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In vivo single-molecule and super-resolution techniques are transforming our ability to study transcrip-
tion as it takes place in its native environment in living cells. This review will detail the methods for
imaging single molecules in cells, and the data-analysis tools which can be used to extract quantitative
information on the spatial organization, mobility, and kinetics of the transcription machinery from these
experiments. Furthermore, we will highlight studies which have applied these techniques to shed new
light on bacterial transcription.
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1. Introduction

Transcription is one of the most fundamental processes neces-
sary for life, being the first step in gene expression and ultimately
responsible for how both eukaryotic and prokaryotic cells respond
to changes in their environment. In bacteria, unlike eukaryotes,
there is only a single type of RNA polymerase (RNAP) responsible
for transcription of both coding and non-coding RNA. RNAP is a
multi-subunit protein machine made up of a beta and a beta prime
subunit, two alpha subunits, and an omega subunit. In order to
bind promoters, the RNAP core associates with transcription initi-
ation sigma factors (r factors) to form the RNA polymerase
holoenzyme; in the case of the Escherichia coli housekeeping r fac-
tor (r70), this association forms a 450 kDa holoenzyme [1]. Sigma
factors reduce the affinity of RNAP for non-specific DNA while
increasing specificity for promoters.

There are �2000 r70-specific promoters in E. coli [2], each con-
taining a core sequence of �40 base pairs (bp) in length, with two
short sequences approximately �10 and �35 bp upstream of the
transcription start site. Taken together, these promoter sequences
account for less than 2% of the E. coli genome [3]. In order to locate
a promoter, an RNAP molecule must therefore discriminate
between vast amounts of nonspecific DNA.

After initial binding to the promoter, RNAP opens a bubble in
the duplex DNA to form an ‘open complex’ and begins transcrip-
ig. 1. The transcription cycle. RNAP associates with a sigma factor before binding to a p
rm an ‘open complex’. From here, it can initiate transcription; however, on many prom
bortive RNAs [14]. Once past the �10th nucleotide, the RNAP breaks its interactions
mplex’. At some point during elongation, the sigma factor usually dissociates from the

nd the core enzyme dissociate from DNA.
tion (Fig. 1) [4,5]. In bacteria, transcription and translation are
not segregated, and ribosomes can form on the nascent tran-
script as soon as the ribosome binding site has emerged from
the RNA-exit channel of RNAP. At some point during elongation,
the sigma factor usually dissociates and is free to associate with
another core enzyme [6]. Finally, RNAP reaches the end of the
gene, and the RNA transcript and the core enzyme dissociate
from DNA.

At the molecular level, much of our understanding of transcrip-
tion is based on in vitro experiments performed using purified pro-
teins and DNA. The finest level of detail has been achieved through
X-ray crystallography, allowing the precise interactions between
the bases on the DNA and the amino acid residues on the transcrip-
tion machinery to be determined. However, the ‘snapshots’ from
crystallography are poorly suited to studying dynamic behavior.
To complement structural information from crystallography,
in vitro single-molecule experiments are becoming increasingly
popular tools to study transcription, since they can determine
the kinetics of these interactions by directly observing the behavior
of individual molecules [7–17]. While in vitro single-molecule
techniques have been used to great effect in elucidating molecular
behavior, care must be taken when inferring the physiological rel-
evance, since these experiments are performed on highly simpli-
fied systems and in isolation from the rest of the cellular
components.
romoter site. After initial binding, the enzyme opens a bubble in the duplex DNA to
oters, the polymerase makes several attempts to start transcribing, generating short
with promoter DNA and enters into processive synthesis of RNA as an ‘elongation
core enzyme [6]. Finally, RNAP reaches the end of the gene, and the RNA transcript
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At a larger scale, transcription interactions can be put in the
context of the complete chromosome with tools like chromatin
immunoprecipitation (ChIP), which uses lysates from a population
of cells to determine the specific binding sequences of proteins of
interest, and the protein occupancy of genomic sites under differ-
ent physiological conditions [18]. Furthermore, next generation
sequencing allows large scale analysis of the transcriptome, shed-
ding light on the levels of gene expression. However, such tech-
niques cannot report on the spatial organization of transcription
in cells, or the kinetics involved, and do not provide information
on the heterogeneity between cells since they derive their results
from the mean properties of populations of cells.

With in vivo single-molecule and super-resolution techniques,
transcription machinery can be visualized in living cells [19–24],
shedding new light on the spatial organization, DNA search process
and binding kinetics of the proteins involved [25]. Here, we detail
methods for performing these experiments, from constructing a
single-molecule microscope and imaging samples, to quantitative
data analysis. We highlight the advantages and challenges of
applying these techniques in living cells. In particular, we focus
on photoactivation localization microscopy (PALM), and its combi-
nation with single-particle tracking. We further show how these
methods have been used to answer key questions about bacterial
transcription.
2. Experimental methods

2.1. Super-resolution fluorescence microscopy

The transcription machinery can be imaged inside living bacte-
ria using fluorescence microscopy. However, while conventional
fluorescence microscopy can report on large cellular features,
details are lost below the diffraction limit of light (�200 nm). Over
the past decade, several new techniques have been developed to
beat the diffraction limit, allowing light microscopy to achieve
much higher resolution than ever thought possible. These super-
resolution techniques fall broadly into two categories: single-
molecule localization methods, where fluorescence signal is col-
lected for each labelled molecule individually, and ensemble imag-
ing methods, where fluorescence from an ensemble of molecules is
collected [26]. Each of these techniques has its own advantages,
limitations, and caveats.

The ensemble imaging methods that break the diffraction limit
rely on illuminating the sample with patterned excitation; these
methods include stimulated-emission depletion (STED) micro-
scopy, and structured illumination microscopy (SIM), with the lat-
ter being a very popular route to super-resolution. SIM increases
resolution by using sinusoidal patterned excitation light [27]; the
interference pattern of the sample structure and the excitation pat-
tern contains otherwise-unobservable information about the sam-
ple. Multiple images are taken of the same sample but with
different angles and phases of the excitation pattern. As the excita-
tion pattern is known, the final image can be computationally
reconstructed from the multiple snapshots, allowing a resolution
of �100 nm.

One of the key advantages of patterned illumination techniques
such as SIM, is that they require no special fluorophores or sample
preparations, they are hence ‘backwards compatible’ with previ-
ously labelled samples and can be readily used in live cells. SIM
is also well suited to acquiring multi-color super-resolved images.
On the other hand, SIM requires multiple images per field of view
and is linked to rapid photobleaching; as a result, SIM is not well
suited to samples with low copy numbers of labelled molecules.

In contrast to the ensemble super-resolution methods,
localization-based methods have arisen in a large part due to
breakthroughs in the fluorophores used to label biomolecules both
inside and outside cells. The basis of these approaches rely on the
fact that the intensity profile generated from a point source of light
is a known distribution, and is typically well approximated by a
Gaussian [28,29]. This allows the exact position of a molecule to
be estimated by Gaussian fitting, with an uncertainty that depends
on the number of photons collected [28,30]. However, for accurate
fitting, the intensity profile generated by each fluorophore must
not overlap with other nearby fluorophores, which, in the case of
bacteria, means imaging only a few molecules per cell. The break-
through in super-resolution localization microscopy came about
with the ability to image only a small subset of fluorophores at
any one time by exploiting molecular photoswitching and pho-
toactivation. Molecules are stochastically activated, imaged and
localized over a movie with typically several thousand frames.
The localizations from all frames can then be reconstructed into
a super-resolved image (Fig. 2D) [26,31].

This can be achieved with organic fluorophores, using a buffer
to induce photoblinking (dSTORM, [32]). However, this typically
involves fixing and permeabilizing cells for labelling. Since our
review focuses on live-cell methods, we will mainly discuss pho-
toactivated localization microscopy, PALM [31], a method that
relies on photoswitchable or photoactivatable variants of fluores-
cent proteins, such as mEos2 [33], Dendra2 [34] or PAmCherry
[35]. These proteins can be photoactivated with near-UV light
(�400 nm), the intensity of which can be chosen to ensure that
there are very few emitting molecules in a bacterial cell at any
given time. Since these proteins are genetically encoded, this
approach is well suited to live-cell microscopy. It is worth noting
that dual approaches have been used to combine live-cell imaging
followed by cell fixation and permeabilization on the slide and
dSTORM imaging [36]. However, these techniques remain difficult
to implement.

2.2. Preparation of fluorescent fusion strains

There is a large variety of photoactivatable fluorescent proteins
(PAFPs), each with advantages and disadvantages in terms of their
photophysical and biochemical properties. A primary concern for
single-molecule imaging is minimizing interference from autofluo-
rescence. In E. coli and many other bacteria, the autofluorescence is
stronger towards the blue end of the spectrum, hence red PAFPs
are common. Other factors which can influence the quality of
super-resolution images are the brightness, photostability and
blinking behavior of the PAFP. While the brightness of the fluo-
rophore is important for localization precision, excellent photosta-
bility and minimal blinking characteristics are important factors
for single-particle tracking experiments. Additional considerations
include the oligomerization tendency of FPs, since this could cause
undesired aggregation of target proteins. Most fluorescent proteins
have been engineered to be monomeric, yet it has been shown that
even among these variants, undesired aggregation may occur [37].
The folding speed, and the fraction of PAFPs which become fully
mature are also important, especially for extracting copy numbers
from PALM, since these properties determine the fraction of target-
PAFP fusion proteins detectable in a cell [38]. For comprehensive
comparisons between the properties of different PAFPs, we refer
the reader to Refs. [37–40].

There are several factors to consider when choosing labelling
strategies. For example, the endogenous gene can be replaced with
the fusion gene, or fusions can be expressed exogenously on plas-
mids. Replacing and inactivating endogenous copies of genes in
E. coli can be performed with lambda red recombination [41],
and can be moved between strains using P1 phage transduction
[42]. Replacing the chromosomally encoded gene ensures that all
copies of the target proteins are replaced by the fusions, which



Fig. 2. In vivo single-molecule fluorescence microscopy. A) Schematic of an example microscope setup for single-molecule microscopy. Photoactivation and excitation lasers
are coupled into an optical fiber. Light from the fiber output is collimated and focused on the back focal plane of the objective. Translation of the fiber output, collimation and
focusing lenses allows for control of the incident angle of the beam at the coverslip. The emission signal is filtered from the excitation light with a polychroic mirror and
focused onto an EMCCD camera. Transmission light is provided by an LED above the sample, and autofocus is provided by an infrared LED and a position-sensitive photo
detector. B) An example transmission image of a live E. coli cell. C) A single frame of a PALM movie showing the fluorescence image from a single labelled RNA polymerase
molecule. D) A super-resolved image of RNAP generated from imaging and localizing all available RNAP molecules over 20,000 frames. E) Trajectories of RNAP; each color
corresponds to a single track. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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can make it simpler to test the functionality of the fusion protein.
In general, it is critically important to check the functionality of
any fusion protein, since even simple changes, such as the length
of linker used, can alter its activity. Flexible linkers of 5–15 resi-
dues in length between the protein and the FP are most common,
but longer linkers, and more rigid alpha-helical linkers can also be
used [43]. In terms of the location of the FP group, C-terminal
fusions are preferable since observation of FP fluorescence is
clearly associated with fully translated tagged proteins; however,
N-terminal as well as internal fusions are also viable options.

As an alternative to FPs, genetically encoded tags, such as Halo-
Tag and SNAP-tag [44,45], can be used to image in live bacteria
[46]. These tags bind tightly and form covalent bonds with a mem-
brane permeable ligand, which can be modified with organic fluo-
rescent dyes; such dyes are typically brighter and much more
photostable than FPs. To implement these labeling methods, live
cells expressing the protein-tag fusion are incubated with a
labelled ligand, and extensive washing removes any unreacted
ligand, leaving only the ones that have reacted with the HaloTag
or SNAP-tag.

2.3. Microscope design

Imaging single molecules inside cells requires specialized, sen-
sitive microscopes. These typically feature high numerical-
aperture objectives and electron multiplying CCD (EMCCD) or sci-
entific CMOS (sCMOS) cameras which maximize the collected sig-
nal. Lasers are typically used as excitation sources, since their
narrow frequency spectrum reduces unwanted background fluo-
rescence, and makes it easier to precisely filter out excitation light.
As super-resolution microscopy becomes more widely adopted,
several commercial systems offering these features are becoming
available. However, home-built set-ups still offer greater flexibility
and can be optimized for specific experimental systems, for exam-
ple, by selecting lasers and dichroic mirrors to match the fluores-
cent proteins used.

Here we describe a simple home-built total internal reflection
fluorescence (TIRF) set-up for single-molecule localization micro-
scopy (Fig. 2A). TIRF microscopes reduce the unwanted signal
caused by excitation of out-of-focus fluorescence, since the evanes-
cent excitation extends only �150 nm into the sample [47]. For
imaging more deeply into the cell, TIRF systems can be used at
sub-critical angles giving a highly-inclined thin sheet of excitation
light [48]. To record transmitted light images of cells (Fig. 2B), an
LED light source and condenser are positioned above the objective.

For PALM imaging, the microscope requires two lasers; one for
photoactivation of PAFPs, and another for excitation. For photoac-
tivation, a low power (1 mW) 405-nm laser is sufficient, since
power densities up to 1 W/cm2 are typically used. A 100-mW
561-nm laser is used to excite photoactivatable red fluorescent
proteins. Excitation laser power densities can be much higher (in
the kW/cm2 range) to increase localization precision, although this
comes with the cost of faster photobleaching and higher cell toxi-
city. Additional excitation lasers can be added for multicolor imag-
ing, although since FPs have long emission tails, the additional
excitation filters needed can reduce signal-to-noise ratios.

The lasers are first coupled into a single-mode fiber; at the fiber
output, the excitation beam is collimated (using a 50-mm achro-
matic lens) and focused (using a 250-mm achromatic lens) in the
back focal plane of the objective (100x oil-immersion objective,
NA 1.4, focal length of 1.8 mm). To allow adjustment of the inci-
dent angle of the beam at the coverslip from TIRF to epifluores-
cence, the fiber output, collimation and focusing lenses are
mounted on a translation stage controlling the position of the
beam in the objective.

In ‘objective-type’ TIRF, the fluorescence emission is collected
by the same objective used to introduce the excitation light. The
excitation beam and emission signal are separated with a poly-
chroic mirror and emission filter. A single tube lens (300 mm
achromatic lens) focusses the emission signal onto the camera.
The 300 mm tube lens and 1.8 mm focal length objective gives
167� magnification. A 512 by 512 pixel EMCCD camera is used
to increase the signal-to-noise from imaging a single fluorophore
(Fig. 2C). An autofocus systems can be a useful addition to avoid
drift while taking long PALM movies. An infrared LED can be used
to minimize unwanted interference with the fluorophores under
study. The infrared signal is delivered to and from the objective
with its own long-pass dichroic mirror.
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2.4. Sample preparation

A detailed protocol for growing E. coli cell cultures and prepar-
ing microscopy slides is given in Appendix A. One of the key exper-
imental challenges for in vivo single-molecule imaging is
minimizing unwanted background fluorescence. Much can be done
in this regard during the preparation of samples, for example, glass
coverslips should be carefully cleaned to remove fluorescent con-
taminants. One method to do this is by heating coverslips in an
oven to 500 �C for one hour. Further, undefined growth media, such
as lysogeny broth (LB), can contribute significantly to background
fluorescence. For this reason, cells are typically grown in defined
media; e.g., for E. coli one can use M9 minimal media, or rich
defined media (EZRDM, Teknova) for faster growth. Similarly, low
fluorescence agarose can be used to immobilize cells on the slide.
2.5. Generating super-resolved images of live cells

For localization microscopy, numerous algorithms [49] are
available to accurately localize point sources from fluorophore
images and reconstruct super-resolved images (Fig. 2D). A popular
approach is to first determine candidate positions for each fluo-
rophore, followed by Gaussian fitting to extract precise localiza-
tions. This is done for each frame in the movie, and the super-
resolved image is generated by collapsing all localizations onto a
single image.

For live-cell microscopy, there are several additional factors to
consider compared to imaging chemically fixed cells. For example,
the fluorescence spot from fast-moving molecules may be motion-
blurred, requiring localization by free elliptical Gaussian fitting. To
counteract motion blurring, stroboscopic illumination can be used,
with short (<5 ms) excitation laser pulses with a longer duration
camera frame time [50]. Additionally, PALM data typically require
thousands of frames (taking several minutes to acquire); this long
experiment duration can limit live-cell imaging, since cellular fea-
tures, such as the positions of genes, may move during this period.
For faster acquisition, a higher photoactivation rate can be used,
resulting in high-density images with overlapping fluorophore
spots (Fig. 3A). These can be analyzed with specialized crowded-
field localization algorithms [51]; we applied this technique to
Fig. 3. Generating and analyzing super-resolved images of live cells. A) An example field o
a crowded-field algorithm. B) Rapid-acquisition (15 s) PALM images RNAP in live E. coli a
(bottom) growth conditions, highlights increased clustering of RNAP in fast growth cond
of RNAP (red) and DNA (blue) imaged with 3D SIM. D) Pair correlation analysis of RNAP lo
interpretation of the references to color in this figure legend, the reader is referred to th
generate snapshot images (acquired in �15 s) of RNAP localiza-
tions in live E. coli (Fig. 3B).

SIM imaging is typically much faster than PALM imaging,
requiring just tens of frames to reconstruct an image rather than
thousands. SIM imaging is also well suited to multicolor imaging
of RNAP together with the nucleoid, stained with an intercalating
DNA dye. Fig. 3C shows a surface rendering of 3D images of RNAP
and the nucleoid acquired in �3 s, highlighting dense regions of
RNAP. On the other hand, SIM imaging cannot achieve the same
resolution as PALM; it is also harder to extract quantitative infor-
mation from SIM images.
2.6. Single-particle tracking PALM

Tracking the movement of molecules in live cells is a powerful
and direct means to observe the kinetics and location of protein
activities. Combining single-particle tracking with the strategy of
photoactivation central to PALM (sptPALM, [52]) allows many
molecules to be tracked sequentially. As in typical PALM studies,
single molecules are sparsely photoactivated and imaged for a
number of frames. One of the key limitations of in vivo single-
molecule techniques is photobleaching. Trajectories of single
PAFPs are typically limited to only four or five frames (frame times
vary between 1 and 100 ms, depending on the mobility of the pro-
tein being studied; for RNAP, we have used 15 ms) before photo-
bleaching, which makes observing processes with slow kinetics
more difficult. Compared to ordinary PALM, lower excitation inten-
sities allow molecules to be tracked for a longer duration at the
cost of decreased localization precision [21,53].
2.7. In vivo perturbations

As genetic manipulation of cells becomes easier, ever more
complex molecular biology assays can be performed in vivo. Over-
expression of unlabelled versions of the protein under study, or
partner proteins can be used to titrate certain interactions [54].
For example, the in vivo dissociation constant of protein complexes
can be measured by comparing the mobility of each labelled sub-
unit in unperturbed cells to the mobility after complex formation
is prevented (e.g., by competition provided via overexpression of
unlabelled interaction partners [55]). Even complex in vitro exper-
f view with a high density of photoactivated PAFPs. Localizations are identified with
nalyzed with a crowded-field localization algorithm. Comparing slow (top) and fast
itions. This can be quantified using a clustering algorithm. C) Super-resolved images
calizations in panel B. Panel A adapted from [51], panel B-D adapted from [65]. (For
e web version of this article.)
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iments can be recapitulated in vivo, such as a single-molecule
chase assay where timed expression of unlabelled copies of a tran-
scription factor was used to study the dissociation of fluorescent
transcription factors from their operator site on DNA [24]. Tightly
controlled inducible genes can be at positioned at specific chromo-
somal loci to test the effect on other processes [56], and CRISPR
technology can be used to selectively silence or activate existing
genes of interest [57,58], or block other processes, such as DNA
replication [59].

Small molecule inhibitors and antibiotics can also provide use-
ful controls for live-cell experiments, and have the benefit of being
easy to implement. For example, the antibiotic rifampicin blocks
transcription by binding to RNAP and preventing elongation past
the 3rd nucleotide, leaving an RNAP molecule stuck at the pro-
moter site; however, rifampicin does not affect transcription by
RNAPs already in transcription elongation, which proceed to com-
plete transcription and dissociate from the DNA [27].
3. Quantitative imaging and data analysis

3.1. Analyzing spatial clustering

Localization microscopy images inherently lend themselves to
quantification. Information about the spatial organization can be
evaluated with clustering algorithms, such as DBSCAN [60], or
more recently developed algorithms designed specifically for ana-
lyzing localization microscopy data [61,62]. RNAP is known to
increase its clustering as cell growth rate increases [63], as Fig. 3B
also demonstrates. While clustering typically requires defining
thresholds which can alter the results, one can employ pair-
correlation analysis, which offers an assumption-free method to
assess the clustering of a sample [64] (Fig. 3D). When calculating
the pair correlation, it is necessary to normalize by the average
density within the cell; corrections should also be made for the
small size of the bacteria, since even at short radii, much of the
region can fall outside the cell boundary [65].
3.2. Estimating copy numbers

With PALM imaging and tracking, each individual photoactiva-
tion events ideally represents a single molecule, which naturally
allows counting protein copy numbers in single cells. To estimate
copy numbers, all available PAFPs must be imaged. For highly
expressed proteins with copy numbers over 10,000, this requires
tens of thousands of frames of PALM acquisition. Over the course
of the movie, photoactivation intensity must be controlled to
ensure that there is at most a single active fluorescent molecule
per cell.

Cells can be segmented based on the transmitted light image,
and there is excellent software available for this [66,67]. The total
number of activated and imaged PAFPs can then be estimated by
tracking the localizations falling within the segmented cell bound-
ary. For RNAP, the mean copy number per cell measured in this
way is �2700 for slow growth conditions [65], and �4600 for
fast-growth conditions [22].

It is important to note that several sources of over-counting
and under-counting can affect copy number estimates from
PALM imaging. Photoactivatable proteins may blink after activa-
tion by transitioning from photoactive to dark states reversibly
[68]. This effect, along with the transient passage of fluorescent
molecules in and out of the area of illumination, can cause single
molecules to be counted multiple times. Some blinking charac-
teristics can be dependent on activation and excitation light, as
well as buffer conditions, so it is important to conduct control
experiments under exactly the same conditions to calibrate for
these factors. Choosing PAFPs with minimal blinking can help
to minimize overcounting [69], and some tracking algorithms
can allow for a number of transient dark frames to account for
any blinking or loss of localization.

On the other hand, sources of undercounting include the pres-
ence of unfolded and immature fluorescent proteins. It has been
estimated that up to 50% of some PAFP variants do not fully mature
[38], although this characterization was performed in Xenopus
oocytes, and the maturation in bacteria may be very different.
We have used PALM in E. coli to measure the copy numbers of
DNA polymerase 1, which gave values �20% higher than those
reported in the literature (�480 compared to 400) [53].

3.3. Diffusion analysis

Trajectories generated from single-particle tracking experi-
ments can be analyzed in several ways. Plotting the mean squared
displacement (MSD) of many trajectories measured at the different
time intervals, s, can be used to determine if the diffusion is Brow-
nian or sub-diffusive (due to confinement within 3D structures),
and the slope of the plot can be used to determine the mobility.
The MSD for trajectories measured in two-dimensions is given by:

MSDðsÞ ¼ 1
N

XN
i¼1

½xiðt0 þ sÞ � xiðt0Þ�2 þ ½yiðt0 þ sÞ � yiðt0Þ�2 ð1Þ

where N is the number of trajectories, and xi and yi are the coor-
dinates of the trajectory. This analysis can be used to determine if
the population is generally slow or fast moving [50], however, it
becomes harder to interpret if multiple species with different dif-
fusive behavior are present (Fig. 4A). Alternatively, the distribu-
tion of the squared displacements, r2, for molecules taken at
one particular time lag can be plotted as an empirical cumulative
distribution function (CDF; Fig. 4B). The resulting curve can be fit-
ted to an analytical expression for the CDF for single or multiple
diffusing species to extract estimates for the diffusion coefficients
of these molecules and determine the fractions of molecules in
different states [70,71]:

f ðr2Þ ¼ 1� exp � r2

4sD

� �
ð2Þ

Additional species can be added in the same form.

f r2
� � ¼ A1 1� exp � r2

4sD1

� �� �
þ ð1� A1Þ 1� exp � r2

4sD2

� �� �
ð3Þ

where A1 is the fraction of the squared displacements from the dif-
fusive species with diffusion coefficient D1, with the remainder of
the population being in diffusive state D2.

Finally, an ‘apparent’ or ‘nominal’ diffusion coefficient Dapp, can
be determined for each trajectory based on the single-step MSD
(Fig. 4C):

Dapp ¼ 1
4ns

Xn
i¼1

½xiþ1 � xi�2 þ ½yiþ1 � yi�2 ð4Þ

where xi and yi are the coordinates of the molecule at position i in
the single-molecule trajectory, and n is the number of independent
steps in the trajectory with time interval s. The distribution of the
Dapp values, calculated from trajectories of length n can be fitted
to an analytical expression [72]:

f ðDappÞ ¼ 1
ðn� 1Þ! � ðn=DÞ

n � ðDappÞn�1 � exp �nDapp

D

� �
ð5Þ

Since trajectories measured with single-particle tracking vary in
length, trajectories shorter than n steps must be discarded, and



Fig. 4. Analyzing single-particle tracking PALM data. A) Plotting the mean squared displacement of the sptPALM trajectories against time lag can provide information about
the mobility of the labelled protein, and establish if motion is Brownian (where MSD increases linearly with increasing time lag) or sub-diffusive. B) Cumulative distribution
of the squared displacements. This distribution can be fitted with Eqs. (2) or (3), to extract information about the mobility of the proteins and the number of diffusive species.
C) Distribution of apparent diffusion coefficients (Dapp) calculated for each single-molecule trajectory. A threshold can be used to sort individual trajectories based on their
Dapp value, as shown in the example cell with slow trajectories colored red and fast trajectories colored blue (right). D) Examples of long trajectories (ten or more
localizations) classified according to their Dapp transitions: a fast diffusing molecule, with a high average Dapp value over the whole trajectory (blue), a slow-moving molecule,
with a low average Dapp value (red), and a molecule undergoing transition from fast (high Dapp) to slow (low Dapp) (purple). E) The Dapp distribution for DNA polymerase 1
treated with a DNA damaging agent to recruit molecules to DNA. The distribution shows two clearly resolvable peaks, which can be fitted with a two-species model (using Eq.
(6)) to extract fractions of molecules in the low-mobility DNA-bound state, and the mobile state. F) The distribution of RNAP Dapp values can also be fitted with a two-species
model. Treatment with rifampicin blocks transcription, causing a large drop in the fraction of DNA-bound RNAPs (inset). Panels A–C adapted from [73]. Panel D adapted from
Ref. [55]. Panels E,F adapted from [65]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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longer trajectories truncated. For two species, the equation above
becomes:

f ðDappÞ ¼ A1
1

ðn� 1Þ! � ðn=D1Þn � ðDappÞn�1 � exp �nDapp

D1

� �� �

þ ð1� A1Þ 1
ðn� 1Þ! � ðn=D2Þn � ðDappÞn�1 � exp �nDapp

D2

� �� �

ð6Þ
Generating a Dapp value for each trajectory allows the mobil-

ity information to remain linked to the spatial information for
each molecule, thus helping the analysis of the location of dif-
ferent molecular species within in the cell, a treatment also
amenable to color coding and intuitive visual inspection
(Fig. 4C) [73].

Molecules can sometimes be observed as they transition
between diffusive states. These events can be distinguished by cal-
culating a moving average Dapp value over the course of long trajec-
tories (for example, >10 steps) and identifying transitions across a
threshold value (Fig. 4D) [55]. However, since trajectories from
sptPALM are typically short, care should be taken to make sure
analyzing only a small subsection of trajectories does not introduce
biases. Alternatively, a software package has been created to
extract transition rates using Bayesian analysis of sptPALM trajec-
tories of all lengths [74].
3.4. Simulating diffusion in cells

The apparent diffusion coefficients measured experimentally
through particle tracking do not take into account confinement
due to the small size of bacteria, and effects such as localization
error and motion blurring. To address these issues and gain more
detail into the underlying motion, several studies have used simu-
lations of diffusion in cells to recapitulate experimental data
[20,50,55,65]. In our studies, we have simulated Brownian motion
confined within a volume corresponding to the average size of cells
imaged in experiments; e.g., for E. coli, we defined this as a cylin-
drical volume 2 mm long and 0.9 mm wide with hemispherical end-
caps of a 0.9 mm radius. Each frame is split into sub-frames with
Gaussian-distributed displacements in each sub-frame, and each
molecular trajectory given a random starting time to mimic
stochastic photoactivation. The trajectory is then simulated with
a duration sampled from an exponential distribution with a mean
time equal to our experimentally determined photobleaching life-
time (typically 4–6 frames long). The sub-frame distributions can
then be averaged to give a position for each frame, and a localiza-
tion error added. The list of simulated localizations along with
their corresponding frame number can then be analyzed using
the same tracking algorithm with the same settings used for the
experimental data.
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4. Imaging transcription

4.1. Using sptPALM to determine the fraction of RNAP transcribing
genes

In E. coli, chromosomal loci move sub-diffusively, with an MSD
of �10�2 mm2 measured at 1 s time intervals [75]. On the other
hand, individual proteins not interacting with DNA can have a
mobility several orders of magnitude higher [76]. For example,
estimates of the diffusion coefficients of freely diffusing unconju-
gated fluorescent proteins in E. coli range from 7 m2/s [77] to
10 mm2/s [78]. For RNAP, this difference in mobility between
DNA-bound molecules and mobile molecules (the latter represent-
ing diffusing and transiently binding RNAPs) can be exploited to
distinguish transcribing RNAPs from the rest of the population.

To establish the apparent diffusion of the DNA-bound RNAP
species, control proteins can be used. As a PALM standard for a
DNA-bound protein, one can use a PAFP fusion to DNA polymerase
I (Pol1), which shows clearly distinct populations for molecules
specifically bound to DNA and those searching the chromosome
for substrates (see Ref [53], and Fig. 4E of our paper). Fitting this
Dapp distribution using Eq. (6) allow us to establish the D value of
specifically bound molecules. The apparent motion of bound mole-
cules is mainly due to the localization uncertainty in each mea-
surement, rloc , which manifests itself as a positive offset in the D

value of
r2
loc
s [79]. This corresponds to �0.1 mm2/s for rloc ¼ 40nm.

Fitting the RNAP Dapp distribution using a two-species model
that includes the DNA-bound population and a second D species
linked to the population of mobile RNAP molecules showed that
�48% of RNAPs were bound and �52% were mobile in slow cell
growth conditions (Fig. 4F) [65]. This result agrees with previous
estimates from fluorescence recovery after photobleaching (FRAP)
studies on fluorescently labelled RNAP in E. coli [80]; the FRAP
work (which was averaged over many cells) showed that, �53%
of the RNAP molecules were mobile on the 3 s time-scale, and
the remaining 47% were immobile even on the 30 s time-scale.
The fraction of RNAPs which are transcribing is sensitive to growth
rate, and the fraction of bound RNAPs increased to 63% in fast
growth conditions [65]. Blocking transcription with rifampicin
(see Section 2.7) leads to a clear decrease (from 48% to 16%) in
the fraction of DNA-bound RNAPs (Fig. 4F, inset).
4.2. Spatial organization of transcription and the nucleoid

Transcription plays a central role in maintaining both global
and local chromosome organization. Growth conditions influence
both transcriptional activity and nucleoid structure. During slow
growth, the nucleoid lacks observable structure; however, during
fast growth, the nucleoid displays dramatic variation in local
DNA density [81]. Over this range of growth rates, the overall rate
of synthesis of ribosomal RNA increases �40-fold, whereas most
other genes are down-regulated [82].

Direct imaging of labelled RNAP in cells has been used to study
these growth-dependent effects. Initial work with conventional
fluorescence microscopy in fixed cells demonstrated that changes
in the level of expression is reflected in large changes in the spatial
distribution of RNAP: at slow growth conditions, RNAP appears to
be fairly homogeneously distributed over the diffuse nucleoid,
whereas at fast growth conditions, dense clusters of RNAPs emerge
[63,69]. These dense clusters have been likened to ‘‘transcription
factories” in eukaryotic cells, where a single site contains multiple
RNAPs active on different genes [83]. Using rapidly acquired PALM
snapshots (see Section 2.5, Fig. 3B), these clusters can be visualized
in live cells. Quantifying the size of the clusters with both a density
based clustering algorithm, and pair correlation (see Section 3.1,
Fig. 3B,D), demonstrated that the numbers of RNAPs in each cluster
are much larger at faster growth rates than slow growth rates.

Using sptPALM to sort transcribing RNAPs based on their mobil-
ity has also revealed that active transcription reorganizes the posi-
tions of genes. In this analysis, an apparent diffusion coefficient is
calculated for each RNAP trajectory (see Section 3.3), and a thresh-
old is introduced to separate more mobile RNAPs from slower
moving molecules, which are likely to be transcribing genes on
DNA. The spatial distribution of these sorted trajectories gives a
valuable insight into where transcription is taking place (Fig. 5A).
The average spatial distribution over hundreds of cells can be plot-
ted by segmenting the cells based on the transmission image and
determining the positions of trajectories relative to the cell mem-
brane and cell midline (Fig. 5B). These plots show that transcribing
RNAPs is biased towards the periphery of the nucleoid region, but
this organization is lost when active transcription is blocked with
rifampicin. SIM imaging (Fig. 3D) confirmed that the densest
regions of RNAP (corresponding to the most highly transcribed
genes) were located at the edge of the nucleoid, where the density
of DNA is low.
4.3. The target search process

In vivo tracking has proved to be an excellent tool for studying
how the proteins involved in transcription locate their target in
cells. Transcription factors are responsible for controlling much
of gene expression in cells, and extensive work has been performed
in live cells to study both the specific and non-specific DNA inter-
actions of the transcription factor lac repressor (LacI), a protein
responsible for regulating lactose metabolism [19,23]. By using a
mutant of LacI with its DNA binding domain removed, the free
3D diffusion of LacI was measured. The fraction of time which
the protein spends interacting non-specifically with DNA, x, can
be estimated using the equation [19]:

Dsearching ¼ xDbound þ ð1� xÞDfree ð7Þ

where Dfree is the free 3D diffusion coefficient (measured with a
non-DNA binding mutant), Dbound is the diffusion coefficient of
DNA-bound molecules, and Dsearching is the diffusion coefficient of
mobile molecules searching through a combination of transient
DNA interaction and 3D diffusion. Using this equation, it was shown
that LacI spends �90% of its search time bound non-specifically to
DNA.

Comparing the spatial distribution of mobile RNAP molecules
with that of DNA, shows the mobile RNAPs are very highly associ-
ated with the nucleoid (Fig. 5A). This suggests a high level of tran-
sient interactions with DNA, as well as 3D diffusion between
strands of DNA during the search process, and suggests that RNAP
can access even the densest regions of the nucleoid. Similar
approaches to earlier studies of LacI have been employed to study
the non-specific DNA binding of RNAP; however, since RNAP is a
large multisubunit protein with many interactions with DNA, it
is not straight-forward to create RNAP mutants which show no
interactions with DNA. As an alternative, one study has used
sptPALM with very short exposure times (2 ms/frame) to directly
image freely diffusing RNAP [20]; this study provided quantitative
estimates of the fraction of RNAP in different states, showing that
RNAP spends �70% of its search process interacting non-
specifically with DNA.

We adopted an alternative approach to measure the free diffu-
sion of RNAP, by creating a ‘minimal-DNA’ strain carrying a
temperature-sensitive DnaC mutation. At non-permissive temper-
atures, DnaC(ts) cells are unable to initiate DNA replication but
keep elongating, yielding long cells containing a single chromo-
some and long DNA-free endcaps [84]. Tracking RNAP molecules



Fig. 5. Spatial organization of transcription and non-specific DNA interactions. A) Transmission image of an example cell, and an image of DNA stained with an intercalating
fluorescent dye. The distribution of sorted mobile RNAP trajectories (blue lines/bars) closely matched the distribution of DNA (green line). The distribution of bound RNAPs in
the same example cell shows a more clustered distribution which does not closely follow the distribution of DNA. B) Spatial distribution of sorted RNAP trajectories averaged
over �200 cells between 1.6 and 2.5 mm long. Transcribing RNAPs show a bias towards the periphery of the nucleoid region, which is lost after blocking elongating RNAPs
with rifampicin. C) Example ‘minimal-DNA’ cell (top); temperature-sensitive DnaC mutant cells are grown at a non-permissive temperature to give long cells with a single
centrally located chromosome. Tracking RNAPs only in the DNA-free cell endcaps (green dashed region) allows the free 3D diffusion to be determined. The mean squared
displacement (bottom) shows that the diffusion of RNAP in DNA-free cell endcaps (green line) is much faster than the average diffusion of RNAP molecules in normal
unperturbed cells (grey line). Panels A–C adapted from [65]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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located only in the DNA-free cell ends allowed us to determine the
D of free RNAP (Fig. 5C). Using Eq. (7), we showed that RNAP
spends �85% of its search process interacting non-specifically with
DNA. Taken together, these two estimates of RNAP non-specific
binding provides strong evidence that, similar to LacI, a large
majority of the promoter search process is spent by the RNAP tran-
siently interacting with DNA.

5. What does the future hold for in vivo single-molecule
transcription studies?

The powerful combination of PALM imaging with single-
particle tracking has already provided a wealth of information on
the copy number, mobility, sub-cellular distribution, and spatial
organization of RNAP. There are several extensions, however, that
will further increase the information content from this super-
resolution approach, and help apply the basic methods to more
complex systems and settings. These extensions broadly fall into
advanced high-resolution microscopies; correlative measurements
with other transcription components; longer timescales for kinet-
ics; advanced data-analysis routines; and applications to eukary-
otic transcription.

Advanced PALM methods will provide additional contrast on
the RNAP location relative to cellular structures (cell membrane,
nucleoid). One such method is 3D PALM imaging and tracking,
which can rely on astigmatism, bifocal optics, or PSF-engineering
methods (see Ref [26] for a review). This has been applied in bac-
teria [85]. PALM studies in bacteria will also benefit from increased
use of microfluidics [86], which will increase the measurement
throughput, and provide controllable means to maintain or change
the physiology of cell populations under study. Two-color PALM
measurements will also help visualize the relative spatial arrange-
ment of interacting proteins, as well as the location of RNAPs rela-
tive to the nucleoid or RNA molecules at high-resolution. Such
measurements are usually complicated due to suboptimal fluo-
rophore combinations, but improvements in PAFPs and in micro-
scopy will enable such studies; pairs such as PAGFP – PATagRFP
[87] and rsKame – PAmCherry [88] provide viable alternatives
for two-color PALM.

New insight of transcription mechanisms in vivo will no doubt
be obtained by labeling and tracking different components of tran-
scription machinery. This effort may involve labeling of sigma fac-
tors, transcription factors, and nascent RNA (e.g., using MS2- and
MS2-like RNA-visualization strategies; [89]). Depending on the
copy numbers, one may be able to choose between PAFPs and pro-
teins that do not require photoactivation, thus increasing the pal-
ette of available FPs and fluorophores. Further insight will be
gained by relating the position of transcription proteins to specific
genomic sites, which can be labelled using small FROS systems or
the ParB-parS system; use of smaller tags will be preferable [90],
since it is less likely that the DNA probe will affect the location
of the labelled DNA locus.
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The ability to extend tracking to timescales comparable to those
for the transcription of an entire gene (�1 min) will be transforma-
tional, since it will permit monitoring entire rounds of target
search and transcription and relating them to the physiological
state of bacteria, as well as to the location and sequence of genes
involved. Use of stroboscopy, time-lapsed acquisition, and use long
exposures to visualize bound molecules can extend the current
timescale from �100 ms to �10 s. Further improvement of FPs
(e.g., TagRFP [91]; mScarlet [92]) and PATagRFP [87], which are
much more photostable than PAmCherry) should extend tracks
further.

Moving from FPs to organic fluorophores will substantially
increase the photon count and photostability of the fluorophores,
thus improving localization precision and increasing track length
by orders of magnitude. This can be achieved via protein labeling
using SNAP or Halo-tags (see Section 2.2), or fluorescent unnat-
ural amino-acids (recently introduced to nascent proteins during
in vivo translation; [93]). Use of electroporation can also intro-
duce proteins labelled with organic fluorophores [94,95], as well
as labelled DNA fragments that can act as transcription sub-
strates. Apart from the extended timescale of observation, these
developments can lead to lower powers used during PALM
acquisition, which is bound to reduce potential effects of light
on bacterial physiology.

Our ability to extract information from localization data and
multi-color images will be further enhanced by powerful advanced
data analysis methods. For example, the presence of multiple,
interconverting diffusive states (corresponding to different com-
plexes of RNAP, which may also have a different tendency for
non-specific DNA binding) may be detectable using HiddenMarkov
Modeling (HMM) methods that have been developed and applied
to RNA-interacting proteins in bacteria [74]. Data analysis methods
can also be interfaced with closed-loop feedback control to adjust
the photoactivation rate and ensure the low density required for
PALM acquisition [68,85].

Studying bacterial transcription with these methods has also
provided a spring-board for more technically challenging studies
of transcription in eukaryotic cells. To counteract the decreasing
fluorescence signal at larger depths from the coverslip, light sheet
microscopes have been used to study transcription factor dynamics
and RNA polymerase II (PolII), in live mammalian cells [71,96,97].
Other studies have used PALM and pair correlation analysis to
study PolII clustering dynamics in mammalian cells [98].
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Appendix A

1) Preparing cell cultures
1.1) Streak an E. coli strain with a PAFP-target fusion gene

from a frozen glycerol stock on a Luria Broth (LB) agar-
ose plate with the appropriate antibiotics and incubate
at 37 �C overnight.

1.2) Inoculate a 5 ml LB liquid culture from a single cell col-
ony and grow at 37 �C shaking at 220 rpm for 3 h.
1.3) Dilute the culture into 5 ml of low-fluorescence
growth media (e.g. M9 medium or rich defined media)
and incubate at 37 �C shaking at 220 rpm overnight.

1.4) The next day, measure the optical density (OD600)
using a spectrophotometer and dilute the culture in
5 ml fresh growth medium. Grow for at least 2 gener-
ations at 37 �C shaking at 220 rpm to early exponential
phase (�OD 0.1 for minimal media or OD 0.3 for rich
media).

1.5) Concentrate 1.5 ml of cells in a microcentrifuge tube
by centrifugation at 2000g for 3 min. Remove the
supernatant and resuspend the cell pellet in 10 ml of
the residual medium.

2) Microscope slide preparation
2.1) Prepare a 1% low-fluorescence agarose solution in the

same growth media used during cell culture.
2.2) Melt the agarose and pipette 500 ml onto the center of

a microscope slide.
2.3) Before the agarose has solidified, flatten the top sur-

face by placing a coverslip on top. Note that coverslips
should be carefully clean before use, for example by
heating in an oven at 500 �C for one hour. Coverslips
cleaned in this way can be stored for weeks in alu-
minum foil.

2.4) Remove the coverslip from the pad and add 1 ml of the
concentrated cell suspension onto the agarose pad.
Immobilize the cells by re-covering the pad with the
coverslip.
References

[1] A.A. Travers, R.R. Burgess, Cyclic re-use of the RNA polymerase sigma factor,
Nature 222 (5193) (1969) 537–540.

[2] T. Shimada et al., The whole set of constitutive promoters recognized by RNA
polymerase RpoD holoenzyme of Escherichia coli, PLoS One 9 (3) (2014)
e90447.

[3] F. Wang et al., The promoter-search mechanism of Escherichia coli RNA
polymerase is dominated by three-dimensional diffusion, Nat. Struct. Mol. Biol.
20 (2) (2013) 174–181.

[4] K.S. Murakami, S.A. Darst, Bacterial RNA polymerases: the wholo story, Curr.
Opin. Struct. Biol. 13 (1) (2003) 31–39.

[5] R.M. Saecker, M.T. Record, P.L. deHaseth, Mechanism of bacterial transcription
initiation: RNA polymerase – promoter binding, isomerization to initiation-
competent open complexes, and initiation of RNA synthesis, J. Mol. Biol. 412
(5) (2011) 754–771.

[6] A.N. Kapanidis et al., Retention of transcription initiation factor sigma70 in
transcription elongation: single-molecule analysis, Mol. Cell 20 (3) (2005)
347–356.

[7] J. Hohlbein, K. Gryte, M. Heilemann, A.N. Kapanidis, Surfing on a new wave of
single-molecule fluorescence methods, Phys. Biol. 7 (3) (2010) 031001.

[8] D.A. Schafer, J. Gelles, M.P. Sheetz, R. Landick, Transcription by single
molecules of RNA polymerase observed by light microscopy, Nature 352
(6334) (1991) 444–448.

[9] H. Yin et al., Transcription against an applied force, Science 270 (5242) (1995)
1653–1657.

[10] M.D. Wang et al., Force and velocity measured for single molecules of RNA
polymerase, Science 282 (5390) (1998) 902–907.

[11] E.A. Abbondanzieri, W.J. Greenleaf, J.W. Shaevitz, R. Landick, S.M. Block, Direct
observation of base-pair stepping by RNA polymerase, Nature 438 (7067)
(2005) 460–465.

[12] L.J. Friedman et al., Mechanism of transcription initiation at an activator-
dependent promoter defined by single-molecule observation, Cell 148 (4)
(2012) 679–689.

[13] T.T. Harden et al., Bacterial RNA polymerase can retain r70 throughout
transcription, Proc. Natl. Acad. Sci. 113 (3) (2016) 602–607.

[14] A.N. Kapanidis et al., Initial transcription by RNA polymerase proceeds through
a DNA-scrunching mechanism, Science 314 (5802) (2006) 1144–1147.

[15] M. Guthold et al., Direct observation of one-dimensional diffusion and
transcription by Escherichia coli RNA polymerase, Biophys. J. 77 (4) (1999)
2284–2294.

[16] A. Revyakin, C. Liu, R.H. Ebright, T.R. Strick, Abortive initiation and productive
initiation by RNA polymerase involve DNA scrunching, Science 314 (5802)
(2006) 1139–1143.

[17] D. Duchi et al., RNA polymerase pausing during initial transcription, Mol. Cell
63 (6) (2016) 939–950.

http://refhub.elsevier.com/S1046-2023(16)30501-1/h0005
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0005
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0010
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0010
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0010
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0015
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0015
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0015
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0020
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0020
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0025
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0025
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0025
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0025
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0030
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0030
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0030
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0035
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0035
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0040
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0040
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0040
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0045
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0045
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0050
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0050
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0055
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0055
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0055
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0060
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0060
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0060
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0065
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0065
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0070
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0070
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0075
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0075
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0075
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0080
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0080
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0080
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0085
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0085


M. Stracy, A.N. Kapanidis /Methods 120 (2017) 103–114 113
[18] D.C. Grainger, D. Hurd, M. Harrison, J. Holdstock, S.J.W. Busby, Studies of the
distribution of Escherichia coli cAMP-receptor protein and RNA polymerase
along the E. coli chromosome, Proc. Natl. Acad. Sci. 102 (49) (2005) 17693–
17698.

[19] J. Elf, G.-W. Li, X.S. Xie, Probing transcription factor dynamics at the single-
molecule level in a living cell, Science 316 (5828) (2007) 1191–1194.

[20] S. Bakshi, R.M. Dalrymple, W. Li, H. Choi, J.C. Weisshaar, Partitioning of RNA
polymerase activity in live Escherichia coli from analysis of single-molecule
diffusive trajectories, Biophys. J. 105 (12) (2013) 2676–2686.

[21] M. Stracy et al., Single-molecule imaging of UvrA and UvrB recruitment to DNA
lesions in living Escherichia coli, Nat. Commun. 7 (2016) 12568.

[22] S. Bakshi, A. Siryaporn, M. Goulian, J.C. Weisshaar, Superresolution imaging of
ribosomes and RNA polymerase in live Escherichia coli cells, Mol. Microbiol. 85
(1) (2012) 21–38.

[23] P. Hammar et al., The lac repressor displays facilitated diffusion in living cells,
Science 336 (6088) (2012) 1595–1598.

[24] P. Hammar et al., Direct measurement of transcription factor dissociation
excludes a simple operator occupancy model for gene regulation, Nat. Genet.
46 (4) (2014) 405–408.

[25] A. Gahlmann, W.E. Moerner, Exploring bacterial cell biology with single-
molecule tracking and super-resolution imaging, Nat. Rev. Microbiol. 12 (1)
(2013) 9–22.

[26] B. Huang, H. Babcock, X. Zhuang, Breaking the diffraction barrier: super-
resolution imaging of cells, Cell 143 (7) (2010) 1047–1058.

[27] R. Heintzmann, T.M. Jovin, C. Cremer, Saturated patterned excitation
microscopy–a concept for optical resolution improvement, J. Opt. Soc. Am. A.
Opt. Image. Sci. Vis. 19 (8) (2002) 1599–1609.

[28] R.E. Thompson, D.R. Larson, W.W. Webb, Precise nanometer localization
analysis for individual fluorescent probes, Biophys. J. 82 (5) (2002) 2775–
2783.

[29] M.K. Cheezum, W.F. Walker, W.H. Guilford, Quantitative comparison of
algorithms for tracking single fluorescent particles, Biophys. J. 81 (4) (2001)
2378–2388.

[30] C.S. Smith, N. Joseph, B. Rieger, K.A. Lidke, Fast, single-molecule localization
that achieves theoretically minimum uncertainty, Nat. Methods 7 (5) (2010)
373–375.

[31] E. Betzig et al., Imaging intracellular fluorescent proteins at nanometer
resolution, Science 313 (5793) (2006) 1642–1645.

[32] M. Heilemann et al., Subdiffraction-resolution fluorescence imaging with
conventional fluorescent probes, Angew. Chem. 47 (33) (2008) 6172–6176.

[33] S.A. McKinney, C.S. Murphy, K.L. Hazelwood, M.W. Davidson, L.L. Looger, A
bright and photostable photoconvertible fluorescent protein, Nat. Methods 6
(2) (2009) 131–133.

[34] N.G. Gurskaya et al., Engineering of a monomeric green-to-red
photoactivatable fluorescent protein induced by blue light, Nat. Biotechnol.
24 (4) (2006) 461–465.

[35] F.V. Subach et al., Photoactivatable mCherry for high-resolution two-color
fluorescence microscopy, Nat. Methods 6 (2) (2009) 153–159.

[36] C. Spahn, F. Cella-Zannacchi, U. Endesfelder, M. Heilemann, Correlative super-
resolution imaging of RNA polymerase distribution and dynamics, bacterial
membrane and chromosomal structure in Escherichia coli, Method. Appl.
Fluoresc. 3 (1) (2015) 014005.

[37] S. Wang, J.R. Moffitt, G.T. Dempsey, X.S. Xie, X. Zhuang, Characterization and
development of photoactivatable fluorescent proteins for single-molecule-
based superresolution imaging, Proc. Natl. Acad. Sci. 111 (23) (2014) 8452–
8457.

[38] N. Durisic, L. Laparra-Cuervo, A. Sandoval-Álvarez, J.S. Borbely, M.
Lakadamyali, Single-molecule evaluation of fluorescent protein
photoactivation efficiency using an in vivo nanotemplate, Nat. Methods 11
(2) (2014) 156–162.

[39] J. Lippincott-Schwartz, G.H. Patterson, Photoactivatable fluorescent proteins
for diffraction-limited and super-resolution imaging, Trends Cell Biol. 19 (11)
(2009) 555–565.

[40] K. Nienhaus et al., Fluorescent proteins for live-cell imaging with super-
resolution, Chem. Soc. Rev. 43 (4) (2014) 1088–1106.

[41] K.A. Datsenko, B.L. Wanner, One-step inactivation of chromosomal genes in
Escherichia coli K-12 using PCR products, Proc. Natl. Acad. Sci. 97 (12) (2000)
6640–6645.

[42] L.C. Thomason, et al., E. coli genome manipulation by P1 transduction, in:
Current Protocols in Molecular Biology, John Wiley & Sons Inc, Hoboken, NJ,
USA, 2007, pp. 1.17.1–1.17.8.

[43] X. Chen, J.L. Zaro, W.-C. Shen, Fusion protein linkers: property, design and
functionality, Adv. Drug Deliv. Rev. 65 (10) (2013) 1357–1369.

[44] M. Fernández-Suárez, A.Y. Ting, Fluorescent probes for super-resolution
imaging in living cells, Nat. Rev. Mol. Cell Biol. 9 (12) (2008) 929–943.

[45] M.J. Hinner, K. Johnsson, How to obtain labeled proteins and what to do with
them, Curr. Opin. Biotechnol. 21 (6) (2010) 766–776.

[46] N. Ke, D. Landgraf, J. Paulsson, M. Berkmen, Visualization of periplasmic and
cytoplasmic proteins with a self-labeling protein tag, J. Bacteriol. 198 (7)
(2016) 1035–1043.

[47] M.F. Paige, E.J. Bjerneld, W.E. Moerner, A comparison of through-the-objective
total internal reflection microscopy and epifluorescence microscopy for single-
molecule fluorescence imaging, Single Mol. 2 (3) (2001) 191–201.

[48] M. Tokunaga, N. Imamoto, K. Sakata-Sogawa, Highly inclined thin illumination
enables clear single-molecule imaging in cells, Nat. Methods 5 (2) (2008) 159–
161.
[49] D. Sage et al., Quantitative evaluation of software packages for single-molecule
localization microscopy, Nat. Methods 12 (8) (2015) 717–724.

[50] B.P. English et al., Single-molecule investigations of the stringent response
machinery in living bacterial cells, Proc. Natl. Acad. Sci. 108 (31) (2011) E365–
E373.

[51] S.J. Holden, S. Uphoff, A.N. Kapanidis, DAOSTORM: an algorithm for high-
density super-resolution microscopy, Nat. Methods 8 (4) (2011) 279–280.

[52] S. Manley et al., High-density mapping of single-molecule trajectories with
photoactivated localization microscopy, Nat. Methods 5 (2) (2008) 155–157.

[53] S. Uphoff, R. Reyes-Lamothe, F. Garza de Leon, D.J. Sherratt, A.N. Kapanidis,
Single-molecule DNA repair in live bacteria, Proc. Natl. Acad. Sci. 110 (20)
(2013) 8063–8068.

[54] M. Stracy, et al., UvrA initiates nucleotide excision repair by recruiting UvrB
from solution to DNA lesions. Nat. Commun. Accepted (2016).

[55] P. Zawadzki et al., The localization and action of topoisomerase IV in
Escherichia coli chromosome segregation is coordinated by the SMC complex,
MukBEF, Cell Rep. 13 (11) (2015) 2587–2596.

[56] S. Mangiameli, C.N. Merrikh, P.A. Wiggins, H. Merrikh, Transcription leads to
pervasive replisome instability in bacteria, Elife 6 (2017) e19848.

[57] D. Bikard et al., Programmable repression and activation of bacterial gene
expression using an engineered CRISPR-Cas system, Nucleic Acids Res. 41 (15)
(2013) 7429–7437.

[58] L.A. Gilbert et al., Genome-scale CRISPR-mediated control of gene repression
and activation, Cell 159 (3) (2014) 647–661.

[59] J. Wiktor et al., CRISPR-mediated control of the bacterial initiation of
replication, Nucleic Acids Res. 44 (8) (2016) 3801–3810.

[60] M. Ester, H. Kriegel, S. Jörg XX, A density-based algorithm for discovering
clusters in large spatial databases with noise, in: E. Simoudis, J. Han, U.M.
Fayyad (Eds.), Second International Conference on Knowledge Discovery and
Data Mining (KDD-96), 1996, pp. 226–231.

[61] F. Levet et al., SR-Tesseler: amethod to segment and quantify localization-based
super-resolution microscopy data, Nat. Methods 12 (11) (2015) 1065–1071.

[62] P. Rubin-Delanchy et al., Bayesian cluster identification in single-molecule
localization microscopy data, Nat. Methods 12 (11) (2015) 1072–1076.

[63] J.E. Cabrera, D.J. Jin, The distribution of RNA polymerase in Escherichia coli is
dynamic and sensitive to environmental cues, Mol. Microbiol. 50 (5) (2003)
1493–1505.

[64] P. Sengupta et al., Probing protein heterogeneity in the plasma membrane
using PALM and pair correlation analysis, Nat. Methods 8 (11) (2011) 969–975.

[65] M. Stracy et al., Live-cell superresolution microscopy reveals the organization
of RNA polymerase in the bacterial nucleoid, Proc. Natl. Acad. Sci. 112 (32)
(2015) 201507592.

[66] O. Sliusarenko, J. Heinritz, T. Emonet, C. Jacobs-Wagner, High-throughput,
subpixel precision analysis of bacterial morphogenesis and intracellular
spatio-temporal dynamics, Mol. Microbiol. 80 (3) (2011) 612–627.

[67] A. Paintdakhi et al., Oufti: an integrated software package for high-accuracy,
high-throughput quantitative microscopy analysis, Mol. Microbiol. 99 (4)
(2016) 767–777.

[68] S.-H. Lee, J.Y. Shin, A. Lee, C. Bustamante, Counting single photoactivatable
fluorescent molecules by photoactivated localization microscopy (PALM), Proc.
Natl. Acad. Sci. (2012), http://dx.doi.org/10.1073/pnas.1215175109.

[69] U. Endesfelder et al., Multiscale spatial organization of RNA polymerase in
Escherichia coli, Biophys. J. 105 (1) (2013) 172–181.

[70] G.J. Schütz, H. Schindler, T. Schmidt, Single-molecule microscopy on model
membranes reveals anomalous diffusion, Biophys. J. 73 (2) (1997) 1073–1080.

[71] J.C.M. Gebhardt et al., Single-molecule imaging of transcription factor binding
to DNA in live mammalian cells, Nat. Methods 10 (5) (2013) 421–426.

[72] M. Vrljic, S.Y. Nishimura, S. Brasselet, W.E. Moerner, H.M. McConnell,
Translational diffusion of individual class II MHC membrane proteins in
cells, Biophys. J. 83 (5) (2002) 2681–2692.

[73] M. Stracy, S. Uphoff, F. Garza de Leon, A.N. Kapanidis, In vivo single-molecule
imaging of bacterial DNA replication, transcription, and repair, FEBS Lett. 588
(19) (2014) 3585–3594.

[74] F. Persson, M. Lindén, C. Unoson, J. Elf, Extracting intracellular diffusive states
and transition rates from single-molecule tracking data, Nat. Methods 10 (3)
(2013) 265–269.

[75] S.C. Weber, A.J. Spakowitz, J.A. Theriot, Bacterial chromosomal loci move
subdiffusively through a viscoelastic cytoplasm, Phys. Rev. Lett. 104 (23)
(2010) 238102.

[76] S. Elmore, M. Müller, N. Vischer, T. Odijk, C.L. Woldringh, Single-particle
tracking of oriC-GFP fluorescent spots during chromosome segregation in
Escherichia coli, J. Struct. Biol. 151 (3) (2005) 275–287.

[77] M. Kumar, M.S. Mommer, V. Sourjik, Mobility of cytoplasmic, membrane, and
DNA-binding proteins in Escherichia coli, Biophys. J. 98 (4) (2010) 552–559.

[78] A. Sanamrad et al., Single-particle tracking reveals that free ribosomal subunits
are not excluded from the Escherichia coli nucleoid, Proc. Natl. Acad. Sci. 111
(31) (2014) 14113–14118.

[79] X. Michalet, A.J. Berglund, Optimal diffusion coefficient estimation in single-
particle tracking, Phys. Rev. E 85 (6) (2012) 061916.

[80] B.P. Bratton, R.A. Mooney, J.C. Weisshaar, Spatial distribution and diffusive
motion of RNA polymerase in live Escherichia coli, J. Bacteriol. 193 (19) (2011)
5138–5146.

[81] N. Hadizadeh Yazdi, C.C. Guet, R.C. Johnson, J.F. Marko, Variation of the folding
and dynamics of the Escherichia coli chromosome with growth conditions, Mol.
Microbiol. 86 (6) (2012) 1318–1333.

http://refhub.elsevier.com/S1046-2023(16)30501-1/h0090
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0090
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0090
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0090
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0095
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0095
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0100
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0100
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0100
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0105
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0105
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0110
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0110
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0110
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0115
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0115
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0120
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0120
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0120
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0125
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0125
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0125
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0130
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0130
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0135
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0135
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0135
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0140
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0140
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0140
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0145
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0145
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0145
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0150
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0150
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0150
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0155
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0155
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0160
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0160
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0165
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0165
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0165
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0170
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0170
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0170
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0175
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0175
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0180
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0180
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0180
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0180
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0185
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0185
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0185
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0185
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0190
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0190
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0190
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0190
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0195
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0195
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0195
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0200
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0200
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0205
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0205
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0205
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0215
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0215
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0220
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0220
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0225
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0225
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0230
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0230
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0230
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0235
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0235
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0235
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0240
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0240
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0240
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0245
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0245
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0250
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0250
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0250
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0255
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0255
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0260
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0260
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0265
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0265
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0265
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0275
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0275
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0275
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0280
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0280
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0285
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0285
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0285
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0290
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0290
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0295
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0295
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0305
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0305
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0310
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0310
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0315
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0315
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0315
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0320
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0320
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0325
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0325
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0325
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0330
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0330
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0330
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0335
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0335
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0335
http://dx.doi.org/10.1073/pnas.1215175109
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0345
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0345
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0350
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0350
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0355
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0355
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0360
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0360
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0360
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0365
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0365
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0365
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0370
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0370
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0370
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0375
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0375
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0375
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0380
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0380
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0380
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0385
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0385
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0390
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0390
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0390
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0395
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0395
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0400
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0400
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0400
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0405
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0405
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0405


114 M. Stracy, A.N. Kapanidis /Methods 120 (2017) 103–114
[82] H. Bremer, P.P. Dennis, Escherichia coli and Salmonella: Cellular and Molecular
Biology, American Society for Microbiology Press, Washington, DC, 1996.

[83] D.J. Jin, J.E. Cabrera, Coupling the distribution of RNA polymerase to global
gene regulation and the dynamic structure of the bacterial nucleoid in
Escherichia coli, J. Struct. Biol. 156 (2) (2006) 284–291.

[84] X. Wang, D.J. Sherratt, Independent segregation of the two arms of the
Escherichia coli ori region requires neither RNA synthesis nor MreB dynamics, J.
Bacteriol. 192 (23) (2010) 6143–6153.

[85] S.J. Holden, et al., High throughput 3D super-resolution microscopy reveals
Caulobacter crescentus in vivo Z-ring organization. Proc. Natl. Acad. Sci. U.S.A.
(2014) 1313368111.

[86] F. Wu, C. Dekker, Nanofabricated structures and microfluidic devices for
bacteria: from techniques to biology, Chem. Soc. Rev. 45 (2) (2016) 268–280.

[87] F.V. Subach, G.H. Patterson, M. Renz, J. Lippincott-Schwartz, V.V. Verkhusha,
Bright monomeric photoactivatable red fluorescent protein for two-color
super-resolution sptPALM of live cells, J. Am. Chem. Soc. 132 (18) (2010)
6481–6491.

[88] A.B. Rosenbloom et al., Optimized two-color super resolution imaging of Drp1
during mitochondrial fission with a slow-switching Dronpa variant, Proc. Natl.
Acad. Sci. 111 (36) (2014) 13093–13098.

[89] A.R. Buxbaum, G. Haimovich, R.H. Singer, In the right place at the right time:
visualizing and understanding mRNA localization, Nat. Rev. Mol. Cell Biol. 16
(2) (2014) 95–109.
[90] Z. Hensel et al., Transcription-factor-mediated DNA looping probed by high-
resolution, single-molecule imaging in live E. coli cells, PLoS Biol. 11 (6) (2013)
e1001591.

[91] E.M. Merzlyak et al., Bright monomeric red fluorescent protein with an
extended fluorescence lifetime, Nat. Methods 4 (7) (2007) 555–557.

[92] D.S. Bindels et al., MScarlet: a bright monomeric red fluorescent protein for
cellular imaging, Nat. Methods 14 (1) (2016) 53–56.

[93] L. Leisle et al., Cellular encoding of Cy dyes for single-molecule imaging, Elife 5
(2016) 1–24.

[94] R. Crawford et al., Long-lived intracellular single-molecule fluorescence using
electroporated molecules, Biophys. J. 105 (11) (2013) 2439–2450.

[95] M. Sustarsic et al., Optimized delivery of fluorescently labeled proteins in live
bacteria using electroporation, Histochem. Cell Biol. (2014), http://dx.doi.org/
10.1007/s00418-014-1213-2.

[96] Z.W. Zhao et al., Spatial organization of RNA polymerase II inside a mammalian
cell nucleus revealed by reflected light-sheet superresolution microscopy,
Proc. Natl. Acad. Sci. 111 (2) (2014) 681–686.

[97] J. Chen et al., Single-molecule dynamics of enhanceosome assembly in
embryonic stem cells, Cell 156 (6) (2014) 1274–1285.

[98] I.I. Cisse et al., Real-time dynamics of RNA polymerase II clustering in live
human cells, Science 341 (6146) (2013) 664–667.

http://refhub.elsevier.com/S1046-2023(16)30501-1/h0410
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0410
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0410
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0415
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0415
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0415
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0420
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0420
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0420
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0430
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0430
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0435
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0435
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0435
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0435
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0440
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0440
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0440
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0445
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0445
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0445
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0450
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0450
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0450
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0455
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0455
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0460
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0460
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0465
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0465
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0470
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0470
http://dx.doi.org/10.1007/s00418-014-1213-2
http://dx.doi.org/10.1007/s00418-014-1213-2
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0480
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0480
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0480
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0485
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0485
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0490
http://refhub.elsevier.com/S1046-2023(16)30501-1/h0490

	Single-molecule and super-resolution imaging of transcription in living bacteria
	1 Introduction
	2 Experimental methods
	2.1 Super-resolution fluorescence microscopy
	2.2 Preparation of fluorescent fusion strains
	2.3 Microscope design
	2.4 Sample preparation
	2.5 Generating super-resolved images of live cells
	2.6 Single-particle tracking PALM
	2.7 In vivo perturbations

	3 Quantitative imaging and data analysis
	3.1 Analyzing spatial clustering
	3.2 Estimating copy numbers
	3.3 Diffusion analysis
	3.4 Simulating diffusion in cells

	4 Imaging transcription
	4.1 Using sptPALM to determine the fraction of RNAP transcribing genes
	4.2 Spatial organization of transcription and the nucleoid
	4.3 The target search process

	5 What does the future hold for in&blank;vivo single-molecule transcription studies?
	Acknowledgements
	Appendix A
	References


