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Abstract

Escherichia coli (E. coli) cells replicate their genome once per cell cycle to pass on the genetic
information to the daughter cells. The SeqA protein binds the origin of replication, oriC, after DNA
replication initiation and sequesters it from new initiations, in order to prevent overinitiation.
Conventional fluorescence microscopy studies of SeqA localization in bacterial cells have shown that
the protein is localized to discrete foci. In this study we have used photo-activated localization
microscopy (PALM) to determine the localization of SeqA molecules, tagged with fluorescent
proteins, with a localization precision of 20 - 30 nm with the aim to visualize the SegA subcellular
structures in more detail than previously possible. SeqA-PAmCherry was imaged in wild type E. coli,
expressed from plasmid, or genetically engineered into the bacterial genome, replacing the native
segA gene. Unsynchronized cells as well as cells with a synchronized cell cycle were imaged at various
time points, in order to investigate the evolution of SeqA localization during the cell cycle. We found
that SegA indeed localized into discrete foci but these were not the only subcellular localizations of
the protein. A significant amount of SeqA-PAmCherry molecules was localized outside the foci and in
a fraction of cells we saw patterns indicating localization at the membrane. Using quantitative PALM,
we counted protein copy numbers per cell, protein copy numbers per focus, the numbers of foci per
cell and the sizes of the SeqA clusters. The data showed broad cell-to-cell variation and we did not
observe a correlation between SegA-PAmCherry protein numbers and the cell cycle under the
experimental conditions of this study. The numbers of SeqA-PAmCherry molecules per focus as well
as the foci sizes also showed broad distributions indicating that the foci are likely not characterized
by a fixed number of molecules. We also imaged an E. coli strain devoid of the dam methylase
(Adam) and observed that SeqA-PAmCherry no longer formed foci, was dispersed throughout the cell
and localized to the plasma membrane more readily. We discuss our results in the context of the
limitations of the technique.

Introduction

SeqA is an Escherichia coli (E. coli) DNA-binding protein, that is involved in regulation of DNA
replication initiation™. During cell division E. coli replicates its DNA and there are mechanisms
ensuring that each daughter cell receives one copy of the genome after cell division. In E. coli the
DNA is usually methylated at GATC sites by the Dam methylase. Newly replicated GATC sequences
stay hemimethylated for a while until the Dam enzyme gets the opportunity to methylate them.
E.coliis able to recognize and inactivate new origins of replication because they are
hemimethylated®. In a process termed DNA sequestration, SeqA binds the new, freshly replicated
origin of chromosomal replication (OriC), specifically at the hemimethylated GATC sequences that are
highly abundant in the OriC region, whereby it prevents DnaA from starting replication initiation™**.

The subcellular localization of SegA in E. coli is particular. It has been shown with
immunofluorescence microscopy and GFP-tagging that the protein forms discrete foci inside E. coli
that are predominantly localized on the bacterial nucleoid®”. The numbers of these foci per cell vary
between cells and also depend on growth condition (amount of chromosomes), but in general these

6,89

studies found between 1 and 4 foci per cell under slow growth conditions™®”. The nature of the foci

is dynamic: as the cell grows a single focus divides into two foci that migrate into opposite directions
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of the cell’. With conventional fluorescence microscopy approaches, these foci appear as single spots
and it is possible that additional detail of these structures is obscured by the diffraction limit.

The size of bacterial cells (typically in the orders of micrometers) renders them difficult to study with
conventional light microscopy. Due to the diffraction limit of visible light (+ 250 nm) only limited
detail of the cellular substructure is revealed. In the last ten years, several new approaches have
been developed that aim at increasing the resolution of fluorescence light microscopy'®. They are
often referred to as superresolution microscopy techniques and give researchers a tool to look at
structures of living cells with nanometer scale resolution **™. Superresolution microscopy has
already contributed to an improved understanding of bacterial subcellular organization. To name a
few examples, Photo-activated localization microscopy PALM'*?, has been used to visualize the
chemotactic protein network'®, the spatial organization of the bacterial nucleoid and nucleoid
associated proteins'’*° or to uncover features of the cytoskeletal structures formed by FtsZ and
MreB?®?! proteins. The improved localization precision of this imaging technique, capable of imaging
single proteins, revealed organizational features such as clustering and measured the sizes of
structures that are below the diffraction limit on the tens of nanometers
scale 2. Albeit with limitations originating from the nature of the fluorescent proteins (photophysics
and maturation) PALM and other single molecule fluorescence microscopy techniques have been
used to count or estimate protein copy numbers in E. coli cells*7.

Inspired by the improved localization precision of PALM, we have employed this technique to
visualize the subcellular localization of SeqA in E. coli with a spatial resolution that was previously not
available to conventional fluorescence microscopy. For this end we have created E. coli strains where
the native SegA protein was replaced with a variant of the protein fused to fluorescent proteins (FPs:
eYFP, mEos3.2 and PAmCherry) to investigate the protein at close to physiological expression levels.
We have also performed PALM on cells overexpressing the SeqA-FP fusion from a plasmid in wild
type cells and in cells devoid of the Dam methylase. Using the stringent response, we have
synchronized the cell cycle of the E. coli cells expressing SeqA-PAmCherry from the genome. Next, we
looked into changes of subcellular localization of this protein and counted the protein copy numbers
in the cells grown in rich medium at 37°C and 30°C using PALM. We found that while typically the
SeqgA protein localized to foci as reported previously, it was not the sole subcellular localization of the
protein. A significant fraction of the SeqA-PAmCherry proteins localized outside of the foci and in
some cells the protein was more enriched at the cell membrane/near the cell periphery. Additionally,
we observed cells that did not display defined, large foci. In an attempt to answer the question
whether SeqA had a fixed number of molecules per focus and a defined size we have counted the
number of SeqA-PAmCherry molecules per focus and determined the sizes of SegA clusters. The
number of molecules displayed a broad distribution as did the sizes of the foci which led us to favor
the possibility that SeqA-PAmCherry does not display a fixed amount of molecules per focus. We
discuss the visualization of SegA subcellular localization with PALM and the protein number
quantification attempt in the light of the limitations of the technique.
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Experimental procedures
Strains and growth

All microscopy experiments were performed on E. coli K-12 MG1655 and related strains. For
experiments where SegA tagged with a fluorescent protein was expressed from the genome, the
native segA gene was fused at its 3’ end to fluorescent protein genes, PAmCherry”’, eYFP*! or
mEos3.2%, separated with a linker (ASPPPGRSR) and including a kanamycin resistance marker.
Recombineering® was used to replace the native SegA with the fusion genes (Table 1). The genomic
knock-ins were validated with PCR and subsequently with DNA sequencing. In experiments where
the SeqA-PAmCherry protein was overexpressed from a plasmid E. coli MG1655 or BW25113 Adam
were transformed with pBAD-SegA-PAmCherry (this study).

Cells were grown in LB medium (10 g I-1 Bacto Tryptone (Becton Dickinson), 5 g I-1 Yeast extract
(Becton Dickinson) and 10 g |-1 NaCl (Merck)) with vigorous shaking in Erlenmeyer flasks at 37°C or at
30°C (expression form the genome in synchronized cells experiments) until mid-log phase (ODggo=
0.3-0.5) and harvested for microscopy, unless stated otherwise. For plasmid overexpression
experiments cells were induced with 0,002% (w/vol) arabinose for 2-3 hours at 37°C. Where
necessary the cultures were supplemented with antibiotics: kanamycin (40 ug ml-1) for the genomic
knock-ins and ampicillin (100 pug ml-1) for the strains harbouring pBAD-SeqA-PAmCherry.

Table 1. Strains used in this study.

Strain Features Source

MG1655 Wild type Blattner and co-workers®
MG1655 segA-PAmCherry MG1655 seqgA-PAmCherry:km" This study

MG1655 seqA-eYFP MG1655 seqA-eYFP:km" This study

MG1655 segA-mEos3.2 MG1655 seqgA-mEos3.2:km" This study

BW25113 Adam BW25113 Adam The Keio collection®

Keio collection JW3350

Synchronization of cells

Where indicated the cells expressing SeqA-PAmCherry from the genome were synchronized in their
cell cycle using the stringent response®*** . The synchronization was performed as described by
Ferullo and co-workers*2. Briefly, E. coli cultures were grown to an ODgg = 0.2-0.3. Subsequently, 8
mM of the synchronizing agent — serine hydroxamate (SHX, Sigma) was added to the cultures. After
90 min, when the cells have arrested their cell cycle and finished ongoing DNA replication rounds,
SHX was removed from the cultures by centrifugation (5000g, 5 min). The cells were introduced into
fresh LB medium and restarted growth, upon which a majority of the cells resumed their cell cycle in

a synchronous fashion.
Sample preparation for PALM Microscopy

1 ml of culture was harvested after growth. To decrease the fluorescence background from the LB
medium, cells were washed with NaPGCI buffer (NaPGCl = 95 mM sodium phosphate, pH 7.0, 50 mM
glucose plus 125 mM sodium chloride), isoosmotic to the LB medium. The cells were then fixed with
a solution of 4% paraformaldehyde in NaPGCI buffer, similarly to what was described by Greenfield
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and coworkers®. To  diminish cell motion the «cells were spotted onto
poly-L-lysine coated coverslips (poly-L-lysine 0.1% solution, Sigma-Aldrich) and imaging was
performed.

PALM acquisition

PALM microscopy was carried out on a home built set up based on an epifluorescence inverted
microscope (IX83, Olympus) with a 60x, TIRF oil immersion objective lens (APON 60XOTIRF, NA 1.49,
Olympus, Japan). Images were captured with an electron multiplying-CCD camera (ImagEM C9100-
13, Hamamatsu Photonics, Hamamatsu, Japan) and recorded using Hokawo Imaging software V2.5
(Hamamatsu Photonics, Hamamatsu, Japan). For mEos3.2 and PAmCherry a 561 nm laser was used
for excitation (constant illumination) and a 405 nm laser was used for photoconversion. The output
power of the 405 nm laser was adjusted for each experiment based on the observed switching rate in
order to obtain a low emitter density (i.e., less than one emitter per diffraction limited area in an
individual cell in each frame) by use of neutral density filters. Fluorescence emission was collected
with a 572 nm Long Pass and a 590/40 band pass filters. For eYFP a constant illumination of the 514
nm laser was used and the fluorescence emission was collected using a 530 nm Long Pass filter. The
lasers used are from Coherent (Coherent, CA, USA) and the optical filters are from Chroma (Chroma
technology, VT, USA). Samples were acquired with 100 ms exposure times. The duration of the PALM
experiments was typically 10 000 to 15 000 frames. For the data sets with synchronized cells, where
molecule counting was performed, the acquisition was continued until no more or hardly any
photoactivation events could be detected upon visual inspection.

PALM analysis

The PALM raw data was analyzed using the Localizer software **

in combination with Igor Pro
(Wavemetrics, OR, USA). In the first step, each frame was analyzed to localize single emitters. Briefly,
individual acquired images were segmented into emissive spots and noise, using the GLRT algorithm
as described by Sergé and co workers®. Subsequently, the exact position of the emitter was
estimated by fitting a 2D Gaussian distribution to the measured brightness profiles, using the
Levenberg-Marquardt least squares algorithm. The coordinates of the maximum of the fitted 2D

Gaussian distribution were then stored as then position of the emitter for that frame.
Correction for multiple counting of identical emitters

To correct for multiple counting of the same fluorophores emitting over multiple frames or emitters
reappearing after several frames of absence (e.g., due to blinking or emitting too few photons to be
recognized by the fitting algorithm) we used an algorithm implemented in Localizer (termed
“consolidation of identical emitters”). This algorithm group localized emitters that were observed in
close vicinity in time and space. Two parameters were required by this algorithm: the maximum
allowed distance between two positions and the maximum allowed dark time (in frames) to be
considered as coming from the same emitter. In order to determine the optimal parameters for this
algorithm the approach of Annibale and co-workers®*® was followed. The “consolidation of identical
emitters” algorithm was repeated for different allowed jump distances and different allowed dark
times. The total number of estimated emitters was plotted versus the maximum allowed dark times
(SFigure 1, STable 1). The larger the maximum allowed dark time, the lower the number of estimated
emitters. This decrease was composed of two regimes. The first one was the contribution of single
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emitters that remained dark/undetected for some frames in between two localization events, as a
result of blinking or not being fitted by the algorithm. The second regime was the contribution of two
different emitters that appeared close together in space and in time. The first regime should be steep
and exponential, the second regime quasi linear. Both regimes were fitted using a procedure written
in the Igor Pro analysis software based on the approach of Annibale®. Based on this fitting the
optimal maximum allowed jump distance and the maximum allowed dark time values were obtained
for each data set and consolidation of identical emitters was performed (SFigure 1, STable 1). The
result of this analysis was also used to estimate the average localization precision of 21-25 nm for
PAmCherry, depending on the dataset. The procedure did not take into account incomplete

maturation efficiency nor the efficiency of photoactivation®”*’

Calculating the sizes of SeqA foci

d18,38

To obtain the sizes of individual SeqA-FP foci the L-clustering analysis was performe . In each

analyzed cell large clusters that resemble the typical SeqA foci ****° were selected upon visual
inspection and a region of interest was selected around the area of the cluster/focus. Subsequently,
L-clustering analysis was performed at this region and a distribution curve was obtained. The
maximum of this curve was taken as the representative size of the cluster (SegA focus). In the case
where the L-clustering curve showed two clearly defined maxima, the maximum corresponding to
the smaller cluster size was chosen. The rationale for that is that due to dynamic nature of the seqA
foci, a distribution with the two maxima is likely to represent a dividing SeqA focus. The small, often

solitary proteins localized outside of the big typical segA foci were not analyzed.
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Results
PALM imaging reveals more information about SeqA structures in Escherichia coli.

In conventional fluorescence microscopy the diffraction limit of light makes it difficult to resolve
features of imaged objects that are smaller than 250 nm. It was shown extensively that SegA forms
discrete foci that appear as small, single spots in conventional fluorescence microscopy images®°.
Driven by the increased localization precision of molecules enabled by PALM, we anticipated to find
more detail of the SegA foci properties using this technique. In Figure 1 conventional fluorescence
microscopy is compared with PALM imaging in two E. coli cells expressing SeqA-PAmCherry from the
genome. The conventional fluorescence microscopy images (Fig. 1A2 and 1B2) were reconstructed
from PALM data, where the localized molecules were rendered as diffraction limited spots (~250
nm). In the PALM images (Fig.1A3 and 1B3) the single localized SeqA-PAmCherry molecules are
rendered as 25 nm spots according to their average localization precision. In Figure 1 it can be
observed that the PALM images contain more detail than the conventional fluorescence microscopy
images. Moreover, while some of the SegA-PAmCherry foci in conventional fluorescence microscopy
images appear as single objects/spots, in PALM reconstructions it can actually be observed that they
are composed of two foci or possess additional features.

Upon visual inspection of the PALM images acquired in this study it was found that the structures
formed by SeqA-PAmCherry in E. coli cells are heterogeneous (Fig. 2). As anticipated, the SegA
molecules did arrange into foci (Fig. 2, yellow arrows), as reported previously®®#***°, however the
foci were irregular in size and shape (compare Fig. 2A,C with Figure 2B) and it was also possible to
observe cells without clearly defined (large) SeqA foci (Fig. 2H, see also section Quantitative
characterization of the amount of SeqA-PAmCherry molecules in Escherichia coli cells). The SegA-
PAmCherry molecules were not solely confined to (large) foci and in a vast majority of cells it was
possible to find molecules outside of the (large) foci often as solitary proteins (see Figure2 A,D,
magenta arrows for examples). In a small subset of the data, we counted the total amount of
proteins per cell and the amount of proteins that were localized to (large) foci. The foci were
identified upon visual inspection arbitrarily as structures/clusters clearly resembling the foci reported

>%8 The amounts of proteins located within the (large) foci varied largely between

in previous studies
cells (SFigure 2) with on average only 30-34% molecules located to the large foci. The purpose of this
measurement is not to give absolute numbers of molecules that are within or outside the SegA
structures (as this may vary upon what one defines as a SeqA focus as well as on the maturation and
detection efficiency of the fluorescent tags), but to provide example that SeqA molecules observed
outside the large foci are abundant. Qualitatively, similar characteristics of SegA foci were also
observed for E. coli cells expressing SeqA-eYFP genomically (SFigure 3). While it is possible that a
portion of the SeqA-fluorescent protein fusions (SegA-FP) molecules located outside of the foci are
artifacts resulting from PALM reconstructions (e.g., sample impurities that were wrongly recognized
during PALM reconstructions as SeqA-FP foci), we believe this localization is genuine. First, the small
spots (putatively single molecule entities) outside of the foci were observed in most cells. Second,
the fraction of molecules outside of the foci was high (SFigure 2). And third, the single molecule like
localizations (small spots) were much more enriched inside the imaged cells as compared to the area
outside of the cells, which implies that these spots are not solely due to sample impurity (see below
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and SFigure 4). It remains possible that a portion of the small spots are free PAmCherry molecules
that were cleaved of from the SegA-PAmCherry fusion protein.

As a test for false-positives, we have performed PALM reconstructions of wild type E.coli cells
(MG1655) not expressing any FPs but imaged in the same way as the PAmCherry datasets. We found
that the fraction false-positive localizations in PALM reconstructions is negligible, as in the 120
imaged cells, 86 cells did not show any localizations and the cells that did, showed typically 1-5
localizations within the cell boundaries (SFigure 4) giving on average 1.5 localizations per cell.

Some SegA-PAmCherry molecules seem to localize at the membrane

Another detail of SegA localization inside E. coli cells is that in some cells a fraction of the SegA-
PAmCherry molecules appeared to be localized or locally enriched at the membrane (Fig. 3, yellow
arrows). This phenomenon was rare and upon visual inspection of the datasets for synchronized cells
it was estimated to occur in about 12-18% of the cells (43 out of 336 cells, from 18 independent
datasets, grown at 37°C and 77 out of 419 cells, from 20 independent datasets, grown at 30°C). It was
also observed to occur in E. coli wild type strain and in the Adam strain, both overexpressing
SegA-PAmCherry from the plasmid (pBAD-SegA-PAmCherry, Figure 9 and 10, respectively). The
phenomenon was not observed in E. coli cells genomically expressing SegA-YFP (Sfigure 3). A possible
explanation for why the SegA-eYFP molecules were not observed at the bacterial membrane might
be the photophysical characteristics of eYFP?*. It is expected that only a small fraction of the eYFP
molecules are actually detected during PALM acquisition. Therefore the membrane localization might
be missed due to not enough eYFP molecules being detected. To the best of our knowledge the
membrane localization of SeqA has not been reported previously by fluorescence microscopy but
there are reports indicating SegA or SegA interacting proteins present in membrane fractions in

cellular fractionation experiments®™* ™,

Numbers of SeqA-PAmCherry molecules in Escherichia coli cells

PALM was used previously to count the number of molecules in living bacterial cells®**.

Quantification of the number of molecules detected with PALM needs to be corrected for multiple
counting of identical emitters that might result from presence of the same emitter in subsequent
frames, blinking, failure to recognize the emitter in subsequent frames by the PALM fitting algorithm.
We corrected for this using the procedure outlined in Correction for multiple counting of identical
emitters section in the Experimental procedures. To facilitate the molecule counting and correction
for multiple counting of identical emitters, it was crucial that the fluorophores did not move. For this
aim cells were fixed with paraformaldehyde. Fixation with paraformaldehyde was performed for all
the microscopy experiments in this study.

E. coli cells grown in liquid media are not synchronized in their cell cycle. We performed

synchronization of cells using the stringent response %33

. To capture the evolution of SeqA foci
during the cell cycle, cells were grown at 37°C and 30°C, synchronized with serine hydroxamate (SHX)
and subsequently, after the synchronizing agent was removed and cells resumed growth, cells were
harvested and prepared for microscopy (including fixation) at different time points (see
Synchronization of cells section in experimental procedures for details). Figure 4A and C shows the
results of SeqA-PAmCherry molecule counting in individual cells at different time-points after the

synchronizing agent was removed and cells resumed growth. The amount of SegA-PAmCherry
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molecules per cell showed a big spread between 17 and 302 molecules at 37°C and between 15 and
195 molecules at 30°C. Due to limited statistics (at 37°C n = 10 -24 cells at each time point and a total
of 102 cells; at 30°C n= 11-38 cells and a total of 182 cells) it is hard to draw conclusions to whether
there are trends to changes of the amount of molecules as a function of the cell cycle. The data for all
time points were combined (Fig 4B, D) and there was an average of 97 +/- 59.7 (standard deviation)
and a median value of 74.5 SeqA-PAmCherry molecules per cell for cells grown at 37°C and an
average of 65 +/-33.5 and a median value of 58 molecules at 30°C. To compensate for the fact that
longer cells might have more molecules per cell the data for each cell was divided by the cell’s length
to obtain the number of molecules per 1 um of cell. Similarly, the data showed a large spread (Fig. 4
E, F) with cells grown at 37°C having between 7 and 73 SegA-PAmCherry molecules per 1 um of cell
and an average of 25 +/- 13.3 molecules (median 21 molecules); cells at 30°C (Fig. 4G,H) having
between 5 and 62 molecules per 1um of the cell with an average of 21 +/- 10.7 molecules (median 18
molecules). Cells grown at 30°C had on average less SeqA-PAmCherry molecules per cell than cells
grown at 37°C also after the normalization for cell length. This observation might be rationalized by
true differences in cell physiology resulting from growth at different temperatures but it cannot be
excluded that at the lower temperature (30°C) the maturation efficiency of PAmCherry in live cells is
lower than for cells grown at 37°C, which would affect the number of detected molecules.

Numbers of SeqA-PAmCherry foci in Escherichia coli cells

Since SegA is known to organize into defined foci, upon visual inspection of the PALM images, we
determined the number foci per cell in synchronized cells grown at 37°C and 30°C (see above for
which structures were considered as large foci). Most cells showed between 1 and 4 foci per cell (Fig.
5). There was a significant fraction of cells that did not show defined (large) SeqA foci: 26% (20 out of
76 cells) and 29% (50 out of 171 cells) at 37°C and 30°C, respectively (Fig. 5, bottom panels). There
were cells that showed more than 5 foci per cell with some cells having up to 12 foci. The larger foci
numbers were much more prevalent for cells grown at 37°C (13 out of 76 cells) than for cells grown
at 30°C (5 out of 171 cells).

Numbers of molecules per SeqgA focus

We also sought out to count the number of SeqA-PAmCherry molecules per focus, to test whether
the SeqgA foci have a defined/fixed molecule number in each focus. The numbers of molecules per
focus were characterized by a broad distribution for the different temperatures and at all time points
tested (Fig. 6), with cells grown at 37°C displaying foci with up to 55 SeqA-PAmCherry molecules per
focus. At 30°C the focus with highest amount of SeqA-PAmCherry counted 36 molecules (Fig. 6).
Under the limited statistical sampling of this study (at 37°C n= 20-52 foci at a given time point and a
total of 172 foci; at 30°C n= 12-54 foci at a given time point and a total of 248 foci) the numbers of
molecules per focus at different time points had mostly similar distributions with the exception of
the data set at 24 min at 37°C (Fig. 6). For the combined data from all the time points on average the
numbers of SeqA-PAmCherry molecules per focus were comparable for cells grown at 37°C and 30°C,
with most cells having between 10 and 15 molecules per focus, with cells grown at 30°C having a
median of 9 SegA-PAmCherry molecules per focus and an average of 10.5 +/- 6 molecules and at
37°C having a median of 12 SeqA-PAmCherry molecules per focus and an average of 14.5 +/- 9.6
molecules (Fig. 6 and Fig. 7A). A question now was whether the SegA foci had a defined number of
molecules per focus. We have tried to model the number of SeqA-PAmCherry molecules per focus in
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cells grown at 30°C (for this end we combined data for all time points form cells grown at 30°C
obtaining a data set with the highest number of foci) with a binomial distribution assuming a fixed
number of SeqA-PAmCherry per focus and assuming different PAmCherry detection efficiencies (i.e.
10%, 45% and 60%). In Fig. 7B it can be observed that within a data set of this size (248 foci) and with
the distribution of molecules observed in the data from the experiment (gray bars) none of the
binomial distributions fit well to the experimental data, as the latter ones have a broader
distribution, implying that the SeqA-PAmCherry does not have a fixed number of molecules per
focus.

Quantification of the size of SeqA foci

To measure the sizes of the SeqA-FP foci, the PALM images were analyzed using the L-clustering
algorithm (see Experimental procedures). We inspected the sizes of the foci in synchronized E.coli
cells expressing SeqA-PAmCherry genomically at different timepoints after the cells have resumed
growth. In Figure 8 it can be observed that the SegA foci are clearly smaller than the diffraction limit
and that the sizes display a distribution between 30 and 130 nm with typical foci sizes in the 60-80
nm range. On average the clusters measured 76.9 +/- 33 nm (median =72.8 nm) for the combined
data from cells grown at 37°C (87 cells and 315 individual clusters, Figure 8, STable 2)
and 66.6 +/- 30.2 nm (median = 62 nm) at 30 °C (174 cells, 456 individual clusters, Figure 8, STable3).
In general we did not observe large changes in foci size at different timepoints after resumption of
cell growth, with the exception of timepoints 18 min and 24 min at 37°C, where the average foci size
was 95.2 +/- 44 and 90.1 +/- 38.7 nm, respectively (Figure8, STable2). These small changes are
however close to the localization precision of PALM in our experimental set-up (21-25 nm). The foci
sizes obtained for SegA tagged with different FPs (PAmCherry, eYFP and mEos3.2) were very similar
(SFigure5A, STable 4). The foci sizes obtained with data that were corrected for multiple counting of
identical emitters were similar to the non-corrected ones (SFigure5B, STable 5), as were the foci sizes
in synchronized cells compared to non-synchronized cells (SFigure5C, STable 5); the small differences
were well within the localization precision.

PALM imaging of SeqA-PAmCherry overexpressed from a plasmid

To compare SeqA localization in E. coli under conditions that resemble more the physiological
expression levels of the protein (the SeqA-PAmCherry knock-in strain) with cells were SeqA-
PAmCherry was overexpressed from a plasmid, we performed PALM imaging of E. coli harboring
pBAD-SegA-PAmCherry. The degree of overexpression varied between experiments and upon visual
inspection it appeared that on average the cells overexpressing SeqA-PAmCherry had significantly
more molecules, but the molecule numbers were not counted. As anticipated, we observed that
SegA-PAmCherry formed discrete foci (Fig. 9, magenta arrows) and in some cells the SegA-
PAmCherry molecules were also found at the membrane (Fig. 9, yellow arrows). The main difference
in SegA subcellular localization between the genomically expressed SeqA-PAmCherry (the knock-in
strain) and the protein overexpressed from a plasmid (the strain harboring pBAD-SeqA-PAmCherry),
was that in the latter case some cells showed regions of the cell with a high density of SegA-
PAmCherry molecules, that appeared significantly larger than the SegA foci. The non-uniform
distribution of the molecules throughout the cell together with the fact that the proteins localized
mostly to the central region of the cell suggest that the SeqA-PAmCherry were residing at the
nucleoid of the cells (Fig. 9, cyan arrows).
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PALM imaging of SeqA-PAmCherry in Adam cells

The SegA protein preferentially binds hemimethylated DNA"? . The E. coli DNA methyltransferase
Dam methylates newly synthesized DNA influencing the SegA binding to DNA®. We sought to
investigate the subcellular localization of SeqA in cells lacking the dam methylase with PALM.
The E. coli Adam strain harboring pBAD-SeqA-PAmCherry was imaged. In the majority of the cells, the
overexpressed SeqA-PAmCherry was dispersed throughout the cell instead of localizing into foci (Fig.
10). Upon visual inspection of PALM images only 5 out of 32 cells imaged showed structures that
could be interpreted as foci. It was possible to observe that in some cells the SegA protein seems to
localize to the membrane/cell periphery (Fig. 10, yellow arrows). In a previous study of SeqA
localization in E. coli Adam cells where the wild type SegA was imaged with immunofluorescence
employing diffraction limited conventional fluorescence microscopy, it was also found that SegA no
longer formed discrete foci and it was concluded that the protein is dispersed throughout the
nucleoid® or throughout the cell’. Upon PALM imaging we observed, that while the SeqA-PAmCherry
is not homogeneously distributed throughout the cell, it is not solely confined to the nucleoid
(central region of the cell) as there are cells with a clearly non-nucleoid like localization (Fig. 10).

Validation of the functionality of the SeqA-PAmCherry genomic knock-ins

We compared the growth rates of the wild-type strain (MG1655) expressing the native SegA with
those of the MG1655 SeqA-PAmCherry strain and we found that the genomic knock-in had no
adverse effects on growth characteristics in LB under different temperatures tested (SFigure 6).
Western blots of the strains used in this study to perform microscopy show that qualitatively the
expression level of SegA in wild type cells is similar to the SegA-FP levels in the genomic knock-ins
(SFigure 8). This is in good agreement with a previous report were it was demonstrated that a
genomic knock-in of SeqA-eYFP has similar expression levels to those of SegA in wild type E.coli
cells *°.

The biological functionality of the SeqA-FP fusions has been characterized extensively before ** . It
has been shown that both the SeqA-GFP expressed from plasmid in the presence of native SegA as
well as SegA-YFP expressed from the genome and replacing the native SeqA retain the ability to
sequester the origins of replication, indicating that the fusion of SegA to FPs does not compromise its
biological function. Based on the similarity of the 3D structure between PAmCherry and eYFP (both
are B-barels of approximately similar molecular dimensions), the good qualitative agreement
between the data obtained using the SeqA-eYFP and SeqA-PAmCherry genomic knock-ins (compare
SFigure 3 with main text figures 1-3 and 8) and the fact that in the absence of dam methylase the
SegA-PAmCherry no longer organized into foci (Figure 10) we conclude there are strong indications
to assume that the SeqA-PAmCherry can functionally replace the SeqA protein.
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Discussion
SeqA is not solely localized into foci in Escherichia coli

The aim of this study was to obtain a more detailed view of SegA subcellular localization, by
employing a super resolution microscopy technique — PALM. As shown previously SeqA localized into
discrete foci. In some cases the improved localization precision of PALM allowed us to observe that
the SegA-PAmCherry structures that appeared as single discrete foci in diffraction limited
microscopy, were actually two foci in close vicinity (Figure 1). A similar observation was reported by
Helgsen and co-workers, who found that some foci that appear as single entities with conventional
fluorescence microscopy are in fact composed of two clusters of SeqA molecules when reconstructed
with super-resolution microscopy, using dSTORM imaging and SeqA labeled with fluorescent
antibodies*.

The numbers of foci per cell varied in most cells between 1 and 4 foci per cell with some cells
showing up to 12 foci (Figure 5). The high foci numbers per cell are consistent with other reports,
where E. coli growing rapidly in rich media showed up to 12 foci per cell, with typically between 4
and 8 foci’. Yet, it was also possible to observe cells that did not display defined foci and under the
experimental conditions of this study they made up to 26-29% of all the cells inspected. Cells that do

840 For

not display SegA foci have been observed previously with microscopy of SeqA-GFP fusions
cells grown on minimal media (slow growth conditions) the cells without SeqA foci composed
between 20 and 45 % of the imaged cells. However, these studies do not report cells devoid of SegA
foci when E. coli is grown in rich media (LB or similar). In our study the cells were grown in a rich
medium (LB, fast growth conditions) and we still observed a fraction of cells without foci in the case
of the SeqA-PAmCherry expressed from the genome in cells synchronized using SHX. Intriguingly, in
the non-synchronized cells expressing SeqgA-eYFP from the genome we did not observe high fractions
of cells without foci (SFigure 3). This might imply that the fraction of cells without foci observed in
the synchronized cells could result from changes in cell physiology and nucleoid arrangement upon
SHX treatment or that they reflect cells where there is no ongoing replication. We do not know,
whether the stringent response influences the SegA propensity to arrange into foci. But it has been
demonstrated that the stringent response is dependent on the presence of SegA in cells, that during
this response there is limited replication at oriC and that nucleoids of E. coli cells are decondensed*?.
We monitored cell growth after removal of the synchronizing agent (SHX) and we did observe
resumption of growth, which indicates the end of the stringent response and release from the cell
arrest (SFigure 7). However, these are bulk measurements (optical density of the cultures) and it is
possible that in a fraction of cells the cell cycle arrest is not relieved. We observed that foci were not
the sole subcellular localization of SeqA-FP in E. coli as visualized by PALM. A fraction of SeqA-FP in
cells expressing the fusion from the genome was localized as solitary or non-clustered proteins
outside of the well defined large foci (Figure2, SFigure 3). As mentioned in the results section it is
possible that a part of these molecules, that are localized with PALM reconstructions outside of the
foci, might be due to the imperfections of the experimental set up used in this study (e.g., sample
impurities wrongly recognized by the PALM algorithm or free FPs that were cleaved off from the
SeqA-FP fusion). If one assumes however that these localizations are real, these molecules might
reflect SegA molecules traveling to or between the existing foci or the beginnings of new SegA foci.
Since these are mostly single molecule localizations (solitary proteins or non-clustered protein
oligomers) it is likely they were not visible in studies employing conventional fluorescence
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microscopy. In cells overexpressing SeqA-PAmCherry from the plasmid, where the protein expression
level was much higher than in the genomically expressing cells, SeqA formed structures that were
much bigger than the typical SeqA foci (Figure 9), implying that it is possible to disturb the SeqA
localization into foci.

Membrane localization of SeqA

In a fraction of cells (12%-18% in cells expressing SeqA-PAmCherry from the genome, depending on
growth temperature) we observed that some SeqA-PAmCherry molecules seem to be localized at the

4748 and it has no domains that

membrane or the cell periphery (Figure 3). SegA is a soluble protein
are expected to interact directly with the membrane. To the best of our knowledge membrane
localization of SeqA with fluorescence microscopy has not been reported previously. There is,
however, a great deal of reports of SeqA localization at the membrane coming from cell fractionation
experiments. SeqA activity, measured as binding of hemimethylated OriC DNA, was identified in

41,49

membrane fractions and the presence of SeqA in membrane fractions was further confirmed with

#2438 Shakibai and co-workers** showed that another protein in membrane

an anti-SegA antibody
fractions was auxiliary for oriC binding, this protein was named SeqB. D’Alencon and co-workers
demonstrated that membrane fractions isolated from synchronized cells had highest SegA activity
during initiation of replication®?, higher than membrane fractions from exponentially growing (non-
synchronized) wild type cells. Moreover, Slater and co-workers report that SegA is present but not
enriched in membrane fractions as compared to the total cellular protein level of SeqgA *. This could
rationalize why we observe SeqA-PAmCherry at the membrane only in a fraction of cells and only for
a small total amount of all molecule localizations with PALM in a given cell. In exponentially growing
(non-synchronized) SegA-eYFP expressing from the genome we did not observe SegA to clearly
localize at the membrane. This phenomenon might be partially explained by the specific
photophysics of eYFP?', where only a small fraction of the total eYFP proteins are imaged (as
mentioned in the results section) and some of the localizations might be missed by PALM. It is
possible that the membrane localization of SeqA was not detected by conventional fluorescence
microscopy previously as the much higher fluorescence intensity of the SegA-FP foci might have
overshadowed the membrane localized SeqA-FPs. Yet, in a single molecule localization microscopy
technique such as PALM, it was possible to detect this phenomenon. This membrane localization was
more common and more pronounced in cells overexpressing SeqA-PAmCherry from plasmid (Figure
9), and even more so in the Adam strain (Figure 10). We speculate that as DNA binding sites get
saturated or completely disappear, more SegA molecules would be available to interact with SeqB or
other putative interaction sites at the membrane, which makes the membrane localization easier to
observe.

Quantification of the numbers of SeqA-PAmCherry molecules in cells

We have used PALM to count the numbers of SeqA-PAmCherry molecules in E. coli where the protein
was expressed from the genome in synchronized cells. Within the statistically limited amount of cells
probed in this study at each given time point (10-38 cells) we did not observe clear trends to changes
in the numbers of SegA copy numbers per cell as a function of cell cycle (Figure 4). In general there
was a big spread of the number of proteins per cell (15 to 300 molecules per cell) with on average 97
SegA-PAmCherry molecules per cell for cells grown at 37°C and an average of 65 molecules for cells
grown at 30°C. The lower amount of molecules counted at 30°C might reflect true differences in cell
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physiology or could result from a lower maturation efficiency of PAmCherry at this temperature. By
quantifying the expression level of SeqA with Western Blotting using the anti-SeqA antibody Slater
and co-workers report that wild type E. coli grown in minimal media has on average a 1000 SegA
molecules per cell (between 847 and 1435 SegA molecules per cell depending on the strain and
Western blotting technique), which is about ten times more than was determined for the SegA-
PAmCherry fusion used in this study’. PAmCherry has been used previously for counting molecule
numbers in microorganisms>>*° and it was concluded that the numbers obtained with this probe are
likely underestimated due to incomplete fluorophore maturation, fixation and premature
photobleaching. Additionally Durisic and co-workers measured that the (in vivo) photoactivation
efficiency of PAmCherry is only as little as 45% in Xenopus oocytes®’, which will also contribute to an
underestimation of the absolute molecule numbers. The photoactivation efficiency of PAmCherry is
similar to those of other fluorescent proteins routinely used for PALM, which range between 39%
(PA-GFP) and 61% (mEos2)*’. Yet, a clear advantage of PA-mCherry over other fluorophores used for
molecule counting with PALM is that it blinks less®**” making the estimates of the amounts of unique
emitters more reliable (SFigure 1). Indeed, in this study we have corrected the numbers of localized
molecules by employing the “consolidate identical emitters” procedure (see Quantitative
characterization of the amount of SeqA-PAmCherry molecules in Escherichia coli cells in results
section). We aimed to visualize all or nearly all PAmCherry molecules present in the samples as the
data acquisition was continued until no more new photactivation events could be detected upon
visual inspection. Another possible source of error in the estimation of SegA molecule numbers in
cells, is the change of expression levels of the protein resulting from fusing it to the FPs. We have
performed Western blots of wild type cells expressing SegA and FP tagged expressing trains (eYFP,
mEos3.2 and PAmCherry) and qualitatively we do not observe large changes in the expression level
upon FP tagging as compared to the physiological level of SeqA (SFigure 8). This is consistent with a
previous report where it was shown that the genomically expressed SegA-eYFP has a similar
expression level to SegA in wildtype cells*®. We therefore conclude that the likely underestimated
SegA molecule numbers are not due to changes in expression level as a result of tagging the protein

with FPs.
Broad distributions of SeqA molecule numbers per focus and foci sizes

Since SegA forms discrete foci we sought to quantify the amount of SeqA-PAmCherry molecules per
focus (Figure 6). The number of molecules per focus did not show to be dependent on the cell cycle,
in the conditions of our cell cycle synchronization experiment. We observed a broad distribution of
numbers of molecules per focus with on average 10-15 molecules per focus (for the largest dataset
at 30° C the average was 10.5 molecules per focus). Note that due to the properties of PAmCherry
these numbers might be underestimated, as explained above. The modeling of the experimental
distribution with a binomial distribution assuming a fixed amount of SeqA-PAmCherry molecules per
focus and different fixed detection efficiencies as the only error source, did not fit well to the
experimental data, which would be an indication that the foci do not have a fixed amount of SegA-
PAmCherry molecules per focus. However, peak widening may occur if there is more than one source
of error.

In previous studies employing conventional fluorescence microscopy SeqA foci appeared as single
spots and no further detail of these structures was resolved. With the improved localization precision
of PALM microscopy we were able to show that these structures are indeed smaller than the
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diffraction limit (Figurel and 8). By sizing the SeqA foci using the L-clustering analysis, we have
shown that these structures have a distribution of sizes between 30 and 130 nm with most SeqA foci
ranging between 60 and 80 nm. In a recent studying employing dSTORM Helgesen and co-workers*®
report the width of the SeqgA immunolabelled with Alexa647 to be 34 nm. The difference in reported
foci sizes can partly be explained by the difference in localization precision or the sampling method
employed (width of spots in the Helgesen study vs. L-clustering analysis in this study). The broad
distribution of sizes of SeqA foci between different cells is similar to the distribution of numbers of
molecules per focus, yet again implying that the foci do not have a fixed size.

It has been proposed that the SegA complexes are dynamic in a thread-mill like fashion, i.e. growing
in the leading end as SeqA molecules bind to newly replicated GATC sites and shrinking in the trailing
end as Dam methylates the older GATC sites’. While the exact mechanism of SeqA dynamics
(assembly/disassembly and migration) remains to be fully elucidated, our claim that the SegA foci do
not have fixed numbers of molecules per focus, supports the threadmilling model or a gradual
growth. The growing of SegA structures (e.g., resulting from the thread milling) would rationalize the
broad distributions of SeqA molecules per focus numbers and the distribution of SegA cluster sizes
we observe.

Conclusions

In this study we have used super-resolution microscopy to study the subcellular localization of the E.
coli DNA binding protein SeqA. This protein forms discrete foci in cells that have features sized below
the diffraction limit. PALM enabled us to observe that some foci that can appear as single structures
in conventional fluorescence microscopy are in fact composed of two foci. We have observed that
not all of the SeqA-PAmCherry molecules are confined to foci, with some solitary molecules outside
of the foci structures and in a fraction of cells some protein molecules localized to the
membrane/cell periphery. While, to the best of our knowledge, the membrane localization of SegA
has not been demonstrated before with fluorescence microscopy, there were indications of this
subcellular localization from cell fractionation studies. We thus believe the improved sensitivity of
the technique used allowed us to observe details that were previously unavailable to diffraction
limited microscopy.

We also performed quantitative analysis of the numbers of molecules in cells that were synchronized
in their cell cycle using the stringent response process. We found that the numbers of SeqA-
PAmCherry molecules showed a broad distribution between cells with on average 50-100 molecules
per cell, but no correlation between this number and the stage of cell cycle was found. In order to
answer the question whether the structures formed by SegA have a fixed amount of molecules per
focus, we have quantified the number of SeqA-PAmCherry molecules per focus and similarly found a
broad distribution with a single focus containing on average 10-15 molecules. Furthermore, the SeqA
foci sizes were also characterized by a distribution with most foci in the 60-80 nm range. We are
inclined to believe that the SeqA foci have a dynamic nature and do not have a fixed sized or amount
of molecules per focus.

The possible sources of error in this study might be of two origins. First, the cell physiology (and thus
the subcellular localization of SegA) could have been altered as a result of treatment with the cell
cycle synchronization agent serine hydroxamate. Second, the PALM technique, especially its
guantitative aspect has still some limitations and room for improvement. The molecule number
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counting data reported here are most likely underestimated as a result of the rather low detection
efficiency (resulting from photo-activation efficiency) of PAmCherry.

Nevertheless, despite the possible uncertainties, PALM contributed to understanding new biology as
shown in this study and by others (for examples see the review of Gahlmann and Moerner?).
Quantitative biology is an emerging field that aims to assign actual numbers to the key cellular
parameters, such as protein copy numbers, stoichiometries of macromolecular complexes, reaction

rates and diffusion coefficients, in vivo >

. To understand how proteins function in cells and to
understand their regulatory mechanisms one needs to analyze molecules in their natural, cellular
environment and not under idealized test tube conditions. Super-resolution imaging is undergoing
constant development and new, brighter, monomeric, better folding fluorescent proteins with better
photophysical characteristics are made®®, which will provide better tools to study biological processes

quantitatively in living cells.
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Figure legends

Figure 1. PALM imaging shows more detail of the SeqA foci in Escherichia coli than conventional
fluorescence microscopy.

Examples of E.coli cells expressing SeqA-PAmCherry from the genome. A1,B1: transmittance images
of the outline of the cells. A2, B2: conventional fluorescence microscopy image of SeqA-PAmCherry.
The image is reconstructed from the PALM where molecules are rendered as diffraction limited
spots. A3, B3: PALM reconstructions of the SeqA-PAmCherry where each molecule is rendered as a
25 nm spot - according to the average localization precision based on PALM fitting. A4, B4: Overlay of
the transmittance image with the PALM reconstruction. Scale bar 1 um.

Figure 2. PALM imaging of SeqA in Escherichia coli cells shows the molecules localized to
heterogeneous structures.

A-H: Examples of E.coli cells expressing SeqA-PAmCherry from the genome. Typically SeqA-
PAmCherry molecules are localized into (large) foci (examples indicated with yellow arrows). Some
molecules are not confined to the clusters and are present as smaller, individual spots outside of the
foci (examples indicated with magenta arrows). H: example of a cell where no defined (large) foci are
observed. Representative cells selected from datasets of synchronized cells grown at 37°C and 30°C
in LB. Scale bar 1 um.
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Figure 3. PALM images of Escherichia coli cells where a fraction of the SeqA molecules localize to
the membrane.

Examples of E.coli cells in which a fraction of the genomically expressed SeqA-PAmCherry molecules
were observed at the membrane (indicated by yellow arrows). Representative cells selected from
datasets of synchronized cells grown at 37°C and 30°C in LB. Different dataset were visually inspected
for the membrane localization and it was found that in 43 out of 336 cells (18 independent datasets)
grown at 37°C and 77 out of 419 cells (20 independent datasets) grown at 30°C a fraction of SegA-
PAmCherry molecules were localized at the membrane or near the cell periphery.

Figure 4. Quantification of the number of SeqA-PAmCherry molecules in Escherichia coli.

E.coli cells were grown in LB at 37°C and at 30°C and synchronized in the cell cycle (see main text for
details). At various time points after the growth was resumed, the number of localized SeqA-
PAmCherry molecules was calculated in each cell and corrected for multiple counting of the same
emitters using a method described by Annibale® (see main text for details). A, C: number of
molecules in each cell at a given time point after resumption of cell growth at 37°C and at 30°C,
respectively. B, D: Histograms of combined data from all time points in A and C. E, G: the number of
molecules per cell data (from A and C) was divided for each cell by the corresponding cell length, to
correct for the possibility of larger cells having more molecules. F, H: histograms of combined data
from all time points in E and G. A,C,E,G: each point represents a single cell. At 37°C n=10 -24 cells at
each time point and a total of 102 cells; at 30°C n= 11-38 cells and a total of 182 cells.

Figure 5. Quantification of numbers of SeqA-PAmCherry foci in Escherichia coli.

E.coli was grown and synchronized for the cell cycle (see main text for details) in LB medium at 37°C
and at 30°C and the number of SeqA-PAmCherry foci was calculated in each cell after resumption of
cell growth. Individual panels show the data for each given time point and temperature (left panels
37°C and right panels at 30°C). Bottom panels combine the data from all time points at each
temperature. At 37°C n= 5-22 cells at each time point and a total of 76 cells; at 30°C n= 11-37 cells
for each time point and a total of 171 cells.

Figure 6. Quantification of numbers molecules of SeqA-PAmCherry per focus in Escherichia coli.

E.coli cells were grown in LB at 37°C and at 30°C and synchronized in the cell cycle (see main text for
details). At various time points after the growth was resumed, the number of localized SegA-
PAmCherry molecules per each focus was calculated in each cell and corrected for multiple counting
of the same emitters using a method described by Annibale®® (see main text for details). Individual
panels show the data for each given time point and temperature (left panels 37°C and right panels at
30°C). Bottom panels combine the data from all time points at each temperature. At 37°C n= 20-52
foci at a given time point and a total of 172 foci; at 30°C n= 12-54 foci at a given time point and a
total of 248 foci.

Figure 7. SeqA foci do not have a fixed number of molecules per focus.

A: Histogram of combined numbers of SeqA-PAmCherry molecules per focus from all time points (as
in Figure 6) for all cells at 37°C and at 30°C (black bars and gray bars, respectively), displayed with 5
molecule bins. B: Histogram of combined numbers of SeqA-PAmCherry molecules per focus from all
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time points at 30°C plotted with a higher frequency of bins (gray bars, 2 molecules bins) than in
figure 7A. The lines show a fit of binomial distribution of molecule detection events at different
molecule detection efficiencies (60% black line, 45% red line and 10% black dotted line), assuming
the SeqA-PAmCherry foci have a fixed number of molecules per focus. The actual data (gray bars)
have a broader distribution than the fitted lines implying the SegA-PAmCherry do not have a fixed
number of molecules per focus.

Figure 8. Quantification of sizes of SeqA-PAmCherry foci in Escherichia coli.

E.coli cells were grown in LB at 37°C and at 30°C and synchronized in the cell cycle. At various time
points after the growth was resumed, the sizes of SeqA-PAmCherry foci were calculated using
L-clustering analysis (see main text for details) and displayed as histograms. Individual panels show
the data for each given time point and temperature (left panels 37°C and right panels at 30°C).
Bottom panels combine the data from all time points at each temperature. At 37°C n= 13-29 cells and
51-95 foci at a given time point and a total of 87 cells and 315 foci; at 30°C n= 13-31 cells and 38-93
foci at a given time point and a total of 174 cell and 456 foci.

Figure 9. PALM reconstructions of Escherichia coli cells overexpressing SeqA-PAmCherry from a
plasmid.

Examples of E.coli cells with pBAD-SeqA-PAmCherry. Overlay of transmittance image with the PALM
reconstruction. The degree of SeqA-PAmCherry overexpression varied between experiments as did
the number of localized molecules per cell. The SeqA-PAmCherry localization in the cell was
heterogeneous, with some cells displaying SeqA foci (D,E,G, magenta arrows), some cells with SegA
localized at the membrane/cell periphery (C, F, |, yellow arrows) and some cells having a high
concentration of SeqA molecules around the central region of the cell, that probably corresponds to
the E.coli nucleoid; the latter structures are bigger than the typical SegA foci (B, C, H, F, |, cyan
arrows). Scale bar 1 um.

Figure 10. PALM reconstructions of Escherichia coli Adam cells overexpressing SeqA-PAmCherry
from a plasmid.

Examples of E.coli Adam cells with pBAD-SeqA-PAmCherry. Overlay of transmittance image with the
PALM reconstruction. The SeqA-PAmCherry molecules no longer form foci as prevalent subcellular
localization and are localized throughout the cell with some cells displaying membrane/cell periphery
localization (yellow arrows). Scale bar 1 um.
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Figure 1. PALM imaging shows more detail of the SeqA foci in Escherichia coli than conventional
fluorescence microscopy.

Examples of E.coli cells expressing SeqA-PAmCherry from the genome. A1,B1: transmittance images
of the outline of the cells. A2, B2: conventional fluorescence microscopy image of SeqA-PAmCherry.
The image is reconstructed from the PALM where molecules are rendered as diffraction limited
spots. A3, B3: PALM reconstructions of the SeqA-PAmCherry where each molecule is rendered as a
25 nm spot - according to the average localization precision based on PALM fitting. A4, B4: Overlay of
the transmittance image with the PALM reconstruction. Scale bar 1 um.
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Figure 2. PALM imaging of SegqA in Escherichia coli cells shows the molecules localized to
heterogeneous structures.

A-H: Examples of E.coli cells expressing SeqA-PAmCherry from the genome. Typically SegA-
PAmCherry molecules are localized into (large) foci (examples indicated with yellow arrows). Some
molecules are not confined to the clusters and are present as smaller, individual spots outside of the
foci (examples indicated with magenta arrows). H: example of a cell where no defined (large) foci are
observed. Representative cells selected from datasets of synchronized cells grown at 37°C and 30°C
in LB. Scale bar 1 um.
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L |

Figure 3. PALM images of Escherichia coli cells where a fraction of the SeqA molecules localize to
the membrane.

Examples of E.coli cells in which a fraction of the genomically expressed SegA-PAmCherry molecules
were observed at the membrane (indicated by yellow arrows). Representative cells selected from
datasets of synchronized cells grown at 37°C and 30°C in LB. Different dataset were visually inspected
for the membrane localization and it was found that in 43 out of 336 cells (18 independent datasets)
grown at 37°C and 77 out of 419 cells (20 independent datasets) grown at 30°C a fraction of SegA-
PAmCherry molecules were localized at the membrane or near the cell periphery.
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Figure 4. Quantification of the number of SeqA-PAmCherry molecules in Escherichia coli.

E.coli cells were grown in LB at 37°C and at 30°C and synchronized in the cell cycle (see main text for
details). At various time points after the growth was resumed, the number of localized SeqA-
PAmCherry molecules was calculated in each cell and corrected for multiple counting of the same
emitters using a method described by Annibale’ (see main text for details). A, C: number of
molecules in each cell at a given time point after resumption of cell growth at 37°C and at 30°C,
respectively. B, D: Histograms of combined data from all time points in A and C. E, G: the number of
molecules per cell data (from A and C) was divided for each cell by the corresponding cell length, to
correct for the possibility of larger cells having more molecules. F, H: histograms of combined data
from all time points in E and G. A,C,E,G: each point represents a single cell. At 37°C n=10 -24 cells at
each time point and a total of 102 cells; at 30°C n= 11-38 cells and a total of 182 cells.
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Figure 5. Quantification of numbers of SeqA-PAmCherry foci in Escherichia coli.

E.coli was grown and synchronized for the cell cycle (see main text for details) in LB medium at 37°C
and at 30°C and the number of SeqA-PAmCherry foci was calculated in each cell after resumption of
cell growth. Individual panels show the data for each given time point and temperature (left panels
37°C and right panels at 30°C). Bottom panels combine the data from all time points at each
temperature. At 37°C n=5-22 cells at each time point and a total of 76 cells; at 30°C n= 11-37 cells
for each time point and a total of 171 cells.
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Figure 6. Quantification of numbers molecules of SeqA-PAmCherry per focus in Escherichia coli.

E.coli cells were grown in LB at 37°C and at 30°C and synchronized in the cell cycle (see main text for
details). At various time points after the growth was resumed, the number of localized SeqA-
PAmCherry molecules per each focus was calculated in each cell and corrected for multiple counting
of the same emitters using a method described by Annibale® (see main text for details). Individual
panels show the data for each given time point and temperature (left panels 37°C and right panels at
30°C). Bottom panels combine the data from all time points at each temperature. At 37°C n= 20-52
foci at a given time point and a total of 172 foci; at 30°C n= 12-54 foci at a given time point and a
total of 248 foci.
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Figure 7. SeqA foci do not have a fixed number of molecules per focus.

A: Histogram of combined numbers of SeqA-PAmCherry molecules per focus from all time points (as
in Figure 6) for all cells at 37°C and at 30°C (black bars and gray bars, respectively), displayed with 5
molecule bins. B: Histogram of combined numbers of SeqA-PAmCherry molecules per focus from all
time points at 30°C plotted with a higher frequency of bins (gray bars, 2 molecules bins) than in
figure 7A. The lines show a fit of binomial distribution of molecule detection events at different
molecule detection efficiencies (60% black line, 45% red line and 10% black dotted line), assuming
the SeqA-PAmCherry foci have a fixed number of molecules per focus. The actual data (gray bars)
have a broader distribution than the fitted lines implying the SeqA-PAmCherry do not have a fixed
number of molecules per focus.

Page 30 of 44



Page 31 of 44

number of foci

37 deg C

20
15
10

-

0 30 60 90120

8

4

3

00 30 60 90120

-

o Hh O N
—
@

0 30 60 90120

00 30 60 90120

24

o » o]

0 30 60 90120

45 all
30

15

.
r-

0 30 60 90120

12

Faraday Discussions

30deg C
0)

4
0O 30 60 90120
16 10’

12 I

8

4

00 30 60 90120
16 20’
12

8

4

OO 30 60 90120
12 30’

8

4

00 30 60 90120
12 40

8

4

00 30 60 90120
12 50’

8

4

OO 30 60 90120
16 60’
12

8

4

O0 30 60 90120
100

80 all
60
40

20

0 30 60 90120

foci size (nm)




Faraday Discussions

Figure 8. Quantification of sizes of SeqA-PAmCherry foci in Escherichia coli.

E.coli cells were grown in LB at 37°C and at 30°C and synchronized in the cell cycle. At various time
points after the growth was resumed, the sizes of SeqA-PAmCherry foci were calculated using
L-clustering analysis (see main text for details) and displayed as histograms. Individual panels show
the data for each given time point and temperature (left panels 37°C and right panels at 30°C).
Bottom panels combine the data from all time points at each temperature. At 37°C n= 13-29 cells and
51-95 foci at a given time point and a total of 87 cells and 315 foci; at 30°C n= 13-31 cells and 38-93
foci at a given time point and a total of 174 cell and 456 foci.
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Figure 9. PALM reconstructions of Escherichia coli cells overexpressing SeqA-PAmCherry from a
plasmid.

Examples of E.coli cells with pBAD-SegA-PAmCherry. Overlay of transmittance image with the PALM
reconstruction. The degree of SeqA-PAmCherry overexpression varied between experiments as did
the number of localized molecules per cell. The SegA-PAmCherry localization in the cell was
heterogeneous, with some cells displaying SegA foci (D,E,G, magenta arrows), some cells with SegA
localized at the membrane/cell periphery (C, F, |, yellow arrows) and some cells having a high
concentration of SegA molecules around the central region of the cell, that probably corresponds to
the E.coli nucleoid; the latter structures are bigger than the typical SegA foci (B, C, H, F, |, cyan
arrows). Scale bar 1 um.
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Figure 10. PALM reconstructions of Escherichia coli Adam cells overexpressing SeqA-PAmCherry
from a plasmid.

Examples of E.coli Adam cells with pBAD-SegA-PAmCherry. Overlay of transmittance image with the
PALM reconstruction. The SeqA-PAmCherry molecules no longer form foci as prevalent subcellular
localization and are localized throughout the cell with some cells displaying membrane/cell periphery
localization (yellow arrows). Scale bar 1 um.
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