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We describe a method for tracking RNA molecules in Escherichia
coli that is sensitive to single copies of mRNA, and, using the
method, we find that individual molecules can be followed for
many hours in living cells. We observe distinct characteristic dy-
namics of RNA molecules, all consistent with the known life history
of RNA in prokaryotes: localized motion consistent with the
Brownian motion of an RNA polymer tethered to its template DNA,
free diffusion, and a few examples of polymer chain dynamics that
appear to be a combination of chain fluctuation and chain elon-
gation attributable to RNA transcription. We also quantify some of
the dynamics, such as width of the displacement distribution,
diffusion coefficient, chain elongation rate, and distribution of
molecule numbers, and compare them with known biophysical
parameters of the E. coli system.

The bacterium Escherichia coli may well be the most thor-
oughly characterized model biological system. Much of its

metabolism serves as the basic paradigm for DNA replication,
RNA transcription, protein synthesis, and gene regulation (1, 2).

Recently, techniques have become available that allow us to study
central problems in genome organization and expression in indi-
vidual living cells (3, 4), rather than rely on the averaged properties
of large populations. These studies have added to our knowledge in
two main areas: the heterogeneity among cells in a supposedly
homogeneous population (5–7) and the spatiotemporal organiza-
tion of macromolecules in the bacterial cell (8). The subcellular
location of a variety of different proteins involved in cell divi-
sion, such as the MinCDE family (9), are now known to be localized
in special regions, as is the location of replicating chromosomes
(10) and several different plasmids (11, 12). Complexes of signaling
proteins in Bacillus subtilis and Caulobacter crescentus have like-
wise been localized to the poles of dividing and differentiating
cells (8, 13).

To our knowledge, there are no published studies on the local-
ization and timing of mRNA synthesis in living bacterial cells. Our
knowledge of RNA transcription and dynamics comes from pop-
ulation studies, or in vitro studies with purified components (14–17).
A rare glimpse into cell-to-cell variability in message number was
provided by the studies of Tolker-Nielsen et al. (18) with Salmonella
using whole fixed mounts. However, there is no information at the
single-cell level in living cells on message localization: whether
mRNA is free to move throughout the cytoplasm, whether move-
ment is active or passive, and, for RNA molecules present in low
copy numbers, how the actual number of molecules is a function of
cell state. This last information is of particular interest because it
bears directly on the question of the regulation of proteins known
to be present in low copy numbers (for example, many of the
proteins that act to switch genes on and off) and how the cell
successfully regulates copy number in the presence of considerable
extrinsic and intrinsic noise (see ref. 7 for a review).

Here we describe a method for tracking RNA molecules in E.
coli. We find that the method is sensitive to single copies of mRNA,
and that individual molecules can be followed for many hours in
living cells. This experimental system has unveiled new features
about transcription in E. coli. We find that RNA motion is usually
limited in space, perhaps because RNA remains tethered to the
DNA from which it is transcribed. In other instances, transcripts
appear to diffuse freely in the cytoplasm; occasionally, we can
observe the polymer dynamics of single molecules and follow chain

elongation during transcription. We quantify some of the param-
eters of RNA molecular dynamics, such as displacement of the
tethered molecule, diffusion coefficient, and elongation rate, and
find most of them in agreement with known biophysical parameters.
We have also found that RNA movement is not inhibited by
metabolic poisons, which leads us to suggest that the movement of
RNA molecules in the cell is passive.

Methods
For a more detailed description of our methods, see Supporting
Methods and Figs. 7 and 8, which are published as supporting
information on the PNAS web site.

The Experimental System. Our approach is based on a method
developed by Singer and coworkers (19, 20), which has been used
to track RNA in various eukaryotic systems (21). The mRNA
detection system is comprised of two elements, a fluorescence
protein fused to the RNA bacteriophage MS2 coat protein (hence-
forth referred to as MS2) and a reporter RNA containing tandemly
repeated MS2-binding sites. Our extensive modification of the
Singer system has allowed us to image single RNA molecules in E.
coli and to follow them as they move through the �2-�m cell.

A schematic description of the constructs used is shown in Fig.
1. MS2 interacts with a stem–loop structure in viral RNA to repress
translation of the replicase and to encapsulate the viral genome.
When an MS2–GFP fusion is coexpressed with a reporter RNA
containing tandemly repeated MS2-binding sites, the fusion protein
binds to the RNA, forming bright fluorescent particles. This
method was first used in vivo to follow mRNA localization in yeast
(19) and Drosophila (21) and was used to detect single mRNA
molecules in mammalian cells (20). We found, not surprisingly, that
several modifications of this system were required for use in E. coli.
These are outlined below.

The MS2–GFP Fusion Protein. Previous studies used an aggregation-
deficient mutant (MS2 dlFG) of MS2 (22). After initial unsatisfac-
tory results with this mutant, we fused a tandem dimer of the
wild-type coat protein with an enhanced version of GFP. The fused
dimer, MS2d, is known to be highly tolerant of structural pertur-
bations and retains its in vivo functionality after insertion at various
locations (23, 24). We fused MS2d to the N terminus of GFPmut3
(25) and placed the fusion under the control of the tetracycline
promoter P(LtetO-1) (26) in the vector K133 (based on the
PROTET.E vector; Clontech). This placed the MS2d–GFP fusion
on a medium copy number plasmid with a ColE1 origin, under tight
regulation by tetracycline. After induction with anhydrotetracycline
(aTc), cells became bright green, and protein of the correct
molecular size was made, as judged by Western blotting using
anti-GFP antibodies (data not shown).

The RNA-binding capacity of the protein was examined in vitro
by an RNA gel-shift assay of purified protein using RNA probes
consisting of six tandem repeats of the MS2-binding site (see
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below). The MS2d–GFP bound at the predicted molarity (data not
shown).

To test the activity of the protein in vivo, we used the blue�white
�-galactosidase assay devised by Peabody (27). In this test, a
functional coat protein represses the translation of an MS2 repli-
case–�-galactosidase fusion, thus yielding white (as opposed to
blue) colonies. MS2d was active in vivo when fused to GFP. GFP
fused to the mutant MS2 dlFG was inactive (data not shown).

The Target RNA. To detect single RNA molecules, a significant
number of GFP molecules must be localized in space; hence,
a tandem array of binding sites must be constructed. In the
lacO�lacI–GFP system devised by Belmont and coworkers (28,
29), 256 copies of the lac operator sites were used. This number
proved to be sufficient for tracking the location of chromo-
some and plasmid DNA sites in E. coli (11, 12). Singer and
coworkers (20) describe the detection of single mRNA mol-
ecules in mammalian cells using 24 tandem MS2-binding sites.
This allows the binding of 48 monomeric MS2–GFP proteins.
In this case, however, probably only a small percentage of the
target RNA molecules are detected.

Long tandem DNA repeats are known to be unstable (30, 31).
This problem is worse in the MS2 system because each binding site
contains a palindromic repeat. To increase the stability of the
construct, we inserted random sequences between successive MS2-
binding sites in the target RNA, thereby shortening the runs of
perfect homology that serve as targets for recombinational insta-
bility (10). The construction of the 96 binding site (96 BS) tandem
array is described in Supporting Methods. A 96-mer was then cloned
in a bacterial artificial chromosome based on the F factor replica-
tion system (pTRUEBLUE-BAC2; Genomics One International,
Buffalo, NY) (32, 33). This very-low-copy vector was chosen
because it was expected to increase the stability of the inserts, it
would enable us to induce a low number of RNA molecules, and its
location is known in the cell (11). The 96-mer insert is placed
downstream of a lac promoter and a ribosome-binding site, and
upstream of a Rho-independent trpA terminator (34).

Bacterial Strains and Plasmids. All cloning and expression were
performed in E. coli strain DH5�-PRO (identical to DH5�-Z1;
Clontech) (26).

Construction of MS2d–GFP. GFPmut3 (25) was amplified from
pKEN2 (provided by P. Wolanin, Princeton University, Prince-
ton, NJ) and inserted into the NotI site of K133 (derived from
pPROTET.E; Clontech). MS2d (24) was amplified from
p2CTdl13 (provided by D. Peabody, University of New Mexico,
Albuquerque) and inserted into the BamHI site of K133.

Construction of the 96 BS Arrays. An ensemble of oligonucleotides
containing three MS2-binding sites, separated by random se-

quences, was synthesized. This oligonucleotide mixture was con-
verted into double-stranded DNA and amplified by PCR. The
product was then cut and inserted into pBS-SK (Stratagene), and
sequential doublings of the array were carried out as shown in the
Supporting Methods. A 96 BS array was then inserted between the
NheI and HindIII sites of pTRUEBLUE-BAC2 (Genomics One
International) to yield BAC2�bs96.

Bacterial Growth and Induction. Cells were grown in either LB or
M63 minimal medium (35), supplemented by antibiotics accord-
ing to the specific plasmids. For induction of protein and RNA,
cells were grown overnight from a single colony, diluted into
fresh medium, and grown at 37°C to mid-logarithmic phase
(OD600, �0.3–0.5). The inducers isopropyl �-D-thiogalactopyr-
anoside (IPTG; 1 mM) and aTc (10 ng�ml) were then added.

Microscopy and Imaging. A few microliters of culture was placed
between a coverslip and a thin slab of 0.8% agarose containing
LB. Microscopy was performed in a room maintained at 22°C
with a Nikon Eclipse (TE2000-U) inverted microscope equipped
with a 100� (1.3 numerical aperture) objective and epifluores-
cence system. Images were taken with a Cascade:512B (Roper
Scientific, Trenton, NJ) camera after an additional 6� magni-
fication. Images and time-lapse Movies 1–6, which are published
as supporting information on the PNAS web site, were acquired
with METAVIEW software (Universal Imaging, Downington, PA)
and analyzed with MATLAB (Mathworks, Natick, MA).

Results and Discussion
MS2–RNA Complexes in Vitro. To examine the interaction between
MS2d–GFP and RNA and to evaluate the possibility of detecting
single RNA molecules, purified fusion protein and purified target
RNA were mixed and examined under the microscope. The 96 BS
RNA product and purified MS2d–GFP were mixed under condi-
tions promoting protein–RNA binding (see the supporting infor-
mation), with an �1,000 protein excess over RNA, and observed by
epifluorescence. In addition, we imaged MS2d–GFP by itself, as
well as MS2d–GFP mixed with both double- and single-stranded
DNA coding for the 96 BS target sequence.

The combination of protein and RNA yields bright particles
(total intensity 104–105 photons per sec; see the supporting
information). These particles are long-lived (a lifespan of min-
utes or more). The MS2d–GFP protein by itself appears as a
collection of weak point sources (�103 photons per sec) that
exhibit the typical ‘‘blinking’’ behavior of single GFP molecules
over a timescale of seconds (36, 37). The mixture of MS2d–GFP
and DNA (in either single- or double-stranded form) did not
form complexes brighter than MS2d–GFP by itself; this result is
consistent with our knowledge that MS2 does not interact with
DNA but is a necessary control for the work reported below.

The intensity of these RNA–protein particles is �10-fold higher
than that of single MS2d–GFP molecules. This is in contrast to the
in vivo particles (see below), which apparently consist of almost fully
occupied binding sites. A possible explanation for this result is that
the 96-mer, because of its many direct and palindromic repeats, has
many possible misfolded conformations, which may leave only a
fraction of the binding sites available for MS2 binding in vitro. In
contrast, as transcripts are synthesized in vivo, it is not unlikely that
each binding site becomes occupied as soon as it is synthesized by
the RNA polymerase and before inter- and intramolecular inter-
actions can occur.

RNA Detection in Vivo. Cells containing both MS2d–GFP and 96
BS plasmids were grown to mid-logarithmic phase and induced
with aTc and IPTG. After 45 min, many cells contained one or
more fluorescent ‘‘particles’’ (Fig. 2). Some cells also contain
‘‘clusters’’ of a few particles (see also Fig. 5). Most are not fixed
in space but move constantly (see Movies 1–6 and below). The

Fig. 1. A schematic description of the constructs used in this study. The MS2
covalent dimer was fused to GFP variant mut3 (GFPmut3). The fusion protein
was under the control of the P(LtetO-1) promoter in vector K133 with a ColE1
origin. A tandem array of 96 MS2-binding sites (96x MS2-bs), interspersed by
random sequences, was placed under P(Lac) control in vector BAC2 with an F
origin. The two plasmids were cotransformed into the E. coli strain DH5�-PRO,
a constitutive producer of LacR and TetR repressors.
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observed particles are likely to be single RNA molecules for the
following reasons.

First, cells containing the MS2d–GFP plasmid and an empty

BAC2 plasmid (the parent of the plasmid carrying the 96 BS
array) produce only uniform fluorescence. That fluorescence
depends on aTc induction.

Second, most fluorescent spots are located either near the
center or close to the quarter points of the cells, where F
plasmids are known to reside (11, 38). As we discuss below, not
only the spot location but also its motion are consistent with the
known life history of RNA molecules: they are first tethered to
the DNA from which they are transcribed and then released
from the DNA template when an RNA polymerase termination
site is reached.

Third, under conditions of promoter repression, when a small
number of transcripts is expected, the numbers of particles in
individual cells follow a Poisson distribution, in agreement with the
assumption that these are discrete RNA molecules, made as
independent, rare events.

Finally, quantification of the fluorescence intensity of each
particle by photon counting allows us to estimate that the particles
consist of �70 GFP molecules on average (see Fig. 2B). This
occupancy ratio (bound�free sites) and the fluorescence histogram
are very similar to those found by Singer and coworkers (20). We
also note that this number may underestimate the number of bound
MS2d–GFP molecules per particle because there may be partial
quenching of adjacent GFP molecules by resonance energy transfer.
Nonetheless, this rough agreement between the expected number
of bound molecules and the number measured by photon counting
suggests that most of the observed particles correspond to full-
length messages, with occupied binding sites.

Single-Molecule RNA Dynamics in Living Cells. We have examined
the motion of particles in many cells by time-lapse photography
and photon counting. We can distinguish three distinct types of
single-molecule behavior.

Localized Motion. As mentioned above, most fluorescent spots are
located near the center or the quarter points of the cell.
Measurements of 100 spot positions gave 0.51 � 0.05 (15 spots)
and 0.19 � 0.07 (85 spots) cell length. These numbers correspond
well with the location of F plasmids in the cell, as determined by
Gordon et al. (11). Removing the ribosome-binding site up-
stream of the cloned 96-mer did not alter the patterns of particle
location, ruling out the possibility that the observed position
reflects RNA–ribosome interactions.

In most cells, the motion of fluorescent particles is limited to

Fig. 3. Localized motion of multiple RNA particles in a cell. (A) The measured
locations of three individual spots, superimposed on an epifluorescence image
of the cell. (Scale bar � 1 �m.) (B) Histograms of spot positions along the cell.
Position along the cell was obtained by projecting the spot location (x,y) on
the long axis of the cell (xl): xl � x cos � � y sin �, where � is the angle between
the long axis of the cell and x axis. Each spot is localized in a small region of the
cell, with a bell-shaped distribution of positions. Cells were grown and in-
duced as in Fig. 2. A single cell was tracked for 10 min (one frame per 2 sec, with
an exposure time of 250 msec; see Movie 3).

Fig. 2. GFP-tagged RNA molecules in E. coli cells. (A) Cells carrying BAC2 plus
the 96 BS coding sequence and K133 plus MS2d–GFP were grown in LB at 37°C
to an OD600 of �0.3–0.5. aTc (10 ng�ml) and IPTG (1 mM) were added. After
45–60 min, a few microliters of culture was placed between a coverslip and a
thin slab of 0.8% agarose with LB. Cells were observed under epifluorescence,
and images were taken at a 100-ms exposure time. As shown in Movies 1 and
2, most spots fluctuate around their mean location. The motion is not inhib-
ited by the addition of 0.2% sodium azide (an inhibitor of ATPase) under
conditions where cell growth is completely inhibited in 10 min, suggesting
that the motion is passive rather than active. (Scale bar � 1 �m.) (Inset)
Absence of spots in cells carrying K133 plus MS2d–GFP and BAC2 without the
96 BS coding sequence. Cells were grown and induced as in A. Cells exhibited
low uniform fluorescence of varying levels. (B) Estimation of the number of
GFP molecules in each fluorescent particle. Eighty spots were quantified: the
histogram of N is shown, where N � ( f�spot � f�cell)�( f�GFP). f denotes total
photon flux per sec. Fluxes measured were from individual fluorescent spots
in the cell ( f�spot), background fluorescence in the same cell ( f�cell), and
individual MS2d–GFP molecules (30 measurements; see supporting informa-
tion) ( f�gfp). Exposure times were 250 msec for cell images and 2.5 sec for
single molecules, under identical microscopy conditions. From the histogram
we can estimate that each spot corresponds to 20–100 MS2d–GFP molecules
(�70 on average), consistent with our hypothesis that they correspond to
single RNA molecules tagged by MS2d–GFP.
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a small area of the cell. Fig. 3 (and see Movie 3) illustrates a
typical example. Each spot appears to move randomly but never
leaves its restricted area. The distribution of displacements on
the long axis of the cell is bell-shaped, with a half-width of
�50–200 nm (measurements in five other cells yielded similar
results). The most natural explanation for these observations is
that we are looking at an RNA molecule tethered to DNA during
transcription and possibly afterward (39).

It is interesting to compare the observed behavior with a
simple biophysical model of the system, that of a particle
tethered to a spot by a spring, with an effective spring constant
ksp (40). At thermal equilibrium, it can be shown that the
distribution for end-to-end distance is Gaussian, with a variance
�2 � 3 kb T�ksp (where kb is Boltzmann’s constant and T is the
temperature in K). For a polymer whose length L is much larger
than the persistence length lp, the effective spring constant is ksp
� 3 kb T�2 L lp. We thus obtain � � �(L*lp). In our system, the
length of the RNA chain is L � 4,000 bases or � 2,500 nm.
Single-stranded RNA is very flexible, with a persistence length
lp of only a few bases (41, 42). In our case, the RNA molecule
is tagged by MS2d–GFP, which probably stiffens it and increases
lp to �5 nm [the estimated size of the protein plus the RNA
stem–loop (43)]. We thus obtain an estimate of � � �(5*2,500)
or � 100 nm, within the range of the measured values.

Motion Spanning the Entire Cell. In some cases, motion of the particle
spans the entire cell. This is the case shown in Fig. 4 (and Movies
4 and 5). Two cells were tracked, one for a long time (�1 h) at a
low frame rate (30 sec per frame) and the other for a short time (�2
min) with a faster frame rate (1 sec per frame). From the long-term
tracking data (Fig. 4 A and B), we find that the RNA molecule
traverses the entire cell. However, from the histogram of particle
location (Fig. 4B), we learn that the molecule spends more time
near the cell poles than at the center. This phenomenon might result
from so-called hydrodynamic coupling between the RNA particle
and the cell wall, because a particle close to a wall will sense
increased drag and, therefore, will have a decreased ‘‘effective’’
diffusion coefficient (44). This will lead to the particle spending
more time next to the cell poles. The short-term tracking results
(Fig. 4C) reveal a similar trend. In addition, they enable us to
estimate the diffusion coefficient of these particles. For this esti-
mate, we use the Einstein–Smoluchowsky equation: 	�2
 � 2 d D �,
where � � �r(t � �) � r(t)� is the particle displacement between two
time points, d is the dimension of the trajectory data, D is the
diffusion coefficient, and � is the time interval between the two
measurements. As Fig. 4C shows, the squared displacement is linear
in � up to approximately � � 5 sec, when the displacement becomes
comparable with the cell width. From the slope of the graph, we
obtain D � 3*10�2 �m2�sec. Measurements in five other cells all
yielded D values in the range of 1*10�3 to 3*10�2 �m 2�sec. Elowitz
et al. (45) have measured D for a single GFP molecule and GFP
fusion proteins in the E. coli cytoplasm. The values they obtained
are in the range of �2–8 �m2�sec, i.e., 102–103 times higher than
our value for the RNA–protein particles.

Are these two estimates reconcilable? Our GFP-tagged RNA
is much larger than a single GFP molecule (its mass, �6,000 kDa,
is approximately twice the mass of an E. coli ribosome), but how
should the diffusion coefficient scale with the size? Polymers are

Fig. 4. Two cells exhibiting motion of an RNA particle over the entire cell.
Cells were grown and induced as in Fig. 2. (A and B) Cell 1 was tracked for �1 h,
at one frame per 30 sec (exposure time of 50 msec; see Movie 4). (Scale bars � 1
�m.) (A) A series of epifluorescent images of the cell. Images are 30 sec apart.
During the 6 min covered, the RNA particle traveled the length of the cell twice.
(B) Histogram of particle position along the cell. Position along the cell was
obtained by projecting the spot location (x, y) on the long axis of the cell (see
Fig. 3). The spot traversed the entire length of the cell, but the distribution
of positions was not uniform. Rather, the particle spent more time away from

the center of the cell, closer to the poles (see text). (Inset) Epifluorescence
image of the cell, superimposed by measured locations of the RNA spot. (C)
Cell 2 was tracked for 2 min, at one frame per sec, with an exposure time of 500
msec (see Movie 5). Mean displacement squared (see text), as a function-of-
time interval between measurements. � indicates measurements; solid line
indicates linear fit. The linear behavior up to � � 5 sec suggests that the motion
is diffusive. (Inset) Epifluorescence image of the cell, superimposed by mea-
sured locations of the RNA spot.
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known to have various modes of motion, yielding very different
relations between length and diffusion coefficient (46, 47).
Under the simplest hypothesis, we can describe our tagged RNA
molecule as a spherical particle whose diffusion coefficient,
according to the Stokes–Einstein relation, scales as 1�R, where
R is the particle radius. Assuming our molecule to be an ideal
f lexible polymer, its radius of gyration scales as N1/2, where N is
the number of monomers. Thus D � N�1/2. According to this
picture, a 100-GFP particle should have a D coefficient only 10
times smaller than a single GFP molecule. However, our tagged
RNA might not diffuse as a spherical particle but rather move
by reptation, sliding through a tube whose contours are defined
by the locus of entanglements with neighboring molecules.

Under these conditions D � N�2 (46), or a 10,000-fold factor
between a single GFP and our tagged RNA chain. The fold
difference between our measured D and the single-GFP value
measured by Elowitz et al. (45) lies between these two estimates
and suggests that the motion we observe may be closer to a
partially extended reptating polymer than to a sphere whose
radius of gyration is described by Flory ‘‘ideal chain’’ statistics.

Chain Elongation. In a few cells, we observed a fluorescent ‘‘chain’’
behaving like a typical polymer in solution, stretching and
writhing along the axis of the cell (see Fig. 5 and Movie 6). These
chains are likely to be single-RNA molecules, both because their
contour length matches the transcript length and because the
total integrated photon counts from the chain area are very close
to those of the fluorescent particles observed in other cells and
the particle labeled 2 in Fig. 5A. The contour length of the chain
increases with time, as is documented in Fig. 5B. The most
straightforward explanation for the observed elongation is that
we are watching RNA transcription. The maximal length mea-
sured is �2.6 �m, very close to the predicted transcript length.
The observed elongation rate is not uniform, with a peak rate of
�40 nm�sec (during �55–65 sec in Fig. 5B) as well as a period
of apparent transcriptional halting that lasts �10 sec (during
�25–35 sec in Fig. 5B). This behavior is consistent with the
dynamics observed during transcription in vitro (16, 48). The
average rate of �15 nm�sec (or �25 nucleotides per sec) is in
good agreement with the known rate of transcription in E. coli
at 22°C (49, 50). This phenomenon was observed in two addi-
tional cells.

Induction. To better control the timing and level of target RNA
production, we replaced the original Plac promoter in BAC2
with Plac�ara-1 (26), designed to enable tighter regulation of

Fig. 5. Dynamics of a single RNA molecule. (A) A series of consecutive
epifluorescent images taken 1 sec apart. (IV) At the bottom left of the cell are
multiple, barely distinguishable spots (1) that do not appear to move, as well
as a single spot (2) exhibiting typical localized motion. At the top right is
another cluster of spots (3), as well as a chain made from approximately three
blobs (4). Based on measured photon fluxes, we estimate that the chain (4) and
the single spot at the bottom left (2) consist of a single RNA molecule. The
other clusters probably consist of two (3) and three to five (1) molecules each.
The polymer chain can be seen to ‘‘wiggle’’ and change its conformation
(see Movie 6). We believe that the apparent blob structure of the chain results
from parts of the chain being outside the focal plane. (Scale bar � 1 �m.)
(B) Estimated contour length of the polymer versus time. The contour was
measured manually at different time points. Cells were grown and induced
as in Fig. 2. A single cell was tracked by time-lapse photography for 10 min
(one frame per sec, with an exposure time of 250 msec; see Movie 6).

Fig. 6. Induction of RNA transcription. Cells carrying BAC2 plus the 96 BS
coding sequence (under control of Plac�ara-1) and K133 plus MS2d–GFP were
grown in LB at 37°C to an OD600 � 0.3–0.5. MS2d–GFP production was induced
by adding aTc (100 ng�ml). After 1 h, cells were resuspended in the same
medium without aTc. RNA transcription was then induced in half of the
culture by adding IPTG (1 mM) and L(�)-arabinose (0.1%). Cells were then
grown for an additional 1 h and observed as in Fig. 2; 150 cells were examined.
(A) Distribution of the number of spots in cells not induced (no IPTG, no
arabinose). Each bar represents cells actually counted; � indicates a fit to a
Poisson distribution, with � � 0.18, determined from the number of cells with
no spots. Cells with three spots or more were grouped together, because
clustered particles are sometimes hard to distinguish. (B) Distribution of the
number of spots in induced cells (with IPTG and arabinose). Symbols are as in
A. The distribution is bimodal, far from a Poisson distribution (�� 1.18).
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transcription. The results of a typical induction experiment are
shown in Fig. 6. Under conditions of promoter repression, most
of the cells are devoid of RNA particles, and the number of
particles per cell follows a Poisson distribution with a mean � �
0.18. Three additional experiments (�1,000 cells counted) all
gave a similar result: Poisson distribution of spot number, with
� values �1. The straightforward interpretation of this result is
that we are observing transcripts that are rarely made under
repression [Lutz and Bujard (26) have estimated that, under
these conditions, a transcript is made less than once per cell per
generation]. The Poisson distribution observed possibly reflects
the rate-limiting step in the process of RNA polymerase binding
and transcription (51). We note that the RNA particles are
longer lived than E. coli RNA molecules. We suspect that the
MS2d–GFP proteins bound to the RNA molecule might ‘‘im-
mortalize’’ it, i.e., prevent or at least considerably slow down its
degradation. The protein�RNA off-rate for the binding site
sequence in use is on the order of many hours (52–54), which
suggests that MS2d–GFP might not be displaced by the various
RNA-degrading enzymes in the cell.

When cells are induced with IPTG and arabinose, most cells
have multiple RNA particles, and the particle number distribu-
tion shifts to the right, becoming bimodal. (The increase in spot
number was verified in three additional experiments.) The
bimodal shape is reminiscent of the results obtained by Siegele
and Hu (5), who examined gene expression under control of the
araBAD promoter, from which the Plac�ara-1 promoter was
derived.

Even under induction, there does not seem to be a steady
accumulation of RNA particles. The RNA–protein particles
might stay attached to the DNA template longer than normal
RNA molecules, thus inhibiting further transcription from the
same promoter. Neither can we rule out the possibility that,
under induction, multiple transcripts are produced, which inter-
act with each other through their bound proteins.

In sum, we report on the behavior of individual RNA mole-
cules in live E. coli cells. We have observed three characteristic
dynamics, all consistent with the known life history of RNA in
prokaryotes: localized motion consistent with the Brownian
motion of an RNA polymer tethered to its template DNA, free
diffusion, and a few examples of polymer chain dynamics that
appear to be a combination of polymer fluctuation and chain
elongation attributable to RNA transcription. We have also
quantified the dynamics of these molecules, including the width
of the displacement distribution, their diffusion coefficient, and
the chain elongation rate. These experimental results have been
compared with the known biophysical parameters of our system
and have been found to be in reasonable agreement with the
literature.
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