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Abstract
The ability to detect single molecules in live bacterial cells enables us to probe biological events
one molecule at a time and thereby gain knowledge of the activities of intracellular molecules that
remain obscure in conventional ensemble-averaged measurements. Single-molecule fluorescence
tracking and super-resolution imaging are thus providing a new window into bacterial cells and
facilitating the elucidation of cellular processes at an unprecedented level of sensitivity, specificity
and spatial resolution. In this Review, we consider what these technologies have taught us about
the bacterial cytoskeleton, nucleoid organization and the dynamic processes of transcription and
translation, and we also highlight the methodological improvements that are needed to address a
number of experimental challenges in the field.

The advent of single-molecule detection 25 years ago1,2, which was followed soon after by
single-molecule fluorescence imaging3 and the subsequent development of single
fluorescent protein imaging at room temperature4, provided the means to investigate
individually labelled objects without ensemble averaging. Beyond enabling fundamental
investigations of the physics and chemistry of the emissive labels, one main advantage of
this technology is its use in a wide range of biologically relevant tracking and imaging
experiments. With the ability to express fluorescent fusion proteins in bacterial cells and to
image and track single copies5, proteins have become the primary targets for in vivo
labelling assays. Consequently, most single-molecule-based experiments in bacterial cells so
far have focused on intracellular proteins.

In contrast to eukaryotic proteins, bacterial proteins are not confined to specific subcellular
compartments by membrane-delimited organelles. Nonetheless, fluorescence imaging
experiments have shown that certain bacterial proteins localize to specific subcellular
locations at specific times6. Thus, in addition to proteins diffusing freely in the cytoplasm,
bacteria have an intricate subcellular organization7. In this complex environment, single
proteins mostly carry out their roles as individual entities that are embedded in their local
surroundings, whereas other copies of the same protein occupy distinct locations and can be
in different enzymatic or conformational states. Single-molecule studies can probe and
exploit this heterogeneity by investigating one molecule at a time; for example, bound and
unbound proteins can be distinguished from each other owing to differences in their
diffusive properties. The ability to observe how single protein molecules behave inside
bacterial cells has enabled us to ask where, when and how proteins act and interact, and how
these events ultimately drive larger-scale cellular processes.
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There are two primary experimental approaches for determining spatiotemporal information
about bacterial proteins using the fluorescence of a single molecule. Both approaches are
based on the same principle: the position of a single molecule — that is, its x and y (and in
some cases z, see below) coordinates — can be extracted with high precision if its
fluorescence emission profile on a wide-field detector does not significantly overlap with the
emission profile from other molecules in the vicinity and if the molecule is not moving too
quickly relative to the frame exposure time (BOX 1; FIG. 1a).

Box 1

Principles of super-resolution microscopy

The terms super-resolution microscopy, subdiffraction microscopy, diffraction-unlimited
microscopy and nanoscopy are often used synonymously. These techniques fall into two
general classes. The first class, which includes methods that are based on deterministic
detection, such as stimulated emission depletion (STED), reversible saturable optical
fluorescence transitions (RESOLFT)113,114 and (saturated) structured illumination
microscopy ((S)SIM)115,116, use a spatially patterned fluorescence excitation scheme and
do not require single-molecule sensitivity. Therefore, we refer the reader to other reviews
of these techniques applied to general cellular imaging (see REFS 117,118) and
specifically to bacterial imaging (see REF 119).

In the second class, the diffraction limit is circumvented by applying an ‘active control’
method to limit the emitter concentration, so that the isolated fluorescence emission
profiles that originate from individual molecules can be detected in each frame (FIG. 1a).
By analysing the shape of these intensity profiles (either by centroid estimation or by
fitting to a mathematical function), the positions of the molecules can be extracted with a
precision that is mainly limited by the signal-to-background ratio of the measurement
(that is, the number of photons that are detected above the background), as opposed to the
optical diffraction limit. Approaches for actively controlling emitter concentration are
diverse and include photoactivation120, photoswitching121 and photoinduced blinking4.
In 2006, these methods were named (fluorescent) photoactivated localization microscopy
(F)PALM10,11 and stochastic optical reconstruction microscopy (STORM)12. Since then,
many different implementations of the underlying idea, as well as new approaches to
limit emitter concentration, have emerged122–126. Furthermore, optical methods for
achieving three-dimensional single-molecule imaging have been developed and are
reviewed in detail in REF. 127.

When imaging live cells, it is possible to monitor the change of a structure over
time128–130 and/or to use distinguishable features in the measured single-molecule
signals to alter the selection of detected molecules for inclusion in the final reconstructed
images. As illustrated in part a of the figure, molecules that have different diffusive
properties produce very different intensity profiles that also depend on the camera
acquisition time. The simulated images show the effect of Brownian motion on the
intensity profile of three molecules with different diffusion coefficients (D) that are
representative of cytoplasmic, membrane-attached and essentially fixed molecules. The
three rows in part b of the figure show three different experimental strategies for varying
the effective frame exposure time. The image of a rapidly diffusing molecule is spread
out to undetectable levels with a 200 ms image acquisition time and continuous
illumination. This approach is often used in live cells to selectively image a quasi-static
structure in the presence of rapidly diffusing molecules37,93. By contrast, a rapidly
diffusing molecule produces a clear diffraction-limited image when a short exposure time
of 20 ms and a stroboscopic illumination time of 2 ms is used, which makes this the
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method of choice for tracking the fast motion of free proteins in the cytoplasm131. For
very slowly diffusing (or fixed) proteins, all three exposure time approaches are suitable.

The first approach, which is known as single-molecule tracking (FIG. 1b), involves the
expression5 or activation8,9 of a labelled protein construct — most commonly a fluorescent
fusion protein (BOX 2) — at a very low concentration to produce only one or two
concurrently emitting molecules per cell. By repeatedly detecting and then localizing the
precise position of the same molecule over time, its spatial trajectory (which is estimated on
the basis of sequential position measurements) can be determined5. Analysis of the resulting
single-molecule tracks then provides information on the mode of motion of the labelled
protein, which may be diffusive, motor-directed, confined or a mixture of these. As
intracellular crowding and protein-binding kinetics influence the trajectory of a single
protein, these measurements enable us to ‘watch’ the motion of the protein as it carries out
its function in vivo.

Box 2

The pros and cons of fluorescent protein labels

Almost all single-molecule tracking and super-resolution studies in bacteria so far have
used fluorescent protein fusion constructs, owing to the many advantages of this labelling
approach. Bacterial strains can be constructed to express fluorescent proteins fused to
almost any protein of interest inside the cell132. Endogenous expression of fluorescent
proteins eliminates the challenge of delivering fluorescent molecules across the cell
membrane and cell wall, and provides a level of labelling specificity and efficiency that
is unmatched by other methods. Several fluorescent proteins are available for bacterial
single-molecule super-resolution experiments, but they need to be paired with the
appropriate active control mechanism. Photoactivatable fluorescent proteins, such as
photoactivatable GFP (PAGFP) and PAmCherry1, can be converted from a non-
fluorescent dark state to a fluorescent state by a pulse of short-wavelength light133,134;
photoswitchable fluorescent proteins, such as Dendra2 and mEos2 (mEosFP variant),
change their fluorescent activation and emission wavelength upon illumination with
short-wavelength light135–137; and GFP-variants, such as enhanced yellow fluorescent
protein (eYFP), can be induced to blink by high-intensity illumination138 and can also be
restored from a dark state to an emissive state by short-wavelength light38. The different
spectral characteristics of different fluorescent proteins have also made it possible to
distinguish two or more different labels using multicolour, single-molecule super-
resolution microscopy64,71,139.

Although fluorescent molecules are seldom directly harmful to cellular processes, their
fusion to target proteins can perturb the native function of the target protein. Numerous
proteins function as dimers, multimers and polymers, or they function in close proximity
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to physical barriers, such as membranes. The binding interfaces of proteins are often
highly specific for their interaction partners, and care must be taken to introduce the
bulky fluorescent protein (for example, the 28 kDa GFP has 238 amino acid residues) at a
location that does not sterically interfere with these binding interactions. For these
reasons, monomeric target proteins that freely diffuse in the cytoplasm are generally
more likely to continue to function correctly as fluorescent fusion proteins. In addition,
some fluorescent proteins artificially induce clustering under certain conditions, which
may alter the native localization pattern of the fusion partners140.

To confirm the validity of any fluorescent imaging studies, the functionality of the
labelled construct should be independently verified. The most robust method to test this
involves replacing the gene that encodes the wild-type protein with the gene that encodes
the fusion protein, and then evaluating the mutant cells for any phenotypic changes
compared to wild-type cells. Genomic replacements have the additional advantage of
ensuring that the fusion protein is expressed at native levels, which can vary considerably
for cell cycle-regulated proteins, for example. If the fluorescent fusion protein does
produce an altered phenotype, in some instances it might still be possible to use it as a
label by expressing it in addition to the wild-type protein (the degree of functional
perturbation then becomes concentration-dependent). The increased spatial resolution
that is gained using single-molecule techniques (BOX 1) ideally requires full
functionality of labelled protein constructs, as even slight alterations in protein
localization patterns are now becoming detectable.

The second approach is known as single-molecule super-resolution imaging10–12 (FIG. 1c).
As opposed to tracking of the same molecule, this approach determines the positions of
different copies of labelled molecules. If these labelled copies are incorporated into a larger
structure, such as a polymeric protein filament, then their positions randomly sample this
structure and thereby provide information about its overall shape and position in the cell. A
point-by-point reconstruction can then be assembled by combining the localized positions of
all detected molecules in a computational post-processing step. Importantly, because all
molecules are localized with a precision of tens of nanometres, this approach circumvents
the diffraction limit that otherwise limits image resolution to 200–300 nm in conventional
fluorescence microscopy. Such a large improvement in resolution (a factor of five or more,
which results in resolutions that are typically in the 20–40 nm range), means that structures
that were previously unresolvable are now clearly visible, which enables us to address one
long-standing question in bacterial cell biology: what are the locations and (three-
dimensional (3D)) architectures of bacterial protein superstructures at a length scale of 200–
300 nm?

In this Review, we describe a selection of recent single-molecule tracking and super-
resolution imaging studies in bacteria that best illustrate the novel insights that have been
gained. Thus far, Caulobacter crescentus and Escherichia coli are the two model systems
that have been most studied by single-molecule methods, although applications in Bacillus
subtilis are beginning to emerge. We consider the many diverse aspects of bacterial cell
biology that have been examined, including structural (cytoskeletal) proteins, nucleoid
organization, chromosome segregation and partitioning, and transcription and translation13.
Owing to space constraints, not all topics are covered, such as recent studies14,15

determining the stoichiometry and component exchange of the replisome, which are
reviewed in REF. 16. We conclude with a discussion of the present limitations that future
work in the field needs to address and the potential for future discoveries.
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Structural proteins: the bacterial cytoskeleton
The bacterial cytoskeleton consists of polymeric protein filaments that provide the cell with
structural scaffolds to coordinate cellular processes over spatial distances that are larger than
the size of individual protein monomers. These processes include cell wall synthesis17, cell
division18 and chromosome segregation19. The first bacterial cytoskeletal filaments to be
identified were the cell division protein FtsZ20 (a homologue of tubulin) and the rod shape-
maintaining protein MreB21,22 (a homologue of actin). Additional cytoskeletal proteins that
lack eukaryotic homologues continue to be discovered and have been reviewed in detail in
REFS 23, 24.

Filament-forming cytoskeletal proteins have been frequent subjects of super-resolution
experiments; as they have a presumed quasi-static and directional nature, filaments are
readily inferred, even from sparsely labelled samples. However, these filamentous structures
can be challenging to label with bulky fluorescent proteins, as polymeric packing can be
perturbed by the addition of a bulky fluorescent label at or near the binding interface (BOX
2). In this section, we review the biological insight that has been gained using single-
molecule methods for MreB, FtsZ and the polar organizing protein PopZ (FIG. 2).

MreB
Rod-shaped bacteria maintain their shape by tightly regulating the insertion of new
peptidoglycan units into their rigid cell wall; however, the mechanism by which an
organized insertion pattern is achieved remains unclear. Rod-shaped cells develop abnormal
lemon-shaped morphologies if they are depleted of MreB25,26 or if they are exposed to the
MreB polymerization inhibitor A22 for long periods of time (for example, 10 hours)27–30.
These observations have led to the suggestion that MreB is involved in directing the
insertion of new peptidoglycan units into the cell wall and thereby maintaining the rod
shape21,22,31–33.

Traditional epifluorescence microscopy in rod-shaped bacteria has shown that fluorescent
MreB fusion proteins have a cell-spanning helical ultrastructure21,25,27,28 (FIG. 2a). Many
other fluorescent fusion proteins (for example, the peptidoglycan synthetic enzyme
penicillin- binding protein 2 (REFS 25,28,34,35)) also localize in a helical arrangement.
Thus, a widely accepted model was proposed, which posited that the MreB helix directs the
pattern of rod-shaped cell wall growth by recruiting essential components of the cell wall
synthetic machinery31,36. However, knowledge of the mechanistic details of MreB function
has advanced considerably in recent years, owing to results that were obtained using a
combination of single-molecule methods, single-particle tracking (see centroid estimation)
and cryo-electron tomography.

The first single-molecule tracking study of MreB used amino-terminal enhanced yellow
fluorescent protein (eYFP)–MreB fusion proteins that were expressed at extremely low
levels from a xylose-inducible promoter in C. crescentus37. The low concentration of eYFP–
MreB made it possible to track the motion of single molecules along the cell membrane.
Analysis of the tracks showed that eYFP–MreB is present in two populations: a fast-
diffusing population of monomers and a second population of polymerized MreB that
exhibited slow and directed motion. The slow-moving molecules travelled at 6 nm per
second, and the tracks had an average length of 332 nm and were orientated in a roughly
perpendicular arrangement relative to the long axis of the cell. These data suggest that MreB
monomers might treadmill through short, stationary MreB filaments by polymerizing at one
end of the filament and depolymerizing at the opposite end (FIG. 2b).
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The tracking experiments were complemented by a single-molecule super-resolution
imaging study in C. crescentus that exploited the fact that, using long frame acquisition
times of 100 ms, slowly diffusing eYFP–MreB molecules could be preferentially
distinguished from the background of faster moving free MreB monomers38. Consistent
with results from diffraction-limited imaging21,25,27,28, the super-resolution reconstructions
from the fitted single-molecule positions revealed an approximately helical ultrastructure
that spanned the entire cell (FIG. 2a).

The question of why the helical pitch that was observed in the super-resolution images did
not exactly match the direction of the single-molecule tracks prompted further research.
Experimental evidence from single-particle tracking of fluorescent foci using total internal
reflection fluorescence microscopy (TIRF microscopy)39–41 and images from cryo-electron
tomography42,43 challenged the helical structure model of MreB. The foci of N-terminal
GFP–MreB fusion constructs in B. subtilis moved in directions that were perpendicular to
the long axis of the cell39–41 (FIG. 2c), which is similar to the eYFP–MreB single-molecule
motions that were observed in C. crescentus37. However, the velocities that were observed
in B. subtilis were faster than those detected in C. crescentus and ranged from 20 nm to 60
nm per second.

A third single-particle tracking study41 used GFP fused to an internal MreB site, which was
independently shown to be a better functional complement than the previously used N-
terminal fusion constructs44,45. When this internal fusion construct was expressed in E. coli,
the fluorescent foci moved at 6.7 nm per second, and the orientations of the trajectories
showed less than 3-degree deviation from the perpendicular angles relative to the long axis
of the cell. Importantly, in all three single- particle tracking studies39–41, MreB movement
was shown to be driven by the process of peptidoglycan synthesis itself, and the motion of
the individual fluorescent MreB foci was observed to be uncorrelated and bidirectional. This
has led to the suggestion of an alternative model, in which MreB is proposed to form short,
actin-like filaments that move as independent units in directions that are perpendicular to the
long axis of the cell39–41 (FIG. 2b).

Interestingly, in cryo-electron tomograms of unlabelled wild-type cells, a cell-spanning
MreB helix is not observed42; however, when the N-terminal eYFP–MreB fusion construct
is expressed in E. coli, the cryo-electron tomograms clearly show a helical cell-spanning
MreB filament43. Together, these results show that, in the case of MreB, the observed
localization patterns are highly dependent on the placement and possibly the identity of the
fluorescent protein tag. This highlights the need for robust control experiments to reduce
artefacts due to labelling as well as the need for systematic variation in the method of
attachment of the fluorescent protein to the target protein to minimize functional
perturbation.

At present, the mechanistic details of MreB function at the molecular level still remain
unclear. As the role of MreB in the maintenance of a rod shape is undisputed and as multiple
copies of MreB molecules are observed travelling together as a unit, it is now hypothesized
that short polymeric filaments of MreB fulfill a scaffolding function to organize the
peptidoglycan synthetic complex17,46. However, the architecture of such a complex, as well
as the existence of filaments that would be too small or too close to the cell membrane to be
observed in cryo-electron tomography, has yet to be experimentally verified.

FtsZ
FtsZ is a highly conserved bacterial homologue of tubulin that is essential for bacterial cell
division47,48. After binding to GTP, FtsZ monomers polymerize to form a ring-like structure
(which is called the Z ring) at the site of the division septum. The Z ring recruits
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components of the cell division machinery and also provides the constrictive forces that are
necessary for cell division49. Cryo-electron tomograms of C. crescentus have shown that
FtsZ monomers polymerize into short protofilaments that are 40–160 nm in length and 4–5
nm wide50 (FIG. 2b). These protofilaments localize to the site of constriction immediately
before cell division, and there is no discernible coordination between the filaments that
constitute the Z ring.

A super-resolution imaging study showed that, in non-constricting E. coli cells, FtsZ
assembles into more extended helical conformations of variable lengths and pitch (FIG.
2c,d) in addition to the closed ring structure that is formed in constricting cells51. Owing to
the high spatial resolution that was attained, these images confirmed earlier indications from
diffraction-limited imaging that FtsZ has a helical structure in E. coli, B. subtilis and C.
crescentus52–55. Consistent with the observed overlapping protofilament arrangement in the
cryo-electron tomograms of C. crescentus50, the apparent 110 nm thickness of the
condensed Z ring in the super-resolution fluorescence images was interpreted to arise from a
loose bundle of overlapping FtsZ protofilaments that were not individually resolved owing
to the estimated image resolution of 35 nm.

The carboxy-terminal FtsZ–mEos2 (mEosFP variant) fusion construct that was used in this
study51 could not be expressed as a genomic replacement of wild-type FtsZ, probably
because the bulky fluorescent protein label interfered with binding to membrane-anchoring
proteins. However, the protofilaments of a C-terminal FtsZ–YFP–membrane-targeting
sequence fusion protein that were reconstituted into liposomes had a morphology that was
indistinguishable from that of wild-type FtsZ proto-filaments and were able to constrict the
liposomes in the presence of GTP49. Therefore, the authors concluded that, although FtsZ–
mEos2 was incapable of binding to the membrane, it still provided a reliable label of the
native FtsZ structure when it was expressed in addition to wild-type FtsZ, as tagging of the
C terminus did not interfere with the polymerization and constriction activity of FtsZ.

Single-molecule imaging and tracking has also made it possible to quantify the highly
dynamic nature of polymeric FtsZ protofilaments. It was already known from fluorescence
recovery after photobleaching (FRAP) experiments that the fluorescence signal from the Z-
ring structure is recovered with a half-time of 8–9 seconds56. A single-molecule tracking
study in E. coli, using an FtsZ–Dendra2 fusion construct, identified two distinct populations
of FtsZ8: a group of mostly stationary molecules that were localized close to the centre of
the cell, belonging to the Z ring ultrastructure; and a second population that exhibited faster
motion and diffused throughout the cell at speeds that were similar to those of monomeric
and/or polymeric entities moving on the cell membrane (diffusion coefficient (D) ≈ 0.1 μm2

per second). Intriguingly, diffusion of the second population seemed to be spatially
restricted to an approximately helical pattern8, which is consistent with the helical patterns
that have been observed in traditional epifluorescence images52–55 but further illustrates that
these helical patterns are not part of a static structure.

Another super-resolution imaging study characterized the localization and polymerization–
depolymerization dynamics of FtsZ in C. crescentus57. Using short exposure times of 15 ms,
FtsZ–Dendra2 was only detectable when it was incorporated into a compact Z ring near
mid-cell and became or remained undetectable when it rapidly diffused as a monomer. The
average visibility times of polymerized FtsZ–Dendra2 molecules were 58 ms in live cells
and 128 ms in fixed cells. In fixed cells, the visibility time is limited only by the time it takes
for a single Dendra2 molecule to photobleach; however, in live cells, the visibility time also
incorporates the time it takes for a single molecule to be released from the proto-filament.
Thus, the reduction in visibility time (by a factor of approximately two) in live cells shows
that single FtsZ molecules depolymerize at a rate that is about two orders of magnitude
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faster than the turnover half-time of all the protofilaments in the Z ring (8–9 seconds, as
measured in E. coli and B. subtilis56). This suggests that individual FtsZ molecules can
associate and dissociate with the Z ring on a subsecond timescale, whereas complete
exchange with the cytoplasmic population occurs on a slower timescale of seconds.

The utilization of 3D wide-field super-resolution imaging using an astigmatic point spread
function (astigmatic PSF) further showed that the Z rings in C. crescentus span the cell
diameter and have a considerable thickness (of 70–100 nm), such that central openings with
diameters of only ~150–300 nm are present57 (FIG. 2b). These results are consistent with
the model of a loose bundle of overlapping protofilaments that extends into the cytoplasm51,
but this model seems to be at odds with the close membrane association of the FtsZ
protofilaments that was observed using cryo-electron tomography in C. crescentus50. To be
detectable in cryo-electron tomography, the proteins must form a relatively coherent long-
range structure (such as a protofilament); however, FtsZ is a highly dynamic protein, and the
single-molecule fluorescence method may be detecting those FtsZ molecules that are in the
additional locations in the cell interior, where they can transiently localize within the ~15 ms
frame exposure times.

Although FtsZ is a highly conserved cell division protein, there is a high degree of variation
in the proteins that interact with FtsZ in different bacterial species48. This may explain the
apparent differences in single-molecule localization patterns and dynamics that have been
observed thus far, and it also highlights the importance of carrying out live-cell
measurements in different species. Other super-resolution imaging techniques that do not
rely on single-molecule detection (BOX 1) have also been applied to study FtsZ58–60. As
more high-resolution data on FtsZ and its interacting proteins become available, it will be
interesting to see whether it is possible to obtain a general model of FtsZ architecture and
function.

PopZ
PopZ is conserved in Alphaproteobacteria and forms dense clusters at the cell poles61–63

(FIG. 2b). In C. crescentus, PopZ has polar organizing and anchoring functions, and recruits
several proteins to the cell pole, including proteins that are essential for faithful chromosome
segregation and partitioning in replicating cells. Electron micrographs of PopZ filaments
have shown that they form a connected polymeric network in vitro61. Following the
observation of a ribosome exclusion zone at the cell pole of intact cells62,63, it was proposed
that PopZ forms a similar network in vivo that prevents large macromolecules from
occupying the polar regions (FIG. 2b).

Super-resolution 3D imaging with a double-helix point spread function (PSF) using a
photoactivatable mCherry1 (PAmCherry1)–PopZ fusion construct showed that PopZ does
indeed form nanodomains at the cell poles, which occupy the entire polar space64 (FIG. 2e).
Importantly, although the size and volume of the PopZ nanodomains (as well as the number
of localized single molecules within each nanodomain) varied significantly at the population
level, the density of PopZ proteins was uniform in the nanodomains. This property was
repeatedly observed for dozens of cells in different fields-of-view, which indicates that it is
an invariant structural feature of PopZ. Thus, these data further support the hypothesis that
PopZ forms an architecturally conserved 3D polymeric network at the C. crescentus cell
poles. We speculate that these PopZ ultrastructures, which are dense enough to exclude large
particles (such as ribosomes or polymeric biomolecules), might form a specialized sub-
cellular scaffold or environment for specific biochemical binding events and reactions.
Further experiments that probe the precise role of PopZ in the organization and regulation of
other proteins at the cell poles are required to test this hypothesis.
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In summary, single-molecule imaging studies have revealed features of the cytoskeletal
network that are not accessible using other technologies, including the time-scale of
movement of MreB and FtsZ and the uniform density of the PopZ polymeric network. These
studies also demonstrate the potential for sample-induced artefacts to be introduced in
current fluorescent-protein labelling methods (as shown by the MreB studies42,43), which
supports the need for the development of improved labelling approaches.

Nucleoid organization and partitioning
Understanding the organization, processing and maintenance of the bacterial nucleoid during
the cell cycle is another area that has progressed owing to single-molecule imaging in live
cells. As has already been shown using diffraction-limited imaging of stained DNA, the
shapes of the nucleoid boundaries differ considerably between C. crescentus and E. coli65,66

(FIG. 3a,b). Super-resolution imaging of individual nucleoid-associated proteins (NAPs) is
one approach that has been used to probe nucleoid organization on a scale that is otherwise
obfuscated by the diffraction limit of conventional fluorescence imaging. Insights can be
gained by measuring the spatial distribution of isolated single proteins and by tracking their
motion.

Structural organization of the chromosome
Imaging of NAPs provides information about chromosome organization, as these proteins
bind to DNA and have organizational and regulatory roles. The spatial distribution of DNA-
binding protein HU, which is the most abundant NAP67,68, was investigated in fixed C.
crescentus cells using photoinduced blinking of the HU2–eYFP fusion protein69. HU is
typically present as a heterodimer, consisting of HU1 and HU2 in C. crescentus (or HU1α
and HUβ in E. coli), that nonspecifically binds to both double-stranded and single-stranded
DNA67,68. Access to high-resolution positional information of more than 1,000 single HU2–
eYFP molecules per cell enabled a quantitative assessment of whether HU2 is uniformly
distributed throughout the nucleoid or whether local clusters are formed, using spatial point
statistical methods70 (FIG. 3a). In the case of swarmer cells and stalked cells (which are two
different developmental stages in the C. crescentus cell cycle), only a very slight degree of
HU2 clustering was observed, whereas pre-divisional cells exhibited considerable HU2
clustering. Because the interaction between HU and DNA is nonspecific, this clustering
suggests that chromosome reorganization and compaction occur before cell division.

In a second study in live E. coli cells, 3D super-resolution images of five mEos2-labelled
NAPs were obtained71. Four of these proteins — HU, Fis (factor-for-inversion stimulation),
IHF (integration host factor) and StpA (stalk protein A) — were randomly positioned
throughout the nucleoid. However, the transcriptional silencer histone-like nucleoid-
structuring protein (H-NS) formed a pair of compact clusters on each chromosome; thus,
depending on cell length, two, three or four clusters were observed (FIG. 3b). A mutant
variant of H-NS that contained a point mutation in the N-terminal domain failed to induce
clustering, which indicates that the N-terminal domain is required for cluster formation in
vivo. A point mutation in the C-terminal domain, which is responsible for DNA binding,
resulted in a ~20-fold decrease in the number of single molecules per cluster, which
indicates that there is a strong association between DNA and individual H-NS proteins
within the clusters. In addition, colocalization imaging of H-NS and tetracycline repressor
protein (TetR)–eYFP-labelled gene loci and a chromosome conformation capture (3C)
assay72 were used to investigate the pairwise proximity with nine H-NS-regulated genes.
Both approaches showed that H-NS clusters tend to bring regulated operons into close
spatial proximity and thereby sequester those regions of the chromosome that are not
undergoing active transcription and translation to a common location in the nucleoid.
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Another NAP that is involved in the structural maintenance of chromosomes (SMC), is the
MukBEF complex in E. coli73 and B. subtilis74. MukBEF is responsible for chromosome
condensation and chromosome partitioning by ‘grabbing’ and bringing together DNA loop
regions75–77 (FIG. 3C). Similarly to H-NS, single-molecule imaging has shown that most
MukB monomers rapidly diffuse throughout the E. coli cell, whereas ~20% of the MukB
population is in a stationary fraction of MukB dimers within MukBEF complexes that form
several punctuate clusters in the nucleoids. In B. subtilis, this was shown to be mediated by
recruitment of MukBEF by the stably positioned segregation and condensation protein (Scp)
complex ScpAB74, which together form the previously identified condensation centres78–80.
Previous biochemical studies reported MukB/MukE/MukF subunit stoichiometries of 2/4/2
or 2/2/1 for ATP-unbound and ATP-bound states, respectively. By comparing the initial
fluorescence intensity of the clusters with the intensity decrease of a digital single-molecule
photobleaching step5,81 in multiple E. coli cells (see also Transcription and translation
section below), the minimal functional unit in live cells was found to be an ATP-bound
dimeric complex that had a MukB/MukE/MukF stoichiometry of 4/4/2. Furthermore, on the
basis of the pre-bleach brightness of the clusters, it was estimated that each cluster contained
about eight to ten of these dimeric complexes. By varying the imaging speed (BOX 1),
freely diffusing MukB molecules could be distinguished from immobile MukB molecules in
the clusters (FIG. 3c). On the basis of reaction diffusion modelling, the dwell time of
MukBEF in the clusters was ~50 seconds. This relatively slow turnover indicates that almost
simultaneous hydrolysis of four ATP molecules is needed for the complete release of a
minimal functional 4/4/2 unit to occur. These 4/4/2 dimeric complexes could therefore
continually try to grab and release additional DNA loops without losing tight association
with the already condensed portions of the chromosome (FIG. 3d).

Chromosome integrity and partitioning
In addition to structural organization of the chromosome, the integrity of double-stranded
DNA must be maintained to avoid the accumulation of DNA damage. The process of base
excision repair (BER) by DNA polymerase I and DNA ligase has been investigated in live
E. coli cells82. On binding to DNA, both of these enzymes show a distinct change in their
diffusive behaviour. Thus, by using a combination of single-molecule tracking (using short
15 ms exposure times) and single-molecule imaging (using long 500–1000 ms exposure
times), it was possible to determine the repair rates of these enzymes in vivo (FIG. 4a).
Under physiological conditions, DNA polymerase I and DNA ligase molecules require just
~2 seconds to carry out a repair event and spend ~80 seconds and ~60 seconds diffusing
along the DNA in search of additional substrates, respectively. Consequently, the fraction of
bound DNA polymerase I and DNA ligase molecules in a given cell is very small (<5%).
Under conditions of increased DNA damage, the single-molecule repair rates remain
unchanged, whereas the fraction of bound molecules increases and eventually saturates at
<20%. These data indicate that the activity of E. coli DNA polymerase I and DNA ligase is
limited by substrate availability owing to upstream rate-limiting steps in the BER pathway.
Further experiments are now needed to characterize the entire BER pathway in order to
identify these upstream reactions.

During cell division, a considerable reorganization of the nucleoid occurs to ensure that
duplicated chromosomes are partitioned into the daughter cells. This process has been
studied using super-resolution imaging in C. crescentus83 (FIG. 4b). The key proteins that
are involved are components of the chromosome-partitioning ParABS system. ParB binds to
parS sites, which are located in close proximity to the origin of replication on the
chromosome, and it spreads along neighbouring DNA, thus forming a centromere-like
ParB–parS complex. ParA is a Walker-type ATPase that can polymerize into filaments in
vitro and interacts with ParB. By localizing ParA (labelled with eYFP) in living cells, high-
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resolution insights into chromosome segregation were obtained. ParA–eYFP, which was
probably bound to the nucleoid, localized in a narrow, linear structure running along the
central axis of the cell (FIG. 4b). Furthermore, super-resolution and traditional
epifluorescence images at different stages of the cell cycle showed that, after duplication of
the chromosomal origin at the cell pole, the new copy of the mCherry-labelled ParB–parS
centromere follows the receding end of the narrow ParA structure until it ultimately arrives
at the opposite cell pole. The original ParB–parS centromere remains at the old pole, which
ensures correct partitioning and positioning of the replicated chromosomes in each daughter
cell. These data indicate that ParA and ParB are in close spatial proximity and that ParB
destabilizes DNA-bound ParA complexes. This has led to the suggestion that ParB-
stimulated ParA depolymerization activity is responsible for moving the centromere to the
opposite cell pole.

Transcription and translation
Coupling of transcription and translation

Central to the processes of transcription and translation are questions about where they occur
within bacterial cells and how they are regulated. Given that the nucleoids of E. coli and B.
subtilis do not occupy the entire cell volume, a more general question arises: to what extent
are the transcription and translation machineries physically coupled owing to the
simultaneous synthesis of mRNA and polypeptide chains? Early electron microscopy of E.
coli extracts showed that some RNA transcripts are anchored to DNA via RNA polymerase
(RNAP) while also being translated by multiple ribosomes84. By contrast, electron
micrographs of E. coli have shown that ribosomes are predominantly localized to the cell
poles and to the lateral periphery of the nucleoid, which suggests that transcription and
translation are spatially segregated85. On the basis of the possible coupling between
transcription and translation, several mechanistic hypotheses have been proposed; for
example, for membrane proteins, it has been suggested that transcription–translation
coupling, and concurrent insertion of the encoded product into the membrane (known as
transertion) might function as a mechanism to anchor DNA segments to the cell
envelope86,87. Single-molecule experiments in live cells are well suited to test the extent and
the validity of specific mechanisms, such as transertion, and several studies to address the
differing hypotheses have now begun to emerge.

To assess transcription–translation coupling, the time-averaged spatial distribution and
trajectories of individual ribosomes and RNAP were measured in live E. coli cells using C-
terminal eYFP fusions to the 30S ribosomal protein S2 and yGFP fusions to the β-subunit of
RNAP, respectively, in two different E. coli strains88. The super-resolution images (FIG. 5a)
showed that ~15% of ribosomes were located within the nucleoids, whereas the larger
remaining fraction populated the periphery around the nucleoids and the cell poles. In an
independent study, similar ribosome distributions were found by labelling the 30S ribosomal
subunit protein S22 with mEos2 (REF. 71). By contrast, RNAP was found primarily in the
nucleoid; thus, these findings quantitatively show that the spatial distributions of ribosomes
and RNAPs are mostly anti-correlated in E. coli.

The apparent diffusion coefficient of the labelled S2–eYFP construct (Dapp ≈ 0.04 μm2 per
second) was consistent with computationally modelled free, but confined, diffusion rates of
fully assembled 70S monomers and polysomes in the ribosome-rich regions of the cell (FIG.
5b). These results suggest that the vast majority of ribosomes (at least 85%) are not coupled
to transcription in E. coli. Of the remaining ~15% of ribosomes, only the ribosomes that are
near the lateral cell membrane could potentially be involved in transertion of membrane
proteins, because transertion is unlikely to occur at the cell poles owing to the long distances
between DNA and polar cell membranes (300–500 nm).
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Intriguingly, in C. crescentus, the available data from diffraction-limited imaging seem to
support the possibility that transcription and translation are strongly coupled, as ribosomes
and DNA seem to be homogeneously mixed rather than anti-correlated66. Furthermore, data
from fluorescence in situ hybridization (FISH) — in which a large probe that consists of 120
tandem lac operator sequences is used to assess mRNA dispersion — together with FRAP
experiments to probe ribosome mobility, seem to suggest that mRNA and the majority of
ribosomes do not freely diffuse. The FISH-labelled mRNA construct was found to remain
close to the DNA locus from which it originated. By contrast, the existence of a translation-
independent transport mechanism for mRNA has recently been demonstrated in E. coli, in
which labelled transcripts quickly reached different subcellular regions (possibly by active
transport) in a sequence-dependent manner89. The underlying reasons for these apparent
differences between C. crescentus and E. coli are currently unknown, and the identification
of possible mRNA transport mechanisms awaits further experimental characterization.

Transcription factor dynamics
Single-molecule techniques have also been applied to the investigation of transcription
factor-mediated regulation of gene expression. One of the earliest experiments quantified
gene expression by using the appearance and subsequent photobleaching of a localized
fluorescence signal (known as detection by localization) to count the number of single
eYFP-labelled membrane proteins that were controlled by the lac repressor90. A related
method, in which total fluorescence from many fluorescent labels is normalized to the
fluorescence intensity of a single molecule, has also been used to estimate the copy number
of proteins5,81. This method has been used to determine the permease expression threshold
that is required to cause E. coli to switch from one phenotype to another91 and to quantify
parts of the proteome and transcriptome in the same organism92.

Detection by localization has been used to determine the rate of transcription factor binding
events at the single-molecule level (FIG. 5c). This is possible because transcriptional
regulation relies on dynamic interactions between individual transcription factor molecules
and the mostly stationary polymeric DNA structure. In combination with strategic
manipulation of the DNA sequence in the vicinity of the operator sequence (which is the site
to which transcription factors bind), these experiments have revealed the mechanism by
which a single transcription factor searches for its operator sequence. The search process of
LacI for the lac operator in live E. coli cells was characterized by monitoring the diffusive
behaviour of individual LacI molecules that were labelled with the YFP variant Venus93. To
achieve the low expression of labelled LacI (three LacI molecules per cell) that is necessary
for unambiguous single- molecule detection, the expression of LacI was repressed to below
wild-type levels (~20 LacI molecules per cell). In the first set of experiments, the exposure
time was set to 1,000 ms to minimize the detection of nonspecifi-cally bound, and thus
rapidly diffusing, LacI molecules. LacI molecules that were bound to operator sequences
produced localized diffraction-limited single-molecule images (FIG. 5c). Measurement of
the binding kinetics at the population level in response to chemical treatment revealed that a
single LacI molecule requires a search time of less than ~350 seconds to locate its specific
operator sequence.

In a second set of experiments, which used stroboscopic laser illumination with 10 ms laser
pulses (BOX 1), the diffusive behaviour of nonspecifically bound LacI molecules was
characterized. The apparent diffusion coefficient (Dapp= 0.4 ± 0.02 μm2 per second), which
was obtained by pooling all of the observed single-molecule tracks that were measured for
the entire population of cells, was found to contain contributions from LacI dimers that were
sliding along DNA and free LacI proteins that were diffusing in the cytoplasm. By
measuring the diffusion constants of both of these populations in separate experiments, the
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LacI dimer was found to spend ~87% of the time nonspecifically bound to, and diffusing
along, DNA. These in vivo results provide strong and quantitative support to the long-
standing hypothesis that individual transcription factors search for their target location by a
combination of one-dimensional diffusion along DNA segments and 3D diffusion between
DNA segments (known as the facilitated diffusion model)94. A follow-up study revealed
that LacI repeatedly slides over a distance of ~45 bp when it is nonspecifically bound to
DNA95. The facilitated diffusion model was thus refined to include the possibility that a
single transcription factor can slide over its specific operator sequence several times before
binding (FIG. 5d). These findings may reflect the conflicting challenge of transcription
factor function, which results from a compromise between the ability to rapidly search
nonspecific DNA segments and the ability to rapidly bind to specific target sites.

Summary and outlook
The examples that are described in this Review illustrate that single-molecule tracking and
super-resolution imaging in bacteria are useful tools for determining biologically relevant
information at unprecedented spatial scales and with unsurpassed sensitivity and specificity.
In addition, optical fluorescence imaging provides this information in a relatively non-
invasive manner that is compatible with live-cell imaging and thus serves as a critical
complement to in vitro experiments. These advantages undoubtedly contribute to the wide
applicability of these methods to the study of structural and cytoskeletal proteins, the
organization of the nucleoid and the segregation and partitioning of the chromosome, as well
as the mechanistic details of transcription and translation. The single-molecule imaging
techniques that are described in this Review are most beneficial in circumstances in which
the problem that is being studied involves spatial dimensions or distance scales of 200–300
nm. By contrast, single-molecule tracking methods provide information about the precise
motion of individual bacterial proteins and therefore are more useful for investigating
binding interactions and protein dynamics.

As the examples described in this Review illustrate, access to high spatial resolution brings
some of the general challenges for fluorescence microscopy to the fore-front. Fluorescent
fusion proteins are by far the preferred labelling technique despite their apparent
shortcomings. Among these shortcomings, the possible structural perturbation of native
protein function is perhaps the most challenging to solve and, not surprisingly, seems to be
more of an issue for protein structures that rely on close intermolecular packing. Novel bio-
orthogonal strategies for in vivo fluorescent labelling using smaller and brighter fluorescent
probes are therefore urgently needed to improve not only the achievable resolution but also
the faithfulness of the obtained images95,96. Several methods that provide high specificity
and quantitative labelling capabilities continue to be refined and should eventually provide a
means to avoid the steric hindrance effects of bulky fluorescent proteins. These include the
introduction of single unnatural amino acids in conjunction with fast and efficient labelling
reactions97–102, probe incorporation mediated by enzymes (PRIME)103–106 or fluorescent -
amino acid substrates107,108 and fluorogen-activating peptides109,110. Besides the labelling
issues, a further challenge is that most of the exogenous fluorescent dyes that are typically
used for super-resolution imaging cannot permeate live cells and can only be used for
intracellular labelling of fixed and permeabilized cells111. Consequently, exogenous
labelling methods have not been used for single-molecule experiments in live bacterial cells,
with the notable exception of live-cell-permeable azido 2-dicyanomethylene-3-cyano-2,5-
dihydrofuran (DCDHF) dyes112.

As these two primary challenges are being overcome and the technology begins to mature,
single-molecule tracking and super-resolution imaging are likely to become indispensable
tools for bacterial cell biology. Particularly when combined with strategic manipulation of
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the organism and/or its environment, as well as with complementary information from in
vitro biochemical assays, the ability to explore bacterial cells at high resolution ‘opens the
door’ to quantitative imaging-based research.
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Glossary

Centroid estimation In the context of localization microscopy, a method to determine
the location of a fluorescent emitter or a group of several closely
packed emitters (referred to as a single-particle) by calculating
the spatial arithmetic mean of all pixel positions, which are
weighted by their intensity

Photoactivation The process by which fluorophores that are initially in a non-
fluorescent (dark) state can be converted to a fluorescent (bright)
state by illumination with short-wavelength light

Photoswitching The process by which photoswitchable fluorophores can be
turned ‘on’ or ‘off’ by an active control mechanism, such as
illumination with a specific wavelength of light

Photoinduced
blinking

Using certain illumination intensities (or, in some cases, by
adding chemical additives), fluorophores can reversibly enter a
non-fluorescent (dark) state. From this state, they can
spontaneously recover and become fluorescent (bright) again,
which gives the appearance of blinking

Epifluorescence
microscopy

A standard wide-field fluorescence microscopy technique, in
which the same objective lens is used to illuminate the entire
specimen and to collect emitted fluorescence

Cryo-electron
tomography

(CET). A technique in transmission electron microscopy, in
which a vitrified specimen is imaged from different angles at
cryogenic temperatures. From the resulting electron micrograph
tilt series, a three- dimensional tomogram can be computationally
reconstructed

Total internal
reflection
fluorescence
microscopy

(TIRF microscopy). A technique in which only fluorophores that
are in close proximity to the glass–water interface are excited by
an evanescent wave that is generated by total internal reflection of
the excitation light at this interface. The large reduction of the
excitation volume in the axial direction (from ~700 nm to ~100
nm) results in more selective excitation of the sample and lower
background fluorescence compared with epifluorescence
illumination

Fluorescence
recovery after
photobleaching

(FRAP). An optical technique that is used to estimate the
diffusion of fluorescently labelled molecules by determining the
timescale of fluorescence recovery after high-intensity light has
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been applied to a well-defined region of the specimen to
photobleach many of the fluorophores in its footprint

Astigmatic point
spread function

(Astigmatic PSF). A cylindrical lens can be inserted in the
fluorescence collection path to offset the x and y focus position
along the optical axis. An imaging system that has an astigmatic
PSF can be used to determine the z-position of a single-molecule
emitter by calibrating the change in elliptical shape of the PSF as
a function of defocus

Double-helix point
spread function

(Double-helix PSF). Optical phase manipulation in the Fourier
plane of the fluorescence emission path can be used to produce a
double-helix PSF. An imaging system that has a double-helix PSF
can be used to determine the z-position of a single-molecule
emitter by calibrating the amount of angular rotation of the PSF
as a function of defocus

Chromosome
conformation
capture

(3C). A molecular biology technique that is based on crosslinking
and analysis of which DNA segments are closely associated, to
determine the spatial organization of the chromosome

Fluorescence in situ
hybridization

(FISH). An optical technique that is used to detect and locate
specific DNA (or RNA) sequences. A FISH probe, which consists
of a fluorophore linked to a single-stranded DNA (or RNA)
sequence, binds to its complementary target DNA (or RNA) site
after being introduced into fixed and permeabilized cells
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Figure 1. Principles of single-molecule tracking and imaging
a | The position of a single molecule is determined by fitting the measured fluorescence
intensity profile to a mathematical function. The intensity profile is the diffraction-limited
image of a point source of light, and its width is determined by the point spread function
(PSF) of the microscope. The measured profile is well approximated by a Gaussian bell-
shaped curve, which makes it possible to estimate the position of the point source, indicated
by the arrow. The uncertainty in the position parameter (standard deviations of 10–40 nm
are typical for a few thousand detected photons) is much smaller than the width of the
diffraction-limited PSF (200–300 nm). b | In single-molecule tracking, the same labelled
protein moving dynamically through the cell is repeatedly localized in subsequent frames
when a fast frame rate is used. This provides snapshots of the spatial trajectory of the protein
over time, which enables the track of the protein to be reconstructed (right). If a slow frame
rate is used, the fluorescence emission of the molecule is blurred by diffraction and becomes
part of the background autofluorescence (left). c | In super-resolution imaging, the
morphology of an extended structure is determined by measuring the positions of different
copies of labelled molecules in the structure. If all labels emit at once, the structure is
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blurred by diffraction (left). The ring-like structure at mid-cell is sampled by stochastically
determining the positions of different labelled monomeric subunits in sequential frames.
Using the list of localization measurements, a reconstructed image is then computationally
assembled during post-acquisition processing (right).
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Figure 2. Cytoskeletal and structural proteins imaged by single-molecule methods
a | Model for the diffraction-limited and super-resolution images of enhanced yellow
fluorescent protein (eYFP)–MreB in Caulobacter crescentus, which suggests that the protein
adopts a quasi-helical structure that spans the length of the cell21,25,27,28,38. However, the
presence of this helix was later shown to be an artefact that originated from the fluorescent
protein label42,43. b | Model of the localization and motion patterns of MreB, FtsZ and PopZ
in C. crescentus. Single eYFP–MreB molecules move across the cells in directions that are
perpendicular to the long axis of the cell, at a speed of approximately 6 nm per second,
which suggests that they move in a circumferential manner37. The MreB molecules (dark
blue dots) are hypothesized to be incorporated into short actin-like filaments (blue streaks)
that may provide a scaffold for the peptidoglycan synthetic complex17,46,17,37,46. FtsZ
molecules assemble into short filaments50 that organize into a narrow ring structure. The
three-dimensional (3D) super-resolution reconstructions show that this FtsZ bundle extends
further into the cell interior, such that a cytoplasmic opening of only ~150–300-nm in
diameter is present57. c | Model of cytoskeletal proteins imaged by single-molecule methods
in Escherichia coli and Bacillus subtilis. MreB patches, which consist of multiple labelled
MreB molecules that emit at the same time (group of dark blue dots), move together across
the cell (at a speed of 6.7 nm per second in E. coli and 20–60 nm per second in B. subtilis) in
directions that are perpendicular to the long axis of the cell, similar to the single-molecule
tracks that are observed in C. crescentus. The speed of MreB movement depends on the
organism and the environmental conditions39–41. d | In unconstricted E. coli cells, FtsZ
filaments assemble into a compressed helical structure before collapsing into a constriction
ring at mid-cell51. e | The polar PopZ molecules (red) form a 3D polymeric network that fills
the polar spaces of C. crescentus cells64. Analysis of the single-molecule localization data
revealed the shapes of PopZ nanodomains as well as the fact that these nanodomains have a
uniform volume density, which suggests that this structural protein has a conserved
architectural property (as shown in part b). The image in part d is reproduced from REF. 51.
The image in part e is reproduced, with permission, from REF. 64 © (2013) American
Chemical Society Publications.
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Figure 3. Nucleoid organization in model organisms observed by single-molecule methods
a | In Caulobacter crescentus, the nucleoid fills most of the volume of the cell at all stages
of the cell cycle66. The spatial distribution of the DNA-binding protein HU2 shows little
clustering in swarmer cells and stalked cells, whereas considerable clustering is observed in
pre-divisional cells, which is suggestive of local chromosome compaction (left)69. b | In
Escherichia coli, the nucleoid is divided into distinct volumes depending on the stage of the
cell cycle88. Surprisingly, the nucleoid-associated protein histone-like nucleoid-structuring
protein (H-NS) forms two, three or four smaller clusters per cell depending on the length of
the cell (and, correspondingly, the stage of the cell cycle), which is thought to spatially
sequester regulated operons71. c | MukB is a large complex that has two heads connected by
coiled-coil regions (green helices) that are assembled by a dimerization domain (indicated as
a MukB hinge). In the presence of bound ATP, the two head domains of MukB are engaged,
forming a closed structure that loops DNA. On ATP hydrolysis, the head domains disengage
and the structure opens, which enables DNA to be captured or released. d | In E. coli, the
chromosome-partitioning protein MukB either rapidly diffuses as independent molecules or
forms stationary clusters when incorporated into the MukBEF structural maintenance of
chromosomes (SMC) complex73. A minimal functional MukB/E/F complex that has 4/4/2
subunit stoichiometry is observed in the stationary clusters. The super-resolution image in
part a (right panel) is reproduced, with permission, from REF. 69 © (2011) Elsevier. The
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image in part b (right panel) is reproduced, with permission, from REF. 71 © (2011)
American Association for the Advancement of Science. The images in part d are
reproduced, with permission, from REF. 73 © (2012) American Association for the
Advancement of Science.
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Figure 4. Chromosome integrity and partitioning observed by single-molecule approaches
a | Most DNA polymerase I (and DNA ligase) molecules rapidly diffuse within the
Escherichia coli nucleoid (left and middle panels) 82. After binding to stationary DNA
during base excision repair events, a clear change in motion is observed. Shown is a
schematic single-molecule track (as observed for both enzymes) that features a transient
binding event (red) that is flanked by periods of fast motion (cyan and blue). b | DNA-bound
ParA molecules (green) localize along a narrow structure that runs along the centre of
Caulobacter crescentus cells while the newly replicated ParB–parS centromeric complex
(blue, in the right panel), which is located close to the origin of replication, follows the
receding end of this structure to move towards the opposite cell pole during chromosome
segregation83. The cell poles are populated by PopZ molecules that form uniform polymeric
networks. The single-molecule tracking images in part a are reproduced, with permission,
from REF. 82 © (2013) Proceedings of the National Academy of Sciences USA (PNAS).
The super-resolution image in part b is reproduced, with permission, from REF. 83 © (2010)
Macmillan Publishers Ltd. All rights reserved.
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Figure 5. Transcription and translation are spatially uncoupled in Escherichia coli
a | Most RNA polymerase (RNAP) molecules localize within the nucleoid, whereas
ribosomes cluster around the nucleoid periphery and at the cell poles (spatial distributions of
RNAP and ribosomes in the lower two panels are shown in yellow)88. b | The motion tracks
of ribosomes show clear avoidance of the nucleoid region88. c | Binding events of single
Venus-labelled LacI molecules can be detected after rapid removal of the inducer from the
cell medium (right panel). At long exposure times, dissociated molecules of LacI–Venus
only contribute to the background autofluorescence, whereas the emergence of bright
diffraction-limited single-molecule images over time is indicative of transcription factors
binding to their operators on stationary DNA (right)93. d | According to the facilitated
diffusion model, individual transcription factors search for their target DNA sequence using
a combination of sliding on DNA strands (which is known as one-dimensional (1D)
diffusion) and hopping between strands through the cytoplasm (which is known as three-
dimensional (3D) diffusion)141. Images in part a and b are reproduced, with permission,
from REF. 88 © (2012) John Wiley and Sons. Part d is modified, with permission, from
REF. 141 © (2009) Elsevier.
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