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Abstract

The binding of transcription factors (TFs) via their DNA binding
domain at gene promoters or enhancers is part of a multi-step
process that leads to transcription activation in eukaryotes.
The kinetic on- and off-rates of different TF states are
governed by a complex interplay of factors that involve chro-
matin organization on the level of individual nucleosome po-
sitions up to actively transcribed chromatin subcompartments
on the mesoscale. Furthermore, not only the TF DNA binding
domain but also the activation domain affect TF assembly on
chromatin. Here, we summarize recent findings on the inter-
play between TF binding, chromatin organization, and gene
activation to highlight features that need to be considered for
constructing quantitative models of eukaryotic gene regulation.
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Transcription activation in eukaryotes
versus prokaryotes
The organization of the eukaryotic genome into chro-
matin has profound implications for transcription acti-
vation in comparison to prokaryotes as recognized
already more than two decades ago (e.g. Refs. [1,2]).
Prokaryotic promoters are in a transcription-competent
ground state and RNA polymerase can reach full tran-
scription levels if only the promoter sequence is
www.sciencedirect.com
optimal. Further regulation mostly occurs via the
binding of transcription factors (TFs) at or near the
promoter, which can block or enhance the binding of
RNA polymerase. It is noted that also more complex
activation mechanisms exist for some promoters that
involve bacterial enhancers and ATP hydrolysis as for
example shown recently for the modulation of tran-
scription bursting in Escherichia coli [3]. Promoter
sequence contribution to activation have been further
defined in E. coli [4] and the relation between regula-
tory sequences, TF binding, and gene expression has
been systematically mapped [5��]. Thus, increasingly
more powerful thermodynamic and kinetic models for
bacterial transcription are established. They predict
gene expression for a large number of genes [6] with
the lac promoter as a paradigm for the theoretical
description of transcription regulation by equilibrium
binding models [7].

In eukaryotes, the binding of general and gene-specific
TFs/co-activators at cis-regulatory elements (CREs)

that frequently have both promoter and enhancer
functions is a key step of gene regulation [8,9]. The
coupling of interactions between promoter and en-
hancers at different genomic loci with subsequent
activation steps leads to highly complex non-linear re-
lationships [10��]. Furthermore, multicellular organ-
isms implement cell type-specific gene expression
programs and establish patterns of active and silenced
regions by organizing the genome into chromatin. This
has led to the view that eukaryotic promoters are
frequently in a repressed default promoter state [1,2].

Multiple energy-consuming steps are involved to create
transcriptionally competent states during transcription
activation, which makes it challenging to derive gene
regulation functions that quantitatively describe this
process [11].

Transcription factor binding and gene activation in
eukaryotes
The additional layers of gene regulation described
above are particularly relevant for describing the rela-
tion between transcription factor binding and the
initiation of gene expression. Simply applying TF

equilibrium binding models to rationalize eukaryotic
gene regulation from the occupancy of a TFat its target
sites is in most cases insufficient to derive meaningful
gene regulatory functions. Here we review recent
findings on the chromatin-mediated binding of TFs for
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2 Gene regulation
activating transcription by eukaryotic RNA polymerase
II (RNA Pol II). A specific focus is on the following
aspects: (i) In a multi-step reaction, TFs compete with
the histone octamer to gain access to their DNA
binding site. This process can lead to the co-binding of
TFs to CREs with multiple binding sites (Figure 1a).
(ii) TF binding and subsequent gene activation have
been considered as two separate consecutive processes

attributed to the TF’s DNA binding domain (DBD)
and the activation domain (AD), respectively. Howev-
er, it is emerging from recent studies that these two
activities need to be considered together, as multiva-
lent interactions by intrinsically disordered regions
(IDRs) present in the AD of many TFs [13�] affect
DNA binding in a complex manner (Figure 1b). (iii)
Several studies conclude that TF binding involves non-
equilibrium energy-consuming steps that could in-
crease specificity by a kinetic proofreading mechanism
(Figure 1c). (iv) TFs could assemble into a state in

which a dimensionality reduction of the search process
speeds up target site search (Figure 1d).
Figure 1

Multi-step TF binding with energy-consuming steps. (a) Nucleosome mediated
binding of a histone octamer at this DNA region. TF binding to one site can incr
This mechanism can lead to cooperativity in the absence of direct protein–prot
interactions. The TFs bind with kinetic on- and off-rates (kon, koff) that define
unspecifically to other sites in the genome. Additional multivalent interactions
activation with chromatin remodeling as a kinetic proofreading step. An exem
complex, which induces an activated state TF* at the nucleosome upon ATP h
state with k*off or evict/translocate a nucleosome in additional energy-depend
Facilitated diffusion. After initial binding, TFs form an intermediate state in wh
reduced volume, which speeds up sampling for the presence of the target sit
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Multi-step promoter activation and energy-
dependent steps
The packaging of DNA into a chain of nucleosomes
together with other chromosomal proteins and RNAs
links transcription initiation to distinct epigenetic sig-
nals and chromatin states that regulate TF binding and
transcription activation. This multi-step reaction
frequently involves energy-consuming steps like the
following: (i) Generating active states via the acetyla-
tion of histones or the TF itself [14] to regulate CRE
activity [15,16]. (ii) TF nucleated formation of silenced
chromatin states as for example heterochromatin nano-
domains marked by the di- or trimethylation of histone

H3 lysine 9, which can repress transcription [17]. (iii)
The translocation or eviction of nucleosomes by
megadalton-sized chromatin remodeler that can free
occluded TF binding sites [18,19].

A certain class of so-called pioneer TFs can bind to
nucleosomal DNA [20e22] as characterized in detail for
OCT4 and SOX2/11 [23,24]. This suggests a sequential
cooperativity. TF binding sites can be inaccessible due to the competitive
ease the probability that a second binding site is accessible for TF binding.
ein interactions between the bound TFs [12]. (b) Specificity and multivalent
the equilibrium dissociation Kd to their specific target sites as well as
of the AD can also affect TF complex formation. (c) Multi-step promoter
plary reaction is depicted where the TF binds a chromatin remodeling
ydrolysis. From this state, the complex can either revert back to the initial
ent steps and proceed with the transcription activation reaction. (d)
ich the target search process proceeds at reduced dimensionality or in a
e.
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two-step mechanism in which the binding of a pioneer
TF would first remove a nucleosome to facilitate binding
by a non-pioneer factor. This view has been recently
challenged in a comparison of FOXA1 and HNF4A for
which a two-step binding mechanism was not observed
[25�]. Single molecule footprinting studies argue in favor
of nucleosome-mediated TF binding cooperativity
[12,26��,27�,28�]. This type of cooperativity arises as

the equilibrium binding of one TF can block histone
octamer-DNA interactions so that the binding site
of another TF becomes more easily accessible [12]
(Figure 1a). As a result, TF binding sites at CREs
become preferentially co-occupied although their dis-
tance precludes cooperativity via direct interactions be-
tween TFs. Furthermore, the relation between TF co-
binding and nucleosome occupancy points to an addi-
tional non-equilibrium process like chromatin remodel-
ing being involved in the competitive TF-histone
octamer binding [26��]. Another study that compared

different models for transcription activation of the
hunchback gene by the Bicoid and Zelda TFs arrives at a
similar conclusion [29��]. The two TFs actively induce
chromatin accessibility via a series of slow and irrevers-
ible steps that could reflect the coupling of Bicoid and
Zelda binding to histone acetylation or nucleosome
remodeling activity. Thus, an emerging common theme
is that TF assembly at CREs in eukaryotes occurs as a
non-equilibrium multi-step reaction with energy-
consuming steps before the start of RNA Pol II tran-
scription. Furthermore, co-binding of multiple TFs to a

CRE frequently appears to arise from independent
binding events, i. e. without direct proteineprotein in-
teractions between chromatin-bound TFs. Neverthe-
less, the competitive binding with the histone octamer
can lead to cooperative TF binding at CREs.

Kinetic proofreading and transcription
factor residence time
Eukaryotic TF bindings site motifs are typically only
6e12 bp in length. This raises the question how TFs
recognize their target sites within Gb large eukaryotic
genomes where every residue represents the start of a
potential unspecific binding site [30,31]. For energy-
consuming multi-step activation mechanisms as
described above, a kinetic proofreading mechanism

could be one of several mechanisms that largely increase
the specificity of the reaction [11,32,33]. In such a
mechanism a critical parameter is the TFresidence time
tres in the bound state that is given by the reciprocal
value of the dissociation rate constant koff (Figure 1b).
The value of tres will determine whether a subsequently
induced slow energy-consuming reaction to an activated
state TF* will take place efficiently. The reaction can
then proceed or fall back to the initial state (Figure 1b).
Furthermore, lower affinity off-target sites will become
occupied upon increasing the TF concentration, but

their activation capacity will remain limited if tres is too
short to generate the TF* state efficiently. In a
www.sciencedirect.com
theoretical study, it was shown how this type of kinetic
proofreading of activator-DNA recognition via a nucle-
osome remodeling step increases the specificity of gene
activation [34�]. As depicted in Figure 1c, this could
involve an energy-consuming transition to an activated
state in which the TF interacts with a chromatin
remodeling complex that is able to translocate a nucle-
osome upon ATP hydrolysis [33].

The residence time can be measured by a variety of
methods that include single particle tracking (SPT)
[35e38] and experiments that suppress rebinding of the
dissociated TF [39e41]. The latter approaches rely on
competitors or deplete the TF from the nucleus and
detect binding by ChIP-seq or expression of a reporter.
The resulting tres values are typically on the second
time scale but large variations have been reported that
on the one hand reflect functional differences between
TFs [42,43]. For example, chromatin architectural

functions are associated with higher tres values [42]. On
the other hand, technical differences between the
methods need to be considered. While SPT provides a
direct readout of tres at high temporal resolution, it is
typically limited to observation periods of up to 20e30 s
due to loss of the fluorescence signal over time [42,44�].
Accordingly, SPT cannot detect residence times of mi-
nutes or hours. The competitor/depletion methods
allow it to observe longer residence times but lack the
temporal resolution to resolve processes on the second
time scale. Furthermore, TFs like ERa, FOXA1, and

CTCF display a power-law distribution of tres [44�].
More long-lived binding states reaching the minute
time scale exist in the tail of the right-skewed residence
time distribution. These binding events might repre-
sent a molecular species that is crucial for successful
activation events. In line with this view, several studies
report a correlation between tres and TF activation or
repression strength [35e38]. One potential confound-
ing factor is the correlation of longer TFresidence times
with a higher binding site occupancy. Binding site oc-
cupancy is determined by the product of TF concen-
tration and equilibrium binding constant, which is

linked to residence time. Experimentally dissecting the
individual contributions of binding site occupancy and
tres in terms of transcription activation strength is
difficult. In a carefully designed set of experiments, it
was demonstrated that tres regulates transcription
independently of increased binding site occupancy
[45��]. A comparison of synthetic transcription activa-
tors showed that changing tres had a stronger effect than
changing TF concentration. Moreover, both parameters
only affected the transcriptional burst frequency and not
the burst duration or amplitude. Similar conclusions

were made for dCas9-based synthetic activators, whose
residence time could be tuned by introducing a single
nucleotide mutation into the guide RNA [46��]. It was
shown that TF constructs with shorter residence time
displayed weaker activation of a reporter array when the
Current Opinion in Systems Biology 2022, 31:100438
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same binding site occupancies were compared. In
summary, a number of recent studies show that TF
residence time can determine activation strength.
However, for most TFs it is not clear how long the
residence time needs to be for efficient activation.
Accordingly, it will be important to better resolve TF
residence times in the 10 sec to minutes time range in
relation to productive transcription activation events.
Accelerating TF target search
In addition to tres (or its reciprocal value koff) the second
fundamental parameter for TF binding is the kinetic on-
rate kon, which is dependent on the TF target search

process. Its value can be increased by confining the
space that is searched [30,31,47,48�]. One mechanism,
referred to as facilitated diffusion, has been derived
from studies of bacterial lac repressor [47]. It is based on
reducing the dimensionality of the search process from
randomly sampling the complete nuclear space in 3D to
lower dimensions, which can largely reduce the target
search time. This is accomplished by unspecific binding
and sliding along the DNA in 1D to sample for the
presence of a specific binding site (Figure 1d). Whether
a related diffusion mechanism accelerates the target

search of eukaryotic TFs on chromatin has been a long-
standing question. Interestingly, IDRs present in the
AD of TFs could play a crucial role in this context. Ac-
cording to a “stickers-and-spacers” model, IDRs can be
described as flexibly associating polymers that carry
interaction-prone motifs separated by more inert seg-
ments [49]. Thus, IDRs can establish multiple simul-
taneous interactions via weak binding patches that can
interact in variable configurations to accelerate TF
target interaction via different mechanisms [50]. In a
recent study, it was reported that IDRs in the AD
reduce the TF target search time in a two-step mech-

anism. A lowespecificity association of the IDR with the
target region that could be directed by locally enriched
chromatin factors is followed by specific DNA binding
[51��]. In addition, an SPT study of the HIF-a target
search process found its IDR to play an important role
in the nuclear search dynamics as well as its target-
ing [52�].

An alternative mechanism to increase kon that involves
IDRs is the formation of nuclear subcompartments of
high transcriptional activity that enrich RNA Pol II,

TFs, and co-activators. These assemblies have been
previously characterized as “transcription factories/
hubs” while phase-separated “transcriptional conden-
sates” represent a new model for this process as
discussed recently [50,53]. The local TF enrichment
could arise from various mechanisms like clustering of
binding sites, the (cooperative) chromatin binding of
protein and RNA factors, bridging interactions between
them that fold the nucleosome chain, and the formation
of phase-separated condensates via multivalent
Current Opinion in Systems Biology 2022, 31:100438
interactions. Evidence for the clustering of TFs and co-
activators at enhancers has been reported [54,55��].
Hallmarks of a phase-separated compartment are sharp
transitions of physicochemical properties at the phase
boundaries and the existence of a critical concentration
above which the compartments form. Recent studies
also propose surface condensation of TFs [56,57] or
RNA Pol II [58�] as mechanisms to locally nucleate

subcompartments rather than inducing a larger scale
separation of the nucleoplasm into a dense and a dilute
phase. The enrichment of TFs in a confined but yet
dynamic chromatin subcompartment via various mech-
anisms could lead to a reduced target search time
[51��,59��,60�] (Figure 1d, Figure 2a).

While binding specificity is frequently assigned to a
reduced value of koff, the kinetic on rate can also be
linked to binding specificity. A recent study of lac
repressor in vitro found that an increased microscopic

on-rate and not the off-rate (corresponding to rates k2
and k-2 respectively in Figure 1d) was the main
determinant of binding specificity [48�]. Furthermore,
the IDR could not only increase kon via the mecha-
nisms discussed above but at the same time also
enhance the specificity of binding. This could occur
via IDR interactions with pre-existing locally enriched
chromatin factors, transcription co-regulators, or other
transcription factors during target search/binding
[51��,52�,59��,60�].
TF activity within nuclear subcompartments
In addition to affecting TF binding parameters, the
assembly of RNA Pol II nuclear subcompartments
could have additional functional implications for the
activation reaction. The formation of light-induced
phase separated compartments has been related to an

enhancement of transcription [61,62]. However, a
recent study compared transcription activation below
and above the critical concentration for the formation
of liquid-like TF droplets and did not find an
enhancement of transcription [46��]. The underlying
indirect multivalent interaction of the AD were
nevertheless crucial for co-activator binding and full
transcription activation (Figure 2b). In line with this
view, an oncogenic fusion TF showed its highest ac-
tivity only inside a certain range of multivalent in-
teractions. Enhancing IDR interactions to promote

phase separation repressed transcription [63��].
Furthermore, recent studies of promoter architecture
demonstrated that the precise location of TF binding
sites relative to the core promoter is crucial for gene
activation strength [64,65]. These findings suggest
that TFs directly bound to DNA at their specific target
site govern the activation reaction. Accordingly, it
will be important to separate the effect of the
directly chromatin-bound fraction of TFs from the
effect of those that additionally accumulate non-
www.sciencedirect.com
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Figure 2

Potential functional consequences of forming transcriptional nuclear subcompartments. (a) Reduction of TF target search time. Formation of a
subcompartment by various mechanisms could confine TF diffusion and increase its local concentration. It could reduce the TF target search time by
confining the target search to the volume of the subcompartment. In addition, increasing the local TF concentration would increase binding site occu-
pancy. Facilitated diffusion where the dimensionality of the search is reduced from a 3D random walk to a 1D search along the nucleosome chain could
also increase kon. (b) Multivalent AD interactions increase transcription activation capacity by stabilization of binding and in part via interactions with co-
activators. Above a critical TF concentration, these multivalent interactions can drive the formation of phase-separated droplets. Conflicting reports exist
on if this occurs at physiological expression levels and how the formation of the droplet state affects transcription.
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stoichiometrically via phase separation mechanisms.
Furthermore, the enrichment of regulatory factors in
such subcompartments has been demonstrated as a
mechanism that could inhibit Pol I [66] and RNA Pol II
transcription [46��,67]. Thus, TF phase separation
could play an inhibitory role in regulating RNA Pol II
activity in an endogenous cellular environment by
establishing refractory promoter states or during over-

expression in a disease context. Confining movements
of active TFs to a nuclear subcompartment could also
enhance a potential non-equilibrium mechanism of
enhancer-promoter communication that does not
involve direct promotereenhancer interactions as
suggested recently [16]. Thus, enrichment of addi-
tional TFs and co-activators via interactions with DNA-
bound TFs appears to represent an additional regula-
tory layer of transcription regulation.
www.sciencedirect.com
Conclusions
The dynamic interplay of chromatin organization and

TF activity is associated with a variety of additional
regulatory mechanisms that go beyond a direct link
between the equilibrium binding site occupancy and
activation/repression. As discussed above, multi-step
activation reactions that include energy-dependent
steps for chromatin remodeling can increase the speci-
ficity of gene activation. Integrating these chromatin-
guided steps of TF binding and transcription activa-
tion in the endogenous nuclear environment will be
needed to advance eukaryotic gene regulatory functions.
The (non-)stoichiometric enrichment of TFs at regu-

latory elements via multi-valent interactions and their
interactions with co-activators represent an additional
step that can affect TF activity. Accordingly, it will be
important to characterize the fraction and contributions
Current Opinion in Systems Biology 2022, 31:100438

www.sciencedirect.com/science/journal/24523100


6 Gene regulation
of directly and indirectly chromatin-bound TFs to
transcription activation (or repression) in dependence of
TF concentration.
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