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Abstract

Chromatin and associated regulatory proteins regulate gene expression in the natural environment
of the intact cell nucleus. Specific combinations of DNA-binding transcription factors and
recruited coregulatory proteins alter the conformation of chromatin at promoters and enhancers of
target genes to stimulate or repress transcription. The dynamic nature of the regulatory proteins
active in these processes allows the cell to modulate gene expression very rapidly, an important
feature in many physiological processes. Live cell imaging and photobleaching studies of
fluorescently-tagged proteins reveal that many transcription factors and other chromatin-associated
proteins rapidly move through the nucleoplasm. Transcription factors also transiently interact with
specific regulatory sequences in chromatin, suggesting that gene activation does not require the
formation of stable long-lived regulatory complexes on the chromatin. In this review we discuss
how dynamic interactions allow transcriptional regulatory proteins find their targets within the
nucleus, alter target chromatin structure, and modulate physiological gene expression.
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Introduction

A complex chromatin structure compacts the eukaryotic genome within the cell nucleus and
plays a key role in regulating gene expression (reviewed in [1]). Local chromatin
conformations in the enhancers, promoters, and coding regions of genes are associated with
the activation or repression of gene transcription by RNA polymerasell. A combination of
proteins and post-translational modifications interact at specific regions in the genome to
determine local chromatin conformation. These DNA-protein conformations must be
dynamic, rapidly assuming different functional states in response to extracellular and
intracellular signals. This flexible nature of chromatin and associated regulatory proteins is
required to generate the time-sensitive control that is commonly observed during
physiological modulation of gene expression (reviewed in [2]).

The fundamental unit of chromatin structure is the nucleosome, which consists of an
octamer of H2A, H2B, H3 and H4 core histones that is wrapped by approximately two super
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helical turns of DNA [3]. The nucleosome prevents certain proteins from interacting with
DNA in the wrapped regions, providing a mechanism to regulate transcription. Many studies
have shown that sequence specific DNA-binding transcription factors recruit coregulatory
protein complexes to target chromatin, thus changing chromatin structure and regulating
transcription. Nucleosomes can be modified by at least two broad classes of coregulatory
proteins. Firstly, core histones can be covalently modified at specific amino acid residues
(primarily, but not exclusively, in the N-terminal tail regions) by a number of coregulatory
enzymes to change states of acetylation, methylation, ubiquitinylation, etc. [4]. These
modifications either affect interactions of the nucleosome with the DNA directly, or serve as
marks that recruit other regulatory proteins to the chromatin. Secondly, several ATP-
dependent chromatin remodeling complexes can alter local nucleosome— DNA interactions
via mechanisms that do not involve covalent modifications [5]. The remodeling events
control how transcriptional regulators access target DNA sequences in the chromatin. Higher
levels of chromatin organization may also play a role in regulating gene expression [6]. For
example, when transcription levels are increased, large regions of surrounding chromatin
have been shown to decondense and occupy increased volumes in the nucleus. Additionally,
alterations of physical interactions between extremely distant chromosomal regions also
regulate transcription [7,8].

The majority of studies that have examined the mechanistic details of chromatin-dependent
transcriptional regulation have focused on measuring the steady-state levels of interaction
between transcription factors, coregulators, basal transcription machinery, and target
chromatin. In many biochemical experiments, extracts are prepared from large numbers of
cells or reconstituted from in vitro purified components under conditions designed to
stabilize these interactions. Often, these experiments are not designed to measure the
dynamic properties of the interactions. This has lead to the assumption that these
interactions are stable in vivo, even though this view is inconsistent with the rapid response
of physiological gene expression. Recently, a combination of molecular biology and live cell
microscopy techniques have allowed observation of transcription factors and chromatin
components in real-time within the natural environment of the nucleus. In the living cell,
many transcription factors, coregulators and even some structural chromatin components
transiently interact with their specific DNA targets and rapidly exchange with the
surrounding nucleoplasm [2,9,10]. In this review we explore how an understanding of
chromatin dynamics in intact cells reveals fundamental mechanisms of transcriptional
control.

2. Measuring chromatin dynamics in intact cells

The characterization and optimization of green fluorescent protein (GFP) has enabled a
rapid expansion of our understanding of protein behavior inside living cells [11]. Because
GFP is genetically encoded, common molecular cloning techniques can be used to generate
vectors that express transcription factors or chromatin components that are fused with the
fluorescent tag. These fluorescent fusion proteins often function like their untagged
counterparts, but additional experiments are required to confirm this for each fusion protein.
After the validated vectors are introduced into cells by transient or stable transfection
techniques, the subcellular localization of the fusion proteins is observed by fluorescence
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microscopy in living or fixed cells. Spectral variants of the fluorescent proteins (FPs) make it
possible to simultaneously observe multiple FP-tagged fusion proteins in a single cell [12].
Quantitative digital images are captured by sensitive cameras, or photomultiplier tube
systems, that are integrated with the computer controlled fluorescence microscope. In a
single image, the relative fluorescence intensity represents the steady-state concentration of
fusion protein at each location within the cell.

Fluorescence recovery after photobleaching (FRAP) measures protein dynamics within the
living cell nucleus [13-16]. In this widely used kinetic microscopy technique, a short set of
time-lapse images are captured to obtain initial fluorescence values (Fig. 1). Then a defined
region of interest (ROI) within the nucleus is subjected to an extremely short pulse of high
intensity laser illumination. This high intensity light photobleaches the FP, reducing the
fluorescence in the ROI, but does not destroy the fusion protein [17]. The time-lapse image
capture series is then continued, using minimal illumination intensity to prevent
photobleaching during prolonged imaging. If the fusion protein is mobile and exchanging
with the surrounding nucleoplasm, then the unbleached fusion proteins will move into the
ROI and the fluorescence intensity will gradually increase or recover (Fig. 1). If the
normalized intensity does not return to the maximal prebleach level, then some fraction of
the protein is immobile over the observed time scale. Qualitatively, a faster rate of
fluorescent recovery indicates a more mobile protein.

As we will discuss in later sections, a number of sophisticated analytical methods have been
developed to extract quantitative biophysical parameters from FRAP data. However, it
should be noted that these analytical techniques continue to evolve. It has recently been
noted that different image acquisition and analysis methods can introduce subtle variations
in the biophysical parameters that are extracted from the microscopy data [18]. Therefore,
care must be taken when comparing precise values from studies using different techniques.
Other techniques such as inverse FRAP (iFRAP), fluorescence loss in photobleaching
(FLIP) [19], and fluorescence correlation spectroscopy (FCS) [20] also provide useful
information about protein dynamics in the living cell nucleus [16,21]. The combination of
photoactivatable FPs and time-lapse microscopy have also broadened our understanding of
intracellular protein dynamics [22]. When these techniques have been applied to measure
nuclear protein dynamics, they have generally yielded results that support the findings
derived by FRAP methods.

3. Protein mobility across the nucleoplasm

The nucleoplasmic movement of sequence specific DNA-binding transcription factors and
other classes of chromatin-associated proteins provides mechanistic insight into how these
proteins rapidly find and affect their specific targets. Members of the nuclear receptor
superfamily exhibit several properties that facilitate studies of protein dynamics within the
nucleoplasm. The nuclear receptors act as ligand-dependent transcription factors, and the
processes underlying this activity have been extensively biochemically characterized. When
bound to their specific steroid hormone ligands, the glucocorticoid receptor (GR),
progesterone receptor (PR), or estrogen receptor (ER) each dissociates from heat shock
protein (hsp) complexes, which prevent the receptor DNA-binding domain from functioning,
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and interact with target chromatin to control gene expression. Steroid hormone-dependent
transcriptional output can be altered within minutes of treatment. Consistent with this rapid
onset of function, photobleaching experiments show that ligand bound GR, PR, and ER
exchange within the nucleoplasmic volume over a time span of seconds [15,23-26]. In a
systematic FRAP study of nine diverse transcription factors in the nucleoplasm, eight exhibit
50% fluorescence recovery in less than 10 s and full recovery within 1 min [27]. Thus, fast
nuclear mobility is a characteristic of many classes of transcription factors in addition to the
nuclear receptors. The high rate of movement may be required to quickly find the relatively
small number of high-affinity response elements among the many non-specific DNA-
binding sites present in the nucleus. Interestingly, differences in the recovery rates between
the eight highly-mobile factors suggest that not all transcription factors move through the
nucleoplasm and interact with chromatin in exactly the same way [27].

In contrast to the rapid full recovery of fluorescence intensity that is often observed for
DNA-binding transcription factors, photobleaching studies of GFP-RNA polymerase |1 (Pol
I1) in the nucleus reveal a rapid initial recovery, which is followed by a much slower
recovery that requires up to 30 min to reach prebleach levels [13,28]. The fast Pol 1l is
hypothesized to represent a diffusing or transiently interacting fraction of molecules. Again,
the rapid movement of Pol Il may be essential to quickly find transcription initiation sites
within the bulk of the chromatin. The slow fraction represents molecules in constant
association with chromatin during transcriptional elongation. The time estimated to
complete transcription of an average gene is 6-13 min [13,29]. This is consistent with the
hypothesis that the recovery time of the slow fraction is due to the release of Pol Il that has
completed one round of transcription.

The proteins involved in chromatin structure exchange within the nuclear volume at vastly
different rates. In the absence of replication, The H3 and H4 core histones are relatively
immobile over a time scale of days[30]. However, this study also reveals that a fraction of
H2A and H2B exchange with the chromatin over the time scale of hours. These long-lived
core histone interactions are hypothesized to be disrupted by processes involved in
transcription. For example, histone acetylation is proposed to facilitate the exchange of H2A
and H2B by nucleosome chaperones [31]. H2A-H2B dimers may also be displaced from
chromatin by Pol Il or associated factors during transcription [32], potentially increasing
H2A and H2B nuclear mobility. The linker histone H1, which is involved in higher order
chromatin folding, is surprisingly mobile over the time scale of minutes both in euchromatin
and heterochromatin [33]. The exchange rate is increased or decreased by conditions that
respectively simulate or repress transcription [33-35], as well as factors that interact with
histones to modify chromatin compaction state, such as the ATP-dependant remodeling
enzymes. In general, nuclear protein mobility is conducive to rapid changes in chromatin
organization that regulate transcriptional activity.
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4. Mechanisms regulating global transcription factor mobility in the

nucleus

Quantitative analysis of protein mobility has elucidated some of the mechanisms responsible
for global nuclear protein dynamics. Although many transcription factors and other
chromatin-associated proteins move very rapidly in the nucleus, these rates are much slower
than the rate of native GFP movement. However, GFP movement in the nucleus is consistent
with that of similarly sized fluorescent-dextran molecules, indicating that GFP freely
diffuses without significant specific interactions [36]. High molecular weight dextrans,
which are larger than the transcription factors, also move rapidly in the nucleus[37]. These
results suggest that the high mobility of nuclear proteins is generated by a combination of
free-diffusion and transient interactions with more immobile components.

Various implementations of reaction—diffusion equation systems have been used to analyze
kinetic microscopy data. These computational methods attempt to determine the set of
biophysical parameters that most closely describe the observed dynamics of the protein
[16,38,39]. Although the dynamic parameters can quantify the fraction of interacting protein
at a given concentration, a value that is synonymous with the classic steady-state-binding
affinity constant, the set of dynamic parameters also provides additional information. For
example, analysis of photobleaching data has been interpreted to indicate two types of
transcription factor mobility in the nucleus [16]. Both of these interaction types are transient
but differ in their dissociation rates, producing a shorter and longer residency time for the
two interacting fractions of a given transcription factor. These two transient interaction states
are hypothesized to represent fractions of the transcription factor that are non-specifically
and specifically interacting with chromatin. In this approach, Phair et al. have argued that
diffusion can be disregarded in calculating the residence times.

Additional studies suggest that diffusion significantly contributes to the nuclear protein
mobility [18,39,40]. When diffusion effects are included in the reaction—diffusion analysis,
the mobility of many transcription factors and coregulators in the nucleus can be described
by a single kinetically distinguishable transient interaction for each protein [18,39,40]. Since
there are many more non-specific interaction sites in bulk chromatin compared to the
number of high-affinity REs, it is likely that the single interaction type detected by these
methods is dominated by non-specific scanning interactions of transcription factors with the
global chromatin. Interestingly, wild type p53 and GR mobilities are described by similar
kinetic constants when analyzed by the same method [18], suggesting that diverse
transcription factors may scan the chromatin via similar mechanisms. Point mutations that
block sequence specific DNA-binding do not affect the rapid nuclear mobility of p53 [41].
In contrast, deletion of the GR DNA-binding domain (DBD) or a single GR DBD point
mutation causes an increase in mobility [24,42]. Therefore, further mutational analysis of
specific versus non-specific chromatin interactions is needed to confirm the hypothesis that a
common mechanism allows diverse transcription factors to scan the bulk chromatin.

Rapid scanning by transcription factors may involve three dimensional diffusion between
chromatin strands and one dimensional diffusion along the chromatin strand mediated by
non-specific interactions [43]. One dimensional movement along the DNA could greatly
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increase the rate at which transcription factors contact their specific REs [44] and therefore
could play a significant role in the regulation of gene expression. Single molecule imaging in
living bacteria suggests that the lac repressor protein spends the vast majority of time non-
specifically interacting with DNA and diffusing in one dimension along the strand [45]. In
addition, p53 rapidly translocates along the DNA strand in vitro via non-specific
interactions[46], but it remains to be determined if this occurs on chromatin in the natural
environment of the living cell nucleus.

Studies with the ligand-modulated nuclear receptors have also revealed that physiological
changes in transcription factor conformation may link global dynamics and regulation of
gene expression. Conformation of the steroid receptors is altered when bound by different
agonist and antagonist ligands. Strong agonists stimulate transcription by making the
receptor DBD accessible and exposing interaction domains that recruit coactivator protein
complexes. Antagonists, and some weak agonists, interact with the receptor but are deficient
in either one or both of these two stimulatory activities. The global nuclear mobilities of GR,
PR, and ER change in the presence of different agonist and antagonist ligands [23,26,47]. In
some cases, antagonistic ligands cause the receptors to move more rapidly throughout the
nucleus compared to antagonist effects. However, there are some notable exceptions to this
trend. For example, the strong antagonist ICI 182,780 immobilizes a large fraction of ER,
and the antagonist RU-486 reduces the global mobility of PR [23,26]. Deletion of a portion
of the ligand-binding domain (LBD) also increases the mobility of ER and GR, suggesting
that regions outside the DBD can modulate receptor movement [24,26,42]. These changes in
mobility may be due to altered interactions between the LBD and coregulatory protein
complexes. Alternatively, it is possible that changes in the LBD influence the DBD or other
domain conformations, which in turn control receptor mobility.

GR and ER nuclear movement also involve activities that are ATP-dependent [25,26,48].
Treatment with MG-132 reduces the global mobility of these receptors, suggesting that
proteasome function is one of these energy consuming processes [24-26,42,49]. Reduction
of receptor mobility by MG-132 requires a functional receptor DBD and LBD [24,26,42].
When cells are partially permeabilized, GR also becomes immaobile in the nucleus [50].
Addition of nuclear extracts or a purified set of chaperone proteins and ATP restores GR
mobility. The chaperones exhibit some specificity since they do not restore the mobility of
HP1 in permeabilized cells. Thus, chaperones and proteasome complexes may actively
disrupt interactions that normally reduce transcription factor movement.

5. Protein dynamics at specific sites of transcription

Engineering many repeats of a transcription factor RE at a single genomic site allows the
specific transcription factor interactions with the regulatory site to be observed in living cells
above the background of global chromatin interactions [51]. The pioneering system for these
studies was based on the mouse mammary tumor virus-long terminal repeat (MMTV-LTR)
promoter [52]. When bound by hormone, GR protein associates with six REs located in the
MMTV-LTR to strongly activate transcription [53-55]. A mammary adenocarcinoma cell
line was generated that contains a tandem 200 copy MMTV-LTR reporter gene array
integrated at a single genomic locus (referred to as the MMTYV array, [15,56,57]). As GFP-
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GR associates with the 1200 REs in the MMTYV array, it concentrates and produces a bright
subnuclear domain that is visible by high-resolution fluorescence microscopy (Fig. 2). An
important feature of this system is the preservation of the natural promoter structure and
regulation. Extensive analysis of the 3617 cell line [56,58] shows that the promoter in the
MMTYV array manifests chromatin reorganization and transcription activation profiles that
are identical to those observed in single copy cells.

Following photobleaching, the GFP-GR fluorescence fully recovers within 30 s at the
MMTYV array, with 50% recovery occurring in approximately 5 s [15]. Coregulators that are
recruited by GR also exhibit similar kinetics at the MMTYV array, arguing against the concept
that many components of the regulatory complex are stably bound on regulatory DNA [13].
As expected for a processive enzyme, Pol Il requires 13 min to fully recover at this site [13].
Similar slow Pol Il kinetics are also observed at another engineered promoter—reporter gene
array [59]. Thus, long-term interactions can be detected at the repeated promoter—reporter
sequences when the long-term interactions exist. Other steroid receptors, such as PR and
AR, also transiently interact with the MMTYV array [23,60]. Similar imaging experiments
show that ER interacts transiently with regulatory sequences from the prolactin gene, and
NF-kB rapidly exchanges with REs in the HIV-LTR [61,62]. Fast transcription factor
exchange also occurs on a natural repeat of pol Il-regulated genes in yeast [63] and on the
clustered pol I-regulated ribosomal genes in the mammalian nucleolus [64], indicating that
the dynamic behavior is not an artifact of engineered chromatin. Since each of these
divergent transcription factors stimulates expression of the respective repeated reporter gene,
transient interactions with REs must modify chromatin structure and activate the
transcriptional machinery [9,15,61-63]. These results suggest that many endogenous genes
are regulated by transient interactions that do not require the formation of long-lived, stable
regulatory complexes on the chromatin.

The Drosophila Heat Shock Factor (HSF), which activates transcription of hsp70 in response
to stress, has been reported to maintain significantly longer-lived interactions with target
promoters [65]. GFP-HSF interaction with REs can be visualized on polytene amplified
chromosome bands in living Drosophila salivary glands. Prior to heat shock, HSF is
concentrated on chromosome bands that do not contain the hsp70 genes [65].
Photobleaching results demonstrate that HSF at these chromosome bands rapidly exchanges
with the surrounding nucleoplasm. Following heat shock, the HSF redistributes and
concentrates at bands containing the hsp70 genes. At this location, HSF binds much more
stably, with a half-life greater than 6 min. Since HSF binds with high affinity to REs, it is
tempting to speculate that this property alone is responsible for the slow dynamics. However,
as a general principle this is disputed by the fact that NF-kB binds its site with very high
affinity in vitro, while the interaction is highly transient in vivo [61].

The analysis of protein movement in these amplified gene systems (either natural or
engineered), is quite complex. Fig. 3 presents an overview of dynamics in a typical array
system, using the glucocorticoid receptor as an example. After activation with ligand, the
receptor will bind to a large fraction of available GREs in the array structure (Fig. 3B).
Immediately after the bleach pulse (Fig. 3C), all of the receptors in the array space are
homogeneously bleached. During the recovery phase (Fig. 3D), however, a complex series
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of interactions ensue. Receptors, both bleached and unbleached, are rebinding to response
elements, and leaving the array space. New receptors, mostly unbleached, enter the space.
These considerations apply equally to the Drosophila polytene chromosome bands. These
structures occupy a large volume compared to other amplified promoter array systems. As
this large domain (containing as many as 1000 gene copies) would harbor a high local
concentration of the bleached protein, a significant component of the apparent reduction in
protein mobility could be due to rebinding of these molecules (see Fig. 3). Further work is
required to determine if other transcription factors bind stably to regulatory chromatin, and if
this stable binding occurs outside of specialized polytene chromosomes.

Studies of the repeated reporter gene arrays have revealed some processes that control
transcription factor fast dynamics at their regulatory sites. The movement of transcription
factors at these visible subnuclear domains is measurably slower compared to the
surrounding nucleoplasm [25,61]. This suggests that additional interactions with specific
regulatory sites increase the residency time of the receptor in these domains. However, some
common processes regulate mobility both at specific regulatory sites and non-specific
nucleoplasmic sites. As for movement in the whole nucleoplasm, GR exchange with the
MMTYV array is dependent on ATP [25]. This study also demonstrated that chaperone and
proteasome activities regulate the exchange of GR at the regulatory sites. The dynamic
imaging results support biochemical experiments demonstrating that chaperone complexes
disassemble transcription factor complexes at their REs [66]. Additionally, the proteasome
machinery is also recruited to the MMTYV array, which is consistent with reports in other
systems directly linking proteasomal activity to transcriptional regulation [67]. NF-kB
exchange with its target sites is also slowed by NF-kB mutations that prevent proteasomal
degradation [61]. Considering these results, the active disruption of protein complexes likely
reduces the residency times of many transcription factors at their specific regulatory sites in
chromatin.

Biochemical studies indicate that nucleosome remodeling complexes also promote
transcription factor mobility. This was first detected by in vitro reconstitution experiments in
which a region of the MMTV-LTR assembled in chromatin is subjected to the action of
purified GR and a Swi/Snf nucleosome remodeling complex [68]. In vivo, GR-dependent
recruitment of Swi/Snf complexes and the resulting chromatin remodeling events are
essential for full transcriptional activation [69]. As expected, the reconstituted remodeling
event is dependent on GR, Swi/Snf complex, and ATP [68]. Surprisingly, the GR is not
associated with target sites in chromatin after the reconstituted remodeling reaction.
However, the receptor is associated with the target sites in the context of naked DNA, or
when the remodeling reaction is blocked by inhibitory conditions, for example omission of
ATP. These findings suggest that the remodeling event itself leads to a transient association
of GR with the template. This is contrary to the concept that nucleosome remodeling
facilitates the stable recruitment of transcription factors to the reorganized chromatin. To
overcome the limited time resolution of many biochemical techniques, extremely fast (5 ns)
two-photon UV laser crosslinking was used to fix steady-state “snap shots” of the factors on
the chromatin at short time intervals during the reconstituted remodeling reaction [70].
Analysis of these fixed complexes shows that the remodeling reaction is transient and
periodic. During each cycle, GR loads and recruits Swi/Snf, and is then ejected from the
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chromatin. The use of a dominant negative Swi/Snf complex and genome wide assays
reveals that essentially all GR interactions at endogenous response elements involve
chromatin remodeling events [71]. Future photobleaching studies in the presence and
absence of this dominant negative Swi/Snf complex will likely shed more light on how
transcription factor mobility is controlled in the living cell nucleus.

6. Rapid dynamic flux controls steady-state levels of chromatin

interactions

Biochemical time course experiments demonstrate that many promoters are occupied by
different transcription factors and coregulators at different times following gene activation.
Transcription levels can temporally correlate with these changing interactions, which
suggests that they are functionally linked. The biochemically detected alterations in
interaction level often evolve over the time course of many minutes or even hours. For
example, ER-dependent stimulation of the PS2 promoter causes cyclic promoter interaction
and transcriptional profile with a relatively long 60 minute period[72]. Similar behavior is
reported from several studies [73,74]. Together, these data have been interpreted to indicate
that factors are stably bound at the promoter for 15-20 min, until they are replaced by
another set of specific factors. According to this stable-stepwise assembly model, the long
residency time is needed to sequentially build a large complex, which in turn modifies the
chromatin, and recruits the polymerase. This interpretation is incompatible with the large
body of evidence showing that many transcription factors and coregulators only reside very
transiently on the target chromatin. In stark contrast, the observation that biochemically
measured interaction levels change slowly over time does not directly disagree with the
rapid dynamic flux observed in living cells. This is because the biochemical studies measure
steady-state interaction levels, which result from a balance of association and disassociation
rates that can be very fast or very slow. A change in the balance of these association and
disassociation rates moves the system out of true steady-state, causing a time-dependent
change in the average level of chromatin association. If the absolute association and
dissociation rates for a given factor are very fast but the rates are only slightly out of
balance, then the average level of chromatin association will change slowly over longer time
periods.

GR-dependent transcription from the MMTV-LTR is transient, with a single pulse of activity
which peaks at approximately 30 min followed by attenuation, which is typical of many GR
regulated genes [13,75]. In contrast to this single peak of activity, both steady-state levels of
NF-kB at a target promoter and transcriptional output repeatedly cycle over a time period of
approximately 60 min as measured by biochemical methods [61]. Photobleaching indicates
NF-kB resides on the promoter for seconds, suggesting that cyclic changes in binding occur
at both extremely short and much longer time scales in the same system [61]. This was
confirmed in a yeast study that examined changes in steady-state promoter association by
both live cell imaging and biochemical methods [63]. As measured by both techniques, the
steady-state levels of the transcription factor Acel cycle at CUP1 promoters oscillates with a
time period of 30 min. Again, the photobleaching data show that the Acel fully exchanges at
the regulatory site in less than 2 min. Importantly, single cell analysis of nascent transcripts
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in this system indicates that transcriptional activation is achieved by the transiently
interacting Acel. Thus, fast exchanging transcription factors at target promoters are
functionally relevant and coexist with longer cycles that modulate the steady-state levels of
chromatin interaction.

The “Return to Template” model of transcriptional control [2,9,10,76] reconciles the
extremely fast dynamic flux and the concurrent slower progression in steady-state levels of
transcription factor-chromatin association [2,9]. According to this model, rapid and
stochastic interactions allow many regulatory proteins to interact with the promoter in a brief
period of time. Many of these stochastic interactions are predicted to be unproductive
because several regulatory events must occur on the promoter in the correct order. As
predicted, only 1% of Pol 1l molecules that interact with the target promoter generate a
transcript [59]. In agreement with the stochastic/probabilistic view of gene expression, the
MMTV-LTR chromatin in single cells exists in many states that are differentiated by widely
variable levels of steady-state GR association and transcriptional efficiency [77]. These
probabilistic chromatin states transition over time, generating the transcriptional response
observed in the average cell population. The rate of GR exchange with the MMTV-LTR
changes when the chromatin transitions between conformational states [25]. Thus, changes
in steady-state association of transcription factors with chromatin are linked to alterations in
fast exchange and probabilistic transitions in the chromatin state. Extremely dynamic
transcription factor interactions increase the probability that the correct chromatin transitions
will occur, and prevent promoters from becoming blocked for long periods by non-
productive complexes. These features of the “Return to Template” model explain many
aspects of dynamic transcriptional control in the natural context of the intact cell.
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FRAP analysis of protein movement in living cells. The diagram shows laser photobleaching
of a small subnuclear region, resulting in loss of fluorescence from GFP-labeled
transcription factor (GFP-TF) molecules in the region. (Top) If the GFP-TF is immobile, the
region will remain less bright than the surrounding nucleoplasm. Bottom) If the GFP-TF
exchanges with the surrounding nucleoplasm then the fluorescence in the region will rapidly
return over time. (Right panels) Quantification of the fluorescence signals reveals detailed
information about protein dynamics. (Bottom, right) The fluorescence intensity will not fully
recover to the prebleach level if a fraction of the GFP-TF is immobile.
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GFP-GR mCherryFP-Brg1 | RNA FISH Overlay

Fig. 2.
Direct observation of glucocorticoid receptor binding to response elements. Mammalian

cells were engineered to contain multiple tandem copies of an MMTV-LTR reporter
construct integrated at a single genomic locus, referred to as the MMTYV array [56,57].
These cells harbor 200 copies of a 10 kb promoter—reporter structure in a tandem array with
a total length of 2.2x10° bp. The cell derivatives shown here express GFP-GR and Brg1, an
ATP-dependent chromatin remodeling protein, labeled with red mCherryFP. Following
treatment with 100 nM Dex for 0.5 h, the cells were fixed and processed for RNA FISH to
detect the reporter gene and visualized by digital deconvolution microscopy. The images
from each fluorescence channel are shown individually (left panels), and merged in the
overlay image (far right panel). Arrows show the location of the transcriptionally active
MMTYV array, where GFP-GR and mCherryFP-Brgl steady-state concentrations are
increased due to specific transient interactions with the MMTYV chromatin.
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Fig. 3.
Transcription factor movement in an array space during photobleaching. (A) An idealized

view of the MMTYV array space in 3617 cells is schematically shown. (B) After induction,
most of the response elements are occupied with activated glucocorticoid receptor (green
filled circles). (C) After the bleach pulse, all receptors in the array space are uniformly
bleached (white circles). (D) Many different events are in progress during the recovery
phase. New unbleached receptors enter the space and bind to unoccupied response elements.
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However, some rebinding events will occur with bleached molecules. Furthermore, both
bleached and unbleached receptors are leaving the array space.
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