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One sentence summary: The concentration of histone-like HU protein in Escherichia coli is maintained constant throughout the cell cycle, whereas it

increases in a growth rate-dependent manner, resulting in a higher HU/DNA stoichiometry.
Editor: Sylvie Rimsky

ABSTRACT

DNA-binding proteins play an important role in maintaining bacterial chromosome structure and functions. Heat-unstable
(HU) histone-like protein is one of the most abundant of these proteins and participates in all major chromosome-related
activities. Owing to its low sequence specificity, HU fusions with fluorescent proteins were used for general staining of the
nucleoid, aiming to reveal its morphology and dynamics. We have exploited a single chromosomal copy of hupA-egfp fusion
under the native promoter and used quantitative microscopy imaging to investigate the amount and dynamics of HUx in
Escherichia coli cells. We found that in steady-state growing populations the cellular HUx content is proportional to the cell
size, whereas its concentration is size independent. Single-cell live microscopy imaging confirmed that the amount of HU«
exponentially increases during the cell cycle, but its concentration is maintained constant. This supports the existence of
an auto-regulatory mechanism underlying the HUux cellular level, in addition to reflecting the gene copy number. Both the
HU« amount and concentration strongly increase with the cell growth rate in different culture media. Unexpectedly, the
HU/DNA stoichiometry also remarkably increases with the growth rate. This last finding may be attributed to a higher
requirement for maintaining the chromosome structure in nucleoids with higher complexity.
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INTRODUCTION (Hodges-Garcia, Hagerman and Pettijohn 1989; Aki and Adhya
1997; van Noort et al. 2004) and constraining negative super-
coils (Broyles and Pettijohn 1986; Dame and Goosen 2002). It also
participates in all DNA-dependent functions, including replica-
tion, repair, recombination and gene regulation (Kamashev and
Rouviere-Yaniv 2000; Dorman and Deighan 2003). Specifically, it
also plays a role in regulating the initiation process of DNA repli-
cation (Bahloul, Boubrik and Rouviere-Yaniv 2001; Chodavarapu
et al. 2008). Its interaction networks can promote nucleoid re-
organization and transcriptional regulation (Berger et al. 2010;
Hammel et al. 2016).

The bacterial chromosome is highly compacted within the nu-
cleoid body and its morphology is shaped by several factors, in
particular, by different DNA-binding proteins (Dillon and Dor-
man 2010). Heat-unstable (HU) protein is one of the most abun-
dant nucleoid-associated proteins in the bacterial cell. It is a
small, basic, HU DNA-binding protein (Bahloul, Boubrik and
Rouviere-Yaniv 2001), known to have a low sequence specificity
(Becker, Kahn and Maher 2008; Dillon and Dorman 2010; Wei
et al. 2014). The major structural roles of HU are DNA bending
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Figure 1. Chromosomal expression of HUa-GFP protein. (A) Composite phase contrast and a fluorescence image of recombinant cells from a colony demonstrate that
the vast majority of cells express the fusion protein. (B) Enlarged fraction of image A demonstrating the localization of the fluorescence to nucleoids. (C) Colony PCR
with appropriate primers showing the correct size (arrow, compare with the 1 kb DNA ladder (New England Biolabs Inc., Ipswich, MA) in the left line) and the location
of the insert on the chromosome. The scale bar is 10 and 5 microns in images A and B, respectively.

Functional HU is a heterotypic dimer, HUapB, or homod-
imers, HUx, and HUB,, composed of two closely related subunits
encoded by the hupA and hupB genes, respectively (Dillon and
Dorman 2010). In Escherichia coli, the hupAB double deletion has
a mild effect, namely, it results in slow growth and a highly
pleiotropic phenotype (Wada et al. 1988; Huisman et al. 1989;
Kano and Imamoto 1990; Dri, Rouviere-Yaniv and Moreau 1991;
Painbeni, Caroff and Rouviere-Yaniv 1997; Li and Waters 1998;
Oberto et al. 2009). In contrast, in Bacillus subtilis, mutations in HU
are lethal (Micka and Marahiel 1992; Fernandez, Rojo and Alonso
1997). Mutation and gene disruption analyses have validated the
biological significance of HU across various species (Yasuzawa
et al. 1992; Boubrik and Rouviere-Yaniv 1995; Liu et al. 2008).
Interestingly, HU has been suggested as a potential target for
the development of therapies against tuberculosis (Bhowmick
et al. 2014). The HU subunit composition is a function of the
physiological state of the cell (Claret and Rouviere-Yaniv 1997);
specifically, the HUxB heterodimer is prevalent throughout the
exponential phase, and the homodimers HU«a, and HUB, are
specific for the lag and stationary phases, respectively. Moreover,
the overall composition of DNA-binding proteins changes upon
the cessation of active growth. Ali Azam et al. (1999) and Talukder
and Ishihama (2015) showed that HU, Fis, H-NS, StpA and Hfqg are
dominant in exponentially growing cells, whereas Dps occupies
more than half of the stationary phase nucleoid. Thus far, the
content of HU at different exponential growth rates and during
the cell cycle has not been well explored.

In this work, for the first time we quantified HU in E. coli cells
at different growth rates as well as its dynamics during the cell
cycle. The cellular content of HU was estimated using eGFP fu-
sion under the native HUa promotor on the chromosome. We
found that the cellular concentration of HUw increases with the
cell growth rate, and its amount per genome equivalent is also
remarkably higher.

MATERIALS AND METHODS

Construction of a strain containing the HU fluorescent
reporter

To generate a strain carrying a single constitutive chromosomal
copy of a fluorescent reporter, we inserted an egfp gene in
frame immediately downstream of endogenous hupA in the
MG1655 strain of Escherichia coli. This approach was successfully

used to study the morphology dynamics of nucleoids visual-
ized by chromosomally encoded HupA-mCherry (Fisher et al.
2013). Attachment of the reporter protein to the apparently
less functional C-terminal of Hue (Ramstein et al. 2003) and
choice of strictly monomeric eGFP are aimed to minimize
possible interference with native interactions of the tagged
protein. Cloning vector pEGFP (Clontech Laboratories, Inc.,
Palo Alto, CA) served as the source of egfp. In view of the
possible susceptibility to H-NS-mediated silencing (Corcoran,
Cameron and Dorman 2010), the gene sequence was analyzed
for predicted curvature and appeared to be an unlikely target
for H-NS. The chromosomal insertion of egfp was performed by
recombineering (recombination-mediated genetic engineering)
using pSIM5 plasmid (courtesy of Prof. Court’s lab, National
Cancer Institute in Frederick, MD, USA), following the method-
ology described in Thomason et al. (2014). pBAD24 plasmid
containing egfp was used as a PCR template for amplifying the
egfp-ampR cassette using the following primers: forward 5'-
GTACCGGCATTTGTTTCTGGCAAGGCACTGAAAGACGCAGTTAAG
TCTCGCATGGTGAGCAAGGGCGAGGAGCTG-3' and reverse 5'-
CCAGCCAGCATCAATGATCGACGCCAGAAAGACAAAAGGGGTGA
AACCACCTGGCAAGTGTAGCGGTCACG-3'. The obtained 2.3 kb
PCR product was inserted into MG1655 cells carrying pSIM5
plasmid according to the mentioned protocol (Thomason et al.
2014). The transformants were selected on LB plates supple-
mented with 40 ng/ml of ampicillin. The resulting colonies were
screened for the nucleoid localization of fluorescence, and the
insert localization was verified by colony PCR with the following
primers: forward 5-CGGTGCGTGTATGCAGGAGAGTGC-3' and
reverse 5'-CAGATGCACATTATCGCCGCTGTC-3' (Fig. 1C).

Wild-type and HU«-eGFP strains were grown in LB and
minimal M9 medium with various carbon sources. We found
that the modified strain had exactly the same growth rate as that
of the wild type, which validates that the fusion does not affect
the normal physiology. In the recombinant cells, expression of
this protein is expected to be at the native level and without any
external induction. Microscopic examination clearly confirmed
the nucleoid localization of fluorescence (Figs 1A, B and 2).

Growth conditions and sample preparation
for microscopy

Escherichia coli MG1655-HUaGFP cells were grown at 37°C in
LB medium (growth rate 2.50 h~?) or in minimal M9 medium
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Figure 2. Chromosomally encoded HU«-GFP stains the nucleoid. Exponentially growing E. coli MG1655 cells (LB medium, 22 min generation time) were fixed with
1% formaldehyde, stained with DAPI and imaged on the agar pad using phase contrast (A), or GFP (B) and DAPI (C) fluorescence (with green and red LUTs applied,

respectively). (D) Merged images A, B and C. Scale bar is 5 um.

supplemented with different carbon sources: 0.2% glycerol and
1% tryptone (2.07 h™1), 0.2% glucose (0.91 h~?), 0.2% glycerol
(0.56 h~') and 1ug/ml thiamine. All media contained 40 pg/ml
ampicillin. Cells were grown exponentially for 8-10 generations
to an optical density of 0.2 at 600 nm, at which point 200 ul of
the culture was fixed with 0.25% paraformaldehyde for 15 min
at room temperature and consequently stained with 2 uM 4’,6-
diamidino-2-phenylindole (DAPI) for 30 min at 37°C. The fixation
was aimed first to examine cells in a particular functional state
(exponential), as well as to enable DAPI staining and, moreover,
to ensure a complete maturation of the fluorescent protein. Four
microliters of the stained cells were placed on a 2% agarose pad
that was prepared on PBS.

For time-lapse experiments, an aliquot from the batch cul-
ture was mounted on the agarose pad prepared on the LB
medium with preformed groves as described in Hadizadeh Yazdi
et al. (2012). The sample chamber was maintained at 37°C.

Image acquisition and processing

Images were taken using a Zeiss Axiovert 200M fluorescence
microscope equipped with a 100x/1.4 plan-apochromat objec-
tive, an AxioCam HRm camera, eGFP and DAPI filter sets and
a temperature-controlled incubator. The microscope operation
and image acquisition were controlled by the AxioVision SE
(V4.9.1.0) program. A reduced light intensity (1D neutral filter
in the excitation path) was used to minimize photobleaching

of fluorophores. Optimal exposure times were chosen based
on the determination of the linear range in mean ROI pixel
intensity dependences on exposure time for both GFP and DAPIL.
This allowed achieving appropriate signal/background ratio and
to avoid saturation. All images were acquired with the same cor-
responding exposure times and light power to enable us to cor-
rectly compare the intensities. In the time-lapse regime, the se-
ries of phase-contrast and fluorescence images were acquired
with 1 min intervals for several generations at 37°C. Images
were analyzed using Image] software (W. Rasband, http:// im-
agej.nih.gov/ij/). Phase-contrast images were used for thresh-
olding, and the background of the fluorescence images was
subtracted using the rolling ball (80-pixel radius) procedure of
Image]. We used mean and integral density as measures of the
concentration and the total amount of protein in cells, respec-
tively. For visual presentation, images were processed using en-
hance contrast routine of Image].

RESULTS AND DISCUSSION

Fluorescence of chromosomally encoded hupA-egfp
quantitatively reveals the amount of DNA in the
Escherichia coli MG1655 population

The reliability of nucleoid staining with chromosomally encoded
HU«-GFP was verified by comparing the GFP fluorescence in-
tensity and localization from exponentially growing cells with
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Figure 3. The amount of HU« linearly correlates with the cell size and the DNA content in a population of cells. Total (A) and mean (B) amount of HUx-GFP (green
dots) and DAPI (blue dots) fluorescence intensity from individual cells as a function of the cell size. More than 300 cells were measured in a fixed steady-state culture
grown in M9 medium with glucose (generation time 64 min). Cell size is expressed as the cell area in phase contrast images. (C) Correlation between HU« and DAPI
fluorescence intensities. Lines represent linear fits of the data. (D) Same as C, but for all growth media tested: LB (red), M9 supplemented with 0.2% glycerol and 1%
tryptone (green), 0.2% glucose (orange) and 0.2% glycerol (blue). Each dot in the plots represents a single cell.

those of the DNA-specific stain DAPI (Kapuscinski 1995). The
correlation between the fluorescence from the two staining
techniques was demonstrated both at the single-cell level (Fig. 2)
and in a sample of the population (Fig. 3). GFP fluorescence was
well co-localized with DAPI fluorescence in steady-state grow-
ing cells (Fig. 2), indicating that most of the HU« protein is DNA
bound. Indeed, only about 6% of HUx were estimated as cyto-
plasmic (Pelletier et al. 2012). Note that formaldehyde treatment
was used, first, to fix a specific physiological state of bacteria,
avoiding possible changes in the HUx concentration during the
sample preparation and microscopy and, second, to facilitate
DAPI staining because live cells are weakly permeable to this dye.
Moreover, the additional incubation time needed for fixation and
staining allows complete fluorophore maturation of the existing
GFP, thus providing an estimation of the actual amount of HU in
bacteria. Comparing the HUx-GFP images of fixed and live cells
(see Figs 2 and 5), we noted a less pronounced localization of the
fluorescence to the nucleoid and a remarkable amount of it in
the cytoplasm of the fixed cells. This was not caused by cleav-
age or degradation of the fused protein, as examined by fluo-
rescence imaging of the total cell protein SDS-PAGE (data not
shown). Most probably, the formaldehyde modification of HUx
weakens its binding affinity to DNA, causing partial dissociation
from the nucleoid. However, this dissociation does not influence
how the amount of HU« in a cell can be correctly estimated,

since the thresholding method based on the phase-contrast
images reveals all the intracellular fluorescence, independently
of its localization (see Methods for details).

The fact that in our recombinant strain all of the HU« pro-
teins are labeled with the fused GFP enabled us to quantitatively
estimate the HUx amount and concentration in these cells using
digital processing of microscopic images. In addition, we applied
DAPI staining of fixed cells to correlate HUx content with that
of DNA, assuming that the DAPI fluorescence intensity reflects
the amount of DNA (Kapuscinski 1995). This approach obviously
requires standardization of the whole procedure, ranging from
staining to image acquisition, processing and analysis. The in-
tegral cellular fluorescence intensities therefore correspond to
the total protein and DNA content per cell, and the mean cellu-
lar intensity (per pixel) corresponds to their concentration. Our
results indicate that the amounts of HUx and DNA are linearly
correlated with the cell size (Fig. 3A), with a correlation coeffi-
cient of about 0.8-0.9 for different experiments and a standard
relative deviation from the linear regression of about 12%-14%.
In general, cell size in a steady-state growing culture correlates
with the cell age in the division cycle, although an essential in-
dividual variability is usually observed in the growth rates and
cell sizes (Reshes et al. 2008a). This variability is responsible for
the observed dispersion of the data (Fig. 3) because the cells of
the same size do not necessarily belong to the same age and



Abebeetal. | S5

14 12 12
(A) 14| (B)
12 .
12 1 10
1
E 21 08 Alsz
o £ = o
€ 08 Sos < ¢
< o Qos 68
=06 o =) =
© c 06 = o
° E 04 4=
2 04 © 0.4
o als
0.2
0.2 2 0.2
0 0 0 0
0 0.5 1 15 2 25 3 0 0.5 25 3 0 1 2 3

Growth rate, h'!

1 15 2
Growth rate, h'!

Growth rate, h!

Figure 4. HUx and DNA content in cells growing at different rates. Integral (‘Total,’ A) and mean (B) fluorescence intensity was measured in a set of cells (>300) from
cultures grown to steady-state in different media as described in Methods. For uniformity, all cultures were grown in parallel; samples were taken at the evident
steady-state growth of each culture, fixed with formaldehyde, stained with DAPI and prepared for microscopy on agarose pads. Images were acquired under the same
conditions of illumination, exposure and temperature. The average population values + SD of GFP (green) and DAPI (blue) fluorescence intensities in A and B were
normalized to the highest growth rate; the values of HU«/DAPI ratio (C, red) were calculated as slopes of the linear fits for HUx vs DAPI (Fig. 3C) for each population.
For a comparison, the nucleoid complexity values (blue) and the number of oriC/cell (green) for the same range of growth rates are shown in panel C. Results from
one experiment are shown from a series of five, all reproducing the same trend of HU«/DAPI dependence on the growth rate. The lines are exponential fits to the data
according to the generalized equations for macromolecular composition (Bremer and Dennis 2008). Nucleoid complexity and the number of oriC/cell were calculated
using data for the C and D periods in E. coli MG1655 taken from Stokke, Flatten and Skarstad (2012) according to equations 3, 7 and 8 in Bremer and Dennis (2008).

therefore may contain different amounts of a particular protein.
Hence, it can be concluded that the cellular amount of HU« grad-
ually increases during the cell cycle at the same rate as the cell
size, thus maintaining a constant concentration (Fig. 3B). The
resulting linear correlation between HUwx and the DNA cellular
content (Fig. 3C) is a manifestation of a constant HU«/DNA ra-
tio of this structure maintenance protein. This may reflect the
existence of an auto-regulation mechanism underlying the HUx
cellular level (Kohno et al. 1990; Kohno et al. 1994), beyond the
duplication of the gene copy number during the cell cycle.

HU« content in Escherichia coli cells at different
growth rates

In addition, we examined the HU« cellular content in the strain
E. coli MG1655-HUGFP grown in media of various compositions,
supporting the growth rates as specified in Methods. Very simi-
lar population dependences of HUx content were observed for all
growth rates (Fig. 3D). As expected, there is a higher amount of
DNA in faster growing cells (Bremer and Dennis 2008) and, corre-
spondingly, a higher HUx content (Fig. 4A). However, the concen-
trations of HUa and DNA change inversely as the growth rate in-
creases, whereas the DNA concentration slightly decreases (the
average cell size increases to a greater extent than does the DNA
content), and the HU« concentration nearly doubles (Fig. 4B). Ac-
cordingly, the ratio of HUx to DNA in cells strongly increases with
the growth rate (Fig. 4C). Although the distribution of this ratio
in a population is remarkably wide, as shown by the SD bars in
Fig. 4C, the difference in the mean values is about 3-fold between
growth rates of 0.5 and 2.5 h~! and is statistically significant (P <
0.001). It was previously demonstrated that the cellular amount
of HU« drops dramatically, about to the same extent, during the
transition from the exponential to stationary phases (Ali Azam
et al. 1999), along with the essential changes in the overall pro-
tein composition of the nucleoid (Talukder and Ishihama 2015).
These changes were ascribed to the transformation of a func-
tionally active nucleoid to a more compacted, protected mor-
phology. To understand the growth rate-dependent variation in
HU«/DNA stoichiometry in exponential cells observed by us, one
needs to consider the differences in the nucleoid’s functional
and structural states at different growth rates.

In bacteria, faster growth rates (in particular, when the cell
cycle is shorter than the sum of the replication (C) and sep-

tation (D) periods) imply a deeper overlap of the consequent
chromosome replication cycles, leading to increased nucleoid
complexity (Zaritsky, Wang and Vischer 2011; Zaritsky 2015).
Thus, higher HU«/DNA stoichiometry may indicate a greater de-
mand for maintaining the chromosome structure in nucleoids
with higher complexity in faster growing cells. Nucleoid com-
plexity is expressed as the ratio of the average DNA/cell value
to the number of termini (Zaritsky 2015). However, the calcu-
lated nucleoid complexity value changes remarkably less than
HU«/DNA in the same range of growth rates (Fig. 4C). Another
manifestation of the overlapping replication cycles is the aver-
age number of origins of replication (oriC) per cell. It can be seen
from Fig. 4C that HU«/DNA increases in parallel to the number
of oriC/cell with increasing growth rates, indicative of its pos-
sible role in maintaining an extended structure of the highly
branched chromosome. Moreover, it might reflect the important
role of HU in the DNA replication process, at both the initia-
tion and elongation steps (Bahloul, Boubrik and Rouviere-Yaniv
2001). In support of this notion, single-molecule studies have
demonstrated an inversion of the compacting effect of low HU
concentrations on the stabilization of a rigid extended, looped
DNA conformation above the threshold concentration of the
protein (van Noort et al. 2004; Stavans and Oppenheim 2006). In
addition, in slow-growing bacteria, as happens during starvation
or at the onset of the stationary phase of growth in batch cul-
tures, there is less transcriptional activity and a corresponding
relaxation in the looped domain structure of the nucleoid (Dil-
lon and Dorman 2010). Fast-growing bacteria are more transcrip-
tionally active, especially at genes coding for ribosome compo-
nents and other parts of the translation machinery, and have
more looped DNA domains. The higher HU«/DNA ratio may be
required to stabilize these loops and the accompanying higher
supercoiling density (Higgins 2014).

The increasing HUa/DNA ratio can be partially explained by a
higher copy number of hup genes in faster growing cells relative
to DNA content, just based on their proximity to oriC (Kano et al.
1985; Kano et al. 1987). However, negative auto-regulation of
the hupA expression (Kohno et al. 1990; Kohno et al. 1994) could
compensate for the increased gene copy number, and other reg-
ulatory circuits may also be involved (Claret and Rouviere-Yaniv
1996). Expression and synthesis of HU proteins are evidently
regulated according to the physiological state of bacteria, at
least at different growth stages (Claret and Rouviere-Yaniv 1997).
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Figure 5. Escherichia coli MG1655-HUGFP cells growing in an agarose gel microchannel. Cells from exponentially grown batch culture (LB medium, 23.5 min generation
time) were mounted on an agarose gel pad with imprinted microchannels, and phase contrast and fluorescence images were acquired in a time-lapse regime (1 min
intervals) as described in Methods. Shown are overlaid consecutive phase contrast and fluorescence (HUa-GFP) images at times approximately corresponding to the
division times. The average length doubling time of all lineages was 24.4 min. Background subtraction of the fluorescence images was performed as indicated in

Methods.
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Figure 6. Single-cell analysis of HUx content. Time-lapse images of the lineages of six cells in the same field were acquired with a 1 min interval during the time shown
and analyzed for integral (A) and mean (B) GFP fluorescence intensity, reflecting the dynamics of the HUx amount and concentration, respectively. The exposure time
was 50 msec and 500 msec for the phase contrast and fluorescence channels, respectively. The results were reproduced well in a number of independent experiments.

However, the mechanism underlying this regulation and its role
remains unclear. Taking into consideration the pleiotropic effect
of HU on a wide number of the chromosome-related activities
and on a wide range of the nucleoid structural levels (Hammel
et al. 2016), more experimentation will be required to better
understand the role and regulation of HU/DNA stoichiometry.

Single-cell cycle dynamics of HUx

As noted before, the cell length in a steady-state growing bac-
terial population may be used as a means of estimating the
cell age in the division cycle. However, the native variability in
growth rates and the sizes of individual cells hinder the pos-
sible cell cycle dynamics of a protein or event in the popula-
tion analysis (Reshes et al. 2008b). Therefore, these dynamics
were studied in more detail using single-cell live microscopy
imaging. After the cells were grown in LB batch culture for sev-
eral generations, steady-state cells were transferred to agarose
gel pads prepared on a desired growth medium in order to fol-
low single cells over several generations under constant envi-
ronmental conditions (nutrient composition and temperature).
Alignment of cells in preformed microchannels allows conve-

nient imaging of individual cell lineages. An example of such
lineages is presented in Fig. 5. The average doubling time of the
lineage length on an agarose pad (24.4 min) was practically the
same as the generation time of the corresponding batch culture
(23.5 min).

The amount of HU« in all lineages exponentially increased
with time for at least three cell cycles (Fig. 6A), whereas the
HU« concentration in a single cell was maintained nearly con-
stant (Fig. 6B). Although the total amount of HU« per lineage
is measured, we can conclude that there are no significant
changes in the rate of HUu synthesis and its concentration dur-
ing the cell cycle because the second and third divisions in
a lineage are well synchronized. The slight variation in con-
centrations among lineages presumably reflects the variabil-
ity of HU« content in individual primary cells. These results
are generally consistent with those obtained from population
studies (the independence of the average HU« concentration
on the cell size; Fig. 3B). The constant HUx concentration dur-
ing the cell cycle may indicate an overwhelming effect of auto-
regulation on hupA expression (Kohno et al. 1990; Kohno et al.
1994) despite the doubling of the gene copy number during the
replication cycle.



CONCLUSIONS

The presented data suggest that the concentration of HUx in
exponentially growing Escherichia coli cells is maintained con-
stant throughout the cell cycle. This concentration increases in
faster growing cells, resulting in a higher HUa/DNA stoichiom-
etry. The latter phenomenon, observed here for the first time,
may indicate that different regulatory mechanisms are involved
in maintaining the functional morphology of nucleoids with
varying complexity. Considering the multiplicity of the relevant
regulatory pathways and the pleiotropic effects of HU, fur-
ther comprehensive studies are required to decipher the HU-
nucleoid relationships.
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