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Polar Localization of the Serine Chemoreceptor of
Escherichia coli Is Nucleoid Exclusion-Dependent
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ABSTRACT We studied whether nucleoid exclusion contributes to the segregation and retention of Tsr chemoreceptor clus-
ters at the cell poles. Using live time-lapse, single-cell microscopy measurements, we show that the single-cell spatial distribu-
tions of Tsr clusters have heterogeneities and asymmetries that are consistent with nucleoid exclusion and cannot be explained
by the diffusion-and-capture mechanism supported by Tol-Pal complexes at the poles. Also, in cells subjected to ampicillin,
which enhances relative nucleoid lengths, Tsr clusters locate relatively closer to the cell extremities, whereas in anucleated cells
(deletion mutants for mukB), the Tsr clusters are closer to midcell. In addition, we find that the fraction of Tsr clusters at the poles
is smaller in deletion mutants for Tol-Pal than in wild-type cells, although it is still larger than would be expected by chance. Also
in deletion mutants, the distribution of Tsr clusters differs widely between cells with relatively small and large nucleoids, in a
manner consistent with nucleoid exclusion from midcell. This comparison further showed that diffusion-and-capture by Tol-
Pal complexes and nucleoid exclusion from the midcell have complementary effects. Subsequently, we subjected deletion mu-
tants to suboptimal temperatures that are known to enhance cytoplasm viscosity, which hampers nucleoid exclusion effects. As
the temperature was lowered, the fraction of clusters at the poles decreased linearly. Finally, a stochastic model including
nucleoid exclusion at midcell and diffusion-and-capture due to Tol-Pal at the poles is shown to exhibit a cluster dynamics
that is consistent with the empirical data. We conclude that nucleoid exclusion also contributes to the preference of Tsr clusters
for polar localization.
INTRODUCTION
Escherichia coli chemoreceptor proteins perform multiple
tasks, including assessing chemical gradients (1), thermo-
sensing (2), and aerotaxis (3). These proteins are organized
in trimer-of- dimers that form large clusters whose structure
is further stabilized by the adaptor protein CheW and the
histidine kinase CheA (1,4,5). The purpose of clustering is
likely signal-processing enhancement of the receptor system
(6–9). The clustering process is robust, as receptors can
assemble via their cytoplasmic domains even in the absence
of some chemotaxis-associated proteins, such as CheW
(10). Most studies agree that cluster formation occurs via
an energy-free, self-assembly process known as stochastic
nucleation (11–14).

Chemotaxis-associated clusters preferentially locate at
the cell poles (15–17), but the means by which this occurs
remain unclear, given the lack of evidence for active trans-
port mechanisms. Studies have suggested various mecha-
nisms by which this may occur. For example, it has been
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suggested that the clusters first form at midcell and then
attach to the cell membranes, and are dragged to the poles
by cell growth after a few rounds of cell division (11,12).
It has also been suggested that the clusters diffuse freely
in the cell membranes and that polar accumulation is caused
by the curved shape of the poles and the ability of the clus-
ters to match this curvature (7,18).

Recent studies suggested that instead a diffusion-and-
capture process (19) is responsible for the spatial distribu-
tion of this and several other polar proteins (20–23). One
study in particular (24) identified the trans-envelope Tol-
Pal complex, a widely conserved component of the cell
envelope of Gram-negative bacteria (25), as being respon-
sible for capturing the clusters at the poles, since in deletion
mutants for Tol-Pal this process is impaired. The existence
of a diffusion-and-capture mechanism is further supported
by the observation that a fairly constant fraction (~7%) of
Tsr proteins exhibit free diffusion over the entire cell surface
at any given time (26).

Tsr, one of the methyl-accepting chemoreceptor proteins
of the E. coli chemotaxis system (2), is a serine chemotaxis
receptor protein that preferentially forms heterotrimeric
membrane complexes at the poles. The mobility of Tsr
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Nucleoid Exclusion of Tsr Clusters
labeled with fluorescent Venus proteins was recently inves-
tigated and found to be similar to that of the natural system
(26). These proteins can diffuse over the entire cell surface
but usually exhibit restricted diffusion, particularly at the
poles, where they appear to move freely except for being
restricted to the same pole for several generations (12).
When the cytoskeletal protein MreB is disrupted and the
cell becomes rounded, Tsr clusters at the poles tend to frag-
ment and the fraction of mobile Tsr increases (26). This
suggests that, aside from the diffusion-and-capture process
made possible by Tol-Pal complexes (24), one or more addi-
tional mechanisms may contribute to the preference of the
chemoreceptor clusters for a polar location.

In E. coli, the nucleoid is usually at midcell and confined
within the cell cylinder. Among other components, it con-
tains most of the DNA, RNA, and nucleoid-associated pro-
teins of the cell. Major nucleoid-associated proteins include
H-NS, HU, Fis, IHF, and StpA. The dimeric histone-like
protein HU in particular is highly abundant and involved
in DNA compaction, and thus can be used to assess the nu-
cleoid’s morphology and positioning in vivo when fused
with fluorescent proteins such as mCherry (27). The parti-
tioning of replicated nucleoids in cell division involves the
structural maintenance of chromosome complex MukBEF
(28). The deletion of mukB causes a temperature-sensitive
lethal phenotype that fails to partition the chromosome,
resulting in the formation of anucleate cells.

Recent studies have reported that in addition to Tsr clus-
ters, other types of large biomolecules in E. coli are segre-
gated to and then retained at the poles. This is due to
an energy-free volume exclusion caused by the presence
of the nucleoid at midcell (29,30) that affects plasmids
(31,32) and other large complexes (33,34). A possible
contribution of nucleoid exclusion to the distribution of
chemoreceptor clusters associated with chemotaxis has
not yet been considered.

Here, we explored whether nucleoid exclusion contrib-
utes to the segregation and retention of Tsr chemoreceptor
clusters at the cell poles. In addition, we evaluated the
contribution from other, previously proposed mechanisms,
namely, Tol-Pal diffusion-and-capture and dragging by
cell elongation. We used E. coli cells expressing Tsr-Venus
and harboring a plasmid that expresses the nucleoid-tagging
protein HupA-mCherry, and performed live single-cell
studies of the spatiotemporal distribution of Tsr clusters
and nucleoids. The Venus protein is a YFP variant that is
derived from GFP and has a fast maturation time (35) that
allows real-time imaging by fluorescence microscopy. The
tagging of Tsr with Venus does not affect its spatial distribu-
tion and is not toxic to cells (35). Measurements were con-
ducted in wild-type (WT) and isogenic mutant cells lacking
the Tol-Pal complex (Dtolpal). We further studied the
Tsr cluster spatial distribution in anucleoid cells (DmukB).
Finally, we performed stochastic simulations of dynamic
models and compared the long-term behaviors of the clus-
ters, as indicated by in silico and in vivo data, to assess
whether the proposed volume-exclusion mechanism could
explain the empirical observations.
MATERIALS AND METHODS

Chemicals

For routine cultures, M9-glucose media components, isopropyl b-D-1-thio-

galactopyranoside (IPTG), 40,6-diamidino-2-phenylindole (DAPI), formal-

dehyde, agarose for microscopic slide gel preparation, and antibiotics were

purchased from Sigma-Aldrich (St. Louis, MO). Amino acids and vitamins

were purchased from GIBCO/BRL (Grand Island, NY). SYTOX Orange

and a Live/Dead BacLight Viability Kit (L7007) were purchased from

Thermo Fisher Scientific/Molecular Probes (Waltham, MA).
Strains and plasmids

We used E. coli strain (SX4) expressing the chimeric gene tsr-venus under

the control of the Plac promoter, which is incorporated into the chromosome

(35) (a kind gift from Sunny Xie, Harvard University). We transformed this

strain with a pBR322 derivative plasmid expressing HupA-mCherry

(a nucleoid-tagging protein) under the control of a constitutive promoter

with ampicillin resistance (36) (a kind gift from Nancy Kleckner, Harvard

University). The host E. coli K-12 strain has a genotype of (lacIp4000

hsdR514 DE(araBAD)567 DE(rhaBAD)568 rph-1).

We also used E. coli strain MG1655 and its isogenic derivative strain

lacking Tol-Pal components (MG1655 Dtolpal) (27) (a kind gift from

Douglas Weibel, University of Wisconsin-Madison). These were trans-

formed with a pBR322 derivative plasmid expressing the gene tsr-venus

under the control of the Plac promoter. The E. coli strain MG1655 has a

genotype of (F� l� rph-1). The SX4 and MG1655 strains served as the

WT for our studies.

The mutant strain AZ5372 lacking mukB (trpC9941 DmukB::kan),

referred to as DmukB, was obtained from the Keio single-gene knockout

collection (36) and transformed with a pBR322 derivative plasmid express-

ing the gene tsr-venus under the control of the Plac promoter.

All overnight liquid cultures were grown in M9-glucose medium for 14 h

at 37�C with shaking (250 rpm), except for DmukB, which was incubated

at 22�C. The M9-glucose (0.4%) medium was supplemented with amino

acids and vitamins, along with kanamycin (35 mg mL�1) and ampicillin

(50 mg mL�1).

We subsequently made subcultures by diluting the overnight cul-

ture into fresh M9 glucose medium containing the appropriate antibi-

otics. We opted for M9-glucose medium to maintain a well-defined

cell culture condition and achieve low cellular autofluorescence. In

addition, previous studies have shown that cells have a higher propensity

to form arrays in minimal media than in richer media such as Terrific

broth and Luria broth, suggesting that the arrays’ functionality is

enhanced (18).
Induction of production of Tsr-Venus

Strains from overnight cultures were diluted into fresh media with the

appropriate antibiotics (as described above) at an initial OD600 of 0.02

and grown until they reached an OD600 of ~0.3, at 37�C with shaking

(250 rpm). In the SX4 strain, Tsr-Venus production, controlled by Plac,

was induced by IPTG at the appropriate concentrations. In the MG1655

strain and its derivative, containing the plasmid expressing Tsr-Venus,

induction was performed with final concentrations of 50 mM mL�1 IPTG

for 1 h at 37�C. In both cases, cells were then left in the shaker to grow until

they reached an OD600 of ~0.45–0.5 before microscopy was performed.

In addition to microscopy, we also measured Tsr-Venus expression as a
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function of induction with a microplate fluorometer at 37�C (Fig. S3 in the

Supporting Material).
Nucleoid visualization by HupA-mCherry tagging

To observe Tsr-Venus clusters and nucleoids in individual cells simulta-

neously over time, we used cells containing the plasmid from which

HupA-mCherry is constitutively expressed (SX4-HupA-mCherry strain).

These were induced with 200 mM mL�1 IPTG for 1 h at 37�C and then

centrifuged, and the supernatant discarded. Then, 4 mL of cells was placed

on a 1% agarose gel pad prepared in M9-glucose medium for image

acquisition.
Nucleoid visualization by DAPI and SYTOX
Orange staining

DAPI stains nucleoids specifically with little or no cytoplasmic labeling.

Cells at an OD600 of ~0.3 were induced with 200 mM mL�1 IPTG (SX4

strain) or 50 mM mL�1 IPTG (MG1655 and MG1655 Dtolpal strain) and

left in the shaker incubator at 37�C until they reached an OD600 of ~0.5.

The cells were then fixed with 3.7% formaldehyde in phosphate-buffered

saline (PBS) for 30 min and washed with PBS to remove excess formalde-

hyde. The pellets were suspended in PBS, and DAPI (2 mg mL�1) was

added to this suspension (37). After incubation for 20 min in the dark,

the cells were centrifuged and washed twice with PBS to remove excess

DAPI. The cells were then resuspended in PBS and 8 mL of these samples

was placed on a 1% agarose gel pad prepared in M9-glucose medium for

microscopy observation.

To observe the nucleoids of DmukB cells, we used SYTOX Orange dye

instead of DAPI, since we found that DAPI staining does not allow one to

distinguish easily between cells with and without nucleoid, due to strong

background autofluorescence and image blurring (38). DmukB cells con-

taining the plasmid expressing Tsr-Venus were grown overnight in Luria

broth medium at 22�C. Subsequently, they were subcultured and allowed

to grow exponentially in M9-glucose medium at 22�C, followed by activa-

tion of Tsr-Venus (to a final concentration of 50 mMmL�1 IPTG) for 1 h at

37�C. To this culture, a SYTOX Orange solution (50mM stock concentra-

tion) was added to a final concentration of 500 nM and incubated for

10 min in the dark (38). The cells were then centrifuged twice and resus-

pended in fresh M9-glucose medium, and 8 mL of these samples was placed

on a 1% agarose gel pad prepared in M9-glucose medium along with

inducer IPTG for microscopy observation in a temperature-controlled

chamber (see the ‘‘Microscopy’’ section below).
Measurements with ampicillin

For measurements with ampicillin, we used SX4 cells (35). Cells were

grown as described in the previous section. Next, the cells were induced

with IPTG (200 mM) to activate Tsr-Venus expression. Simultaneously,

we introduced freshly prepared ampicillin (100 mg mL�1) in the media

and left the cells in the incubator for 30 min. The nucleoid was observed

by DAPI staining.

To assess the proportion of viable cells after ampicillin treatment, we

performed live/dead staining according to the protocol for the Live/Dead

BacLight Viability Kit. Equal volumes of SYTO 9 (reagent A) and propi-

dium iodide (PI; reagent B) from the kit were mixed and added to the cells

suspended in 0.85% (w/v) NaCl (3 mL mL�1of cells). After mixing and

incubation at room temperature in the dark for 15 min, the cells were visu-

alized by epifluorescence microscopy with the standard fluorescent long-

pass filter set for simultaneous visualization of live and dead cells. The

green fluorescent dye SYTO 9 permeates both intact and damaged cell

membranes, whereas red PI only enters cells with significant membrane

damage (39). Thus, upon ampicillin treatment, cells with damaged mem-
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branes take up the red PI dye, which saturates the green SYTO 9 dye that

is taken up by all cells. The presence of red color is therefore indicative

of cell death, and green indicates live cells.
Measurements at suboptimal temperatures

Tol-Pal deletion mutant cells (MG1655 Dtolpal) with a Tsr-Venus-express-

ing plasmid were grown as described above. Tsr-Venus expression was

induced by adding 50 mM mL�1 of IPTG to the culture. The cells were

then left in the incubator at the appropriate temperatures (10�C, 15�C,
and 24�C) for 1 h and fixed with 3.7% formaldehyde, followed by DAPI

staining and microscopy image acquisition.
Microscopy

We performed single-time-point imaging of cells with Tsr-Venus and DAPI

(or) SYTOX Orange-stained nucleoids (SX4, MG1655, and MG1655

Dtolpal and DmukB strains), and time-lapse imaging of cells with Tsr-

Venus and HupA-mCherry-tagged nucleoids (SX4-HupA-mCherry strain).

With both imaging methods, phase-contrast images were acquired for

cell segmentation and, in time series, for lineage construction.

In single-time-point microscopy, Tsr-Venus was induced by adding

200 mM mL�1 IPTG (SX4 strain) or 50 mM mL�1 IPTG (MG1655,

MG1655 Dtolpal and DmukB strains) to the liquid culture. The cells were

then left in the shaker incubator at 37�C for 1 h before image acquisition.

For this purpose, 8 mL of cells was placed on a 1% agarose gel pad prepared

in M9-glucose medium. Images were taken after the cells were placed un-

der observation.

For time-lapse microscopy measurements, noninduced cells (SX4 strain)

were placed on a microscope slide between a coverslip and M9-glucose

agarose gel pad containing IPTG (200 mM mL�1). During image acquisi-

tion, the cells were constantly supplied with fresh media containing

IPTG, at the same concentration, by a microperfusion peristaltic pump

(Bioptechs, Butler, PA) at 1 mL min�1. Images were captured every

3 min for 1 h by confocal microscopy.

Imaging was performed using a Nikon Eclipse inverted microscope

(Ti-E, Nikon, Tokyo, Japan) with a C2þ point scanning confocal system

and a 100� Apo total internal reflection fluorescence objective (1.49 NA,

oil). For population imaging, Tsr-Venus fluorescence was measured using

a 488 nm argon laser (Melles-Griot, Rochester, NY) and HQ514/30 filter.

HupA-mCherry fluorescence was measured using a 543 nm He-Ne laser

(Melles-Griot) and HQ585/65 filter (Nikon). For time-lapse microscopy

measurements of Tsr-Venus- and mCherry-tagged nucleoid(s) (SX4-

HupA-mCherry strain), we performed highly inclined and laminated optical

sheet microscopy (40) using an EMCCD camera (iXon3 897, Andor Tech-

nology, Belfast, UK) and the same lasers, along with an HQ515/30 filter and

Texas Red filter (Nikon). DAPI-stained nucleoids were observed by epi-

fluorescence microscopy using a mercury lamp with a DAPI filter (Nikon),

and SYTOX Orange-stained nucleoids were observed with the EMCCD

camera. SYTOX Orange was visualized using 543-nm laser excitation

and a Texas Red filter (Nikon). Phase-contrast images were captured simul-

taneously by a CCD color camera (DS-Fi2, Nikon). Finally, for the Live/

Dead BacLight viability assay, we used the CCD color camera and an

LF488/LP-B-NTE filter cube (Semrock, Rochester, NY) for simultaneous

visualization of SYTO 9- and PI-stained cells.

Images were acquired with the use of NIS-Elements software (Nikon).

Slides were kept in a temperature-controlled chamber (FCS2, Bioptechs)

at a stable temperature (37�C unless stated otherwise).
Image analysis

The image analysis procedure included cell segmentation, lineage construc-

tion, detection and characterization of fluorescent spots (Tsr clusters) and
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nucleoids, and characterization of the spatial distributions of clusters and

nucleoids. The various steps were performed using custom-made software

that integrates components from the software MAMLE (41) and CellAging

(42), along with the cluster-detection method proposed in (43).

Cell segmentation was performed from phase-contrast images by

MAMLE (41), followed by manual correction. Next, confocal images

were aligned to the phase-contrast images as described in (44). Lineage

construction, when needed, was automatically performed by CellAging

(42) and then manually corrected. Detection and characterization of the

size and intensity of fluorescent Tsr clusters were performed as described

in (43), by defining a cluster as a connected component, with each pixel

having a light intensity above a threshold. For this purpose, we assume

that the background pixel intensities follow a Gaussian distribution with

the same median and upper quartile as the pixels in the cell. The threshold

is selected by visual inspection of the outcome. From the segmented image,

the number of clusters is calculated. The area of each cluster is calculated

by counting the number of pixels within.

For nucleoids, we used the same method as described above. For each

cell, we determined the fluorescence levels along the major cell axis of a

background-corrected cell and summed the fluorescence intensities along

the minor axis. For a given cell population, we normalized the cell lengths

and averaged the fluorescence intensities over all cells. This method is used

for images of DAPI-stained and HupA-mCherry-tagged nucleoids. To

detect the boundaries of the nucleoid in each cell, we fitted a piecewise

constant probability density function with three pieces to its fluorescence

intensity distribution along the major cell axis by maximum likelihood.

Given the two separation points obtained from the fit, we determined the

center of the nucleoid as the middle point between them.

To examine Tsr-Venus spatial distributions, we first obtained back-

ground-corrected cells by subtracting the median cell intensity from each

cell pixel intensity, and summed the fluorescence intensities along the mi-

nor axis. Finally, to distinguish between midcell and poles, we defined a

boundary at 0.5 (with 0 being midcell and 1 being the cell extreme) as in

(24). The overall image-analysis procedure is illustrated in Fig. S1.
Stochastic modeling

We implemented stochastic models of the two mechanisms responsible for

the preference for a polar localization of the Tsr clusters considered here

(diffusion-and-capture by Tol-Pal complexes at the poles and nucleoid

exclusion from midcell; see Fig. S2). The dynamics of the models was

driven by the stochastic chemical kinetics simulator SGNS2 (45), which

can implement transient compartments. We used this feature to model,

among other things, the diffusion-and-capture mechanism and the vol-

ume-exclusion mechanism caused by the nucleoid. It also allowed us

to obtain a spatial location for each cluster in the cell (via cell compartmen-

talization into blocks).

The models are two-dimensional and were used to compare the dynamics

of the Tsr clusters in the presence of relatively small and large nucleoids,

and in the presence and absence of Tol-Pal. A description of the models, re-

actions, and parameters is provided in Supporting Materials and Methods.
RESULTS

To visualize chemoreceptors in vivo, we used 1) the SX4
strain with a chimeric tsr-venus gene inserted into the chro-
mosome (35), 2) the MG1655 strain (WT and deletion
mutant for Tol-Pal, Dtolpal), and 3) the mukB deletion
mutant strain (DmukB). The latter two strains contain a
low-copy plasmid coding for Tsr-Venus proteins (see Mate-
rials and Methods) under the control of a lac promoter.
SX4 cells further contain a plasmid expressing a nucleoid-
tagging protein, HupA-mCherry (Materials and Methods).
We found no significant difference in the spatial distribution
and kinetics of Tsr clusters between SX4 and MG1655 cells.
Also, we found no significant difference in nucleoid lengths
when measured by DAPI/SYTOX Orange staining and by
HupA-mCherry tagging, and we saw no difference in the
Tsr spatial distributions when we visualized the nucleoids
with either method (Fig. S9). Further, it is worth noting
that, since under normal conditions the tsr gene is highly
expressed (46), small amounts of exogenous Tsr-Venus
are expected to cause minimal perturbations to normal cell
functioning. Finally, unless stated otherwise, the results
refer to measurements obtained using the MG1655 strain.
Spatial distributions of nucleoids and Tsr protein
clusters

First, in SX4 cells, we assessed whether the spatial distri-
butions of Tsr clusters and nucleoids are consistent with
a nucleoid-exclusion phenomenon affecting the clusters’
location. To do so, from images taken 1 h after induction
of Tsr-Venus expression, we compared the spatial distribu-
tions of nucleoids (DAPI stained) and Tsr clusters in cells
with relatively large and relatively small nucleoids.

Based on the data from 1195 cells, we selected the 10%
of cells with relatively larger and relatively smaller nucle-
oid(s) (along the major cell axis). Cells at the thresholds
of nucleoid length were included in the analysis. Also, we
did not exclude cells with two nucleoids, and thus we ex-
pected that at least some of the cells with larger nucleoid(s)
would have two nucleoids. The results (Fig. 1, thin black
line) support this expectation, as in the 10% of cells with
larger nucleoid(s), the fluorescence intensity from nucle-
oid(s) exhibits a local minimum at midcell (as the two nu-
cleoids are at the focal points).

As is visible in Fig. 1, the center of mass of the DAPI in-
tensity distribution is significantly closer (in a statistical
sense) to the cell center in cells with relatively small nucle-
oids (0.37 5 0.01) than in those with relatively large nucle-
oids (0.42 5 0.00; Kolmogorov-Smirnov (KS) test, p <
0.01). Also, the Tsr protein clusters are significantly farther
away from midcell in cells with relatively larger nucleoid-
occupied regions (KS test, p < 0.01), as would be expected
if nucleoid exclusion affects their location. In particular, the
center of mass of the Tsr fluorescent intensities is 0.72 5
0.02 in cells with relatively larger nucleoids and 0.66 5
0.02 in cells with relatively smaller nucleoids. The same
phenomenon was observed in cells of the MG1655 strain
(data not shown).

As these results could be affected by the normalization
of the cell lengths (provided, e.g., that most cells with rela-
tively larger nucleoids also had larger absolute lengths,
which can be expected), we performed the same analysis
on a subset of cells that exhibited similar absolute lengths
(all within 2.8 5 0.5 mm). From this subset, we again
Biophysical Journal 111, 2512–2522, December 6, 2016 2515
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FIGURE 1 Averaged spatial distributions of fluorescence intensity (in

arbitrary units (a.u.)) of Tsr-Venus and nucleoids along the major cell

axis (collapsed axis, from midcell to cell extreme). The thin black line is

the average nucleoid fluorescence intensity distribution from the 10% of

cells with the largest relative nucleoid(s) (due to the existence of two nucle-

oids; 155 cells), and the thin gray line is the same distribution from the 10%

of cells with the smallest relative nucleoid lengths (126 cells). The bold

black and gray lines are the average spatial distributions along the major

cell axis of Tsr-Venus fluorescence intensity in cells with relatively larger

and smaller nucleoids, respectively.
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selected the 10% of cells with larger (70 cells) and smaller
(70 cells) nucleoids. We then confirmed that the cell lengths
of these two subsets of cells did not differ significantly (KS
test, p¼ 0.73). Finally, we performed the same test as above
and found that in the cells with larger nucleoids, the Tsr
clusters were closer to the cell extremities, i.e., the center
of mass of the DAPI intensity distribution was significantly
closer (in a statistical sense) to the cell center in cells with
relatively small nucleoids (0.34 5 0.01) than in those
with relatively large nucleoids (0.42 5 0.01; KS test, p <
0.01). Also, the Tsr molecules were farther away from mid-
cell in cells with relatively larger nucleoid-occupied regions
(KS test, pz 0.02), as would be expected if nucleoid exclu-
sion affects the location of the clusters. The center of mass
of the Tsr fluorescent intensities was 0.65 5 0.02 in cells
with relatively smaller nucleoids and 0.72 5 0.02 in cells
with relatively larger nucleoids.

The above results do not rule out the (unlikely) possibility
that cells with larger nucleoids (e.g., close to dividing) also
possess more Tol-Pal, indirectly causing the Tsr clusters to
be located closer (on average) to the cell extremities. To
investigate this possibility, from the data above, we selected
cells with the same absolute nucleoid length (within a small
range). Note that these cells differ in total cell length. If Tol-
Pal levels are nucleoid-length dependent, these cells should
all exhibit similar Tol-Pal levels. As such, if nucleoid exclu-
sion is not relevant to the Tsr clusters’ location, these cells
should not exhibit a tangible correlation between the abso-
lute cell length and absolute distance of Tsr clusters to the
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nearest cell extremity. We obtained that correlation and
found it to be equal to 0.73 (p < 0.01), showing that in cells
with similar nucleoid lengths but different cell lengths,
the clusters behave differently and in accordance with a
nucleoid-exclusion phenomenon.

In addition to the tests above, we also performed mi-
croscopy time-series measurements (see Materials and
Methods) in which the expression of Tsr-Venus was only
activated after we started observations. From these data,
we assessed the location of the Tsr clusters when they first
appeared. The data in Fig. S6 show that the clusters usually
first appeared (i.e., became detectable) when they were
already at the poles, where they tended to remain thereafter.
From this, one can conclude that most clusters remain at
the poles for most, if not all, of their lifetime.
Asymmetries in the spatial distributions of
nucleoids and Tsr protein clusters

Finally, in search of additional evidence of nucleoid exclu-
sion from the midcell of Tsr clusters, we assessed whether,
at the single-cell level, asymmetries in the position of the
nucleoid center along the major cell axis (34,47,48) are
correlated with asymmetries in the Tsr clusters location.
From the set of SX4 cells mentioned above (1195 cells),
for each cell, we obtained the fluorescence intensity from
Tsr clusters at each pole (using the definition of ‘‘pole’’
in Materials and Methods) and the normalized location of
the nucleoid center relative to the cell center along the major
axis, and calculated the Pearson correlation between these
variables. As would be expected if there is nucleoid exclu-
sion of the Tsr clusters from midcell, we found a significant
(p � 0.01) correlation of �0.52 with a 95% confidence
interval (CI) of [�0.57, �0.48].

It is possible that this result is associated with the age of
the poles, since the older pole of a cell would contain more
Tol-Pal complexes and, simultaneously, off-centered nucle-
oids would preferentially locate closer to the older pole
(although no evidence for either phenomenon has been
reported so far).

To assess whether the position of the nucleoid(s), when
off-centered, is biased toward the newer (or older) pole
(34,49,50), we localized the nucleoid center along the major
axis at each moment during the cell’s lifetime (tracked
from birth to division). Then, we obtained the fraction
of times a nucleoid was located at the newer side of the
cell. Next, we assessed whether the data collected from all
cells could have resulted from an unbiased binomial distri-
bution. We obtained a p-value of 0.148, consistent with
the data being extracted from an unbiased binomial. We
conclude that the asymmetries in nucleoid(s) positioning
are not biased toward the newer (or older) pole, and thus dif-
ferences in pole age are not a source of the anticorrelation
in the positioning of the nucleoid and Tsr clusters in indi-
vidual cells.
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Similarly, we assessed whether the clusters’ choice of
pole is correlated with the pole age (Supporting Materials
and Methods). We found no evidence for a tangible correla-
tion. In addition, we also found no difference in the curva-
tures of the cell poles that could explain the asymmetries,
at the single-cell level, in cluster numbers at each pole.

Overall, we conclude that there are heterogeneities and
asymmetries in the spatial distribution of Tsr clusters that
are consistent with a nucleoid-exclusion phenomenon and
cannot be explained solely by a diffusion-and-capture mech-
anism caused by Tol-Pal complexes at the poles (24).
Spatial distribution of Tsr clusters in cells
subjected to ampicillin

Next, we subjected cells (SX4 strain) to ampicillin (these
cells lack ampicillin resistance; see Materials and Methods),
causing enhanced elongation while halting division (51,52).
We performed this test to show that when the ratio between
cell and nucleoid lengths is altered by external perturbation,
the spatial distribution of Tsr-Venus clusters behaves as
would be expected if it is affected both by diffusion-and-
capture by Tol-Pal complexes at the cell poles and by
nucleoid exclusion from midcell.

Note that although SX4 cells are sensitive to ampicillin
(division is halted), most appeared to remain healthy
(Fig. S4). This was verified with the Live/Dead BacLight
Viability Kit, which stains viable cells but not the shells
of deceased cells (Materials and Methods). Also, we
observed that once the drug was removed from the medium,
the cells recovered and started dividing (as observed in the
microscope and by spectrophotometry). As an additional
precaution, during image analysis, we manually discarded
(by visual inspection) cells that exhibited inclusion bodies
and spheroplasts that commonly appear after ampicillin
treatment, as these could affect the Tsr cluster dynamics.
The remaining cells exhibited a normal rate of accumulation
of Tsr clusters (as observed by inspection).

From the images of control cells and cells subjected to
ampicillin, we selected cells whose length ranged from
3.5 to 4.0 mm and compared their mean relative nucleoid
length (Fig. S5) and center of mass of the Tsr fluorescence
intensity distribution. As shown in Table 1, we found that
as the nucleoid became longer relative to the cell length,
the center of mass of the distribution of Tsr-Venus moved
toward the cell extremities, as would be expected from the
existence of a nucleoid-exclusion phenomenon.
TABLE 1 Mean Relative Nucleoid Length and Center of Mass of th

Ampicillin-Treated Cells

Condition No. of Cells Mean Relative Nucleoid Length with

Control 105 0.71 5 0.01

Ampicillin 79 0.75 5 0.02

Also shown are the 95% CIs and the number of cells examined in each conditi
Effects of Tol-Pal complex deletion on the spatial
distribution of Tsr

We next assessed whether, in the absence of Tol-Pal, the Tsr
clusters would no longer exhibit a preference for a polar
localization. For this purpose, we compared the mean frac-
tion of Tsr fluorescence intensity at the poles in control
(WT) and Dtolpal cells. The results are shown in Table 2,
along with the 95% CIs and the results of a test of statistical
comparison between the conditions.

Finally, we performed KS tests, which showed that the
mean percentage of fluorescence intensity in the cells (in
both WT and Dtolpal cells) was inconsistent with a normal
fluorescence intensity along the major axis, which would
be expected if Tsr proteins are distributed solely by means
of diffusion (p-value much smaller than 0.01 for a normal
distribution with a mean fluorescence at the poles equaling
50% of the total fluorescence).

As shown in Table 2, in both WT and Dtolpal cells, the
mean fraction of Tsr clusters at the poles is much higher
than would be expected by chance (i.e., when compared
with a uniform distribution along the major cell axis).
This finding and the KS tests indicate that diffusion-and-
capture by Tol-Pal is not the only cause of the Tsr clusters’
preference for polar localization, even though the presence
of Tol-Pal does significantly increase the fraction of clusters
at the poles (the p-value from a two-tailed Student’s t-test
of statistical significance is much smaller than 0.01), as
expected from previous studies (24).
Effects of Tol-Pal deletion on the spatial
distribution of Tsr as a function of nucleoid length

If Tsr clusters are preferentially located at the cell poles
due to a diffusion-and-capture mechanism caused by Tol-
Pal complexes and a nucleoid-exclusion phenomenon, we
expect that if at least one of these mechanisms is present,
the Tsr clusters will still preferentially locate at the poles,
although not as pronouncedly as they would if both mecha-
nisms were active.

Given that we expect the effects of nucleoid exclusion
on the Tsr clusters’ spatial distribution to be gradual as a
function of the nucleoid length, to study this, from the
data above, we measured in each cell the relative distance
of each cluster to the nearest cell extreme as well as the
relative nucleoid length. Then, for WT and Dtolpal cells
separately, we selected the cells with relatively smaller
e Averaged Tsr Fluorescence Distribution of the Control and

95% CI (mm)

Center of Mass of the Averaged Tsr Fluorescence

Distribution with 95% CI

0.69 5 0.02

0.75 5 0.03

on.
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TABLE 2 Mean Percentage of Fluorescence Intensity at the

Cell Poles for WT and Dtolpal Cells

WT Dtolpal

Student’s t-test

(WT versus Dtolpal)

Number of cells 176 138 –

Mean fluorescence

intensity at

poles (%)

96.2 88.8 <0.01

95% CI (%) [95.0, 97.3] [85.3, 92.3] –

Shown are the number of cells observed, the percentage of total fluores-

cence intensity located at the poles, and the corresponding 95% CIs. Also

shown is the p-value of the Student’s t-test between WT and Dtolpal.
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(%35% of the cell length) and larger (R65% of the cell
length) nucleoids.

From the data, we first plotted the relative distance of
each cluster to the nearest cell extreme versus the normal-
ized nucleoid length in each condition (Fig. 2, A and B,
for WT and deletion mutants, respectively). Visibly, at least
for cells with relatively small nucleoids, the presence/
absence of Tol-Pal complexes appears to be an influencing
factor (as expected (24)), since in their absence the Tsr clus-
ters are more uniformly scattered throughout the major cell
axis (Fig. 2 B). This difference in the Tsr clusters’ behavior
due to the presence/absence of Tol-Pal complexes is
less clear in cells with relatively large nucleoids (Fig. 2, A
and B), in agreement with our hypothesis that nucleoid
exclusion contributes to the Tsr clusters’ preference for a
polar localization. These results are also in line with those
shown in Fig. 1.

To quantify the differences in the Tsr clusters’ behavior
between conditions more precisely, we calculated the degree
of correlation of the Tsr clusters’ relative locations along the
major cell axis between all pairs of conditions (Table S2).
We expected this correlation to be significant between con-
ditions differing solely in nucleoid length (as the Tol-Pal
diffusion-and-capture mechanism is present) and between
cells with large nucleoids differing in the presence/absence
of Tol-Pal complexes (as nucleoid exclusion is strong).
Between other pairs of conditions, we expected a weaker
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or no correlation. The results in Table S2 confirm these
expectations, showing that for the latter, the correlations
become nonsignificant.

Finally, note that the degree of the correlation between
WT cells with small nucleoids and Dtolpal cells with
large nucleoids suggests that the two mechanisms (Tol-
Pal diffusion-and-capture and nucleoid exclusion) have
similar effects when they act solely. Overall, the results
in Table S2 further suggest that the two mechanisms have
complementary effects.

In addition, this single-cell analysis of the spatial distribu-
tion of individual clusters as a function of relative nucleoid
length allows us to conclude that the effects of the phenom-
enon of exclusion from midcell change gradually with
changing nucleoid lengths, as expected (Figs. S7 and S8).
Effects of mukB deletion on the spatial
distribution of Tsr clusters

Next, to further test whether nucleoid exclusion contributes
to the preferential polar localization of Tsr clusters, we stud-
ied their localization in cells where the nucleoid is absent.
For this purpose, we made use of mutant cells lacking the
mukB protein (DmukB) (Materials and Methods). A fraction
of these cells lack the nucleoid (thus becoming anucleate
cells) due to failures in chromosome segregation in cell
division (53). We verified this spontaneous formation of
anucleate cells by visually inspecting the microscope im-
ages. In DmukB cells, although the Tsr clusters will still
preferentially locate at the poles due to the presence of
Tol-Pal complexes (24), their fraction at midcell is expected
to increase compared with control cells (see Fig. 3, where
the two cells lacking nucleoid visibly have a larger fraction
of Tsr clusters at midcell than the other cells in the image).

From the images, we segmented and analyzed 302 cells,
68 of which were anucleate (as determined by visual inspec-
tion of the red channel). We compared the relative posi-
tioning along the major axis of the Tsr clusters in these
cells and in WT cells (1195 control cells). The results are
0.3 0.4 0.5

e from the pole

FIGURE 2 (A) Relative nucleoid length versus

the relative distance of individual Tsr clusters

from the closest cell extremity in WT cells: 133

Tsr clusters from 52 cells whose nucleoid length

is R65% of the cell length are shown in black,

and 39 Tsr clusters from 17 cells whose nucleoid

length is %35% of the cell length are shown in

gray. (B) Relative nucleoid length versus relative

distance of individual Tsr clusters from the closest

cell extremity in Dtolpal cells: 198 Tsr clusters

from 88 cells whose nucleoid length is R65% of

the cell length are shown in black, and 23 Tsr clus-

ters from eight cells whose nucleoid length is %
35% of the cell length are shown in gray.



FIGURE 3 Localization of Tsr-Venus in DmukB

cells at 37�C. Nucleoids were visualized by

SYTOX Orange dye. The arrows indicate anucleate

cells. Left: green channel showing Tsr-Venus.

Middle: red channel showing nucleoids. Right:

phase-contrast images showing the cell borders

used for cell segmentation.

Nucleoid Exclusion of Tsr Clusters
shown in Fig. 4. Whereas in DmukB cells the center of mass
of the fluorescence intensity distribution of Tsr is at 0.59 5
0.03, in control cells it is at 0.705 0.01, i.e., the Tsr clusters
are much closer to the cell extremities in the control cells,
with the two distributions differing significantly in a statis-
tical sense (KS test, p << 0.01). This supports the hy-
pothesis that nucleoid exclusion enhances the Tsr clusters’
preference for polar localization.
Effects of increased cytoplasm viscosity on the
spatial distribution of Tsr clusters

We performed a final measurement to further strengthen the
hypothesis that nucleoid exclusion from midcell enhances
the Tsr clusters’ preference for polar localization. Under
reduced metabolic activity or suboptimal temperatures, the
cytoplasm of E. coli is known to acquire glass-like features
(54) that enhance its viscosity (48). This in turn greatly re-
duces the effects of nucleoid exclusion on the spatial distri-
bution of large protein complexes (48).

We subjected Dtolpal cells to low temperatures and
assessed whether, in cells with relatively large nucleoids
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FIGURE 4 Spatial distributions of average fluorescence intensity (in

a.u.) of Tsr-Venus proteins along the major cell axis (collapsed axis, from

midcell to cell extremes). The black line is the fluorescence intensity distri-

bution averaged over 1195 control cells, and the gray line is the same

distribution averaged over 68 anucleate DmukB cells.
(i.e., occupying 65–80% of the cell length), the degree
of exclusion of Tsr clusters from midcell decreases gradu-
ally as the temperature decreases. We studied Dtolpal
cells alone, as the effects of lower temperatures on the func-
tionality of Tol-Pal are unknown. The results are shown
in Fig. 5.

As can be seen in Fig. 5, the fraction of Tsr clusters at the
poles decreases gradually with gradually decreasing temper-
ature, as expected from the increased cytoplasm viscosity
(48). As a side note, since this decrease is best fitted by a
straight line (using a weighted least-square fit (55) and the
Akaike information criterion (56)), we expect that in the
absence of Tol-Pal, only nucleoid exclusion is involved in
the segregation of clusters to the poles.
Stochastic model of nucleoid exclusion of Tsr
clusters from midcell

Next, we made use of a stochastic model (for a complete
description, see Supporting Materials and Methods) to test
whether a nucleoid-exclusion mechanism could reproduce
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FIGURE 5 Percentage of Tsr clusters at the poles in Dtolpal cells with

relatively large nucleoids (occupying 65–80% of the cell length) as a func-

tion of temperature. The error bars correspond to one standard uncertainty.

A line and a polynomial of second order were fitted to the data points by

weighted least-square fit. The Akaike information criterion showed that

the best-fitting model is a line (dashed line).
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the empirical data. Note that in this model, the nucleoid-
exclusion phenomenon acts only on Tsr proteins that are
unbound to the membrane, in accordance with (26).

The model uses empirical data regarding Tsr production
and degradation rates (35,57) and cell and nucleoid sizes
(length and width) obtained from SX4 cells (Supporting
Materials and Methods). Also, the clusters’ diffusion rate
and unbinding rate from Tol-Pal complexes are tuned so
that the in silico spatial distributions of Tsr in cells with rela-
tively large and relatively small nucleoids fit the empirical
data (Fig. 2 A).

Using this fitted model, we first tested whether the model
could reproduce the observed effect of asymmetries in
nucleoid positioning on the Tsr distributions along the major
cell axis at the single-cell level. We found a significant (p�
0.01) correlation of�0.65 with a 95% CI of [�0.68,�0.62].

Thus, the stochastic model, assuming the existence
of nucleoid exclusion and asymmetries in nucleoid posi-
tioning, reproduces the empirical observations of a strong
anticorrelation between Tsr clusters and nucleoid location
at the single-cell level.

Next, we assessed whether imposing differences in
nucleoid length, along with assuming the presence and
absence of Tol-Pal, would suffice to reproduce the observed
differences in the Tsr spatial distributions observed in vivo.
The results are shown in Table S3.

If we compare Tables S2 and S3, we observe a strong
similarity between the model and the measurements. In
short, in cases where the measurements indicate strong cor-
relations, the model is in agreement. However, in cases
where the measurements show no correlation, the model
suggests much weaker correlations than in the cases where
the measurements indicate strong correlations. However,
the detected correlations in the simulations (Table S3,
line 1, columns 2 and 3) are expected (since although
smaller nucleoids should be less efficient in excluding Tsr
clusters from midcell, they are not expected to be entirely
ineffective). As a side note, these results also agree with
the empirical data from cells subjected to ampicillin (which
results in cells with relatively larger nucleoids) versus
control cells.

Overall, we conclude that the dynamics of Tsr clusters
of a model assuming a diffusion-and-capture mechanism
caused by Tol-Pal at the poles, along with a mechanism of
volume exclusion from midcell caused by the presence of
the nucleoid, is in agreement with the empirical data.
DISCUSSION

Chemoreceptor proteins can assemble into large arrays,
which is believed to enhance the signal-processing capa-
bilities of the receptor system (6–9), allowing proper
chemotaxis (5). In agreement with this, their ability to
cluster is conserved in all known prokaryotic chemotaxis
systems (58).
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In E. coli, these clusters preferentially locate at the cell
poles. This preference for polar localization may further
enhance the clustering process itself and thus the signal-pro-
cessing capabilities. A recent study suggested that this
preference for polar localization is due to a mechanism of
diffusion-and-capture made possible by Tol-Pal complexes
at the cell poles (24).

Recent observations also showed that at any given time,
several Tsr clusters are not in a fixed position, but rather
diffuse freely within the polar region (26) (or more rarely
at midcell), and that in spherical cells (when the cytoskeletal
protein MreB is disrupted) the clusters are more fragmented
and the fraction of freely diffusing ones increases (26).
Given these observations, and the known ability of the
nucleoid to exclude macromolecules such as plasmids and
large protein complexes from midcell (31–34,47), we inves-
tigated the possibility that the preference of Tsr clusters
for polar localization is supported by the presence of the
nucleoid at midcell. For this purpose, we performed several
tests while observing at the single-cell level both clusters
and nucleoids.

All measurements performed here, including perturba-
tions of the cytoplasm and cell growth, and observations
in cells lacking Tol-Pal components or a nucleoid led to
the same conclusion: Tsr clusters locate at the poles due
to the presence of Tol-Pal at the poles along with the pres-
ence of the nucleoid at midcell. Also, these two factors
have complementary effects. In addition, two observations
suggest that these are likely the only two mechanisms that
ensure the Tsr clusters’ preference for polar localization.
First, in cells lacking Tol-Pal components, the preference
for polar localization decreases linearly with decreasing
temperature, suggesting that only one mechanism (nucleoid
exclusion) is being affected. Second, in cells lacking Tol-Pal
components with relatively small nucleoids, the ability to
retain Tsr clusters at the poles is much weakened.

Strikingly, a mechanism of volume exclusion from mid-
cell is only expected to be efficient if the chemoreceptor
proteins are able to form sufficiently large clusters (see,
e.g., (34,59,60)). As such, we suggest that cluster formation
not only enhances the signal-processing capabilities of the
chemotaxis protein arrays (6–9) but also is likely essential
for ensuring that the clusters are located at the cell poles.
Cluster formation should greatly enhance the chances that
chemoreceptor proteins will reach and remain at the poles,
which is expected to enhance the efficiency of the
diffusion-and-capture mechanism made possible by Tol-
Pal complexes at the cell extremities.

Recent studies showed that the nucleoid plays a central
role in the spatial organization of plasmids (31,32) and
unwanted protein aggregates (33,34) in the cytoplasm of
E. coli, as well as in the choice of location of the cell-divi-
sion septum (61). By showing how the nucleoid contributes
to the spatial organization of sensory complexes, and thus to
the functional response of E. coli populations to various
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external stresses (43,62,63), our study further supports the
notion that the nucleoid is critical for generating heteroge-
neities and asymmetries in the cytoplasm of E. coli that
are essential for intracellular spatial organization and, com-
bined with cell division, for cell-to-cell diversity within
lineages.
SUPPORTING MATERIAL

Supporting Materials and Methods, Supporting Results, nine figures,

and three tables are available at http://www.biophysj.org/biophysj/

supplemental/S0006-3495(16)30951-1.
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