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Abstract
Recent developments on ﬂuorescent proteins and microscopy techniques have allowed the probing of single molecules in a living
bacterial cell with high speciﬁcity, millisecond time resolution, and
nanometer spatial precision. Recording movies and analyzing dynamics of individual macromolecules have brought new insights into
the mechanisms of many processes in molecular biology, such as
DNA-protein interactions, gene regulation, transcription, translation, and replication, among others. Here we review the key methods
of single-molecule detection and highlight numerous examples to illustrate how these experiments are contributing to the quantitative
understanding of the fundamental processes in a living cell.
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INTRODUCTION
Much of our knowledge in molecular biology has been derived from experiments done
in bulk with large numbers of lysed cells and
even large numbers of speciﬁc DNA or protein molecules, usually in isolation from other
macromolecules. However, if one could track
a particular single macromolecule of interest
in a living cell with millisecond time resolution and nanometer spatial precision while
observing its biochemical reactions under na418
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tive physiological conditions, many enduring
questions in molecular biology could be answered. For example, how does a DNA binding protein ﬁnd a speciﬁc target sequence
buried in the genomic DNA? How does a particular gene get turned on and off, and how
do transcription and translation processes occur in real time? How is chromosomal DNA
replicated? How do DNA repair mechanisms
restore the integrity of incorrectly synthesized or damaged DNA? Can quantitative
information be extracted from these observations? Thanks to recent progress in ﬂuorescent proteins (FPs), microscopy techniques,
and single-molecule assays, we now can probe
individual molecules in a single bacterial cell
to address the above questions.
A living cell as a test tube is fundamentally
different from the conventional test tubes of
molecular biology and analytical chemistry in
several respects. First, many macromolecules
exist in low copy numbers in a living bacterial
cell. As shown in Table 1, a particular gene has
only one copy, or a few copies owing to DNA
replication at the later stage of the cell cycle. A
particular mRNA has only a few copies owing
to the short cellular mRNA lifetime. Although
the copy number for a particular protein varies
from 1 to 104 , some important proteins such
as transcription factors and DNA polymerases
are present at low copy numbers. This necessitates single-molecule sensitivity in single
cells.
Second, cellular biochemical reactions of
single molecules are inherently stochastic. Because of the low copy numbers of participating macromolecules, cellular processes, such
as transcription, translation, gene regulation,
and DNA repair, often exhibit stochastic reaction events. This means a particular time trace
for one cell’s behavior is not reproducible and
cannot be synchronized with that of another
cell, even though the statistical properties are
reproducible. This is in contrast to conventional experiments in which a large ensemble of molecules or cells exhibits deterministic
and reproducible temporal behavior. In recent
years, stochastic gene expression in single cells
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Copy numbers in Escherichia coli

Molecular unit

Number

Reference(s)

0.002

(23)

0.2

(66)

1.5–6

(12)

1–5

(12)

1

(15)

F-plasmids per cell

1–3

(30)

Transposon copies per genome

1–15

(10)

lac repressor tetramers per cell

5

(33)

RNAPs per induced lac gene

5–20

(44)

DNA polymerase III per cell

10–20

(13)

lacZ mRNA per cell

10–30

(44)

Ribosomes per lac mRNA

20

(44)

DnaG primases per cell

50

(68)

200–2000

(12)

Replication errors per genome
Double-strand breaks per genome
Replication forks per cell
Gene copies per cell
β-galactosidase tetramers per uninduced cell

Actively transcribing RNAPs per cell
RecA molecules per cell

1000

(43)

Single-stranded DNA binding protein

1000–7000

(11, 75)

Total RNAPs per cell

1000–10000

(12)

Ribosomes per cell

7000–50000

(12)

10000

(44)

β-galactosidase tetramers per induced cell
Total nucleoid proteins (e.g., Fis, HU, H-NS) per cell

50000–200000

(4)

tRNA per cell

60000–400000

(12)

has been a subject of intense studies (28, 62,
65). The single-molecule sensitivity in a living
cell allows for the study of stochasticity at the
molecular level (15, 83). Meanwhile, within
the past decade, in vitro single-molecule enzymology has yielded much understanding of
the working of macromolecule machineries.
Single-molecule measurements allow one to
determine the distributions rather than simply the averages of bulk molecular properties.
Furthermore, stochastic time traces of a single molecule reveal a wealth of dynamic information, such as reaction intermediates. In
particular, numerous in vitro single-molecule
assays have brought valuable mechanistic insights into DNA protein interactions (9, 59),
transcription (20, 32, 53), translation, (50),
replication (49, 54), and more. Similar to the
in vitro experiments, statistical analyses for
single-molecule stochastic time traces in living cells can provide mechanistic information
otherwise hidden in ensemble experiments.

Third, cellular biochemical reactions often occur under nonequilibrium conditions.
Although some reactions, such as a protein binding a speciﬁc DNA sequence, proceed as a dynamic equilibrium process, many
cellular enzymatic reactions such as transcription, translation, and replication occur
with a constant supply of free energy and
substrates. Cellular single-molecule experiments of these processes usually occur under nonequilibrium steady-state conditions
because the concentrations of the substrate
and product molecules remain roughly constant, similar to the situation for in vitro
single-molecule experiments of enzymes and
molecular motors (41, 57, 64). In contrast,
conventional ensemble kinetic studies of enzymes, for example, stop-ﬂow experiments,
occur under nonequilibrium non-steady-state
conditions, in which the substrate and product
concentrations vary with time in a deterministic fashion.
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Finally, a large number of coupled reactions result in networks of complex interactions. Systems biology treats a cell as
a dynamic interacting system (2). However,
much of our knowledge in molecular biology
has come from experiments on well-isolated
molecules through a reductionistic approach.
Live-cell experiments allow us to study singlemolecule behaviors in the physiological context, which by deﬁnition reﬂect the holistic
complexity.
All of the above points highlight the
compelling need to conduct live-cell singlemolecule experiments to understand the fundamental processes both at the molecular and
cellular levels. The main challenge is the integration of speciﬁc probes and advanced microscopy in assay development for different
dynamical processes. In this review, we discuss
some of the key strategies in single-molecule
live-cell imaging, highlight a few examples
of some fundamental processes in bacterial
molecular biology, and illustrate the wealth of
new and quantitative information extractable
from these experiments.

SINGLE-MOLECULE IMAGING
IN LIVING BACTERIA
Fluorescence imaging is indispensable in
probing living cells because of its high sensitivity, high time resolution, high spatial precision, noninvasiveness, and most importantly
high speciﬁcity. The emergence of FPs as
endogenous labels has not only revolutionized cell biology (16, 58, 71) but also enabled
most of the single-molecule live-cell experiments discussed in this review. Meanwhile, advanced ﬂuorescence microscopy techniques,
especially the availability of sensitive chargecoupled device (CCD) cameras and highquality optical ﬁlters, have facilitated the
advances. Table 2 lists the methods used for
single or low-copy-number detection in living
cells. Fluorescence correlation spectroscopy
has been widely used to determine low concentrations and diffusion constants of FPs.
Because of extensive review elsewhere (40),
420
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we do not cover it in this review. We discuss
the other methods following a brief survey of
FPs.

Fluorescent Proteins
FPs are the most popular ﬂuorophores for
single-molecule imaging in live cells, primarily because of the ability to genetically encode FP as a fusion with almost any protein or
peptide. Although FP can be less bright and
photostable than organic dyes and nanoparticles, speciﬁc labeling in living cells by the
latter remains challenging, particularly for
micron-sized bacteria that are not amenable
to microinjection or introduction through
endocytosis.
The particular choice of FP variant
depends on the desired application (described
in References 71 and 73). Because bacteria
exhibit strong autoﬂuorescence at short
wavelength excitation, monomeric yellow
and red FPs are preferred over blue and green
variants for single-ﬂuorophore detection,
although the latter can be used for detection
of tandem repeats. In addition to color,
photostability and brightness are two major
considerations. In general, yellow FPs are less
photostable than their red counterparts, but
they compensate for their lower stability with
higher brightness. Photobleaching of FPs
limits continuous monitoring of the same FP
molecule to no more than several consecutive
images. The length of observation time can
be varied by adjusting the unilluminated
time interval between consecutive images
in time-lapse movies. Sometimes, one can
purposely photobleach existing FP molecules
inside the cell to count the subsequently born
FP molecules (83). Repeated photoexcitation
of a single FP molecule results in intensity
ﬂuctuations known as blinking (63), making
it difﬁcult to quantify ﬂuorophore numbers
from the intensity. However, under the excitation conditions of a single FP experiment,
blinking usually occurs on a ∼1-s timescale,
which fortunately does not affect data
collection with an exposure time of 0.1 s
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Methods for single-molecule detection in living bacteria cells

Technique

Description

Example

Fluorescence correlation
spectroscopy (55)

Fluctuations from ﬂuorophores moving
through a small excitation volume yield
diffusion constants and concentration.

• Monitoring mRNA concentration (48)
• Monitoring protein diffusion (18, 26)

Detection of tandem repeats
(7, 35)

Binding of multiple ﬂuorophores to tandem
arrays (∼100) of mRNA or DNA binding
sequences allows detection of a single target.

• Monitoring mRNA production (34)
• Tracking chromosome movement (35, 46, 51)
• Localization of RNAP (this review, 14, 52)

Single-ﬂuorophore
detection by localization
(78, 83)

A ﬂuorophore is detectable upon binding to
DNA or cell membrane, whereas a diffusing
ﬂuorophore in the cytoplasm is overwhelmed
by the cellular autoﬂuorescence.

• Monitoring protein production (83)
• Detection of replisome proteins (this review)
• Tracking membrane diffusion (22)
• Tracking cytoskeletal proteins (45)

Stroboscopic illumination
(26, 81)

A short laser excitation pulse, during which
little ﬂuorophore diffusion occurs, allows
detection of a rapidly moving single
molecule despite the slow CCD frame rate.

• Detection of single cytoplasmic FP (81)
• Tracking fast diffusion by a transcription
factor (26)

Enzymatic ampliﬁcation
with microﬂuidics (15)

Enzymatic ampliﬁcation of ﬂuorescent
product molecules conﬁned to a small
volume allows detection of a single enzyme
molecule inside a live cell.

• Monitoring protein production (15)

nor time-lapse movies with a dwell time of
minutes.
Another important consideration is the
maturation time of the ﬂuorophore. Upon
folding of an FP, three key residues must
be oxidized to form the ﬂuorophore. Fluorophore maturation can be the rate-limiting
step and determine the time resolution of a
live-cell experiment measuring protein production. Furthermore, fast maturation ensures the replenishing of FPs after photobleaching. We ﬁnd that the Venus variant (60)
has a short maturation time of ∼7 min in bacteria cells. There have been several reports
of fast-maturing FP variants (16) but they are
dimeric. Evolution and selection of FPs based
on short maturation times will prove to be
useful. In particular, fast-maturing variants of
different colors would allow multiplexed observations in live cells.
Photoactivatable FPs, such as Kaede (3)
and Dendra2 (17), allow the activation of
speciﬁc FPs in space and time at the onset of a dynamical observation, similar to a
pulse-chase experiment. Photoswitchable FPs
such as Dronpa (38) allowed single-molecule

nanometer-resolution ﬂuorescence imaging
in ﬁxed cells (8, 25, 69) and hold promise for
applications in live cells.
Does a protein fused to an FP have the
same activity and structure as the wild-type
protein? A case-by-case situation must be determined for each protein. For example, in
experiments described below, FP-labeled T7
RNAP maintains polymerase activity when
labeled on the N terminus. Likewise, two
FP-labeled membrane proteins, Tsr and LcY,
labeled on the C terminus still efﬁciently inserts into the membrane, with the FP remaining on the cytoplasmic side of the inner membrane. The FP-labeled lac repressor binds to
DNA as a dimer with full wild-type activity,
though the FP prevents the formation of a
tetramer.

Imaging Tandem Repeats
For nucleic acids, such as chromosome loci
or mRNA molecules, it is possible to detect
sufﬁcient numbers of FP molecules colocalized on a single nucleic acid binding site above
the ﬂuorescence background from freely
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diffusing FPs and autoﬂuorescence. This was
ﬁrst shown in bacteria by integrating 256 tandem lac operator sites into a speciﬁc location on a chromosome or plasmid (35). lac
repressor FPs expressed inside the cell are
colocalized at the tandem operators, allowing
visualization of the speciﬁc site on a single
chromosome or plasmid inside the cell. A similar method allows the detection of individual mRNA molecules in both eukaryotes (7)
and bacteria (34). A gene with 96 tandem repeats of an RNA hairpin binding sequence was
constructed to allow speciﬁc binding of many
MS2-FP fusion protein molecules onto a single mRNA molecule.
Depending on how many FP are expressed
in the cytoplasm, there is a minimum number of colocalized FPs necessary for detection.
Considering that the fully induced expression
level of the cytoplasmic FP may be several
thousand per cell, localization at a diffractionlimited spot ∼0.04 μm2 in a bacterial cell with
a cross-sectional area of ∼1 μm2 would theoretically require ∼100 colocalized FPs to give
a signal larger than the background from free
FP molecules. The perturbation of nucleic
acid properties from these bulky repeated elements can be a disadvantage in some cases.
For example, lac repressor arrays can block
passage of the replisome and MS2 arrays inhibit mRNA degradation.

Single Fluorophore Detection
by Localization
Detection of a macromolecule labeled with
a single FP would be desirable, avoiding
the perturbation from bulky tandem repeats. Single-molecule ﬂuorescence detection at room temperature with various types
of ﬂuorescence microscopy has become a
common practice. It is generally difﬁcult to
detect single ﬂuorophores in a living cell
because of strong cellular autoﬂuorescence.
Reducing the probe volume is needed to reject autoﬂuorescence. Single molecules can be
imaged with a confocal microscope with a focused laser beam and a point detector (80).
422
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However, commercial scanning confocal microscopes suffer from low signal collection
and detector efﬁciency. Another way of reducing probe volume is total internal reﬂection
(TIR) with a sensitive CCD camera, allowing detection of single FP molecules fused to
membrane proteins (70). For bacteria, however, the low penetration depth of TIR only
allows a small fraction of a bacterial cell to be
uniformly illuminated.
Single FP molecules fused to membrane
proteins (22, 83) or bound to DNA (26) in living bacteria cells can be visualized with an inverted microscope with wide-ﬁeld laser excitation and CCD camera detection. The signal
from a single FP is stronger than the autoﬂuorescence from the thin monolayer of bacterial cells used but would be overwhelmed by
thicker yeast or mammalian cells in the wideﬁeld microscope.
Detection by localization is the key to detect single FP in these experiments (83). As illustrated in Figure 1a, for a molecule rapidly
diffusing through the cell cytoplasm (with a
diffusion constant of ∼8 μm2 s−1 ) (29), the
signal is spread over the entire cell area during the 100 ms of a typical CCD camera
exposure and is overwhelmed by the autoﬂuorescent background. A membrane protein diffuses much slower (with a diffusion constant
of ∼10−2 μm2 s−1 ) (22), effectively conﬁning
the FP molecule to a diffraction-limited spot
during the image exposure time. Similarly, a
protein bound to a particular DNA locus is
also largely stationary (with a diffusion constant of ∼10−5 μm2 s−1 ) (27). The highly localized emission is above the autoﬂuorescent
background, allowing single-molecule detection as shown in Figure 1b. The proof of
detecting a single molecule is the quantized
photobleaching of the ﬂuorescence signal
(Figure 1e). Although the single FP spot size
is diffraction limited to about half the wavelength of light, one can determine the position
of the localized single FP to nanometer accuracy using centroid ﬁtting of the ﬂuorescence
intensity, given enough detection photons
(26, 74).
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Figure 1
(a) When there are only a few freely diffusing FPs expressed inside the cell, their ﬂuorescence is spread
over the entire cytoplasm during a typical acquisition time of 50 to 100 ms, overwhelmed by the
autoﬂuorescence background. When an FP binds to DNA or the cell membrane, its diffusion
signiﬁcantly slowed, and its ﬂuorescence can be detected as a distinct diffraction-limited spot over the
background during typical acquisition times. (b) Fluorescence and (c) differential interference contrast
(DIC) images of two Escherichia coli cells expressing Tsr-YFP. Two single-fusion protein molecules were
detected as diffraction-limited ﬂuorescent spots. (d ) The ﬂuorescence signal along the long axes of the
two E. coli cells (the yellow line in panel b). (e) Fluorescence time trace of a single Tsr-Venus molecule in an
E. coli cell. The abrupt photobleaching proves single-molecule detection. From Reference 83.

Single-FP detection by localization is easily accomplished using commercially available
instrumentation and can be applied to a wide
range of DNA binding and membrane proteins. A confocal microscope is not necessary
because of the small size of the bacterial cells,
as long as a thin layer of cells is used. The cells
are ﬁxed to a coverslip using an agarose pad
sandwich or polylysine treatment of the glass.
For this method to work, one also needs to
have a low autoﬂuorescence background and

a low copy number of FPs in the cytoplasm.
We use M9 minimal medium to reduce autoﬂuorescence and keep the FP copy number
inside a cell under 10.

STROBOSCOPIC EXCITATION
Extending the idea of detection by localization, even a single FP in the cytoplasm
can now be detected. One would need a
submillisecond exposure time to capture a
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Figure 2
(a) Image of a bullet passing through an apple. From the Harold and Esther Edgerton Foundation.
(b) Timing diagram for stroboscopic illumination. Each laser pulse is synchronized to a CCD frame,
which lasts time T. (c) Fluorescence/DIC overlay of Escherichia coli cells, three of which contain single
mCherry molecules in the cytoplasm. The ﬂuorescence image was taken with a 300 μs, 50 kW cm−2 laser
excitation. (d ) Linescan of ﬂuorescence signal (from the white line in panel c) for cell with (red ) and
without ( gray) single mCherry molecule.

fast-diffusing FP, which is beyond the capability of a CCD camera. Our laboratory
borrowed a method from strobe photography (81). Figure 2a shows a picture of a
bullet going through an apple. Because the
camera shutter was not faster than the bullet, the sharp picture was taken in a dark
room with the shutter wide open, and the objects were exposed to an intense, short light
pulse during which the bullet did not move
far. Similarly, a short laser pulse can overcome the limitation of the slow shutter or
frame rate of the camera. The shutter and
the CCD can be left open for longer times
424
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(Figure 2b). We applied an intense laser pulse
for a short duration (∼0.3 ms), during which
a protein reporter does not diffuse beyond
the diffraction limited spot. Figure 2c shows
detection of the single red FPs mCherry in
Escherichia coli cytoplasm with a high signalto-noise ratio (Figure 2d ).
With such stroboscopic excitation, the
time resolution of live-cell single-molecule
detection can be submillisecond, no longer
dictated by the shutter speed or frame
rate of the CCD, but by the laser pulse
width. In addition, the pulse width and
dwell time can be varied to probe dynamical
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properties such as residence times of weak
binding and diffusion constants, as illustrated below. The drawback of the stroboscopic excitation is that single FP molecules
are more photolabile under the high laser
intensity.

Enzymatic Ampliﬁcation
with Microﬂuidics
Although this review focuses on experiments
with the use of FPs in bacteria, singlemolecule sensitivity can be realized with other
reporter proteins, such as β-galactosidase (βgal), a standard reporter for gene expression.
A single molecule of β-gal can produce many
copies of ﬂuorescent product molecules by
hydrolyzing a synthetic ﬂuorogenic substrate,
leading to ampliﬁcation of the ﬂuorescent signal, as ﬁrst demonstrated in 1961 (67). However, the ﬂuorescent product molecules are
not retained in the cell but pumped out by
efﬂux pumps on the cell membrane, which efﬁciently expel foreign organic molecules from
cytoplasm. Because the ﬂuorescent product
molecules are pumped to the surrounding
medium and rapidly diffuse away, Cai et al.
(15) developed an assay to circumvent the loss
of signal due to the efﬂux problem: A live cell
is trapped in a polydimethylsiloxane (PDMS)based microﬂuidic chamber in a small volume that conﬁnes and allows rapid mixing of
the expelled ﬂuorophores. The rate of ﬂuorescence increase of the chamber reports the
number of β-gal molecules within the live cell.
Single-molecule sensitivity of this method has
been demonstrated, and the technique has
been applied to probe gene expression from
E. coli.
The advantage of the method is that
it is amenable to existing β-gal libraries
across many species, well-suited for highthroughput measurements in microﬂuidic
arrays, and less prone to photobleaching. A
challenge for using β-gal to monitor gene expression in live cells is that the cell wall can
act as a barrier for the inﬂux of the enzymatic
substrate.

DYNAMICS OF
TRANSCRIPTION FACTORS
DNA protein interactions ﬁrst arise from protein binding to DNA, which can be speciﬁc or nonspeciﬁc in nature. Speciﬁc binding
means binding to a speciﬁc sequence of DNA,
whereas nonspeciﬁc binding means transient,
weaker binding to DNA regardless of the sequence context. Both speciﬁc and nonspeciﬁc
binding are dynamic equilibrium phenomena
with stochastic binding and unbinding events,
which can now be probed by single-molecule
experiment in a living cell.

Gene Regulation
A classic example of speciﬁc binding is that of
the lac repressor, which controls gene expression of the lac operon by binding to speciﬁc
operator sequences of DNA and has been a
model system for understanding transcription
factor-mediated gene regulation. Because the
chromosomal DNA is largely stationary, we
can take advantage of the idea of detection by
localization. Elf et al. (26) reported the ﬁrst
real-time single-molecule observation of speciﬁc binding and unbinding of a lac repressor
in live cells.
For single-molecule detection, the fact
that the copy number of a lac repressor (ﬁve
tetramers in the wild-type cell) is small is advantageous. In fact, we used a strain with even
lower expression of lac repressor to improve
the image contrast. There are three operators
in the lac operon (O1 , O2 and O3 ), of which
O1 has the highest afﬁnity. We replaced the
O3 with O1 , which further suppressed the expression level of the repressor (26). The lac
repressor-Venus fusion protein binds to each
O1 operator as a dimer with full wild-type
functionality.
Figure 3a shows that each E. coli cell under
repressed condition has one ﬂuorescent spot
for each lac operon due to repressor-Venus
fusion proteins speciﬁcally bound to the two
O1 operators. Some cells have two spots because DNA replication yields two lac operons late in their cell cycle. Upon addition of
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Figure 3
(a) Escherichia coli cells with Venus-labeled lac repressor before and 40 s after addition of IPTG to a ﬁnal
concentration of 1 mM. (b) Fraction of lac operons in a cell population bound to repressors is plotted as a
function of time after induction by various concentrations of IPTG. (c) E. coli cells with Venus-labeled lac
repressor before and 1 min after rapid dilution of IPTG from 100 to 2 mM. (d ) Fraction of the operator
regions that is bound to repressor as a function of time after the rapid dilution. The data are ﬁtted with
an exponentially distributed binding time, with a time constant of 60 s. From Reference 26. (e) E. coli cells
expressing Venus-T7 RNAP fusions with T7 promoter replacing the lac promoter. Before adding IPTG,
the lac repressor prevents transcription by the T7 RNAP. Following the addition of IPTG, multiple
Venus-T7 RNAP molecules bound to the lac operon colocalize on the gene. ( f ) Fraction of cells with
visible T7 RNAP localization as a function of time after adding IPTG.

isopropyl-d-1-thiogalactopyranoside (IPTG,
an analog of the natural inducer allo-lactose)
to the medium, the repressors dissociate, leading to the disappearance of the ﬂuorescent
spots. This loss of ﬂuorescent spots signals the
onset of gene expression.
On a single-molecule basis, the dissociation times are stochastic. Figure 3b shows the
fraction of operons of a population of cells
426
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with at least one bound repressor as a function of time at different IPTG concentrations.
This gives the rate of the repressor dissociation from the operon upon induction, which
is the rate of IPTG binding to the repressor.
The latter might be limited by the inﬂux of
IPTG through the cell membrane. This experiment demonstrates the measurement of
live-cell kinetics of transcription factors.
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Search for Target DNA Sequence
Much more information is derived from the
reverse experiment involving the rebinding of
the repressor to the operator upon removal of
IPTG. Figure 3c shows the reappearance of
the ﬂuorescent spots after a sudden dilution
of IPTG by a factor of 50, and Figure 3d
shows the fraction of operators with a bound
repressor as a function of time, yielding a time
constant of ∼60 s for the ﬁrst repressor to rebind to an O1 operator. Because in vitro data
showed that the dissociation of IPTG from
the repressor takes only ∼1 s (24), the ∼60 s
should be the time for the ﬁrst IPTG-free
repressor to ﬁnd the operator. Considering
this is a bimolecular association and there are
three dimeric repressors and two O1 operators
for each operon, it would take ∼360 s for a
single dimeric repressor in a single cell to ﬁnd
a single O1 site. A faster search would require
more repressor molecules inside the cell. This
gives the ﬁrst experimental measurement of
how fast an individual DNA binding protein
searches for its target sequence in a living
cell.
Why does it take ∼360 s for a single repressor to ﬁnd the target? Von Hippel & Berg
(76) studied this subject in the 1980s. The in
vitro observation of unusually large bimolecular association rates for protein binding to
DNA led to the model of facilitated diffusion.
As illustrated in Figure 4a, in searching for a
target DNA sequence, a DNA binding protein
ﬁrst nonspeciﬁcally binds to DNA and undergoes Brownian diffusion along the DNA
to scan for the target. However, inspection of
the whole genome would be extremely timeconsuming through such 1D diffusion alone.
If the protein does not ﬁnd the target in close
vicinity, it dissociates from the DNA and undergoes much faster 3D diffusion through the
cytoplasm to bind nonspeciﬁcally to a different DNA segment where the 1D search resumes. The combined 1D and 3D diffusion allows an efﬁcient search throughout the whole
genome. This model came from rigorous deduction based on indirect observations and

has become the basis of many theoretical investigations (39, 72).
Considering the aforementioned singlemolecule experiments, we were in a position
to quantitatively examine the mechanism for
sequence-speciﬁc DNA searching and recognition. First, in an in vitro experiment on a
stretched DNA, we directly observed nonspeciﬁc binding and Brownian diffusion along
DNA (9) and measured the 1D diffusion constant of the dimeric repressor-Venus to be
D1D ∼ 0.046 μm2 s−1 (26). In general, the 1D
diffusion constant of a DNA binding protein
is independent of salt concentration, whereas
the 1D sliding or residence time on DNA is
dependent on the salt concentration.
In living bacteria, residence times should
be shorter than in vitro because of the high
cellular salt concentration, whereas the 1D
diffusion constant should be similar to the in
vitro value. Because DNA is coiled inside the
cell, the 1D diffusion constant is difﬁcult to
probe. However, the nonspeciﬁc binding can
be observed by stroboscopic illumination. As
shown in Figure 4b, 10-ms exposure times
resulted in sharp images under the induced
condition, suggesting that the residence time
of nonspeciﬁc binding on DNA is less than
10 ms, which was previously unknown. Furthermore, by varying the time interval between two laser excitation pulses, we measured the apparent diffusion constant Deff ∼
0.40 μm2 s−1 (Figure 4c) inside the cell. On
the other hand, the cytoplasmic 3D diffusion
constant of the repressor-Venus fusion protein with its DNA binding domain removed
is measured by ﬂuorescence correlation spectroscopy to be D3D ∼ 3 μm2 s−1 (Figure 4d ).
Realizing Deff = D3D (1 − F ) + FD1D /3,
where F is the fraction of time the repressor is nonspeciﬁcally bound to DNA, and that
the second term is negligible, it follows that
F ∼ 90%. This suggests that in searching for
the operator, a lac repressor spends ∼90% of
its time nonspeciﬁcally bound to and diffusing along DNA. This is consistent with the
von Hippel et al. (82) estimate (>90%) based
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Figure 4
(a) In searching for a target DNA sequence, a DNA binding protein ﬁrst nonspeciﬁcally binds to DNA
and undergoes 1D diffusion along a short segment of DNA before dissociating from DNA, diffusing in
3D through the cytoplasm, and rebinding to different DNA segment. (b) Two ﬂuorescence images with
different exposure times and the corresponding DIC image of IPTG-induced Escherichia coli cells. At
1000 ms, individual lac repressor-Venus molecules appear as diffuse ﬂuorescence background. At 10 ms,
they are clearly visible as nearly diffraction-limited spots. (c) Mean-square displacement for
nonspeciﬁcally bound transcription factors for different time intervals. The red line shows a linear ﬁt of
the mean-square displacement. The ﬁtting agrees well with normal diffusion in the imaging plane,
<x2 > = 4Deff t, with Deff = 0.4 mm2 s−1 . (d ) The autocorrelation function for cytoplasmic Venus
from ﬂuorescence correlation spectroscopy of individual cells is well-ﬁt by a one-component diffusion
model to give D3D ∼ 3 μm2 s−1 . From Reference 26.

on the measurement of tetrameric repressor
concentrations in minicells, which are derived
from E. coli cells but contain no DNA.
During a cellular residence time of ∼5 ms,
the repressor scans ∼85 base pairs according to the measured 1D diffusion constant.
As stated in Table 1, the occupancy of the
E. coli genome by DNA binding proteins is
dominated by RNP and nucleoid proteins
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such as HU and Fis, though the binding of
the latter is relatively weak. Therefore, at least
80% of the genome is accessible (42). The
single-repressor/single-target search time of
∼360 s is close to the back-of-the-envelope estimate for repeated unsuccessful 1D searches
in the ∼5-ms durations separated by almost instantaneous and random hopping
among the ∼85-bp segments in ∼80% of the
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4.8 × 106 bp genome (79). Again, the search
time can be shortened if the copy number of
the repressor is increased. This gives a benchmark for the discussion of genome searches
by other DNA binding proteins, such as DNA
repair enzymes.

TRANSCRIPTION
Dissociation of the repressor triggers transcription, the ﬁrst step of gene expression.
Transcription initiation, elongation, and termination have been studied in detail by in
vitro ensemble and single-molecule experiments (20, 32, 47). However, the copy number
of most mRNA transcripts per bacterial cell
is low because of their limited lifetime, preventing single-molecule sensitivity for singlecell analysis by conventional methods such as
DNA arrays and Northern blot analyses, let
alone these methods cannot monitor living
cells. Here we describe live-cell experiments
used to study these processes at the singlemolecule level.

Probing RNAP Activity
The study of transcription through the labeling of RNA polymerase (RNAP) with FPs has
been demonstrated ﬁrst at high growth rates,
at which RNAP-FP fusions localize into tight
foci in Bacillus subtilis (52) and E. coli (14).
These foci exist only during active transcription and likely correspond to sites of stable
rRNA or tRNA transcription. Because native RNAP promoters are ubiquitous in bacterial genomes, it is only possible to distinguish sites of extremely active transcription
with colocalization of many FP-labeled polymerase molecules, similar to the array of tandem repeats.
The activity of a single RNAP can be observed from the production of single mRNA
transcripts. Single-molecule sensitivity is required to count the mRNA even under fully
induced conditions for the lac operon because the short mRNA lifetime leads to a low
copy number, as described in Table 1. Al-

though powerful PCR and in situ hybridization methods exist for sensitive measurements
of mRNA in lysed or ﬁxed cells, to date, there
has been only one method for detection of individual mRNA molecules in living bacteria
cells (34), adapted from work in eukaryotes
(7). The target transcript includes on its 3
UTR 96 tandem repeats of the sequence corresponding to a hairpin motif that binds to
the MS2 viral coat protein. Expression of an
MS2-FP fusion protein results in colocalization of 50 to 100 FP molecules for detection of
the transcript. Using this technique, Golding
et al. (34) observed the pulsed production
of individual mRNA in real time in living
E. coli cells (Figure 5).

Transcriptional Pulsing
Under fully induced conditions, a promoter
might be expected to continually produce
new transcripts. However, the real-time visualization of mRNA production revealed that
transcription occurred in bursts of multiple
transcripts separated by windows of inactivity (34). This ﬁnding implied that transcription events were correlated, and following
initiation of the ﬁrst transcript, subsequent
events were more likely to occur. An OFFON model for the promoter toggles, with the
promoter shifting between active and inactive
states, certainly explains the data. However, it
is unclear what mechanism would lead to this
proposed toggling. Bacterial DNA lacks the
extensive structural rearrangement as in eukaryotic chromatin remodeling, although
they do contain several histone-like proteins,
such as HU, Fis, and H-NS.
Instead of monitoring mRNA, we are developing another assay to probe transcriptional bursting. Bursting may be evident by
directly imaging RNAP numbers at a speciﬁc gene. We use an FP-labeled T7 RNAP in
bacteria containing a strong T7 promoter integrated into the chromosome to replace the
lac promoter. The lac repressor still blocks
transcription at this artiﬁcial promoter, but
only T7 RNAP, not native E. coli RNAP, binds
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Figure 5
(a) Fluorescence image of single mRNA labeled on the 3 UTR with 96 tandem repeats of an
MS2-binding hairpin that bind multiple FP-MS2 coat protein fusion proteins. The tagged mRNA also
expresses red FP. The image shows an overlay of mRNA expression (green localization) and protein
expression (orange intensity). (b) mRNA numbers for three cells as a function of time. Red spots
correspond to raw data, the green line corresponds to smoothed data, and the black line corresponds to a
visual aid. Cyan spots correspond to mRNA in a sister cell following cell division. The mRNA production
shows period of inactivity, tOFF , and periods of mRNA production, tON . From Reference 34.

to this promoter. Because there are no endogenous T7 promoters in the E. coli genome,
localized T7 RNAP molecules signal loading and transcription at the engineered promoter. In this way, it is possible to monitor
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transcription activity of this gene in real time.
Figure 3e shows the localization of actively
transcribing T7 RNAPs at the T7 promoter
upon dissociation of repressor from the operator with IPTG, and Figure 3f shows
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changes in T7 loading over time for a cell
population. Analysis of such data is underway
to reveal the working of transcriptional machineries in a live bacterial cell.

TRANSLATION
Following transcription, the second step in
gene expression involves translation of the
mRNA by ribosomes. Similar to transcription, much about translation has been learned
from in vitro experiments, including recent
single-molecule experiments (50). Conventional methods for characterizing protein expression such as Western blot analyses, mass
spectrometry, and ﬂow cytometry lack the
sensitivity necessary to detect the low levels
of many proteins in individual cells. In 2006,
our group demonstrated two approaches to
detect low-level protein expression via localization of a membrane-FP fusion and using
a microﬂuidic enzymatic assay. These techniques allowed us to make the ﬁrst observations on the real-time basal expression of a
gene under repressed conditions in a living
cell.
Yu et al. (83) reported a time-lapse movie
of dividing E. coli cells randomly producing
single-protein molecules from a repressed
promoter (Figure 6a). This was done using
the method of detection by localization, in
which an FP gene was fused to a gene for the
membrane protein, Tsr, in place of the lacZ
gene (83). Figure 6b shows the stochastic
production of proteins with translational
bursts, visible only during repressed conditions. Under these repressed condition, the
repressor is tightly bound to its operator sites.
Nevertheless, its infrequent dissociation still
results in a transcription event that generates
a few copies of protein molecules. This
movie was taken with a 100-ms exposure
during which the FP molecules are not photobleached, followed by a 1-s laser exposure
during which the FP molecules generated
in the previous image are photobleached to
avoid the accumulation of FPs. Under these
conditions, the cell division time was not

affected by the laser illumination, suggesting
minimal phototoxicity.
Although most studies have been limited
to protein expression at high levels because
of low sensitivity, it is important to study the
repressed condition for two reasons. First,
many important regulatory proteins, such as
transcription factors, have low protein copy
numbers. Second, the analysis of the stochastic time trajectories at a low expression level
allows us to obtain quantitative information
about the size and shape of translational bursts
and the cell cycle dependence of the bursts.

Translational Burst Size
What do the translational burst size and shape
tell us? First, we discuss temporal burst width.
We have proven that each burst arises from
only one mRNA under the repressed conditions (83). According to the translational rate
and the close spacing between subsequent ribosomes on mRNA observed in electron microscopy images (36), the protein molecules
should appear with a time spread of less than
1 min. However, the bursts have a larger characteristic width of 7 min, given by the time
constant of the exponential autocorrelation
function of Figure 7a. This ∼7 min time
constant is consistent with the live-cell maturation time of Venus measured by an ensemble assay. Faster-maturing FPs may allow
the study of protein folding or translocation,
if they are the rate-limiting step for signal
detection.
Second, we examine the burst size.
Figure 7b shows that the average burst size,
b, equals four protein molecules per mRNA,
and the distribution of burst sizes follows
an exponential distribution. Although such
an exponential distribution has been theoretically predicted (6, 56), this was the ﬁrst
experimental observation. The origin of the
exponential distribution is related to the short
cellular lifetime of mRNA because of the
presence of RNase E, a ribonuclease, which
degrades mRNA upon binding to the ribosome binding site. Figure 7c shows the
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Figure 6
(a) Time-lapse movie of ﬂuorescence images ( yellow) overlaid with simultaneous DIC images ( gray) of
Escherichia coli cells expressing Tsr-Venus fusion proteins under the repressed condition. In the
experiment, images are collected every 3 min with a 100-ms exposure immediately followed by a 1-s
exposure for photobleaching to prevent accumulation of FPs. Representative images are shown. (b) Time
traces of the expression of Tsr-Venus protein molecules (left) along three particular cell lineages (right)
extracted from time-lapse ﬂuorescence movies. The vertical axis is the number of protein molecules
newly synthesized during the last three minutes. The dotted lines mark the cell division times. The time
traces show that protein production occurs in random bursts, within which variable numbers of protein
molecules are generated. From Reference 83.

ensemble-averaged mRNA lifetime measurement, with a 1.5 min exponential decay of
mRNA over time, which means, on a singlemolecule basis, the probability density of cellular mRNA lifetime also follows an exponen432
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tial distribution with a 1.5 min time constant.
The longer a particular mRNA evades degradation, the more protein can be translated. As
a result, the number of proteins translated per
mRNA follows an exponential distribution.

ANRV343-BB37-20

ARI

7 February 2008

17:2

a

b
35
30

Occurrence

C(τ)

0.30

0.20

0.10

25
20
15
10
5

0
0

0
20

40

60

80

0

10

15

d

120

100

Occurrence

100
80
60
40
20

80
60
40
20

0

0
0

1

2

3

4

5

0

1

2

3

4

5

Number of bursts per cell cycle

Delay time (min)

20

e
Number of gene
expression bursts

c
mRNA
concentration (a.u.)

5

Number of molecules per burst

τ (min)

60
40
20
0

25

50

Figure 7
(a) Autocorrelation function of over 30 protein production time traces of cell lineages as shown in Figure
6b. The decay constant of 7 min is attributed to ﬂuorophore maturation. (b) Distribution of the number
of FPs in each gene expression burst, which follows an exponential distribution (solid line), giving a
probability of ribosome binding of p = 0.8 and an average of b = 4 molecules per burst. (c) Degradation
of tsr-venus mRNA. After a short period of induction, the mRNA production is inhibited by an antibiotic
and the amount of tsr-venus mRNA is measured using real-time PCR. The single exponential decay of
the tsr-venus mRNA population (solid curve) yields an mRNA degradation time constant of 1.5 ± 0.2
min. (d ) Histogram ( gray bars) of the number of expression events per cell cycle. The data ﬁt well to a
Poisson distribution (solid line), with an average of 1.2 gene expression bursts per cell cycle. (e) Cell cycle
dependence of the gene expression rate for lac promoter under repressed conditions. The division cycle
of each cell was divided into four time windows of equal length. The result shows that more gene
expression bursts are observed at the later stage of the cell cycle. From Reference 83.

More quantitatively, assigning relative
probabilities for ribosome and RNase E binding to the ribosome binding site of p and
1 – p, respectively, the probability, P(n), of
producing n proteins from one mRNA is simply the probability of n consecutive ribosome
bindings followed by one RNase E binding,
or P(n) = pn (1 – p). This is an exponential
distribution for discrete integers. Fitting the
distribution data in Figure 7b with the model
yielded p = 0.8.

75

Cell cycle (%)

Translational Burst Frequency
Figure 7d shows the distribution of the
number of translational bursts per cell cycle
under repressed conditions, which follows a
Poisson distribution with an average burst frequency of a = 1.2 per cell cycle. Knowing
that each burst corresponds to one mRNA,
this means that transcription is a Poisson process under the repressed condition. This is
because infrequent and purely random dissociations of the repressor from its operator

www.annualreviews.org • Single-Molecule Biology in Live Bacteria

433

100

ANRV343-BB37-20

ARI

7 February 2008

17:2

a

p(x)

a<1

x

x
Time

b

p(x)

a>1

x

x
Time

c
0.7

Probability

0.6
0.5
0.4
0.3
0.2

Understanding Stochasticity
in Protein Expression

0.1
0

were the rate-limiting step for transcription
initiation.
We studied the cell cycle dependence of
burst frequency. At least two processes may
alter the frequency of translational bursts during the cell cycle. First, replication of the
chromosome results in two or more gene
copies at later stages of the cell cycle, which increases the protein production rate. Second,
a collision between the replication machinery and the repressor as the replication fork
moves through the gene may result in the dissociation of the repressor from its operator
and hence a burst of proteins (37). Figure 7e
shows the cell cycle dependence of protein
burst frequencies by analyzing movies such
as the one in Figure 6a. Later stages of the
cell cycle have an increased probability of protein bursts because of replication of the gene.
However, the probability of bursts is still well
distributed across the entire cell cycle, which
suggests that basal level of expression does
not result solely from the collision between
the replication machinery and repressor. Had
that been the case, the bursts would only occur
at a speciﬁc point during the cell cycle. This
question is easy to address with the singlemolecule experiment.
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Figure 8
Protein molecules are produced in bursts (red ), mixed with existing
molecules (blue), and randomly partitioned upon cell division, leading to a
steady-state distribution, p(x), of protein copy number, x, in the cell
population. (a) With the burst frequency a < 1, p(x) peaks at x = 0 and a
large fraction of cells do not contain a single copy of the protein
regardless of the burst size, b. (b) With the burst frequency a > 1, most
cells express the protein at some level. Both types of distribution can be
described by the  distribution with two adjustable parameters, a and b.
(c) Copy number distribution of β-galactosidase (β-gal) molecules in
single Escherichia coli cells under the repressed condition measured by
enzyme ampliﬁcation in microﬂuidics. The solid line shows a 
distribution with a = 0.16 bursts per cell cycle and b = 7.8 β-gal
molecules per burst. These numbers agree with the real-time
measurements of a and b using the same microﬂuidics method. From
Reference 15.
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Stochasticity in protein expression includes
both the temporal ﬂuctuations in a single cell
and the variation of protein copy numbers
across a cell population at a given moment
in time. Both kinds of ﬂuctuations can be important in determining cell phenotype. The
single-molecule studies of translation provided the ﬁrst direct measurements of the
burst size, b, and the burst frequency, a. These
two kinetic parameters uniquely deﬁne the
dynamic ﬂuctuations in protein expression of
a single cell over time. Assuming every cell
is identical, these same parameters should be
sufﬁcient to describe the steady-state variation
in protein expression across a population, as
illustrated in Figure 8.
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Friedman et al. (31) developed a model
connecting these two different ﬂuctuations
based on burst size and frequency of protein
production. They assumed that (a) all cells are
identical, (b) transcription is a Poisson process, (c) the number of proteins per mRNA follows an exponential distribution, as discussed
above, and (d ) partitioning of molecules to
daughter cells leads to an effective dilution of
copy numbers. Then, burst frequency a and
burst size b predict the probability p(x) of observing a cell in a population with x molecules
to be p(x) = b−a xa−1 e−x/b /(a), known as the
 distribution. Figure 8a,b depict the situation for a < 1 and a > 1, respectively. This is a
simple but important result, allowing the reconciliation of the real-time protein number
ﬂuctuations in a single cell with the steadystate distribution of a cell population.
The protein copy number distribution in
a cell population has been experimentally
shown be well approximated by a  distribution, which can be ﬁt well with the parameters a and b determined from single-cell
real-time time traces. The  distribution provides not only a better ﬁt of experimental data
but also a better mechanistic justiﬁcation than
other phenomenological ﬁts previously used,
such as normal or log-normal distributions.
Figure 8c shows the distribution for β-gal
expression under the repressed condition using the enzymatic ampliﬁcation assay (15).
The  distribution is not speciﬁc to repressed
conditions but can be generalized to induced
conditions (31). In practice, a and b can be obtained from the variance and mean of a steadystate distribution. Because most protein
expression proﬁling with FP libraries were
conducted with ﬂow cytometry or ﬂuorescence microscopy on a population of cells at a
particular time, being able to deduce a and b,
the two fundamental parameters of gene expression, from these experiments is useful.

MEMBRANE PROTEINS
Many proteins involved in cell sensing or signaling reside on the membrane. Because of

their small diffusion constants, these membrane proteins can be subject to detection by
localization, provided FP labeling does not
perturb their structure or function. Singlemolecule experiments can probe how such
membrane proteins assemble and function to
regulate cell behavior.

Assembly of Membrane Proteins
The translation studies discussed above relied
on the use of membrane-localized FPs. Tsr is
a membrane receptor existing in oligomeric
forms. Although the above experiments use
only monomeric Tsr-FP encoded in the lac
operon for detection by localization, one
could use similar experiments to study the
assembly of the oligomeric protein. In fact,
we observed under repressed conditions that
newly produced Tsr-FP monomers were randomly distributed on the membrane. We
know that the Tsr-FPs eventually migrate
to one of the cell poles, as indicated by
the image taken under induced conditions
(Figure 9a). The nascent Tsr-FPs appeared
to mature and assemble initially on random
membrane positions before migrating to the
poles on a much longer timescale. Although
fast photobleaching under continuous illumination did not allow us to determine the
timescale of oligomerization, a time-lapse
movie with adjustable delays between image
acquisitions would track the assembly dynamics. In addition to oligomerization, the genesis of membrane proteins, including protein translation, folding, and insertion on the
membrane, could also be well suited for studies using detection by localization.

Membrane Transporters
We have also recently applied detection by localization to study lactose permease, a membrane transporter for lactose encoded by the
lac operon. Expression of the permease is controlled by the lac repressor responding to the
level of inducer in the media. Under partial induction, genetically identical cells in a
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Figure 9
(a) Overlay of ﬂuorescence on phase contrast image of induced Tsr-FP localized at the cell poles.
(b) Overlay of ﬂuorescence on phase contrast image of membrane-bound lactose permease-FP fusion
proteins under a partially induced condition. Two induced cells with a high level of expression show FPs
over the entire membrane. The other uninduced cells show little ﬂuorescence when their signals are
scaled to the induced cells. (c) The same image with single-molecule sensitivity after rescaling the signal
of uninduced cells. Individual permease-FP molecules are now visible in the uninduced cells. Induced
cells’ signals saturate with this scaling. (d ) Distribution of permease molecules per cell in the uninduced
fraction of cells.

population can exhibit two different phenotypes, induced and uninduced, with extremely
different expression levels of the permease
(Figure 9b). This variation in lactose
metabolism can be beneﬁcial for the survival
of the entire population in an uncertain or
changing environment. The transition from
uninduced to induced state occurs when a cell
randomly expresses a large enough burst of
permease molecules, leading to a high inﬂux
of inducer that affects the lac repressor.
Induced cells have strong ﬂuorescence
along the cell membrane, whereas uninduced
cells have minimal signal not detectable by
conventional means. In the literature, it was
proposed that one permease molecule was
enough to drive the induction process (61).
By directly counting the number of molecules
in the uninduced population with singlemolecule sensitivity, we found that there were
0 to 10 permease molecules in the uninduced
fraction. This proves that one molecule is not
enough to drive induction. Had one perme436
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ase molecule been enough to drive the induction process, uninduced cells would only have
had zero molecules. Figure 9d shows the distribution with burst frequency a = 1.5 and
burst size b = 1.7 under a partially induced
condition, corresponding to the a > 1 situation of Figure 8a. Our measurement sets a
lower bound of 10 on the threshold number
of permease molecules needed to drive full induction (P.J. Choi, L. Cai, K. Frieda & X.S.
Xie, manuscript in preparation). This gives an
example of the importance of low-copynumber proteins involved in cell sensing or
signaling in determining the phenotype and
function of the cell.

REPLICATION
DNA replication occurs with high efﬁciency and ﬁdelity at replisomes (Figure 10a),
where several proteins participate in the
highly choreographed DNA synthesis at
the replication fork. The E. coli replisome
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Figure 10
(a) Trombone model for the replication fork with the components of Escherichia coli replisome. Adapted
from Reference 1. (b) Sketch of E. coli genome replication showing the replisome locations in E. coli cells
at low and high growth rates. (c) Overlay of phase contrast and ﬂuorescence images showing the location
of Venus-labeled single-stranded DNA binding (SSB) proteins bound to the replisome at the cell center
at a low growth rate. (d ) At a high growth rate, Venus-labeled SSB proteins also appeared at one-quarter
and three-quarter lengths of the cell. (e) Overlay of phase contrast and ﬂuorescence images showing the
binding of a single Venus-labeled primase molecule bound to the replisome in the center of an E. coli cell.
(f ) Fluorescence time trace of an E. coli cell center showing the events of transient binding and unbinding
of individual Venus-labeled primase molecules at the replisome, with each cycle possibly corresponding
to the formation of an Okazaki fragment.

consists of a DNA helicase that unwinds the
double-stranded DNA, DNA polymerases
that synthesize DNA on each of the two
template strands, and single-stranded DNA
binding (SSB) protein that protects singlestranded (ss)DNA prior to synthesis. The
fact that both the leading- and lagging-strand
DNA polymerase synthesize DNA from
the 5 to 3 direction presents a topological difﬁculty, which has been resolved by the

trombone model, in which a replication loop
(Figure 10a) is formed between the helicase
and lagging-strand DNA polymerase (1). This
model accounts for the continuous synthesis
of DNA in the leading strand and discontinuous synthesis in the lagging strand. The replication loops are formed repetitively to produce short fragments of DNA called Okazaki
fragments. Each Okazaki fragment is initiated
with an RNA primer, which is synthesized
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by the primase upon transient binding to the
helicase.
The crystal structures of the major players of the replisome have been solved. Although most mechanic studies of the replisome have been carried out in vitro, recent
single-molecule real-time observations on
reconstructed replisomes have revealed signiﬁcant mechanistic insights into DNA replication (49). Here we describe cellular observations of the location of the replisome and
assembly of its components, as well as the
study of the dynamics of DNA replication in
individual living E. coli cells.

Replisome Localization
In E. coli, the genomic DNA is replicated
bidirectionally by two replication forks starting from the origin of replication, termed
oriC (Figure 10b). The two replication forks
move around the chromosome until they encounter the termination of replication sequence, termed ter. The two replication forks
in bacterial cells are located near the cell center (5, 21, 77). In addition to the two replisome at the cell center, newly formed replisomes localized nearby at one-quarter and
three-quarter lengths of the cell under high
growth rates. Also, GFP-labeled DNA polymerase molecules can be imaged at the replisome location (51).
To demonstrate the assembly of protein
components on the replisome, we ﬁrst examined a Venus-labeled SSB protein. Because the
cellular copy number of an SSB protein is several thousand (Table 1), labeling all copies
of SSB proteins with Venus would prevent
“detection by localization” of single SSB proteins bound to the replisome. We instead use a
low copy plasmid to limit the copy number of
labeled SSB proteins. Figure 10c shows the
localization of a small number of Venuslabeled SSB proteins bound to ssDNA at the
sites of the two replisomes under conditions
of slower growth. It is evident that, ssDNA
appears only at the replication fork. Under
conditions of faster growth, we obtained addi438
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tional spots at positions one-fourth and threefourths along the cell length, consistent with
the reported replisome locations in E. coli (5)
and B. subtilis (51). The approach of partial
labeling of SSB proteins for single-molecule
detection by immobilization can be applied to
other abundant proteins in a cell.

Dynamic of Lagging-Strand
Synthesis
To probe the highly coordinated actions of
lagging-strand DNA synthesis, we studied the
primase, which has a low endogenous copy
number (Table 1) and is subject to detection by localization using an FP-primase fusion. Figure 10e shows one E. coli cell having a single YFP-labeled primase bound to
the replisome at the center at a particular
moment. Figure 10f shows the ﬂuorescence
time trace at the center of a cell. The ﬂuorescence signal is indicative of individual primase
molecules transiently bound to the replisome,
again based on detection by localization. Previously, in vitro biochemical studies have suggested that the interaction between the primase and helicase is transient in E. coli and that
the lengths of Okazaki fragments have a broad
distribution of 0.5 to 2 kb (19, 84). Assuming
a DNA synthesis rate of ∼600 nt s−1 , each
Okazaki fragment requires 1–3 s to be produced, according to a recent single-molecule
in vitro experiment (49). On the basis of the
average time separation between two ﬂuorescence bursts being ∼2 s in Figure 10f, we
tentatively assign each ﬂuorescence burst to
the onset of each Okazaki fragment. This
could well be the ﬁrst direct observation of
Okazaki fragments in real time in a living
cell.

OUTLOOK
Opening up a molecular biology textbook,
one sees the fundamental processes in molecular biology described by cartoons on a singlemolecule basis even though our knowledge
has been derived primarily from in vitro
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studies. Thanks to the advances in FPs and
single-molecule imaging, many of these processes can now be monitored in individual
bacterial cells at the single-molecule level in
real time. The wealth of information derived
from these studies is new and highly quantitative, even for the well-characterized systems
discussed here, yielding fresh insights into the
intracellular workings of these processes.
We have discussed the single-molecule
live-cell assay developments with the aim of
providing a toolbox for bacterial molecular
biology. Meanwhile, techniques will continue
to evolve: Super-resolution imaging in live

cells is emerging and new ﬂuorescent proteins
with short maturation times and high photostability will be developed. Similar singlemolecule 3D imaging in live eukaryotic cells
is being made possible by two-photon ﬂuorescence microscopy (G.W. Li & X.S. Xie,
manuscript in preparation).
The methods described in this article can
be widely applicable and accessible. There
are countless compelling problems that the
single-molecule approach can address. We
hope future single-molecule live-cell experiments will lead to new knowledge in molecular and cell biology for years to come.

SUMMARY POINTS
1. Many important cellular processes, such as transcription, translation, and replication,
occur with low copy numbers of macromolecules and hence require single-molecule
sensitivity to probe their dynamics.
2. The low copy numbers of macromolecules result in the stochastic behavior of biochemical reactions and molecular motions, which cannot be synchronized among a
population of molecules or cells.
3. Detection by localization allows a single FP to be imaged upon binding on DNA or
attaching to the cell membrane. Stroboscopic excitation allows detection of a single FP
nonspeciﬁcally bound to DNA or freely diffusing in the cytoplasm with submillisecond
time resolution. Tandem repeats of ﬂuorophores can be used to visualize single DNA
loci and mRNA molecules.
4. A transcription factor searches for a target sequence on the genome by repeated nonspeciﬁc binding on and 1D diffusion along different DNA segments, with a residence
time of less than 5 ms, separated by much faster diffusion through the cytoplasm
between two segments in less than 0.5 ms.
5. Under repressed conditions, mRNA molecules are generated in a Poisson process
owing to random dissociation of the repressor from the operator. Under induced
conditions, however, multiple mRNA molecules are generated in pulses of transcriptional activity.
6. Protein production occurs in bursts with one mRNA generating a few copies of
protein molecules. The number of protein molecules produced per mRNA follows
an exponential distribution.
7. Stochasticity in gene expression is manifested both in the random events of transcription or translation in time in a single cell, and in the variation of copy numbers of
protein or mRNA per cell in a population of cells at a particular time. Both measurements give the same values for the transcription frequency and translational burst size.
8. Primary replication forks are located at the cell center. The assembly of protein complexes onto the replisome can be realized by detection by localization.
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