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In Vivo Kinetics of Segregation and Polar Retention of MS2-GFP-RNA
Complexes in Escherichia coli
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Laboratory of Biosystem Dynamics, Department of Signal Processing, Tampere University of Technology, Tampere, Finland
ABSTRACT The cytoplasm of Escherichia coli is a crowded, heterogeneous environment. From single cell live imaging, we
investigated the spatial kinetics and heterogeneities of synthetic RNA-protein complexes. First, although their known tendency
to accumulate at the cell poles does not appear to introduce asymmetries between older and newer cell poles within a cell life-
time, these emerge with cell divisions. This suggests strong polar retention of the complexes, which we verified in their history of
positions and mean escape time from the poles. Next, we show that the polar retention relies on anisotropies in the displacement
distribution in the region betweenmidcell and poles, whereas the speed is homogeneous along themajor cell axis. Afterward, we
establish that these regions are at the border of the nucleoid and shift outward with cell growth, due to the nucleoid’s replication.
Overall, the spatiotemporal kinetics of the complexes, which is robust to suboptimal temperatures, suggests that nucleoid
occlusion is a source of dynamic heterogeneities of macromolecules in E. coli that ultimately generate phenotypic differences
between sister cells.
INTRODUCTION
Even single-celled organisms, such as Escherichia coli,
possess a far from random internal organization. Proteins
involved in chemotaxis are preferentially located at the
cellular poles (1–4), whereas proteins (e.g., RNA polymer-
ases) and transcription factors involved in gene expression
mostly locate within a structure known as the nucleoid
that, before its replication, is generally located in the central
region of the cell (5–9).

At least some of the heterogeneities in the cytoplasm of
E. coli cells influence their functioning. One example is
that cells inheriting the older pole of the mother cell exhibit
diminished growth rate (10), which suggests that some con-
tents in the older pole are harmful, and exist in smaller
amounts in the newer pole. Subsequent studies hypothesized
that one possibly harmful component inherited with the
older pole is protein aggregates (10–14).

It is well known that E. coli cells, apart from the nucleoid,
lack internal organelles (15). They also lack transport mech-
anisms for proteins (12,15). Thus, the generation and main-
tenance of most heterogeneity are likely based on the
physical properties of the cells, namely, the presence of
the nucleoid at midcell (16) and the shape of the cell (17),
and on the physical properties of the components (18).

Recently, to study the nature of the cytoplasm of E. coli,
Golding and Cox (15,19) used live cell microscopy and a
synthetic RNA coding for multiple binding sites for a syn-
thetic protein MS2-GFP, based on the MS2 capsid protein
(20). By tracking the MS2-GFP tagged RNA molecules,
they observed that, at short timescales, their motion was
subdiffusive with an exponent that is robust to physiological
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changes, such as the disruption of cytoskeletal elements
(15). In addition, they showed that, at long timescales, these
complexes tend to localize at the cell poles. It was hypoth-
esized that this was due to hydrodynamic coupling between
the complexes and the cell walls of the poles (19).

Here, using the same approach as in (15), we further
investigate the behavior of these large, inert complexes
within the cytoplasm of E. coli. We choose to use this com-
plex because of its long lifetime (19) (longer than 2 h) and
its robustness to photobleaching (21). Furthermore, the indi-
vidual MS2-GFP proteins are known to distribute uniformly
within the cell (22), whereas the motion of the complexes
appears to be dominated by physical interactions (15).
This provides strong evidence that there are no significant
biological interactions between the MS2-GFP proteins or
between the MS2-GFP-tagged RNA and other components
of the cytoplasm.

From the analysis of time series images of cells expressing
MS2-GFP and the targetRNA,we address the following ques-
tions. Is the accumulation of these complexes at the cell poles
a symmetric process?Docell divisions introduce asymmetries
in their numbers in older and newer cell poles, as in the case of
unwanted protein aggregates (11)? Are they retained at the
poles, and if so, for how long? What heterogeneities and an-
isotropies in their motion exist along the major cell axis?
Does their spatial distribution change in the course of a cell’s
lifetime? Finally, we investigate towhat extent the nucleoid is
involved in the observed behavior of these complexes.
MATERIALS AND METHODS

Chemicals

Bacterial cell cultures were grown in lysogeny broth (LB) media. The chem-

ical components of LB (Tryptone, Yeast extract, and NaCl) were purchased
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from LabM (Topley House, Bury, Lancashire, UK) and the antibiotics from

Sigma-Aldrich (St. Louis, MO). Isopropyl b-D-1-thiogalactopyranoside

(IPTG) and anhydrotetracycline (aTc) used for induction of the target genes

are from Sigma-Aldrich. Agarose (Sigma-Aldrich) was used for microscope

slide gel preparation for cell imaging. 40,6-diamidino-2-phenylindole

(DAPI) from Sigma-Aldrich was used to stain cell nucleoids.
Cells and plasmids

Experiments were conducted in E. coli strain DH5a-PRO, generously pro-

vided by I. Golding (Baylor College of Medicine, Houston, TX), which

contains two constructs: i), PROTET-K133 carrying PLtetO-1-MS2d-GFP

(19), and ii), a pIG-BAC (Plac/ara-1-mRFP1-MS2-96bs) vector, carrying a

96 MS2 binding site array under the control of Plac/ara-1 (19).
Induction of production of fluorescent complexes

The dimeric MS2 fused to green fluorescent protein (GFP) (MS2-GFP

fusion protein) used as a detection tag (19) is expressed from a medium-

copy vector under the control of the PLtetO-1 promoter (23), which is regu-

lated by the tetracycline repressor. The RNA target for MS2-GFP is located

on a single-copy F-based vector, and is controlled by the Plac/ara-1 promoter

(23). For our measurements, precultures were diluted from the overnight

culture to an OD600 of 0.1, in fresh LB media supplemented with the appro-

priate antibiotics and kept at 24�C or 37�C at 250 RPM in a shaker for ~2 h

at 24�C or ~1.5 h at 37�C until they reached an OD600 z 0.5. At this point,

cells were induced with 50 ng/ml of aTc and 0.1% L-arabinose for 45 min,

at which point the OD600 was ~0.8. Induction of the target RNA production

was then completed by adding 1 mM IPTG and cells were incubated for

5 min before preparation of the microscope slide. We note that this induc-

tion procedure is necessary for cells to have sufficient numbers of MS2-

GFP to detect the target RNA and to achieve full induction of the target

gene during the microscopy measurements (24,25).
Imaging

After induction of the target gene, a few microliters of culture were placed

on a microscope slide between a coverslip and a 0.8% agarose gel pad set

with the LB media, followed by the assembly of a thermal imaging chamber

(Bioptechs, FCS2) set at the appropriate temperature. Cells were visualized

by fluorescence microscopy using a Nikon Eclipse (TE2000-U, Nikon,

Tokyo, Japan) inverted microscope with a C1 confocal laser scanning sys-

tem using a 100� Apo TIRF (1.49 NA, oil) objective. GFP fluorescence

was measured using a 488 nm laser (Melles-Griot) and a 515/30 nm detec-

tion filter. Images of cells were taken from each slide by the Nikon software

EZ-C1, starting ~10 min after induction of the target gene, 1/min, for 2 h.

The pixel dwell was 1.33 ms, resulting in a line scanning time of ~1.4 ms;

this is significantly faster than the diffusion speed of the MS2-GFP-RNA

particles (see (15)), and should therefore not introduce any time-averaging

artifacts.
Imaging of nucleoids

DAPI stains nucleoids specifically, with little or no cytoplasmic labeling

(26). Precultures were grown for ~3 h with the same previous protocol

(but without inducing the target or reporter genes). After reaching an

OD600 z 0.8, cells were centrifuged and suspended in phosphate buffered

saline (PBS). For live cell nucleoid staining, DAPI (2 mg/ml) was added to

the cells suspended in PBS and incubated for 20 min in the dark. Cells were

then washed twice with PBS, and placed on a 1% agarose gel pad prepared

with LB. The cells were simultaneously observed by epifluorescence micro-

scopy, using a mercury lamp with a DAPI filter, and by phase contrast mi-

croscopy. DAPI is excited at 359 nm and emits at 461 nm. Images were
acquired with Nikon software NIS-Elements. Cells in phase contrast images

were segmented using the software MAMLE (27). The background of the

images obtained by epifluorescence microscopy was removed by subtract-

ing a cubic polynomial surface, fitted to the image by L1-norm minimiza-

tion (i.e., minimizing the absolute difference between the surface and the

image; see, e.g. (28)). The fluorescence intensities in each cell were then

extracted. See Fig. 6, which shows the fluorescence intensities were pro-

jected along the major axis of the cell.
Detection of cells and individual complexes
within from the images

Cells were detected from the images by a semiautomatic method as in (22).

First, the time series images from confocal microscopy were aligned, so that

the cells stayed in the same position throughout the time series. Next, a

mask was manually drawn over the region that each cell occupied during

the time series. When a cell divided, separate masks were drawn in the

framewhere the division was first observed, to represent daughter cells after

division. After thresholding the fluorescence distribution within each mask

to enforce a uniform fluorescence within the cell, principal component anal-

ysis was used to obtain, at each frame, the position, dimension, and orien-

tation of the cell inside each mask.

To construct cell lineages, we automatically assigned a parent to each cell

in each frame, as the cell in the previous frame with the nearest centroid.

This was done after transforming the previous frame’s cell centroids by

the inverse of the transform that maps a unit circle to the cell’s ellipse, to

avoid incorrectly assigning adjacent cells as parents. When two cells are as-

signed the same parent, a division is assumed to have occurred. We verified

the efficiency of this method by inspection, and found the rate of error to be

negligible.

Next, we detected fluorescent MS2-GFP-RNA complexes in each cell, at

each frame, as in (22). We segmented the fluorescent complexes automati-

cally inside each mask with the kernel density estimation (KDE) method for

spot detection (29). This method measures the local smoothness of the im-

age, and determines spot locations by designating areas with low smooth-

ness as spots. We used a Gaussian kernel as in (22). Cell background

corrected complex intensities were then calculated by subtracting the

mean cell background intensity multiplied by the area of the complex

from the total fluorescence intensity of the complex.

For cells containing only one complex, once the complexes were

detected at each time point, we obtained displacement vectors from their

positions in consecutive frames. In Fig. 1, we show an example image of

cells (Fig. 1 A), along with the segmented cells and detected complexes

within (Fig. 1 B), and an example of the extracted displacement vectors

of a complex from its positions at consecutive frames (Fig. 1 C).

By inspection,we observed that the spot detection is reliable.Althoughwe

are unable to determine the precision with exactness, as it depends on many

variables including noise in the image, we can estimate a conservative upper

bound for the error. Assuming that the method of detection is perfect, the

discrete nature of the pixels implies that the error in the estimate of the spot’s

position is up to 2-1/2 pixels. If the spot detection, e.g., misidentifies pixels at

the borders of spots, in theworst case scenario, it wouldmisidentify all pixels

only on one side of the spot. This could introduce a further 2-1/2 error into the

estimation of the spot’s position. Given this, the error in the estimate of the

spot position should have an upper bound of O2 pixels, or ~0.17 mm. As

several rare events are required to produce this error, the real expected error

is considerably lower. Nevertheless, even this upper bound is much smaller

than the cell length (2–4 mm), rendering this error negligible.
Models of long-term spatial distributions of large
molecules in the cytoplasm of E. coli

A cell is modeled as a one-dimensional space, which is divided into N

homogeneous subvolumes. The motion of the complexes is modeled by
Biophysical Journal 106(9) 1928–1937



A B C FIGURE 1 (A) Example image of cells with

fluorescent MS2-GFP-RNA complexes within.

(B) Segmentation and principal component anal-

ysis results of the image in (A) with cells (gray)

and complexes (white). (C) One example of the ex-

tracted displacement vectors of a complex from its

consecutive positions in the cell. Three images of

the cell are shown below, taken at 40, 80, and

120 min (displacement vectors are from the upper

cell). Scale bars are 1 mm. The contrast of these im-

ages was enhanced for easier visualization.
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unimolecular reactions following the reaction-diffusion master equation

(30). The propensities in the reaction-diffusion master equation are func-

tions of the position of the subvolume, and are presented in the Supporting

Material. Three models were implemented: one without internal heteroge-

neities or anisotropies, one with heterogeneities, and one with anisotropies.

Also in the Supporting Material, we present the methods used to analyze the

results of the models.
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FIGURE 2 KDE of spatial distributions of the fluorescence intensity (in

arbitrary units) of complexes along the major axis of the cells (bandwidths

0.05). All cells were born during the measurement period. (A) Data from all

cells that inherited no complexes but produced one or more. The old pole is

atþ1 and the new pole is at�1. Data are from 107 cells at 37�C (solid line)

and 156 cells at 24�C (dashed line). The dashed vertical line represents the

cell center. (B and C) Data from all cells (black line). Complex positions

were normalized by half the cell length and mirrored about the cell center.

Also shown is the fit of a piecewise constant probability density function by

maximum likelihood (gray line). The vertical dashed line represents the

detected separation points between the midcell and poles. Measurements

are from (B) 531 cells at 37�C, with separation point at 0.64 and (C) 372

cells at 24�C, with separation point at 0.61.
RESULTS

Spatial distribution of the complexes

To study the spatial distribution of the complexes, we
imaged cells for 2 h following the induction of the target
RNA and tagging MS2-GFP proteins (see Methods). Images
were taken once per minute, in optimal and suboptimal
growth conditions (LBmedia, 37�C and 24�C, respectively).
An example image is shown in Fig. 1 A. During this period,
cells grew, divided, and produced MS2-GFP-RNA com-
plexes, which moved within the cytoplasm of the cells and
were partitioned in cell divisions.

In general, these complexes are first observed at midcell
(where the F-plasmid carrying the target gene is located
(31)) and then travel toward the cell extremes, where they
tend to remain (19). To study whether the side to which
they travel is a symmetric (i.e., unbiased) process with
respect to the age of the cell halves, we observed this pro-
cess in cells that initially contained no complexes and that
were born during the measurement period (107 cells at
37�C and 156 cells at 24�C), so that the older half of
each cell could be identified. In these cells, at each time
moment, we identified the locations of fluorescent com-
plexes along the major axis of the cell (positions are
normalized by half the length of the major axis), and deter-
mined the background-corrected fluorescence intensity of
each. Colocalized complexes will, approximately, exhibit
a fluorescence intensity that is the sum of the intensity of
its component complexes (25). For each condition, we
summed the intensities of the complexes at each location
along the major axis of the cell, over all time points and
cells, thus obtaining the spatiotemporal distribution of the
complexes. We used KDE (32) with a Gaussian kernel
to perform this sum, resulting in a smooth distribution
(Fig. 2 A). We note that we did not separate cells of different
sizes when obtaining this distribution. Given the time length
of the measurements and the fact that most cells divided
Biophysical Journal 106(9) 1928–1937
during this period, the resulting distribution and all conclu-
sions drawn from it should be considered to be the average
behavior over the cell cycle.

From the distribution for each condition, we computed
the fraction of complexes in the older half. We found this
fraction to be 0.46 at 37�C and 0.47 at 24�C, which are
both statistically indistinguishable from the expected
fraction assuming an unbiased partitioning of complexes
(p-values of the binomial test with N equal to the number
of observed cells were larger than 0.2, and it is usually
accepted that, for p-values smaller than 0.01, the null hy-
pothesis is rejected). We therefore find no evidence that
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FIGURE 3 Relationship between the position along the major axis where

each complex was last observed and the absolute position where it was first

observed at a pole. Here, an end position of þ1 indicates that the complex

remained at the same pole as it was first observed, whereas �1 indicates

that it traveled to the other pole. The horizontal and vertical dashed lines

represent the detected separation between the midcell and poles from

Fig. 2, B and C. All cells were born during the measurement period and con-

tained only one complex during their lifetime. Measurements are from (A)

160 cells at 37�C and (B) 198 cells at 24�C.
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the complexes are asymmetrically distributed between the
older and newer halves of the cell before division events.

Also from Fig. 2 A, in both conditions, the complexes
were preferentially located close to the cell extremes (i.e.,
at the polar regions) for most of the measurement period,
as reported in (25). To quantify the degree of polarization
of the complexes, one needs to formally define such polar
regions, along the major axis of the cells. We did this
from a functional perspective, i.e., based on the heterogene-
ities of the spatial distributions of the complexes visible in
Fig. 2 A. Given the symmetry in these distributions between
the old and new halves of the cells, from here onward, we
folded the spatial distribution around 0, and summed the in-
tensities from both halves. As such, it is possible to include
all cells born during the measurements in this analysis. The
resulting distributions of each condition are shown in Fig. 2,
B and C.

To distinguish the functional regions in each condition,
we fitted a piecewise constant probability density function
with three pieces to each intensity distribution by maximum
likelihood (gray line in Fig. 2, B and C). The separation
points between the regions from the fit were found to be
at 0.64 for 37�C and at 0.61 for 24�C.

Based on this separation between poles and midcell re-
gions, we calculated the concentration of complexes at the
poles and at midcell, in each condition, to assess the degree
of polarization of the complexes. In this case, concentra-
tions >1 indicate that the complexes are located in this
region beyond what would be expected from a uniform dis-
tribution. This concentration was found to be 1.72 at 37�C
and 1.45 at 24�C.

From this separation, we also determined whether cell di-
visions introduced biases in the numbers of complexes at the
old and new poles in subsequent generations. In the mea-
surements conducted at 37�C, sufficient divisions occurred
in the 2 h measurement period of to assess this. From these,
we selected cells that inherited one complex but produced
none during their lifetime (111 cells), to ensure that the
complexes analyzed are only inherited ones. During the life-
time of these cells, the old pole contained 65% of the com-
plexes located in a pole. The p-value that this fraction arises
from an unbiased binomial distribution with the number
of trials equal to the number of cells is 0.004, from which
we conclude there is a significant bias that favors the old
pole.

As a control, similar experiments were performed in min-
imal media (M63) at 37�C (for details, see the Supporting
Material). The results (Fig. S1 and Fig. S2) are qualitatively
the same as in LB media. Specifically, the complexes accu-
mulated at the poles, in well-defined regions. Furthermore,
cell divisions introduced asymmetries between the numbers
of complexes at the old and new poles of the daughter cells.
These asymmetries following divisions are possible if, to
some extent, the complexes are retained at the pole where
they are inherited (otherwise, the bias would be rapidly lost).
Retention of complexes at the poles

To study the retention of the complexes at the poles, for each
condition, we selected cells that contained at most one com-
plex throughout their lifetime (either inherited or produced),
so that they could be reliably tracked. We recorded the po-
sition along the major axis where the complex was first
observed within a polar region, as previously defined, and
the complex’s final position, i.e., either before division or
at the end of the measurement period. This information is
presented in Fig. 3. In general, a complex’s final position
is within the polar region to which it first traveled to, as
expected from a strong polar retention. However, in a few
cases, the opposite occurs, which shows that complexes
can move across the entire major cell axis (as reported in
(19)). This indicates that there is a degree of leakiness, or
noise, in the retention at the poles.

To quantify the strength of polar retention, we measured
the escape times of the complexes from the poles, in each
condition (mean values in Table 1). Note that, on some
(rare) occasions, the complexes appeared to leave the pole
for only one time moment, and then promptly returned.
We did not count these cases as escapes. Furthermore,
when complexes did not leave the pole until the end of the
measurement period or until a division event, we consider
that they remained at the pole only until the next time
Biophysical Journal 106(9) 1928–1937



TABLE 1 Mean and standard deviations of escape times of

complexes from the poles, in each condition

T (�C) No. cells

Mean division

time (min) Escape times (min) p-value of t-test

37 160 63 14.8 5 19.3 0.062

24 198 91 18.0 5 18.4

Also shown is the number of cells observed, their mean division time, and

the p-value of the t-test with the hypothesis that the mean escape times are

identical in both conditions. 0 0.2 0.4 0.6 0.8 1
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moment. Thus, the measured mean escape times are under-
estimates of the real escape times.

From Table 1, within the range tested, we find no evi-
dence that temperature affects the mean escape time from
the poles. Furthermore, in both temperature conditions,
the standard deviations of escape times were similar to the
means, a characteristic of exponential distributions, which
is the expected solution of, e.g., a barrier crossing problem
or of a particle trying to escape from a region through small
passages (33).
FIGURE 4 Mean speed (mm/min) of the displacement vectors directed

toward the poles and toward midcell along the major cell axis. The mean

speeds were calculated from the displacement vectors originating within

a window extending 0.05 normalized cell lengths around that point. The

dashed vertical lines represent the functional separation between midcell

and poles (obtained from Fig. 2, B and C). All cells were born during the

measurement period and contained one complex in their lifetime. Measure-

ments are from (A) 49 cells at 37�C and (B) 101 cells at 24�C.
Spatial dynamics of complexes

To better understand how the complexes are retained at the
poles, from cells containing at most one complex during
their lifetime, we obtained their displacement vectors
along the major cell axis between frames. These inform
on the directionality of a complex between consecutive im-
ages (assessed by the sign of the displacement vector). In
addition, they inform on the speed at which the complexes
are able to move along the major cell axis during the inter-
vals between consecutive images (assessed by the magni-
tude of the displacement vector). Cell growth between
consecutive frames was accounted for by projecting the
origin of each displacement vector into the cell space in
the following frame, before calculating the magnitude
and direction.

First, for each condition, we extracted the speeds from the
displacement vectors going toward a pole and going toward
the midcell, as a function of their point of origin. For this,
we defined a sliding window with a width of 0.1 cell
lengths and determined which displacement vectors origi-
nated within that window and their direction.

At midcell, the mean speed of complexes going toward
a pole (0.13 mm/min at 37�C and 0.14 mm/min at 24�C)
was statistically indistinguishable from the mean speed of
those going toward midcell (0.12 mm/min at 37�C and
0.14 mm/min at 24�C) (p-values of the t-tests >0.4). At
the poles, in both temperature conditions, the mean speed
of complexes going toward a pole (~0.07 mm/min) and to-
ward midcell (~0.11 mm/min) was distinguishable, in a sta-
tistical sense (p-values of the t-tests <0.01). This difference
is visible in Fig. 4, for both conditions. The decrease in
mean speed as the complexes approach the cell extremes
is expected, given the proximity to the cell wall.
Biophysical Journal 106(9) 1928–1937
Relevantly, the mean speed of the vectors going toward
the cell center of complexes at the poles and at midcell
is indistinguishable in a statistical sense, in both tempera-
ture conditions (p-values of the t-tests >0.01). Given that
the mean speeds at midcell of complexes traveling toward
poles and toward midcell are also indistinguishable
(see above), we conclude that the speed of complexes is
fairly homogenous throughout the major cell axis, except
for the complexes traveling toward a pole that are already
near the cell extreme (which, therefore exhibit lower
mean speed).

We next analyzed the directionality of the displacement
vectors. Using the same sliding window as before, we
counted the number of displacement vectors originated in
the window, which were directed toward the midcell and to-
ward the poles. In Fig. 5, we show the difference between
these two numbers along the major cell axis. In both condi-
tions, a characteristic spatial heterogeneity is observable. At
midcell, the complexes have equal probability of moving in
either direction, whereas at the poles, there are local biases
in the directionality of the displacement vectors. In partic-
ular, if close to the cell extremes, the complexes tend to
move inward, toward the midcell. Meanwhile, if they are
close to the border between midcell and the pole (as defined
from the spatial distributions of complexes shown in Fig. 2,
B and C), the opposite occurs. As a result, once reaching a
pole, the complexes tend to remain there.
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FIGURE 5 Difference between the numbers of displacement vectors

that are directed toward the poles and toward the midcell along the major

cell axis. The differences were calculated from the displacement vectors
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around that point. The dashed vertical lines represent the functional sepa-
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FIGURE 6 (A) Example phase contrast images of cells and (B) corre-

sponding background-subtracted epifluorescence with the nucleoids stained

by DAPI, and the detected cell contours superimposed (contrast enhanced

for easier visualization in both A and B). Scale bar is 1 mm. The two bottom

figures (C) and (D) show the spatial distributions of the fluorescence inten-

sity (in arbitrary units) of the DAPI signal along the major cell axis (black

line) and the fit of a piecewise constant probability density function by

maximum likelihood (gray line). The vertical dashed lines represent the de-

tected separation between midcell and poles (from Fig. 2, B and C). Also

shown is the fluorescence distribution from the 10% longest cells in each

condition (dashed line). Measurements are from (C) 220 cells at 37�C
and (D) 143 cells at 24�C.
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It is noted that although the anisotropic displacement dis-
tribution at the extremes of the cell is expected from the
geometry of the cell wall at the poles, the source of the
opposite anisotropy in the transition between midcell and
poles is less clear. Its existence suggests that the motion
of the complexes going from poles to midcell is, to a degree,
obstructed. This effect is possible if the complexes are
encountering a more dense structure that hampers their
entrance into that region.

Relevantly, the location of the anisotropy, namely, 0.64 at
37�C and 0.61 at 24�C, is in agreement with previous mea-
surements of the nucleoid size in E. coli cells grown in LB
media at 37�C (e.g., its length relative to the major axis
length is 0.53 5 0.05 in wild-type DJ2599 cells (34)). We
thus hypothesized that the nucleoid is involved in this phe-
nomenon, and measured its length in the cells of the strain
used here, in the same conditions as above.
Spatial distribution of nucleoids

To test whether the regions of anisotropies of the displace-
ment distributions along the major cell axis are consistent
with the borders of the nucleoid, we measured the nucleoid
size (see Methods) from 220 cells at 37�C and 143 cells at
24�C (see example, Fig. 6, A and B). The intensity of the
DAPI signal, summed along the minor axis for each position
along the major axis of the cells, and summed over all cells,
is shown in Fig. 6, C and D.

To determine the edge of the nucleoid, we fitted a piece-
wise constant probability density function with two pieces
to the intensity distribution by maximum likelihood. We
found the separation point to be at 0.69 in both conditions.
This is close to the measured separation points between
the midcell region, which the complexes avoid, and the
poles, where they accumulate (0.61 and 0.64 at 24�C and
37�C, respectively, see Fig. 2, B and C). The slightly larger
size of the nucleoid may be due to DAPI being an intercalat-
ing dye (26). Note that the nucleoid size was not altered by
the differences in temperature. This is in agreement with the
lack of differences in the width of the polar regions where
the complexes tend to accumulate in the two temperature
conditions.

If the heterogeneities in the spatial distribution of the com-
plexes depend on the positioning of the nucleoid(s), as these
results suggest, the replication of the nucleoid before cell di-
vision should then affect this distribution. To determine this,
we first selected the 10% longest cells detected in the DAPI
measurements and searched for differences in their spatial
distribution of fluorescence intensities, when compared to
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the total population. Results in Fig. 6, C and D, confirm the
existence of differences, as the region occupied by the nucle-
oids along themajor cell axis is relativelywider in these cells.
Note also a decrease in fluorescence intensity, precisely at
midcell, as expected if several of these cells contain two
nucleoids.

Next, we studied the spatial distribution of the complexes
in the 10% longest cells as extracted from the time series
measurements of the complexes’ positions and kinetics
(from the same data used in Fig. 2, B and C). If the nucle-
oid(s) affect the spatial distribution of complexes, in these
cells one can expect the complexes to accumulate relatively
closer to the poles. Fig. 7 shows that this is the case both
at 37�C and 24�C, thus providing supporting evidence
that the nucleoid(s) influence(s) the complexes’ preferential
positioning.

As a side note, we did not find evidence for cells with
more than two nucleoids at any stage of their lifetime
(see, e.g., that Fig. 6, C and D do not show evidence for
more than two lobes). This could be due to the strain used
(DH5a-PRO divides slower than wild-type E. coli (35))
along with the measurement conditions. In addition, we
found no significant accumulation of complexes at the cen-
ter in the longer cells (i.e., in between the two nucleoids).
This is likely due to the very small number of complexes
(~1 to 3 per cell before division). Furthermore, many are
created before nucleoid partitioning and thus simply remain
at the poles as the nucleoid divides.
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FIGURE 7 KDE of the spatial distribution of the fluorescence intensity

(in arbitrary units) of complexes along the major axis of the cells, extracted

from all time points when the cells were among the 10% longest cells (black

line, bandwidth 0.05). All cells were born during the measurement period.

The dashed vertical line represents the detected separation point for (A) 531

cells at 37�C and (B) 372 cells at 24�C, both grown in LB media.
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Finally, because we observed several complexes traveling
from one pole to the other, it is of interest to ask whether
they do so by traveling through the nucleoid or around it.
To address this, we obtained the KDE of the two-dimen-
sional distributions of complexes from all time points in
both temperature conditions (Fig. S3, A and B). From the
figures, it is visible that the complexes tend to avoid the
nucleoid region both axially and radially, concentrating at
midcell close to the cell walls (despite the greater width in
the center of the bacteria, at Y ¼ 0). From this, we conclude
that the complexes tend to go around the nucleoid, when
traveling through the midcell region. Relevantly, this result
is in agreement with both the homogeneity in the distribu-
tions of speeds along the major axis of the cells as well as
with the localized anisotropies between midcell and poles.
Models of the spatial kinetics of complexes

To test whether the localized anisotropies in directionality,
given the homogeneity of the speeds, can generate the
observed heterogeneity in the long-term spatial distributions
of the complexes, we constructed two one-dimensional
models to simulate the diffusion of the complexes within
the cell. Both models contain spherical cell caps and their
effects. Meanwhile, in one model, we also introduced a
localized anisotropy (see Fig. 8, A and B; for a complete
description of the models see the Supporting Material).

Given that the mean speeds of the complexes (see Fig. 4)
are sufficiently large to allow them to travel from one pole to
the other within the cell’s lifetime (more than once), we as-
sume that the initial positions of the complexes do not have
a significant effect on their long-term spatial distribution,
and thus this information is not included in the models.
Additionally, for both models, we set N, the number of sub-
volumes in the cell, to 100, and D, the diffusion coefficient,
to 1.43 � 10�2 mm2/min (measured from the displacement
distribution depicted in Fig. 4 B), which we normalized by
half the mean cell length (~1 mm), in agreement with previ-
ous measurements (15).

Next, for each model, we varied all parameters and, for
each set of values, obtained the distribution of complex
positions that would be observed at infinite time. We then
selected the set of parameters whose resulting distribution
best fit the measured distribution of complex positions at
each time point (Fig. 2, B and C). This fitting was done to
the distribution obtained from the measurements at 24�C
(from which we extracted more data points), using the
earth-mover’s measure of distance between distributions
(36,37), which measures the amount of work required to
make two distributions identical (see methods in the Sup-
porting Material). Similar parameter values were obtained
when fitting to the measurements at 37�C.

The results from the two models, each using the best-fit
parameter values, are shown in Fig. 8. The propensities of
the two models are shown in Fig. 8, A and B. From Fig. 8,
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FIGURE 8 (A) Propensities a!ðxÞ ¼ a ðxÞ (gray
line) of the best-fitting model without a nucleoid

(B ¼ 1). (B) Propensities a!ðxÞ (black line) and

a ðxÞ (gray line) of the best-fitting model with a

nucleoid (B ¼ 0.46, m ¼ 0.65, s ¼ 0.07, and h ¼
0.05). (C) Measured fraction of displacement vec-

tors originating within a window extending 0.05

normalized cell lengths around that point which

are directed toward the pole (black line), model

prediction without (dashed line), and with (gray

line) a nucleoid. Note that the dashed line is super-

imposed by the gray line in the left side of the

graph. (D) Measured spatial distribution of fluores-

cence intensities of complexes (black line) model

prediction without (dashed line) and with (gray

line) a nucleoid.
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C andD, the model without the anisotropy fails to reproduce
the displacement distribution (Fig. 8 C), and the consequent
heterogeneity in the spatial distribution of complexes that
favors their presence at the poles (Fig. 8 D). Meanwhile,
the other model captures both of these properties of the
dynamics of the complexes with significant accuracy.
DISCUSSION

We studied the kinetics and spatial distribution of biologi-
cally inert complexes, composed of RNA molecules tagged
with multiple MS2-GFP proteins, in the cytoplasm of E. coli
cells. The advantages of using these complexes are that their
numbers can be controlled by regulating the activity of the
target gene, both the target gene and the tagging MS2-
GFP molecules are functional in a wide range of environ-
mental conditions including stresses, and the complexes
formed have a long lifetime (38,39). This last advantage
ensures that we can observe how they are partitioned in
division and thus, how they become distributed across cell
lineages.

We found that their previously reported tendency to travel
toward the poles (19) is a symmetric process in the condi-
tions tested, in that equal numbers of newly produced com-
plexes travel toward the old and the new pole of the cells.
Once reaching the poles, they are robustly retained there.
Because of this, cell divisions introduce asymmetries in
their numbers between the old and new poles of cells of
subsequent generations, and after two generations, between
sister cells.

There are two possible mechanisms by which the
complexes could accumulate at the cell poles, without a
transport mechanism. Either their speed distribution is het-
erogeneous along the major cell axis (i.e., slower at the
poles, see Fig. S4), or there is an excluded volume effect
at midcell. We found that the retention is solely based on
the latter. First, we showed that the speed distribution
is homogenous, which rejects the first mechanism. Next,
we showed that there is a strong anisotropy in the displace-
ment distribution at approximately half way between the
cell extremes and the center, where the motion of the com-
plexes toward midcell is, to a great extent, obstructed. This
is consistent with volume exclusion effects due to the pres-
ence of the nucleoid.

The existence of the anisotropy and the absence of hetero-
geneity in the speeds suggest that to go from one pole to the
other, the complexes go around the nucleoid. The overall
two-dimensional distributions of positions occupied by
complexes throughout their lifetimes supported this hypoth-
esis, as they showed that the complexes avoid the nucleoid,
both axially and radially. Meanwhile, the escape times of
these complexes from the poles were found to be approxi-
mately equal to a third of the cell’s lifetime and to follow
exponential distributions. This implies that the escape
from the pole is a Poisson process, which is consistent
with the behavior of a particle trying to escape from a region
through a small passage (33).

To further support the hypothesis that the polar retention
is primarily driven by the nucleoid positioning, we tested
whether there is an agreement between the location of the
nucleoid and where the movement of complexes is ob-
structed. We found that the region where the complexes
are retained agrees with the region where the nucleoid
ends. In addition, we observed that in the longest cells,
where the nucleoid(s) occupy a relatively wider region
(due to nucleoid replication), the complexes occupy a rela-
tively smaller region at the poles. Additional support was
provided by modeling. From the models, in the absence
the nucleoid’s effects, namely, in the absence of the anisot-
ropy in the region between poles and midcell, the retention
at the poles was severely hampered. Introducing anisotropy
in the velocity distribution resulted in an accurate long-term
spatial distribution.

The size of the region occupied by the nucleoid(s) during
the cell lifetime was found to be robust for optimal and sub-
optimal temperatures. This explains the robustness of the
Biophysical Journal 106(9) 1928–1937
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width of the region where the complexes accumulated, in
the range of temperatures tested here. In the future, mea-
surements in wider temperature ranges may help to establish
if the retention at the poles is affected, as the number of
genes transcribed changes, altering the nucleoid size (40).

It is known that, when in exponential growth phase, some
cells can contain more than two nucleoids. Although we did
not observe this here (perhaps due to the strain used), if
these nucleoids become widely spread across the major
cell axis long enough, the regions in between the nucleoids
may become regions of accumulation of complexes, until
multiple cell division events separate the nucleoids. Future
research may determine whether this occurs and to what
extent.

Finally, by using the methodology employed here on
other E. coli strains, it should be possible to determine
whether our observations are representative of the behavior
of wild-type E. coli. Given the physical nature of the under-
lying processes suggested by our results, we expect this to
be the case. In this regard, it is worth noting that the long-
term spatial distribution of the complexes observed here is
strikingly similar to other protein complexes in E. coli. In
particular, their accumulation at the poles of the cells is
similar to aggregate processing chaperones (11) and ribo-
somes (9). Furthermore, clusters of Tsr proteins, involved
in chemotaxis, are known to accumulate at the poles
(4,41), although the mechanisms by which these heteroge-
neities are achieved remain unknown. Future research may
establish if all these processes in E. coli are regulated by
the same means.
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21. Kandhavelu,M., A. Häkkinen,., A. S. Ribeiro. 2012. Single-molecule
dynamics of transcription of the lar promoter. Phys. Biol. 9:026004.

22. Kandhavelu, M., J. Lloyd-Price,., A. S. Ribeiro. 2012. Regulation of
mean and noise of the in vivo kinetics of transcription under the control
of the lac/ara-1 promoter. FEBS Lett. 586:3870–3875.

23. Lutz, R., and H. Bujard. 1997. Independent and tight regulation of tran-
scriptional units in Escherichia coli via the LacR/O, the TetR/O and
AraC/I1-I2 regulatory elements. Nucleic Acids Res. 25:1203–1210.
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