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Review

Introduction: Imaging Chromatin and 
Transcription in Living Cells Using 

Fluorescence

The importance of studying the highly dynamic processes tak-
ing place in the cell nucleus, such as chromatin dynamics, protein 
diffusion, transcriptional activity and nucleo-cytoplasmic trans-
port, to name only a few, could not be overstated. Fluorescence 
microscopy provides an ideal tool to address relevant biological 
questions in these domains in vivo, at a high temporal resolution 
and non-invasively.

Robinett et al.2 originally demonstrated the possibility of 
labeling a specific chromatin locus with a GFP-like protein 
exploiting the Lac operator-repressor system. In this first break-
through publication the authors were able to use a f luorescence 
microscope to follow the position of a DNA locus over time in 
cells undergoing mitosis. In a second breakthrough, Bertrand 
et al.3 showed two years later that mRNA in a yeast cell could 
be f luorescently labeled immediately after transcription using 

an endogenous probe, and tracked within the cell, exploiting 
the high binding affinity of the bacterial coat protein MS2 
(fused to a GFP) for a specific mRNA hairpin sequence. The 
authors used the system to observe, for the first time in vivo, 
the displacement of mRNA containing the ASH1 untranslated 
region sequence to the yeast bud tip, as it moves along the actin 
filaments.

Following the pioneering work of Robinett et al., chroma-
tin loci were tracked using fluorescence microscopy, observing 
constrained diffusional motion of interphase chromosomes.4 
Furthermore transcription downstream of a fluorescently labeled 
and inducible gene was monitored over several hours using a 
fluorescent protein reporter; this allowed measuring, for exam-
ple, morphological changes in chromatin structure upon gene 
activation.5

The two methods were ultimately combined by Janicki et al.,6 
who correlated the amount of fluorescent mRNA, being synthe-
sized from a fluorescently labeled gene array, with its transforma-
tion from a heterochromatic state into a transcriptionally active 
state upon induction.

These works have provided a huge incentive for a quantitative 
application of fluorescence microscopy in this field of research. 
In parallel to this, a growing number of nuclear proteins inter-
acting with chromatin or mRNA have also been fluorescently 
labeled over the years (histones, transcription factors), providing 
a remarkable palette for the study of transcriptional processes and 
their interplay with the complex and dynamic chromatin organi-
zation within the nucleus of a living cell.

Normally the molecule of interest (e.g. mRNA, chromatin 
locus, polymerase) is directly labeled with either an endogenous 
fluorescent protein or a synthetic probe. In a few cases, however, 
powerful insights are provided by the use of an inert fluorescent 
reporter, diffusing within the nucleus.

Within the domain of fluorescent methods applied to the 
study of transcription and chromatin organization, we discuss 
in this manuscript four areas of recent research: (i) application of 
fluorescence microscopy to the study of the kinetics of mRNA 
synthesis during transcription; (ii) advances in fluorescence meth-
ods allowing measuring of the displacement both of an actively 
transcribing gene and of its mRNA within the nucleus; (iii) 
novel approaches to study chromatin binding kinetics of fluores-
cently labeled proteins; and (iv) the development of methods to 
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in this contribution we provide an overview of the recent 
advances allowed by the use of fluorescence microscopy 
methods in the study of transcriptional processes and their 
interplay with the chromatin architecture in living cells. 
Although the use of fluorophores to label nucleic acids dates 
back at least to about half a century ago,1 two recent break-
throughs have effectively opened the way to use fluorescence 
routinely for specific and quantitative probing of chromatin 
organization and transcriptional activity in living cells: namely, 
the possibility of labeling (i)the chromatin loci and (ii) the 
mRNA synthesized from a gene using fluorescent proteins. in 
this contribution we focus on methods that can probe rapid 
dynamic processes by analyzing fast fluorescence fluctuations.
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quantitatively measure by means of fluorescence fluctuations the 
rate of production and the amount of transcribed mRNA.

Within these domains, which are obviously not exhaustive 
of the entire research activity in the field, multiple methods are 
compared and the most promising and novel approaches to cap-
ture fast dynamic processes are critically discussed.

Keeping the focus on fast dynamic processes related to the 
transcriptional activity, we deliberately did not include a review 
of the growing body of works generating super-resolution images 
of the chromatin and nuclear structures (see Flors et al. and 
references therein7). Up to date, most of these works have been 
performed in fixed samples or have been employed to capture 
relatively slow dynamic processes.

Kinetics of mRNA Synthesis: Capturing 
Fluctuations at the Transcription Site

Over the last ten years fluorescence microscopy methods 
have provided significant insights in the study of the kinetics of 
mRNA synthesis at an actively transcribing gene (or gene array) 
in living cells (for a recent review, we refer to8 and references 
therein).

The availability of a system such as the MS2-GFP fusion pro-
tein, which directly labels the mRNA, has allowed obtaining an 
estimation of the RNA polymerase elongation speed in living 
cells. However, transcription kinetics is determined by a complex 
interplay, still poorly understood of transcription factors, enzyme 
activity and modifications of the chromatin structure.

To quantify by means of fluorescence the amount of newly 
synthesized mRNA, it is therefore necessary to follow in 3D the 

position of the active gene (or gene array) for extended periods 
of time, at least minutes, and with a fast frequency response. 
Within this time span, cell motility, the displacement of the 
nucleus within the cell, and long range motions of the chromatin 
itself, may all add up to a significant motion (on the micrometer 
length-scale) of the region of active transcription. The problem 
of accurately collecting the fluorescence signal arising from the 
newly synthesized mRNA on the active gene poses then the prob-
lem of accurately tracking (within nanometers) the position of 
this gene in 3D.

Wide-field imaging systems (Fig. 1A), that use state of the 
art Electron Multiplying Charge Coupled Device (EM-CCD) 
cameras, offer very high frame rates, up to 50 Hz full-frame, and 
Complementary Metal Oxide Semiconductor (CMOS) sensors 
can achieve even higher full-frame rates of 100 Hz. Frame rates 
as high as 50 Hz have been employed to track in 2D mRNA with 
sufficient signal to noise ratio during nucleocytoplasmic export.9 
However, the frequency response of a wide field system slows 
down significantly (1–10 Hz range) if the tracking is extended 
to the axial dimension,10 not to mention the increased technical 
complexity of the optical setup.

Most of the commercially available laser scanning systems 
(Fig. 1B) allow good background rejection by means of either 
confocal detection or 2-Photon excitation, but the scanning of 
a 3D volume of the size of the cell nucleus at Nyquist resolution 
and sufficient signal to noise ratio still requires at least a few sec-
onds (Fig. 1C).

Actively transcribing genes have been so far imaged using both 
widefield and confocal techniques. The aforementioned work of 
Janicki et al.6 originally performed time-lapse imaging to cap-
ture the dynamics of mRNA synthesis from the 200-repeats of an 
MS2-coding gene. An increase of MS2-mRNA fluorescence was 
observed in the first few minutes after transcriptional induction, 
until approximately 15 min post induction, followed by a steady-
state condition. Darzacq et al.11 employed Fluorescence Recovery 
After Photobleaching (FRAP) of both fluorescently labeled RNA 
polymerase II and MS2 coat protein to investigate in detail the 
kinetics of transcription, collecting fluorescence recovery curves 
on a laser scanning confocal microscope with a temporal resolu-
tion as low as three seconds (the principle by which kinetics infor-
mation can be reconstructed by means of FRAP is schematically 
illustrated in the diagram of Fig. 1D). The authors fit the data 
to a mechanistic model in order to extract kinetic parameters of 
RNA polymerase II transcription. Notably, they observed that 
only one percent of the polymerases interactions lead to a com-
plete mRNA, that fast elongation rates of 72 bases per second 
occur and that an individual polymerase can pause for hundreds 
of seconds leading to so-called transcriptional bursts.

More recently,12,13 3D time-lapse microscopy was used to track 
(0.1 Hz) the activity of an individual gene over extended periods 
of time (tens of minutes). Larson et al. observed in yeast dis-
crete steps in the mRNA fluorescence trajectory, associated to 
individual mRNA molecules being synthesized on the gene (one 
step up) or being released (one step down) (Fig. 2A) . The posi-
tion of the MS2-coding sequence with respect to the promoter, 
together with the release rate, determined the duration of each of 

Figure 1 (opposite). A graphical summary of the principal fluorescence 
microscopy methods discussed in this manuscript and their application 
in chromatin and transcription research. (A-C) Different imaging modes. 
in widefield imaging a large region of the sample is homogeneously illu-
minated and imaging is performed using a camera. in Point Scanning, a 
focused laser spot is typically displaced on the sample in a raster pattern. 
Multiple planes can be imaged to obtain a 3D reconstruction of the sam-
ple. (D) in FRAP, a region of the sample is photobleached by intense exci-
tation light, and the recovery of fluorescence is observed over time. (E) 
SPT allows tracking of an individual particle over time. The reconstructed 
trajectory can be used to obtain information about the diffusion coef-
ficient, regions confining the motion or interaction with other particles 
or organelles in a cell. (F) FCS and PCH are complementary approaches 
that allow extracting diffusion, brightness and concentration informa-
tion from the sequences of fluctuations in photon numbers detected 
from a small excitation volume. Autocorrelation of the time sequence 
provides the fluorescence AutoCorrelation Function (ACF). Analysis of 
the distribution of the photon counts provides brightness information 
to determine aggregation state of the molecules. (G) pCF can be per-
formed on any microscope able to do fast line (or circular) scans; it mea-
sures as a function of the time delay the cross correlations between the 
fluctuations at two different spatial positions. it can be used to measure 
diffusion and flow in the presence of obstacles (H) RiCS provides a spa-
tiotemporal correlation map of raster scan images. The 2D autocorrela-
tion function can be fit to a model to extract diffusion coefficient and 
binding rates (I) tiCS performs temporal autocorrelation on each pixel 
of a sequence of images. it can provide a spatial map of slow (> 10 ms 
temporal resolution) diffusion and binding processes.
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these fluorescence traces. The average dwell time (10–100 s) of 
an mRNA molecule on the gene was measured from fluorescence 
autocorrelation measurements. This approach allowed determin-
ing that there is no transcriptional memory between initiation 
events, and that elongation rates display significant variability 
depending on the cell cycle state.

A time resolution of 10 s is adequate if one is interested in 
measuring the dwell time of kilobase-sized mRNA molecules on 
a gene. However, this is generally not sufficient to directly mea-
sure the step-wise enzyme activity of an elongating polymerase. 
Elongation at the reported speeds of up to 70 bp/s implies that 
a novel MS2-stem loop is synthesized in less than a second. 
Therefore, the analysis of fluorescence fluctuations arising from 
the addition of an MS2-EGFP dimer to the mRNA would require 
a frequency response of the order of at least 1–10 Hz.

The possibility of attaining a higher temporal resolution while 
tracking an actively transcribing gene in vivo (therefore ensuring 
that the collected fluorescence intensity is always proportional 
to the amount of mRNA present on the site) may help shedding 
further light on debated issues such as RNA polymerase II paus-
ing. In certain instances, it was suggested that polymerases pause 
on the gene, reflecting an individual property of this enzyme;11 
in others, it was proposed that the heterogeneous dwell times 
observed for mRNA molecules on a gene rather reflect heteroge-
neities in the elongation speed that depend upon the cell cycle.12

Fluorescence lock-in tracking approaches (Fig. 1E), which 
evolved over the last ten years, may provide an ideal tool for the 
study of the problem of in vivo transcription at the single mol-
ecule level. Ragan et al.10 demonstrated, for instance, the possibil-
ity of performing fast 3D z-stacks, limited in range to a region 
of interest, that can follow a bright fluorescence object using a 
software feedback mechanism. Kis Petikova and Gratton14 and 
Levi and Gratton15 proved that circular orbits of a laser scanning 
microscope combined to a software feedback system can be used 
to follow at high spatial (10–50 nm) and temporal (50 Hz) reso-
lution for the 3D position of a fluorescent particle.

Levi et al.16 successfully applied this method to the track-
ing of a gene array within the chromatin of living cells, fluores-
cently labeled using the Lac repressor-EGFP system. The high 
frequency response of this system allowed demonstrating sizable 
(100 nm range) and fast (0.3–2 s) jumps of the fluorescently 
labeled region of the chromatin. Besides raising very interesting 
questions on the possible relationship between the microscopic 
displacements of regions of the chromatin and their transcrip-
tional activity, these observations point to the requirement of 
collecting any fluorescence fluctuation of the labeled mRNA 
on timescales at least one order of magnitude smaller than those 
investigated so far.17

Orbits with a circumference ranging from 0.5 to 1 µm can 
be performed using galvanometer scanners in as fast as 0.5 ms 
(2D),18 and the entire orbit cycle necessary to track the 3D posi-
tion of the fluorescent gene (and mRNA) can be completed in 
about 2 ms (Fig. 2B). With RNA polymerase II reportedly tran-
scribing in a range between 132012 and 4300 bp/minutes,11 many 
fluorescence fluctuations of the MS2 system associated to tran-
scriptional activity, that are lost within the 1–10 s timescale of 

typical time-lapse microscopy (Fig. 2A), could be detected using 
this method19 (Fig. 2D).

Furthermore, the possibility of obtaining high resolution tra-
jectories of the transcribing locus will enable us to investigate 
the interplay between transcription kinetics and local chromatin 
structure and mobility20 (Fig. 2C).

mRNA Displacement in the Nucleus and 
Chromatin Organization

As the newly synthesized mRNA is released from the tran-
scription site, it moves within the nucleoplasm until it reaches 
the nuclear membrane, where it undergoes export through the 
nuclear pore complexes.

Over the past 15 y many approaches have been employed in 
trying to assess the nuclear diffusion coefficient of mRNA, and 
to determine if its motion within the nucleus is purely diffusive, 
or it relies on energy dependent processes.

This problem remains of great interest and is still controver-
sial, since many questions regarding the interaction of mRNA 
particles with the surrounding chromatin remain unanswered. 
It is well known that chromatin regions can undergo different 
types of motion, either diffusive-like motion confined to a region 
of the nucleus,21 confined motion connected by 100 nm-sized 
jumps16 or even long range motion of a few microns from the 
periphery to the nuclear center upon transcriptional induction.22 
However, the knowledge of higher levels of chromatin structure 
and dynamics remains incomplete (Belmont et al.).23

A comprehensive review of mRNA tracking by means of 
fluorescence methods was recently published by Park et al.24 
Among the techniques used are FRAP (Fig. 1D), Fluorescence 
Correlation Spectroscopy (FCS) (Fig. 1F) and Single Particle 
Tracking (SPT) (Fig. 1E).

As anticipated in the previous section, and schematically illus-
trated in Figure 1D, FRAP can measure the diffusion coefficient 
of a species by following the recovery over time of the fluores-
cence signal in a bleached region due to diffusion of unbleached 
molecules. As illustrated in Figure 1F, FCS measures the dif-
fusion of a molecular species using the average duration of fast 
fluorescence fluctuations arising from the passage of the fluoro-
phores in a small excitation volume. SPT localizes the position of 
isolated particles (such as single fluorescent particles or particles 
much brighter than their background) and calculates the trajec-
tories of their motion.

In 1998 Politz et al.25 investigated by means of FRAP and 
FCS the diffusion of mRNAs in the nucleus following hybrid-
ization with short fluorescent oligonucleotides. Diffusion coef-
ficients ranging from 0.1 to 10 μm2/s were measured by both 
techniques, the spread in diffusion coefficients being ascribed to 
the log-normal size distribution of the mRNA of typical culture 
cell lines, which peaks at about 2.2 kb.26 Free mRNA in solution 
diffuses at 10 μm2/s, leading the authors to postulate the pos-
sibility of mRNA freely diffusing in the nucleus as it would do in 
an aqueous solution.
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Following this original report, a number of other works have 
reported measurements of the mRNA diffusion coefficient, 
mostly using fluorescent single particle tracking techniques, 
although both the size and labeling strategy of the mRNA 

molecules varied greatly. We have summarized the values reported 
in the literature for the mRNA diffusion coefficient, to the best 
of our knowledge, in Table 1. We shall briefly note here that 
the use of fluorescent protein chimaeric constructs to label the 

Figure 2. mRNA-MS2 fluorescence intensity collected using the 3D orbital tracking method. (A) Fluorescence intensity over time collected using 3D time-
lapse imaging in a confocal laser scanning microscope. One point is collected approximately every 20 s (adapted fromLarson et al12). (B) Configuration 
to record mRNA labeled MS2-eGFP fluorescence intensity using the orbital tracking method. A circular orbit above, and one below the particle are 
used to calculare its x,y,z position. The integrated fluorescence intensity along each orbit cycle is represented as a line in the kymograph in (D). (C) 
Reconstruction of the 3D trajectory of the lac repressor-mCherry gene array within the nucleus. (D) Kymograph (or intensity carpet) of the fluorescence 
emission from MS2-eGFP labeled mRNA scanned along a circular orbit locked-in to a lac repressor-mCherry gene array. One line is collected every 32 ms.
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mRNA requires to consider the additional effect of the labeling 
constructs adding up to the molecular weight of the mRNA par-
ticle (mRNAp), potentially affecting the diffusional properties 
both by steric hindrance and/or interactions with other proteins 
and nucleic acids within the nucleus.

The striking variability in the measured values for the diffu-
sion coefficient may partly owe to the size of the particle and to 
the different techniques employed to measure it, but ultimately 
it has to be ascribed to the difficulty of establishing the impact 
of chromatin architecture on the nuclear diffusion of relatively 
large complexes, such as the mRNA particles. This is further 
confirmed by the divergent reports about the effect of energy 
depletion (-ATP) on the diffusion coefficient of the mRNAs. In 
certain cases,27 an ATP-dependence of diffusion was observed, 
whereas in others,28 it was not possible find evidence of any 
energy-dependent process driving the diffusion of the mRNA 
particles.

This problem was recently revisited from a different direction, 
and by employing novel methodological approaches. Instead of 
labeling the mRNA and trying to follow the motion of individual 
molecules in the nucleus, the study of the diffusion of a mini-
mally interacting and relatively inert probe, such as a GFP-like 
protein with a nuclear targeting sequence, was proven to be a very 
effective approach to address the impact of chromatin architec-
ture on nuclear diffusion in living cells.29,30

FCS performed in multiple points29 provided a map of dif-
fusion heterogeneity within the nucleus. In addition, no appar-
ent correlation was observed between the diffusion coefficient of 
EGFP oligomers and the local chromatin density.

Besides single point FCS, the use of pair Correlation Functions 
(pCF) was demonstrated to be advantageous in the study of dif-
fusion processes taking place within the nucleus.31 FCS lacks the 
spatial resolution to resolve diffusion heterogeneities within the 
PSF of the microscope, and single particle tracking allows follow-
ing only isolated molecules. Pair Correlation analysis (Fig. 1G) 
is unique in allowing to measure the time that it takes a particle 
to travel between two spatially distinct points. Furthermore, the 
method bridges single particle tracking and FCS by providing 
single molecule sensitivity. Computing the time when the maxi-
mum of the cross-correlation between two distinct points occurs, 
it is possible to calculate not only the diffusion coefficient of a 
fluorescent species but also the degree of topological connected-
ness between two distinct regions.

This is information that FRAP does not provide, since it 
is unknown from where the fluorescent species replenish the 
bleached volume. On the other hand, single particle tracking 
provides limited statistics, and is typically confined to 2D.

Using pCF analysis, Hinde et al.30 have effectively demon-
strated that there is a DNA-dependent molecular flow within the 
mammalian cell nucleus. It was observed, for the first time, that 
high DNA density regions act as a networked channel, and that 
molecular flow from high to low DNA density regions is limited.

Chromatin Binding Proteins

The study of the motion of a non-interacting fluorescent probe 
in the nuclear environment, such as GFP, can be instrumental in 
understanding the dynamics of chromatin organization and the 
impact that chromatin has on the release and diffusion of the 
mRNA away from the active gene. However, a large number of 
proteins within the nucleus have a functional role that is medi-
ated by their interaction with the chromatin.

Another field in which fluorescence methods have advanced 
our understanding is in the study of chromatin binding proteins 
and complexes. As opposed to the study of GFP motion, the 
study of nuclear binding proteins aims at extracting the residence 
times of otherwise fast diffusing proteins on the relatively slow 
chromatin fibers.

Historically, this field was investigated by means of FRAP. 
FRAP temporal resolution, however, is limited by the acquisition 
speed of the microscope, and therefore is able to highlight high 
affinity interactions (long residence times) rather than faster mil-
lisecond phenomena. FCS has also been employed for these stud-
ies (for a recent review see Erdel et al.32); however, the bleaching, 
the slower chromatin dynamics, and the difficulty of distinguish-
ing slow diffusion and binding from the fit of the autocorrelation 
function to a model, have proven to be limitations for the wide-
spread use of this approach.

More recently, temporal Image Correlation Spectroscopy 
(tICS) (Fig. 1I) was discussed as a method to measure slow 
kinetics of chromatin binding proteins in a spatially resolved 
manner.33 The field saw a further development with the recent 
application of spatio-temporal image correlation methods to 
quantify the interactions of the ISWI family of chromatin 
binding proteins. Erdel et al.34 performed FRAP by taking into 
account the spatio-temporal evolution of the bleaching pattern 
in a confocal microscope raster-scan image, ultimately being 
able to resolve transient chromatin binding kinetics below 2 ms 
for these proteins.

In more general terms, the challenge associated to spatio-tem-
poral image correlation spectroscopy methods is to effectively 
distinguish diffusion and binding processes32.

With the use of a well-established image spatio-temporal cor-
relation spectroscopy method, such as RICS35(Fig. 1H), it is pos-
sible to distinguish diffusion and binding from the shape of the 
spatio-temporal autocorrelation function. This can be intuitively 
understood since diffusing molecules contribute to a broadening 
of the spatio-temporal image autocorrelation, whereas immobile 

Table 1. Comparison of the diffusion coefficients from selected publica-
tions, with the indication of the mRNA molecule size and the technique 
that was used in the measurements.

Size (kb) Diffusion coefficient (μm2/s) Technique

Distribution, mean 2.2 0.1–10 FRAP-FCS25

3.4 0.01–0.09 SPT27

4.8 0.03 SPT46

0.4 and 0.8 0.2 SPT28

3.3 1.3–3.5 SPT9

3.4 0.35 TiFCA37
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molecules yield a contribution to the spatial autocorrelation that 
reflects the point spread function of the microscope. Provided the 
pixel dwell times of a few microseconds commonly employed in 
this method, RICS was demonstrated to be well suited to detect 
binding equilibria in the microseconds to 100 ms range. Analysis 
of simulated data of diffusing and binding molecules shows that 
binding to either fixed or random locations with binding times 
of 28 ms and 160 ms, respectively, could be easily detected by fit-
ting the RICS autocorrelation function to the appropriate model, 
obtaining also a diffusion coefficient in agreement with the 
simulated data.35 RICS was recently applied to obtain diffusion 
maps for HP1α in the cell nucleus32 and to measure MS2-EGFP-
labeled mRNA diffusion.36

Quantitative Determination of the Amount of 
Transcriptional Output

Finally, besides transcription kinetics, nuclear diffusion of 
mRNA and quantification of chromatin binding protein resi-
dence times, a novel and important application of fluorescence 
fluctuation methods is the ongoing attempt to extract quanti-
tative information on the amount of mRNAs or proteins pres-
ent in the nucleus (e.g., by investigating how many fluorophores 
decorate mRNA-MS2 complexes (and analogous systems)37 or by 
measuring protein copy numbers (for a review we refer to Li and 
Xie38 and references therein).

Most of the work performed in this direction has either 
exploited single molecule approaches or brightness information 
contained within the fast fluorescence fluctuations collected in a 
scanning microscope.

Brightness analysis is the study of the amplitude of the pho-
ton bursts as opposed to the study of their temporal separation, 
which in conventional FCS provides the information on the dif-
fusion coefficient of the species under investigation (Fig.1F). The 
exact theory to extract concentrations and the oligomerization 
state from the photon counts sequence was originally proposed 
by Chen et al.,39 following their interpretation and theoretical 
modeling of the Photon Counting Histogram (PCH). While 
the temporal behavior of the fluctuations is best described by 
the autocorrelation function, the amplitude of the fluctuations is 
described by its probability distribution. The PCH describes the 
probability of detecting k photons per sampling time in a typical 
fluctuation spectroscopy experiment, and can be modeled taking 

into account the concentration of the fluorescent particles and 
their oligomerization state.

The original theory of the PCH was further developed 
by Mueller,40 ultimately leading to approaches such as Time 
Integrated Fluorescence Cumulant Analysis (TIFCA),41 based 
on the analysis of the fluorescence cumulants, that allows taking 
into account both brightness and diffusion information. With 
this method, it is possible to extract the apparent brightness of 
a fluorescent sample, provided that one has a reference bright-
ness calibration for the fluorescent monomer. Titration of the 
apparent brightness against the concentration of the fluorophore 
allows calculating the oligomerization state of the sample.42

This method allowed observing that in the widely used MS2 
system only 20–30 EGFP fluorophores are present at any time 
on the mRNA molecule, against an expected number of 48 (the 
MS2-EGFP construct binds as a dimer to each stem loop).37 
However, for concentrations of free MS2-EGFP above 0.1 uM, 
the molecular brightness measured in the nucleus was observed 
to be constant with respect to concentration. Interestingly, this 
method was also used to measure mRNA diffusion coefficient, 
yielding a diffusion coefficient of 0.35 um2/s for the MS2-mRNA 
complex in the nucleus.37

Concluding Remarks

Novel methods that decorate both chromatin loci and mRNA 
molecules as they are synthesized in the nucleus of living cells 
have been available for over 15 y thanks to the pioneering work 
of Belmont and colleagues2 and Singer and his research group.3 
However, it is only in the last five years that significant advances 
in the methods and instrumentation for fluorescence microscopy 
have allowed taking full advantage of these developments. A 
summary of the experimental observables accessible using these 
techniques is reported in Table 2.

The kinetics of the processes taking place in the nucleus dur-
ing transcriptional activity span a timescale ranging from mil-
liseconds, such as is the case for the residence time of proteins 
on the chromatin, to slow fluctuations that are in the range of 
seconds or minutes, such as the dwell time of an mRNA molecule 
on a gene during elongation and before release.

The temporal resolution of the fluorescence methods cur-
rently available shed significant light on the slower end of this 
temporal range, but research in the field was characterized until 

Table 2. experimental observables accessible using advanced fluorescence methods.

Process Technique Observables

chromatin motion Single particle tracking type of motion,4,22 jump-size distribution16

transcription kinetics
time-lapse imaging, FRAP, 
single particle tracking

autocorrelation time of transcription fluctuations,12,13 polymerase kinetic 
parameters11

nuclear mobility of proteins and 
nucleic acids

FCS, FRAP, SPT, tiCS, RiCS, pCF
Diffusion coefficient of proteins29,30,33,34,47,48 and mRNA,9,24,25,27-

29,34,46,48,49 binding/unbinding rates,32,34,47,48,50 obstacles to diffusion 
and intranuclear flow30

oligomerization state of 
proteins in the nucleus

PCH Molecular number and brightness37,42
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a few years ago by a search for methods to probe the faster times. 
Only recently, techniques able to perform accurate and quantita-
tive measurements on millisecond to second timescales have been 
employed in the field.9,10,16,29-31,34,37,43

Fast three dimensional particle tracking based on feedback 
imaging in a scanning microscope appears as a very promising 
avenue to investigate transcription kinetics on an active gene as 
well as to address the issue of the possible interplay between tran-
scriptional activity and chromatin movements.

The dynamics of mRNA in the nucleus, traditionally investi-
gated by means of FRAP, FCS and single particle tracking, may 
greatly benefit by fluorescence cross correlation methods, par-
ticularly suited to address this question, given the complex topo-
logical structure of the chromatin and inter-chromatin space.30

Imaging correlation spectroscopy methods, traditionally lim-
ited to studies of membrane proteins dynamics, are now extended 
to studies of chromatin binding protein kinetics, allowing to 
resolve binding times in the milliseconds range (reviewed by 
Erdel et al.). 32

Finally, fluorescence brightness analysis provides the first 
truly quantitative tool to extract number of molecules from fluo-
rescence microscopy experiments employing the MS2-GFP or 
analog mRNA labeling systems.37

Up to now, fast transcription kinetics and protein dynamics 
could be effectively probed only by means of scanning micro-
scopes, given the intrinsic 3D structure of the nuclear environ-
ment and the requirement for off-plane fluorescence rejection. 

Nevertheless, recent developments in the field of light sheet 
microscopy (for a recent review see Weber and Huisken) 44 hold 
the promise to significantly increase the signal to noise ratio of 
camera-based measurements of fluorescently labeled chromatin 
loci or mRNA molecules.

The foremost challenge ahead to further increase our under-
standing of the field is probably the combination of fluores-
cence fluctuations methods already established in laser scanning 
microscopy with camera based (EM-CCD or CMOS) wide-field 
systems.45

Another significant development is expected by the challeng-
ing combination of chromatin and mRNA fluorescent label-
ing methods with super-resolution techniques, such as STED, 
PALM/STORM and Structured Illumination Microscopy, in 
order to capture dynamic processes as well as high resolution 
features.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

Work supported in part by NIH grants P50 GM076516 and 
P41 GM103540. We thank Dr. Marco Marcia (Yale University) 
for critical reading of the manuscript and the LFD staff for sup-
port. We thank Dr. Xavier Darzacq (ENS) and Dr. Robert Singer 
(Albert Einstein College of Medicine)  for the kind gift of U2OS 
2-6-3 cells.

References
1. LePecq JB, Paoletti C. A fluorescent complex 

between ethidium bromide and nucleic acids. 
Physical-chemical characterization. J Mol Biol 
1967; 27:87-106; PMID:6033613; http://dx.doi.
org/10.1016/0022-2836(67)90353-1

2. Robinett CC, Straight A, Li G, Willhelm C, 
Sudlow G, Murray A, Belmont AS. In vivo localiza-
tion of DNA sequences and visualization of large-
scale chromatin organization using lac operator/
repressor recognition. J Cell Biol 1996; 135:1685-
700; PMID:8991083; http://dx.doi.org/10.1083/
jcb.135.6.1685

3. Bertrand E, Chartrand P, Schaefer M, Shenoy SM, 
Singer RH, Long RM. Localization of ASH1 mRNA 
particles in living yeast. Mol Cell 1998; 2:437-
45; PMID:9809065; http://dx.doi.org/10.1016/
S1097-2765(00)80143-4

4. Marshall WF, Straight A, Marko JF, Swedlow J, 
Dernburg A, Belmont A, Murray AW, Agard DA, 
Sedat JW. Interphase chromosomes undergo con-
strained diffusional motion in living cells. Curr 
Biol 1997; 7:930-9; PMID:9382846; http://dx.doi.
org/10.1016/S0960-9822(06)00412-X

5. Tsukamoto T, Hashiguchi N, Janicki SM, Tumbar 
T, Belmont AS, Spector DL. Visualization of 
gene activity in living cells. Nat Cell Biol 2000; 
2:871-8; PMID:11146650; http://dx.doi.
org/10.1038/35046510

6. Janicki SM, Tsukamoto T, Salghetti SE, Tansey WP, 
Sachidanandam R, Prasanth KV, Ried T, Shav-Tal 
Y, Bertrand E, Singer RH, et al. From silencing to 
gene expression: real-time analysis in single cells. Cell 
2004; 116:683-98; PMID:15006351; http://dx.doi.
org/10.1016/S0092-8674(04)00171-0

7. Flors C, Earnshaw WC. Super-resolution fluores-
cence microscopy as a tool to study the nanoscale 
organization of chromosomes. Curr Opin Chem Biol 
2011; 15:838-44; PMID:22098720; http://dx.doi.
org/10.1016/j.cbpa.2011.10.004

8. Coulon A, Chow CC, Singer RH, Larson DR. 
Eukaryotic transcriptional dynamics: from single 
molecules to cell populations. Nat Rev Genet 
2013; 14:572-84; PMID:23835438; http://dx.doi.
org/10.1038/nrg3484

9. Grünwald D, Singer RH. In vivo imaging of 
labelled endogenous β-actin mRNA during nucleo-
cytoplasmic transport. Nature 2010; 467:604-7; 
PMID:20844488; http://dx.doi.org/10.1038/
nature09438

10. Ragan T, Huang H, So P, Gratton E. 3D particle 
tracking on a two-photon microscope. J Fluoresc 
2006; 16:325-36; PMID:16544202; http://dx.doi.
org/10.1007/s10895-005-0040-1

11. Darzacq X, Shav-Tal Y, de Turris V, Brody Y, Shenoy 
SM, Phair RD, Singer RH. In vivo dynamics of RNA 
polymerase II transcription. Nat Struct Mol Biol 
2007; 14:796-806; PMID:17676063; http://dx.doi.
org/10.1038/nsmb1280

12. Larson DR, Zenklusen D, Wu B, Chao JA, Singer 
RH. Real-time observation of transcription initiation 
and elongation on an endogenous yeast gene. Science 
2011; 332:475-8; PMID:21512033; http://dx.doi.
org/10.1126/science.1202142

13. Suter DM, Molina N, Gatfield D, Schneider K, 
Schibler U, Naef F. Mammalian genes are transcribed 
with widely different bursting kinetics. Science 
2011; 332:472-4; PMID:21415320; http://dx.doi.
org/10.1126/science.1198817

14. Kis-Petikova K, Gratton E. Distance measurement by 
circular scanning of the excitation beam in the two-
photon microscope. Microsc Res Tech 2004; 63:34-
49; PMID:14677132; http://dx.doi.org/10.1002/
jemt.10417

15. Levi V, Ruan Q, Gratton E. 3-D particle track-
ing in a two-photon microscope: application to 
the study of molecular dynamics in cells. Biophys J 
2005; 88:2919-28; PMID:15653748; http://dx.doi.
org/10.1529/biophysj.104.044230

16. Levi V, Ruan Q, Plutz M, Belmont AS, Gratton E. 
Chromatin dynamics in interphase cells revealed 
by tracking in a two-photon excitation microscope. 
Biophys J 2005; 89:4275-85; PMID:16150965; 
http://dx.doi.org/10.1529/biophysj.105.066670

17. Yunger S, Rosenfeld L, Garini Y, Shav-Tal Y. 
Quantifying the transcriptional output of single 
alleles in single living mammalian cells. Nat Protoc 
2013; 8:393-408; PMID:23424748; http://dx.doi.
org/10.1038/nprot.2013.008

18. Cardarelli F, Lanzano L, Gratton E. Capturing 
directed molecular motion in the nuclear pore com-
plex of live cells. Proc Natl Acad Sci U S A 2012; 
109:9863-8; PMID:22665783; http://dx.doi.
org/10.1073/pnas.1200486109

19. Annibale P, Gratton E. 3D orbital tracking of a DNA 
locus during the process of transcription. Biophys J 
2014; 106:394a-5a

20. Li B, Carey M, Workman JL. The role of chroma-
tin during transcription. Cell 2007; 128:707-19; 
PMID:17320508; http://dx.doi.org/10.1016/j.
cell.2007.01.015

21. Heun P, Laroche T, Shimada K, Furrer P, Gasser 
SM. Chromosome dynamics in the yeast interphase 
nucleus. Science 2001; 294:2181-6; PMID:11739961; 
http://dx.doi.org/10.1126/science.1065366

22. Chuang CH, Carpenter AE, Fuchsova B, Johnson T, 
de Lanerolle P, Belmont AS. Long-range directional 
movement of an interphase chromosome site. Curr 
Biol 2006; 16:825-31; PMID:16631592; http://
dx.doi.org/10.1016/j.cub.2006.03.059



www.landesbioscience.com Transcription e28425-9

23. Belmont AS, Hu Y, Sinclair PB, Wu W, Bian Q, 
Kireev I. Insights into interphase large-scale chro-
matin structure from analysis of engineered chromo-
some regions. Cold Spring Harb Symp Quant Biol 
2010; 75:453-60; PMID:21467143; http://dx.doi.
org/10.1101/sqb.2010.75.050

24. Park HY, Buxbaum AR, Singer RH. Single mRNA 
tracking in live cells. Methods Enzymol 2010; 
472:387-406; PMID:20580973; http://dx.doi.
org/10.1016/S0076-6879(10)72003-6

25. Politz JC, Browne ES, Wolf DE, Pederson T. 
Intranuclear diffusion and hybridization state of oli-
gonucleotides measured by fluorescence correlation 
spectroscopy in living cells. Proc Natl Acad Sci U S 
A 1998; 95:6043-8; PMID:9600914; http://dx.doi.
org/10.1073/pnas.95.11.6043

26. Sommer SS, Cohen JE. The size distributions of 
proteins, mRNA, and nuclear RNA. J Mol Evol 
1980; 15:37-57; PMID:6154144; http://dx.doi.
org/10.1007/BF01732582

27. Shav-Tal Y, Darzacq X, Shenoy SM, Fusco D, 
Janicki SM, Spector DL, Singer RH. Dynamics of 
single mRNPs in nuclei of living cells. Science 2004; 
304:1797-800; PMID:15205532; http://dx.doi.
org/10.1126/science.1099754

28. Tadakuma H, Ishihama Y, Shibuya T, Tani T, 
Funatsu T. Imaging of single mRNA molecules mov-
ing within a living cell nucleus. Biochem Biophys 
Res Commun 2006; 344:772-9; PMID:16631111; 
http://dx.doi.org/10.1016/j.bbrc.2006.03.202

29. Dross N, Spriet C, Zwerger M, Müller G, Waldeck 
W, Langowski J. Mapping eGFP oligomer mobil-
ity in living cell nuclei. PLoS One 2009; 4:e5041; 
PMID:19347038; http://dx.doi.org/10.1371/journal.
pone.0005041

30. Hinde E, Cardarelli F, Digman MA, Gratton E. 
In vivo pair correlation analysis of EGFP intranu-
clear diffusion reveals DNA-dependent molecular 
f low. Proc Natl Acad Sci U S A 2010; 107:16560-
5; PMID:20823232; http://dx.doi.org/10.1073/
pnas.1006731107

31. Cardarelli F, Gratton E. In vivo imaging of single-
molecule translocation through nuclear pore com-
plexes by pair correlation functions. PLoS One 
2010; 5:e10475; PMID:20454622; http://dx.doi.
org/10.1371/journal.pone.0010475

32. Erdel F, Müller-Ott K, Baum M, Wachsmuth M, 
Rippe K. Dissecting chromatin interactions in living 
cells from protein mobility maps. Chromosome Res 
2011; 19:99-115; PMID:20848178; http://dx.doi.
org/10.1007/s10577-010-9155-6

33. Mazza D, Stasevich TJ, Karpova TS, McNally JG. 
Monitoring dynamic binding of chromatin proteins 
in vivo by fluorescence correlation spectroscopy and 
temporal image correlation spectroscopy. Methods 
Mol Biol 2012; 833:177-200; PMID:22183595; 
http://dx.doi.org/10.1007/978-1-61779-477-3_12

34. Erdel F, Rippe K. Quantifying transient binding 
of ISWI chromatin remodelers in living cells by 
pixel-wise photobleaching profile evolution analy-
sis. Proc Natl Acad Sci U S A 2012; 109:E3221-
30; PMID:23129662; http://dx.doi.org/10.1073/
pnas.1209579109

35. Digman MA, Gratton E. Analysis of diffusion and 
binding in cells using the RICS approach. Microsc 
Res Tech 2009; 72:323-32; PMID:19067357; http://
dx.doi.org/10.1002/jemt.20655

36. Ferguson ML, Coulon A, de Turris V, Palangat M, 
Chow CC, Larson DR. Single molecule imaging in 
vivo determines post-transcriptional RNA processing 
dynamics. Biophys J 2014; 106:223a

37. Wu B, Chao JA, Singer RH. Fluorescence f luctuation 
spectroscopy enables quantitative imaging of single 
mRNAs in living cells. Biophys J 2012; 102:2936-
44; PMID:22735544; http://dx.doi.org/10.1016/j.
bpj.2012.05.017

38. Li G-W, Xie XS. Central dogma at the single-mol-
ecule level in living cells. Nature 2011; 475:308-
15; PMID:21776076; http://dx.doi.org/10.1038/
nature10315

39. Chen Y, Müller JD, So PT, Gratton E. The pho-
ton counting histogram in fluorescence f luc-
tuation spectroscopy. Biophys J 1999; 77:553-67; 
PMID:10388780; http://dx.doi.org/10.1016/
S0006-3495(99)76912-2

40. Müller JD. Cumulant analysis in f luorescence f luc-
tuation spectroscopy. Biophys J 2004; 86:3981-
92; PMID:15189894; http://dx.doi.org/10.1529/
biophysj.103.037887

41. Wu B, Müller JD. Time-integrated fluores-
cence cumulant analysis in f luorescence f luctua-
tion spectroscopy. Biophys J 2005; 89:2721-35; 
PMID:16055549; http://dx.doi.org/10.1529/
biophysj.105.063685

42. Wu B, Singer RH, Mueller JD. Time-integrated 
fluorescence cumulant analysis and its application 
in living cells. Methods Enzymol 2013; 518:99-
119; PMID:23276537; http://dx.doi.org/10.1016/
B978-0-12-388422-0.00005-4

43. Estrada LC, Gratton E. Exploring the chromatin 
architecture in living cells by minutes-long track-
ing of gold nanoparticles. Biophysical Journal 2013; 
104:582a-a.

44. Weber M, Huisken J. Light sheet microscopy for real-
time developmental biology. Curr Opin Genet Dev 
2011; 21:566-72; PMID:21963791; http://dx.doi.
org/10.1016/j.gde.2011.09.009

45. Unruh JR, Gratton E. Analysis of molecular con-
centration and brightness from fluorescence f luctua-
tion data with an electron multiplied CCD camera. 
Biophys J 2008; 95:5385-98; PMID:18805922; 
http://dx.doi.org/10.1529/biophysj.108.130310

46. Vargas DY, Raj A, Marras SA, Kramer FR, Tyagi 
S. Mechanism of mRNA transport in the nucleus. 
Proc Natl Acad Sci U S A 2005; 102:17008-13; 
PMID:16284251; http://dx.doi.org/10.1073/
pnas.0505580102

47. Mazza D, Ganguly S, McNally JG. Monitoring 
dynamic binding of chromatin proteins in vivo by 
single-molecule tracking. Methods Mol Biol 2013; 
1042:117-37; PMID:23980004; http://dx.doi.
org/10.1007/978-1-62703-526-2_9

48. Phair RD, Misteli T. High mobility of proteins 
in the mammalian cell nucleus. Nature 2000; 
404:604-9; PMID:10766243; http://dx.doi.
org/10.1038/35007077

49. Seksek O, Biwersi J, Verkman AS. Translational 
diffusion of macromolecule-sized solutes in cyto-
plasm and nucleus. J Cell Biol 1997; 138:131-
42; PMID:9214387; http://dx.doi.org/10.1083/
jcb.138.1.131

50. Stasevich TJ, Mueller F, Michelman-Ribeiro A, 
Rosales T, Knutson JR, McNally JG. Cross-validating 
FRAP and FCS to quantify the impact of photo-
bleaching on in vivo binding estimates. Biophys J 
2010; 99:3093-101; PMID:21044608; http://dx.doi.
org/10.1016/j.bpj.2010.08.059




