in WT and
Δdps cells growing at exponential and stationary phases by
live-cell super-resolution (PALM) imaging (Figure 1A), and we
pooled the super-resolution localizations from all cells for each
condition and plotted them as two-dimensional heatmaps
(Figure 1B). Consistent with our previous findings, we found that

the cell size depends on growth phase (Figure 1B,C) and the
nucleoid is smaller in stationary-phase cells (Figure 1B) [24].
In exponential phase cells, the HUα-PAmCherry molecules are
most abundant at the quarter-cell positions. In contrast, in sta-
tionary phase, when the nucleoid is more compact, the HUα-
PAmCherry localization pattern depends on Dps: in WT cells,
HUα-PAmCherry molecules are concentrated evenly across
the long axis of the nucleoid, while the HUα density is relatively
enriched at the quarter positions in Δdps cells (Figure 1B).

We tracked single HUα-PAmCherry molecules in E. coli cells
(Figure S1A), and we assigned an average apparent diffusion
coefficient, Dapp, to each HUα-PAmCherry trajectory based
on the MSD (Figure S1B). Previous studies showed that

FIGURE 1 | Analysis of HUα-PAmCherry Diffusion in WT and Δdps
Cells. (A) Super-resolution images of HUα-PAmCherry in representative

WT and Δdps cells in exponential and stationary phase. The dashed out-

lines depict the cell outlines from phase-contrast images of the cells. Scale

bar: 1 μm. (B) Localization density heatmaps of HUα-PAmCherry local-

izations in WT and Δdps cells in exponential and stationary phase.

The lengths of the heatmaps along the short and long axes indicate

the average cell length and width in the dataset, respectively. The color-

scale denotes the localization density relative to the cell average.

(C) Average cell lengths, widths, and areas of WT (gray) and Δdps (green)
HUα-PAmCherry cells used in the analysis. (D–F) Results from single-

step diffusion analysis with SMAUG: (D) Average apparent diffusion

coefficient for each diffusive state in WT and Δdps cells in exponential

(light gray) and stationary phase (dark blue). The diameter of each circle

indicates that state’s weight fraction. The error bars denote the standard

deviation of the iterations determining each average Dapp. (E) Calculated

parameters for WT (gray) and Δdps (green) HUα-PAmCherry cells. Error

bars: standard deviation from 500 independent analysis iterations.

(F) Probability of a molecule transitioning between each diffusive state

in WT and Δdps cells at exponential and stationary phases. The diameter

of each circle indicates that state’s weight fraction. The probability of the

transition is indicated next to the arrow.
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Dps-mediated nucleoid compaction only occurred after 96 h of
incubation [24]. It is unclear why this compaction does not hap-
pen at an earlier time point (e.g., 24 h). Nonetheless, we use the
96 h timepoint as deep stationary phase in the current study. In
exponential phase, we observed no difference in the Dapp distri-
butions for WT and Δdps cells (Figure S1C), which is consistent
with low Dps expression in exponential phase [19]. However, the
Dapp distribution for WT cells is slower in stationary phase rela-
tive to exponential phase (Figure S1D), which is correlated
with increased nucleoid compaction in stationary phase [24].
Additionally, the Dapp distribution is similar for Δdps cells in
exponential and stationary phase, indicating that Dps-mediated
nucleoid compaction is at least partly responsible for the slowed
HUα diffusion seen in stationary phase in WT cells. It is also pos-
sible that Dps and HUα directly interact, which would slow HUα
diffusion [6].

To determine the spatial patterning of the slowest-moving HUα-
PAmCherry molecules (corresponding to HUα that is either
bound to or frequently interacting with DNA), we pooled the
super-resolution localizations from only the slower trajectories
(Dapp< 0.15 μm2/s) for all cells for each condition and plotted
them as two-dimensional heatmaps (Figures S2 and S3). In
exponential phase, slow-moving HUα molecules are most often
found at the cell quarter positions, consistent with the more
densely packed DNA slowing HUα with frequent interactions.
However, fast-moving molecules (Dapp > 0.30 μm2/s) are more
enriched at the mid-cell, consistent with a higher DNA density
at the quarter positions. Overall, there is no notable difference in
the localization patterns of the fast or slow molecules between
exponential-phase WT and Δdps cells (Figure S2). In contrast,
in stationary phase, the HUα localization pattern is Dps-depen-
dent (Figure 1B), and we find that the enrichment of HUα at the
quarter positions in stationary-phase Δdps cells corresponds
specifically to an enrichment of slow-moving HUα-PAmCherry
molecules at these positions (Figure S3).

3.2 | Analyzing the Distribution of Steps Within
the Heterogeneous Single-Molecule Trajectories
Indicates Three Distinct Types of HUα-PAmCherry
Motion in the Stationary Phase

The single-trajectory MSD analysis provides only the average Dapp

of each trajectory, but target binding and changes in biological
function can cause a change in a molecule’s diffusive behavior
in the middle of a trajectory [37]. In addition, we measured asym-
metric Dapp distributions for all conditions (Figure S1C,D); this
asymmetry indicates multiple underlying distributions. To capture
the heterogeneities within single trajectories, we used the non-
parametric Bayesian statistics algorithm SMAUG to analyze the
HUα-PAmCherry trajectory dataset. For each dataset, we inferred
the mobility states within the distribution of s= 50,000–100,000
step sizes rather than grouping them into trajectories [37].

Analysis of HUα-PAmCherry diffusion in WT exponential phase
cells inferred two mobility states, one fast and one intermediate
(Figure 1D,E). The high transition probability between these two
states indicates that HUα switches from the intermediate state to
the fast state and back on the scale of the 40 ms image frame time
(Figure 1F). These results for HUα-PAmCherry diffusion in expo-
nential phase are similar to previous findings by Bettridge et al.

[38], who also found that HUα rapidly switches between a slower
and a faster mobility state; because they found that HUα-
PAmCherry had similar confinement and diffusion coefficient
to that of a stably bound TetR-mCherry protein, Bettridge
et al. inferred that the slower moving molecules were in a bound
state with movement that was the result of only intrinsic chro-
mosomal DNA fluctuations. In WT cells, the weight fraction of
the fastest diffusive state decreases from 40% in exponential
phase to 13% in stationary phase, and a third, slower mobility
state that comprises 31% of the HUα-PAmCherry molecules is

inferred in stationary phase with DWT,Stat
Slow = 0:030 μm2=s

(Figure 1D,E). This slowest mobility state is, in fact, even slower
than the ‘bound’ state observed in exponential phase by Bettridge
et al. [38], indicating that either the nucleoid is much more
densely packed in stationary phase or the slow HUα molecules
in exponential phase interact very frequently with DNA rather
than being bound. Furthermore, we deduced that HUα is
stably bound or extremely confined in this slowest state based
on the high probability of transitioning into the slowest state
from the fastest (0.14 probability) relative to the very low prob-
abilities of transitioning out of the slow state to either of the
other states.

3.3 | Dps Slows HUα-PAmCherry Diffusion in
Stationary Phase

The number of HUα-PAmCherry mobility states, the average
Dapp of those states, and the transition probabilities do not
depend on Dps in exponential phase (Figure 1F), as expected
given the very low Dps expression levels in the exponential phase
[19]. However, in stationary phase, the distribution of single-mol-
ecule HUα-PAmCherry diffusion coefficients significantly
depends on Dps (Figure S1D). This dependence may be attrib-
uted to the subtly decreased nucleoid compaction in Δdps cells
[24] or to other factors, including possible interactions between
HUα and Dps [6]. Furthermore, the single-step analysis indicates
that the increased mobility of HUα in stationary-phase Δdps cells
is due to a large increase in the weight fraction of the fastest dif-
fusive state (from 13% in WT cells to 23% in Δdps cells), and a
decrease in the weight fraction and an increase in the average
Dapp for the slowest HUα mobility state in Δdps cells relative
to WT cells. Most prominently, we measured an increased aver-

age Dapp for the intermediate state (DWT,Stat
Intermediate = 0:080 μm2=s vs.

DΔdps,Stat
Intermediate = 0:12 μm2=s ; Figure 1D,E). Furthermore, the prob-

ability of transitioning from the intermediate state to the fast
state nearly doubles from 0.10 in WT cells to 0.18 in Δdps cells
(Figure 1F). Concomitantly, there is a greatly reduced probability
of transitioning from the intermediate to slow state (probability=
0.01), and the transition probability from the fast state to slow
state is reduced in Δdps cells compared to WT.

This increased HUα diffusivity, increased transition probabilities
to the fastest state, and reduced transition probabilities to the
slow state in stationary phase Δdps cells may be attributed to
fewer regions of very dense DNA in the less compact nucleoid,
which correlates well with the lower localization densities of
HUα in stationary phase Δdps cells compared to WT cells
(Figure 1B). Overall, Dps, which subtly compacts the dense
nucleoid in stationary phase, has the effect of reducing the
dynamics of HUα.
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3.4 | Nucleoid Compaction Increases in
Exponential-Phase Δhns Cells

To complement our investigation of the prevalent stationary-
phase NAP, Dps, we investigated how the abundant exponential-
phase NAP, H-NS, affects nucleoid structure and HUα-PAmCherry
diffusion. Representative fluorescence images of the nucleoid
labeled with the nucleic acid stain SYTOX Green in WT and
Δhns cells in exponential and stationary phases are shown in
Figure 2A. 48 h after inoculation of cells into fresh HDA medium
at 30°C, the culture density saturates at a lower OD600 value in
the Δhns cell culture than in WT (Figure 2B). This result indi-
cates that H-NS provides a fitness advantage for cells in station-
ary phase. Although the mechanism of how H-NS protects the
cell is unclear, our results are consistent with previous reports
by Chib and Mahadevan for E. coli strains with hns mutations
[47]. The mean lengths of WT and Δhns HUα-PAmCherry

cells at exponential phase (mean± standard deviation) are
3.76± 0.81 μm and 3.99± 0.85 μm, respectively. In stationary
phase, Δhns HUα-PAmCherry cells are much longer on average:
the mean lengths of WT and Δhns HUα-PAmCherry cells are
2.07± 0.45 μm and 2.71± 0.57 μm, respectively. Thus, we find
that the deletion of H-NS significantly impacts the cell length
in stationary phase, and to a lesser extent in exponential phase
(Figure 2C,D).

Next, we investigated the effects of H-NS on nucleoid compaction
based on the nucleoid occupancy (the ratio of the area of the
SYTOX Green stain to the area of the cell) in exponential and
stationary phase cells (n= 300 each, Figure 2E). The nucleoid
occupancy is most different between WT and Δhns cells in expo-
nential phase, with average nucleoid occupancies of (mean± 95%
confidence interval) 0.49± 0.02 and 0.34± 0.01, respectively,
indicating that the nucleoid is more compact in exponential-
phase Δhns HUα-PAmCherry cells. We also measured a lower
nucleoid occupancy in exponential phase for Δhns compared
to WT HUα-PAmCherry cells from super-resolution maps of
HUα-PAmCherry (Figure S4). In contrast, in stationary phase,
Δhns cells have only slightly smaller nucleoid occupancy
(0.55± 0.02 and 0.50± 0.02, respectively, for WT and Δhns cells).
Because the change in the nucleoid occupancy is partly due to a
change in the cell length (Figure 2C,D), we compared the nucle-
oid areas as well (Figure 2F). In exponential phase, theΔhns cells
have a much smaller nucleoid relative to the WT (average nucle-
oid areas of 2.00± 0.09 μm2 and 1.24± 0.05 μm2, respectively, for
WT and Δhns cells). However, in stationary phase, the average
nucleoid areas are more comparable for WT and Δhns HUα-
PAmCherry cells (0.98± 0.04 μm2 and 1.15± 0.05 μm2, respec-
tively), which indicates that the measured changes in nucleoid
occupancy are in fact due to changes in the cell areas.

3.5 | H-NS Represses dps Transcript Levels

Given that H-NS has been proposed to play a role in nucleoid
compaction [27, 35, 48, 49] by promoting DNA bridging, it is
somewhat surprising that the nucleoids of Δhns cells are more
compacted than those of WT cells in the exponential phase
(Figure 2E,F). We therefore considered that H-NS is also a
well-known global gene silencer [28, 35, 50, 51] that is known
to selectively repress Dps expression in the exponential phase
[52]. We evaluated the effect of H-NS on Dps expression in expo-
nential phase by real-time quantitative PCR (RT-qPCR), and we
confirmed that transcript levels increase in Δhns cells (Figure S5)
[53]. However, because the little Dps present in exponential
phase cells is rapidly degraded [19, 54], we expect H-NS to have
only a mild impact on Dps concentration in exponential phase.
Instead, it is likely that one of the other NAPs regulated by H-NS
alters nucleoid compaction in the exponential phase.

3.6 | Deleting H-NS Leads to a More Compact
Exponential-Phase Nucleoid

We super-resolved the HUα-PAmCherry positions in a set of
n= 66 WT cells and a set of n= 40 Δhns cells in exponential
phase, selecting cells with similar lengths (�4 μm) in both strains
for a balanced comparison, and we pooled the super-resolution
localizations from all cells for each condition and plotted them as

FIGURE 2 | Characterization of Δhns HUα-PAmCherry cells.

(A) Bulk fluorescence images of SYTOX Green-stained nucleoids in rep-

resentative WT andΔhns cells in exponential phase and stationary phase.

The dashed outlines depict the cell outlines, taken from phase-contrast

images of the cells. Scale bar: 2 μm. (B) Growth curves for WT and Δhns
HUα-PAmCherry cells. Shading indicates the standard deviation from 3

replicates. (C and D) Distributions of WT and Δhns cell lengths for expo-
nential and stationary phase cells. Statistical significance determined

through a two-tailed t-test (***: p< 0.0001). (E) Nucleoid occupancy

box and whisker plots for WT and Δhns cells in exponential and station-

ary phase. Same color designations as in (C and D). Whiskers denote two

standard deviations about the mean. The center line is the median of the

dataset. Statistical significance determined through a two-tailed t-test

(***: p< 0.0001), (*: p< 0.01). (F) Same as (E), but for nucleoid area

distributions.
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two-dimensional heatmaps (Figure 3A–C). We also compared
n= 44 WT cells and n= 36 Δhns cells in stationary phase, with
lengths �2.8 μm (Figure 3A–C). We found that deleting H-NS
compacts the exponential-phase HUα localization pattern and
has little effect on the size of the stationary-phase nucleoid.

3.7 | H-NS Slows HUα Diffusion in Exponential
Phase

To determine if nucleoid decompaction by H-NS in exponential
phase correlates with increased HUα-PAmCherry diffusion, we
tracked HUα-PAmCherry in Δhns cells. Surprisingly, though

we measured increased nucleoid compaction in the Δhns cells
relative to the WT cells (Figure 2E), we measured similar
HUα diffusion upon H-NS deletion in exponential-phase cells
(Figure S6A). We measured slower diffusion in the average
HUα diffusion upon H-NS deletion in stationary-phase cells
(Figure S6B).

We analyzed the single-step displacements with SMAUG
Bayesian analysis. In exponential phase, the average Dapp for
the fast and intermediate HUα-PAmCherry mobilities states is
greater in Δhns cells than in the WT background, though
deleting H-NS leads to the appearance of a third, very slowmobil-
ity state (Figure 3D,E). While these slowest-moving HUα-
PAmCherry molecules indicate a population of molecules bound
to DNA, the probability of transitioning from this slowest state to
the intermediate, transiently interacting state, is high (0.16) in
Δhns cells (Figure 3F), which indicates that, while dense regions
of DNA exist, HUα-PAmCherry easily moves throughout the
nucleoid without spending much time confined by the nucleoid.
Concomitantly, the slow HUα trajectories are less confined to the
quarter positions in Δhns cells (Figure S7) than in WT cells
(Figure S2).

In contrast, the average Dapp values for the three HUα-
PAmCherry mobility states are the same in exponential and sta-
tionary phase Δhns cells (Figure 3D,E). However, the associated
weight fractions change: at stationary phase, the slowest mobility
state is very prominent (42%) in Δhns cells; this state has only a
20% weight fraction in Δhns exponential-phase cells and has a
31% weight fraction in the WT stationary-phase cells. The sta-
tionary-phase nucleoid organization is therefore different in
Δhns cells relative to WT cells, and the increased fraction of
slow-moving HUαmolecules suggests increased regions of dense
DNA inΔhns cells. These observations indicate that H-NS plays a
large role in the maintenance of the nucleoid architecture across
growth phases, even though the H-NS concentration decreases in
stationary phase [19].

4 | Discussion

We investigated how NAPs affect one another’s binding and
diffusion and, hence nucleoid organization, based on measuring
the diffusion of the nonspecific DNA-binding NAP HUα-
PAmCherry. Consistent with previous work [38], we found that
HUα-PAmCherry can easily transition between two distinct
mobility states in exponential phase (Figure 1D). These two
states were previously considered to be a stably DNA-bound
HUα state and a state in which HUα transiently binds to
DNA for a short time before releasing and then binding again
to nearby DNA [38]. Overall, our results are consistent with a
model in which DNA is relatively accessible in exponential
phase and, therefore, the slow state in exponential phase is con-
sistent with HUα frequently interacting and binding to less
densely packed and more mobile DNA.

In stationary-phase cells, we detected a third, slower mobility
state for HUα, consistent with reports of regions of increased
DNA compaction in stationary phase and increased DNA con-
finement [8, 10, 24, 55–58]. This slowest diffusive state may be
attributed to the confinement of HUα to very crowded regions
of the nucleoid and/or more stable binding to DNA. We found
that a significant percentage of HUα-PAmCherry molecules

FIGURE 3 | Analysis of HUα-PAmCherry Diffusion in Δhns
cells. (A) Representative super-resolution images of HUα-PAmCherry

in WT and Δhns cells in exponential and stationary phase. The dashed

outlines depict the outline of the cell, taken from phase-contrast images of

the cell. Scale bar: 1 μm. (B) Density heatmaps of HUα-PAmCherry local-

izations in Δhns cells in exponential and stationary phase. The lengths of

the heatmaps along the short and long axes indicate the average cell

length and width in the dataset, respectively. The colorscale denotes

the localization density relative to the cell average. (C) Average cell

lengths, widths, and areas of WT (gray) and Δhns (blue) HUα-
PAmCherry cells used in the analysis. (D–F) Results from single-step dif-

fusion analysis with SMAUG: (D) Average apparent diffusion coefficient

for each diffusive state in WT and Δhns cells in exponential (light gray)

and stationary phase (dark blue). The diameter of each circle indicates

that state’s weight fraction. The error bars denote the standard deviation

of the iterations determining each average Dapp. (E) Calculated parame-

ters for WT (gray) and Δhns (blue) HUα-PAmCherry cells. Error

bars: standard deviation from 500 independent analysis iterations.

(F) Probability of a molecule transitioning between each diffusive state

in WT and Δhns cells at exponential and stationary phases. The diameter

of each circle indicates that state’s weight fraction. The probability of the

transition is indicated next to the arrow.
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move very slowly in stationary phase (Figure 1D), which is con-
sistent with nucleoid compaction [19, 58]. Our data supports the
interpretation that the slowest mobility state describes molecules
confined within the compact nucleoid, as the transition probabil-
ities for leaving the third mobility state are extremely low (< 0.06;
Figure 1F), indicating trapping in dense regions of DNA.

How HUα-PAmCherry interacts with DNA depends on the envi-
ronment. In exponential phase, DNA is less densely packed and
more mobile, which we hypothesize leads to two populations: a
slow interacting population that is either trapped or stably bound
by DNA and a fast, frequently interacting population. Previous
work by Bettridge et al. measured a stably bound slow population
and also reported 100-ms dwell times [38], in line with HUα-
PAmCherry being trapped by DNA. In contrast, the nucleoid
is more compacted in the stationary phase, and we find an addi-
tional, slower population of HUα-PAmCherry molecules. This
new mobility state could result either from HUα-PAmCherry
being bound to DNA with much longer dwell times, or from
the chromosomal DNA being much less dynamic compared to
the exponential phase [38].

We measured the effects of Dps on HUα-PAmCherry mobility
and observed no impact of Dps on HUα-PAmCherry diffusion
in exponential phase. However, we observed subtle Dps-medi-
ated nucleoid compaction in the deep stationary phase (96 h),
which coincides with slower HUα-PAmCherry motion.

We investigated the effects of nucleoid organization by H-NS. We
found that H-NS provides a fitness advantage in stationary phase
(Figure 2B) [47, 59, 60] and that the average stationary-phase cell
length is much longer in Δhns cells than in WT cells.
Surprisingly, we found that the nucleoid is more compacted in
exponential phaseΔhns cells than inWT cells, while the nucleoid
is slightly larger in Δhns stationary phase cells relative to WT
(Figure 2E,F). Therefore, H-NS differently impacts nucleoid size
in exponential and stationary phase [19]. Although H-NS may
have pleiotropic effects on gene regulation and global nucleoid
organization, it is clear that H-NS greatly contributes to proper
nucleoid organization in exponential phase.

We investigated how changes in nucleoid organization by H-NS
correlate with HUα-PAmCherry dynamics. We found that H-NS
decreases HUα-PAmCherry mobility in exponential phase
(Figure 3D,E). In addition, the probability is very low for mole-
cules in the fast or intermediate states to transition to the slowest
state in Δhns cells. Furthermore, we observed a third, very slow
state in exponential-phase Δhns cells, consistent with strongly
confined HUα-PAmCherry. This slow state suggests that deleting
H-NS increases DNA density in certain regions within the
nucleoid. Overall, these results show that H-NS-mediated
nucleoid organization is important in exponential phase.
Finally, we examined how H-NS impacts HUα-PAmCherry dif-
fusion in stationary phase, which revealed three distinct HUα-
PAmCherry mobility states in Δhns cells with the same average
Dapp values as in exponential phase Δhns cells. The transition
probabilities also changed in stationary phase. Compared to WT
cells, the Δhns cells have slightly less compacted nucleoids in
stationary phase, which may have caused faster HUα-
PAmCherry diffusion. Alternatively, H-NS is known to regulate
DNA topology for gene silencing as well as for structural main-
tenance of the nucleoid [27, 49, 61], which may affect HUα
access and mobility.

5 | Conclusions

Overall, our findings show that Dps-mediated nucleoid compac-
tion correlates with overall slower HUα-PAmCherry diffusion
and a third population of very slow-moving HUα molecules in
stationary phase. Additionally, we determined that H-NS affects
the nucleoid size and impacts HUα diffusion in both exponential
and stationary phases, resulting in a significant population of sta-
bly bound HUα molecules in both growth phases. Overall, we
determined that NAPs not only regulate the nucleoid microen-
vironment, but they also influence how other NAPs interact with
DNA, consistent with the model that NAPs cooperate to main-
tain and structure the nucleoid.

Acknowledgments

The HUα-PAmCherry strain was a generous gift from Xiaowei Zhuang.
Thanks to Dr. Daniel Foust for providing the Spideymaps heatmaps code.
Support for this work came primarily from the National Institutes of
Health Grant R01 GM143182 to J.S.B. and X.W. L.A.M. gratefully
acknowledges NIH training grant K12GM111725. Additional support
came from National Institutes of Health R01GM141242 (X.W.),
R01AI172822 (X.W.), and R01GM144731 (J.S.B.). This research is a con-
tribution of the GEMS Biology Integration Institute, funded by the
National Science Foundation DBI Biology Integration Institutes
Program, Award #2022049 (X.W.).

Funding

This study was supported by National Institute of General Medical
Sciences (R01 GM143182, R01GM141242, R01AI172822, R01GM144731);
Directorate for Biological Sciences (2022049).

Conflicts of Interest

The authors declare no conflicts of interest.

References

1. M. Thanbichler, S. C. Wang, and L. Shapiro, “The Bacterial Nucleoid: A
Highly Organized and Dynamic Structure,” Journal of Cellular
Biochemistry 96 (2005): 506–521.

2. R. de Vries, “DNA Condensation in Bacteria: Interplay between
Macromolecular Crowding and Nucleoid Proteins,” Biochimie 92 (2010):
1715–1721.

3. Z. Fu, M. S. Guo, W. Zhou, and J. Xiao, “Differential Roles of Positive
and Negative Supercoiling in Organizing the E. coli Genome,” Nucleic
Acids Research 52 (2024): 724–737.

4. E. L. Zechiedrich, A. B. Khodursky, S. Bachellier, et al., “Roles of
Topoisomerases in Maintaining Steady-State DNA Supercoiling in
Escherichia coli,” Journal of Biological Chemistry 275 (2000): 8103–8113.

5. S. C. Dillon and C. J. Dorman, “Bacterial Nucleoid-Associated Proteins,
Nucleoid Structure and Gene Expression,” Nature Reviews Microbiology 8
(2010): 185–195.

6. A. Gupta, A. Joshi, K. Arora, S. Mukhopadhyay, and P. Guptasarma,
“The Bacterial Nucleoid-Associated Proteins, HU and Dps, Condense
DNA into Context-Dependent Biphasic or Multiphasic Complex
Coacervates,” Journal of Biological Chemistry 299 (2023): 104637.

7. C. A. Azaldegui, A. G. Vecchiarelli, and J. S. Biteen, “The Emergence of
Phase Separation as an Organizing Principle in Bacteria,” Biophysical
Journal 120 (2021): 1123–1138.

8 of 10 ChemPhysChem, 2026

 14397641, 2026, 9, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.202500916 by U
niversity O

f M
ichigan L

ibrary, W
iley O

nline L
ibrary on [29/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8. J. Hołówka and J. Zakrzewska-Czerwińska, “Nucleoid Associated
Proteins: The Small Organizers That Help to Cope With Stress,”
Frontiers in Microbiology 11 (2020): 590.

9. J. M. Moore, D. Magnan, A. K. Mojica, et al., “Roles of Nucleoid-
Associated Proteins in Stress-Induced Mutagenic Break Repair in
Starving Escherichia coli,” Genetics 201 (2015): 1349–1362.

10. S. Nair and S. E. Finkel, “Dps Protects Cells against Multiple Stresses
during Stationary Phase,” Journal of Bacteriology 186 (2004): 4192–4198.

11. M. Almirón, A. J. Link, D. Furlong, and R. Kolter, “A Novel DNA-
Binding Protein with Regulatory and Protective Roles in Starved
Escherichia coli,” Genes & Development 6 (1992): 2646–2654.

12. R. A. Grant, D. J. Filman, S. E. Finkel, R. Kolter, and J. M. Hogle, “The
Crystal Structure of Dps, a Ferritin Homolog that Binds and Protects
DNA,” Nature Structural Biology 5 (1998): 294–303.

13. K. Orban, S. E. Finkel, and J. A. Maupin-Furlow, “Dps Is a Universally
Conserved Dual-Action DNA-Binding and Ferritin Protein,” Journal of
Bacteriology 204 (2022): e00036–e00022.

14. V. O. Karas, I. Westerlaken, A. S. Meyer, and R. L. Gourse, “The DNA-
Binding Protein from Starved Cells (Dps) Utilizes Dual Functions To
Defend Cells against Multiple Stresses,” Journal of Bacteriology 197
(2015): 3206–3215.

15. T. Lackraj, S. Birstonas, M. Kacori, D. Barnett Foster, and A. M. Stock,
“Dps Protects Enterohemorrhagic Escherichia coli against Acid-Induced
Antimicrobial Peptide Killing,” Journal of Bacteriology 202 (2020):
e00114–e00120.

16. J. Jaishankar and P. Srivastava, “Molecular Basis of Stationary Phase
Survival and Applications,” Frontiers in Microbiology 8 (2000): 2017.

17. R. Kolter, D. A. Siegele, and A. Tormo, “The Stationary Phase of the
Bacterial Life Cycle,” Annual Review of Microbiology 47 (1993): 855–874.

18. N. Jakowec, S. E. Finkel, and P. A. Champion, “Controlled
Burn: Interconnections between Energy-Spilling Pathways and
Metabolic Signaling in Bacteria,” Journal of Bacteriology 207 (2025):
e00542–e00524.

19. T. Ali Azam, A. Iwata, A. Nishimura, S. Ueda, and A. Ishihama,
“Growth Phase-Dependent Variation in Protein Composition of the
Escherichia coli Nucleoid,” Journal of Bacteriology 181 (1999): 6361–6370.

20. D. Frenkiel-Krispin, I. Ben-Avraham, J. Englander, E. Shimoni,
S. G. Wolf, and A. Minsky, “Nucleoid Restructuring in Stationary-
State Bacteria,” Molecular Microbiology 51 (2004): 395–405.

21. A. Ilari, P. Ceci, D. Ferrari, G. L. Rossi, and E. Chiancone, “Iron
Incorporation into Escherichia coli Dps Gives Rise to a Ferritin-Like
Microcrystalline Core,” Journal of Biological Chemistry 277 (2002):
37619–37623.

22. E. Chiancone and P. Ceci, “The Multifaceted Capacity of Dps Proteins
to Combat Bacterial Stress Conditions: Detoxification of Iron and
Hydrogen Peroxide and DNA Binding,” Biochimica et Biophysica Acta
(BBA) - General Subjects 2010 (1800): 798–805.

23. S. G. Wolf, D. Frenkiel, T. Arad, S. E. Finkel, R. Kolter, and A. Minsky,
“DNA Protection by Stress-Induced Biocrystallization,” Nature 400
(1999): 83–85.

24. L. A. McCarthy, L. E. Way, X. Dai, et al., “Dps Binds and Protects DNA
in Starved Escherichia coli with Minimal Effect on Chromosome
Accessibility, Dynamics, and Organization,” Nucleic Acids Research 54,
no. 2 (2026): gkaf1463.

25. C. L. Pon, R. A. Calogero, and C. O. Gualerzi, “Identification, Cloning,
Nucleotide Sequence and Chromosomal Map Location of Hns, the
Structural Gene for Escherichia coli DNA-Binding Protein H-NS,”
Molecular and General Genetics MGG 212 (1988): 199–202.

26. R. Gulvady, Y. Gao, L. J. Kenney, and J. Yan, “A Single Molecule
Analysis of H-NS Uncouples DNA Binding Affinity from DNA
Specificity,” Nucleic Acids Research 46 (2018): 10216–10224.

27. R. T. Dame, M. C. Noom, and G. J. L. Wuite, “Bacterial Chromatin
Organization by H-NS Protein Unravelled Using Dual DNA
Manipulation,” Nature 444 (2006): 387–390.

28. E. Brambilla and B. Sclavi, ”Gene Regulation by H-NS as a Function of
Growth Conditions Depends on Chromosomal Position in Escherichia
coli,“ G3 GenesGenomesGenetics 5 (2015): 605–614.

29. C. J. Dorman, “H-NS: A Universal Regulator for a Dynamic Genome,”
Nature Reviews Microbiology 2 (2004): 391–400.

30. P. Gawade, G. Gunjal, A. Sharma, and P. Ghosh, “Reconstruction of
Transcriptional Regulatory Networks of Fis and H-NS in Escherichia coli
from Genome-Wide Data Analysis,” Genomics 112 (2020): 1264–1272.

31. F. Hommais, E. Krin, C. Laurent-Winter, et al., “Large-Scale Monitoring
of Pleiotropic Regulation of Gene Expression by the Prokaryotic Nucleoid-
Associated Protein, H-NS,” Molecular Microbiology 40 (2001): 20–36.

32. D. Esposito, A. Petrovic, R. Harris, et al., “H-NS Oligomerization
Domain Structure Reveals the Mechanism for High Order Self-
Association of the Intact Protein,” Journal of Molecular Biology 324
(2002): 841–850.

33. D. C. Grainger, “Structure and Function of Bacterial H-NS Protein,”
Biochemical Society Transactions 44 (2016): 1561–1569.

34. A. A. Gavrilov, I. Shamovsky, I. Zhegalova, et al., “Elementary 3D
Organization of Active and Silenced E. coli Genome,” Nature 645
(2025): 1060–1070.

35. L. E. Way, X. Dai, E. E. Wiesler, et al., “Genome-Wide DNA Bridging by
H-NS Reshapes the Stationary Phase Nucleoid and Transcriptional
Landscape,” 2025, https://doi.org/10.1101/2025.10.14.682352.

36. S. Wang, J. R. Moffitt, G. T. Dempsey, X. S. Xie, and X. Zhuang,
“Characterization and Development of Photoactivatable Fluorescent
Proteins for Single-Molecule–based Superresolution Imaging,”
Proceedings of the National Academy of Sciences 111 (2014): 8452–8457.

37. J. D. Karslake, E. D. Donarski, S. A. Shelby, et al., “SMAUG:
Analyzing Single-Molecule Tracks with Nonparametric Bayesian
Statistics,” Methods 193 (2021): 16–26.

38. K. Bettridge, S. Verma, X. Weng, S. Adhya, and J. Xiao, “Single-
Molecule Tracking Reveals that the Nucleoid-Associated Protein HU
Plays a Dual Role in Maintaining Proper Nucleoid Volume through
Differential Interactions with Chromosomal DNA,” Molecular
Microbiology 115 (2021): 12–27.

39. B. J. Bachmann, “Pedigrees of Some Mutant Strains of Escherichia coli
K-12,” Bacteriological Reviews 36 (1972): 525–557.

40. K. J. Cutler, C. Stringer, T. W. Lo, et al., “Omnipose: A High-Precision
Morphology-Independent Solution for Bacterial Cell Segmentation,”
Nature Methods 19 (2022): 1438–1448.

41. B. P. Isaacoff, Y. Li, S. A. Lee, and J. S. Biteen, “SMALL-LABS:
Measuring Single-Molecule Intensity and Position in Obscuring
Backgrounds,” Biophysical Journal 116 (2019): 975–982.

42. J. Munkres, “Algorithms for the Assignment and Transportation
Problems,” Journal of the Society for Industrial and Applied
Mathematics 5 (1957): 32–38.

43. E. Betzig, G. H. Patterson, R. Sougrat, et al., “Imaging Intracellular
Fluorescent Proteins at Nanometer Resolution,” Science 313 (2006):
1642–1645.

44. C. E. Dudley, C. A. Azaldegui, D. J. Foust, et al., “Nucleoid
Compaction Influences Carboxysome Localization and Dynamics in
Synechococcus Elongatus PCC 7942,” mBio 16 (2025): e01919–e01925.

45. K. J. Livak and T. D. Schmittgen, “Analysis of Relative Gene
Expression Data Using Real-Time Quantitative PCR and the 2−ΔΔCT
Method,” Methods 25 (2001): 402–408.

46. S. C. Verma, A. Harned, K. Narayan, and S. Adhya, “Non-Specific and
Specific DNA Binding Modes of Bacterial Histone, HU, Separately

ChemPhysChem, 2026 9 of 10

 14397641, 2026, 9, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.202500916 by U
niversity O

f M
ichigan L

ibrary, W
iley O

nline L
ibrary on [29/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1101/2025.10.14.682352


Regulate Distinct Physiological Processes through Different
Mechanisms,” Molecular Microbiology 119 (2023): 439–455.

47. S. Chib and S. Mahadevan, “Involvement of the Global Regulator
H-NS in the Survival of Escherichia coli in Stationary Phase,” Journal
of Bacteriology 194 (2012): 5285–5293.

48. T. A. Owen-Hughes, G. D. Pavitt, D. S. Santos, et al., “The Chromatin-
Associated Protein H-NS Interacts with Curved DNA to Influence DNA
Topology and Gene Expression,” Cell 71 (1992): 255–265.

49. A. E. Tupper, T. A. Owen-Hughes, D. W. Ussery, et al., “The
Chromatin-Associated Protein H-NS Alters DNA Topology In Vitro,”
The EMBO Journal 13 (1994): 258–268.

50. R. M. Williams and S. Rimsky, “Molecular Aspects of the E. coli
Nucleoid Protein, H-NS: A Central Controller of Gene Regulatory
Networks,” FEMS Microbiology Letters 156 (1997): 175–185.

51. S. Lucchini, G. Rowley, M. D. Goldberg, et al., “H-NS Mediates the
Silencing of Laterally Acquired Genes in Bacteria,” PLoS Pathogens 2
(2006): e81.

52. D. C. Grainger, M. D. Goldberg, D. J. Lee, and S. J. W. Busby,
“Selective Repression by Fis and H-NS at the Escherichia coli Dps
Promoter,” Molecular Microbiology 68 (2008): 1366–1377.

53. G. Riedel, U. Rüdrich, N. Fekete-Drimusz, et al., “An Extended ΔCT-
Method Facilitating Normalisation with Multiple Reference Genes Suited
for Quantitative RT-PCR Analyses of Human Hepatocyte-Like Cells,”
PLOS ONE 9 (2014): e93031.

54. K. Stephani, D. Weichart, and R. Hengge, “Dynamic Control of Dps
Protein Levels by ClpXP and ClpAP Proteases in Escherichia coli,”
Molecular Microbiology 49 (2003): 1605–1614.

55. R. Janissen, M. M. A. Arens, N. N. Vtyurina, et al., “Global DNA
Compaction in Stationary-Phase Bacteria Does Not Affect
Transcription,” Cell 174 (2018): 1188–1199.e14.

56. P. Ceci, “DNA Condensation and Self-Aggregation of Escherichia
coli Dps Are Coupled Phenomena Related to the Properties of the
N-Terminus,” Nucleic Acids Research 32 (2004): 5935–5944.

57. Y. Zhu, M. Mustafi, and J. C. Weisshaar, “Biophysical Properties of
Escherichia Coli Cytoplasm in Stationary Phase by Superresolution
Fluorescence Microscopy,” mBio 11 (2020): e00143–e00120.

58. S. B. Zimmerman, “Shape and Compaction of Escherichia coli
Nucleoids,” Journal of Structural Biology 156 (2006): 255–261.

59. M. Barth, C. Marschall, A. Muffler, D. Fischer, and R. Hengge-Aronis,
“Role for the Histone-Like Protein H-NS in Growth Phase-Dependent
and Osmotic Regulation of Sigma S and Many Sigma S-Dependent
Genes in Escherichia coli,” Journal of Bacteriology 177 (1995): 3455–3464.

60. E. Helgesen, S. Fossum-Raunehaug, K. Skarstad, and P. de Boer,
“Lack of the H-NS Protein Results in Extended and Aberrantly
Positioned DNA during Chromosome Replication and Segregation in
Escherichia coli,” Journal of Bacteriology 198 (2016): 1305–1316.

61. C. J. Lim, L. J. Kenney, and J. Yan, “Single-Molecule Studies on the
Mechanical Interplay between DNA Supercoiling and H-NS DNA
Architectural Properties,” Nucleic Acids Research 42 (2014): 8369–8378.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

10 of 10 ChemPhysChem, 2026

 14397641, 2026, 9, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cphc.202500916 by U
niversity O

f M
ichigan L

ibrary, W
iley O

nline L
ibrary on [29/04/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	Characterizing the Impact of Nucleoid-Associated Proteins on HU-DNA Interactions by Live-Cell Single-Molecule Tracking
	1. Introduction
	2. Experimental Section
	2.1. E. coli Growth Conditions
	2.2. E. coli Strain List and Construction
	2.3. Single-Molecule Microscopy
	2.4. Single-Molecule Microscopy Analysis
	2.4.1. Single-Molecule Trajectory Analysis
	2.4.2. Step-Size Analysis with Single-Molecule Analysis by Unsupervised Gibbs Sampling (SMAUG)
	2.4.3. Super-Resolution Photoactivated Localization Microscopy (PALM) Image Reconstruction
	2.4.4. Nucleoid Occupancy Calculations from PALM Super-Resolution Images
	2.4.5. Calculation of Localization Heatmaps for Slow and Fast Trajectories

	2.5. Bulk Fluorescence Microscopy
	2.6. Real-Time Quantitative Reverse Transcription PCR (RT-qPCR)

	3. Results
	3.1. Dps-Mediated Nucleoid Compaction Slows HU&alpha;-PAmCherry Diffusion in Stationary Phase
	3.2. Analyzing the Distribution of Steps Within the Heterogeneous Single-Molecule Trajectories Indicates Three Distinct Types of HU&alpha;-PAmCherry Motion in the Stationary Phase
	3.3. Dps Slows HU&alpha;-PAmCherry Diffusion in Stationary Phase
	3.4. Nucleoid Compaction Increases in Exponential-Phase &Delta;hns Cells
	3.5. H-NS Represses dps Transcript Levels
	3.6. Deleting H-NS Leads to a More Compact Exponential-Phase Nucleoid
	3.7. H-NS Slows HU&alpha; Diffusion in Exponential Phase

	4. Discussion
	5. Conclusions


