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DNA is the ultimate molecule that encodes life through genes. Genes positioned along the
meter-long DNAmolecule have to be expressed at the right time and in the right amount via
strict regulatory processes. Regulation of a gene starts with the binding of a DNA-binding
protein known as a transcription factor (TF) to a target regulatory element along the double-
stranded DNAmolecule. Often, TFs attach to DNA in a sequence-specific manner and can
target DNA motifs of various lengths, yet some TFs can also interact with DNA
nonspecifically. The resulting DNA-TF complexes can control gene expression directly
via controlling the recruitment of RNA polymerase on the target DNA sequence. Recent
single-molecule experiments have added a new dimension to such control mode; the
lifetime of a DNA-TF complex (i.e., the residence time of the protein on its DNA site) can
function as a regulatory component. This breakthrough inevitably suggests that any
physiochemical constituent that can alter the residence time of a DNA-binding protein
can also be involved in gene regulation. In this perspective, we argue that a TF protein’s
cellular concentration can contribute to the cell-scale transcription activity by modulating
the DNA-residence time of the protein. Cells can achieve this either by enabling a
concentration-dependent dissociation mechanism or by promoting the formation of
multiprotein-DNA complexes. While our discussion here will consider examples from
prokaryotic cells, we will also briefly argue that similar mechanisms could also be functional
in eukaryotic cells.
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INTRODUCTION

Transcription Factors (TFs) dynamically regulate gene expression through temporal interactions
with regulatory DNA elements. The nascent understanding of transcriptional regulation at a single
target site level has gathered speed in parallel to the advancements in single-molecule studies and
involves DNA-residence times of TFs as a regulatory component (Lickwar et al., 2012; Clauß et al.,
2017). The DNA-residence time of a TF, or in general of a DNA-binding protein, is defined as the
elapsed time between the initial binding of the protein to its DNA target sequence and its complete
microscopic unbinding from the same DNA sequence.

The DNA-binding process of a TF in the available cellular volume is mainly diffusion-controlled
(Halford and Marko, 2004). A TF can bind to its target site directly from the phase solution
(i.e., cytoplasm or nucleoplasm). Alternatively, a TF can migrate from previously bound nonspecific
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neighboring sites to the target binding sites via 1 d sliding. A TF can
also jump or be transferred between juxtaposed DNA segments. Yet,
this segmental jump (or intersegmental transfer) only occurs in a
subset of proteins that have multiple binding domains since it
requires the TF to be concurrently bound to multiple DNA
segments. Regardless of how the protein arrives at its target site,
the probability of DNA binding often depends linearly on the
protein concentration (Halford and Marko, 2004).

Contrarily, the mechanism of unbinding (or dissociation) of a
TF from its binding site has been considered a concentration-
independent process until recently. The classical text view
assumes that the TF dissociation from DNA to occur solely
due to thermal fluctuations that help the protein overcome the
binding-energy barrier (Berg, 1993). For the same reason, only
concentration dependence on the dissociation constant (i.e., Kd)
is assumed to come from the on-rate (i.e., association rate
constant). However, recent single-molecule experiments and
molecular dynamics studies have marked the discovery of a
concentration-dependent mechanism that affects unbinding
rates of certain DNA-binding proteins, thus, their DNA-
residence times (Graham et al., 2011; Joshi et al., 2012; Gibb
et al., 2014; Sing et al., 2014; Kamar et al., 2017) Accordingly, a
tightly DNA-bound TF can microscopically dissociate (e.g., by
partially losing steric contacts with the DNA via unbinding of one
of its DNA-binding domains) and expose the binding site
temporally. During this exposure, a solution-phase protein (or
a DNA segment) can bind to this DNA-TF complex. If the
resulting ternary complex is less stable (Tsai et al., 2016), it
can accelerate the dissociation of the originally DNA-bound TF.
This competition-driven dissociation is referred to as “Facilitated
Dissociation” (FD) (Kamar et al., 2017; Erbaş and Marko, 2019).
FD becomesmore effective as the solution-phase concentration of
competitors is increased since a higher concentration suggests a

greater binding probability for the competing molecular species
to the exposed site (Figure 1). This concentration dependency of
FD could lead to a wide range of residence times for different
concentration-variation patterns as some proteins have only a few
hundred copies per cell (i.e., with a concentration of <100 nM)
while others might vary their cellular levels more than 1000-fold
depending on the growth phase or external stimuli (Azam et al.,
1999; Dillon and Dorman, 2010). Therefore, TFs, whose
abundance fluctuates in a dynamic manner, can utilize FD to
change their residence times and thus possibly their regulatory
roles dynamically.

FD can lead to a broader spectrum of residence times under
large concentration fluctuations (e.g., ~10 μM), and bacterial
nucleoid-associated proteins (NAPs), another type of DNA-
binding proteins, can provide such micromolar level
concentration variations (Azam et al., 1999). While NAPs are
involved in the 3 d organization of nucleoid architecture, they can
also regulate transcription due to their dual-purpose properties
both as TFs and structural proteins (Dillon and Dorman, 2010;
Dorman, 2013). For example, the Factor for Inversion
Simulation, Fis, is a dual-function NAP that regulates over 300
genes in E. coli (Bradley et al., 2007), and its cellular levels
fluctuate drastically from vanishing levels to tens of thousands
of copies per cell (Ball et al., 1992). Indeed, Fis is one of the NAPs
that repeatedly exhibit obvious FD patterns in vitro by dropping
its residence time from hours to minutes following concentration
increases on the order of ~100 nM (Graham et al., 2011;
Hadizadeh et al., 2016; Kamar et al., 2017). Thus, in principle,
each concentration level could correspond to a unique residence
time; moreover, each residence time can regulate a different set of
genes on different target sites, as previously demonstrated for
yeast Abf1 TF (de Jonge et al., 2020), or lead to different transcript
levels (Callegari et al., 2019).

FIGURE 1 | A schematic representation of DNA-protein interactions and cluster formations in response to an increase in protein concentration. From left to right,
protein concentration increases. In response, unbinding becomes more rapid. At the more elevated TF concentrations, the protein-DNA complexes (or clusters) are
formed. The combination of various DNA-binding proteins can lead to the formation of transcriptionally silent extended protein occupancy domains (EPODs)
(i.e., heterochromatin-like domains). Note that, for simplicity, different concentration stages are shown on the same DNA polymer, but each event might also occur
in distinct stages of the cell cycle.
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How can the DNA-residence time of a TF affect the
transcription of a gene at the molecular scale? Despite the lack
of direct evidence from bacterial DNA-binding proteins, the
studies on eukaryotic TFs highlighted several key molecular
mechanisms. For instance, repression of a gene can be
achieved by long residence times of a repressor TF such that
RNA polymerase is sterically hindered from transcribing the
DNA sequence (Lickwar et al., 2012). The extended DNA-
residence times can also be functional to generate a
continuous gene-expression effect (Gurdona et al., 2020). Also,
a repressor TF can stall a transcribing RNA polymerase (Clauß
et al., 2017). Moreover, a TF quickly exchanging with identical
solution-phase TFs can lead to a shorter residence time on
average and provide a repression mechanism by preventing
the stable binding of RNA polymerase or protein cofactors
(Trojanowski et al., 2022). Indeed, this suggests that an
efficient activator TF should stay on the target sequence for an
optimal amount of time such that RNA polymerase (or other
protein cofactors) can be recruited to the binding site to initiate
the transcription (Popp et al., 2021).

It is intuitive to think that a single TF can achieve all or some of
the residence-time-controlled regulatory modes that we mention
above via FD by modulating its cellular concentration levels. For
instance, bacterial Fis binds to multiple fairly similar sites in a
sequence-specific manner (Shao et al., 2008) and regulates a
plethora of genes (Bradley et al., 2007). Thus, activation of a
gene by Fis could be altered by manipulating Fis residence times
on various promoters via FD. In addition, since mRNA
expression could be highly dependent on the residence time of
an activator TF (Lickwar et al., 2012), there might also be a
nonlinear relation where increasing protein levels could result in
further competition and do not enhance transcription activity.
For instance, increasing TF concentration may decrease the
DNA-residence time of the TF so radically that the gene
expression levels might drop due to rapid exchange between
DNA-bound and unbound TFs despite the TF’s activatory role
(Figure 1). Such a scenario would also allow a switch mechanism
for negative feedback loops. For instance, Fis can regulate its own
transcription negatively. Hence, when Fis levels reach a critical
level, Fis-residence time could be too short to enable Fis to repress
its own transcription.

While TFs are often depicted as sequence-specific DNA-
binding proteins, they can also bind to nonspecific regions on
DNA. Nonspecific interactions between TFs and DNA depend on
the TF’s chemical composition, and they are, in principle, weaker
compared to the strength of specific interactions (Agback et al.,
1998). Some DNA-binding proteins interact with DNA solely in a
sequence-independent manner, while some interact only
sequence-dependently or both ways (Dillon and Dorman,
2010). Indeed, the ability of such TFs to bind DNA results in
protein-dense multiprotein DNA complexes, and the formation
of such complexes is correlated with TF concentration. For
instance, Fis can coat DNA by binding to DNA nonspecifically
and form DNA inter-segmental bridges at micromolar
concentrations (Schneider et al., 2001; Skoko et al., 2006).
Such protein-dense domains (i.e., extended protein occupancy
domains) (Figure 1) in bacteria seem to mainly contain

transcriptionally inactive genes, which were suggested to have
a role similar to heterochromatin domains in eukaryotic cells
(Amemiya et al., 2022). As Fis concentration changes drastically
throughout the cell cycle, this repressive activity might be altered
via FD by making these domains less or more stable by allowing
exchange between DNA-bound and unbound proteins.

Not only Fis but other highly abundant nonspecifically
binding NAP, such as HU and H-NS, are also involved in
gene regulation indirectly by forming such dense domains
(Lucchini et al., 2006; Hammel et al., 2016; Remesh et al.,
2020) even though they have no direct regulatory functions
over genes (Stojkova et al., 2019). A recent simulation study
with a coarse-grained bacterium model consisting of a high-
molecular-weight DNA polymer and multivalent TFs
demonstrated the distinct unbinding strategy preferences of
specific and nonspecific DNA-binding proteins (Koşar et al.,
2022). Those simulations suggested that the dissociation
mechanism that a TF employs depends on its nonspecificity.
For nonspecific proteins, 1d sliding is by far the most dominant
way of moving along the genome, while specific proteins usually
utilize jumps between DNA segments. Notably, 3d escape is rare
in all cases (Koşar et al., 2022), which is consistent with the mostly
DNA-bound nature of such NAPs in vivo (Stracy et al., 2021).

In short, a DNA-bound TF can alter gene regulation either by
blocking a gene sterically or recruiting other transcriptional
components to the target site. It is very likely that both
mechanisms are correlated with the concentration levels of
corresponding TFs. Further, the distinct nature of TF binding
to DNA, whether specific or nonspecific, can influence the FD
response of the protein to concentration variations. In molecular
dynamics simulations, specific DNA-binding proteins display
typical FD behavior (i.e., the higher the concentration is, the
shorter the DNA-residence time is), nonspecific proteins, on the
other hand, show more stable DNA-binding and more resistance
against binding competition and thus exhibit longer average
residence times as the protein levels are increased (Koşar
et al., 2022). This could be due to filamentous structures
(Figure 1) formed by nonspecific proteins (e.g., HU or H-NS)
that could limit the 1d sliding of DNA-bound proteins to
neighboring DNA sites.

Besides FD, another way that TF concentration could impact
gene expression is through alterations in the 3d chromosome
organization if the corresponding TF has structural roles. Indeed,
in eukaryotes, histone proteins can shape chromosomes
(Bannister and Kouzarides, 2011) and lead to the formation of
histone-dense regions, which are often attributed to
transcriptionally inactive regions (Elgin and Grewal, 2003).
NAPs can play similar roles in the chromosomal organization
(Dillon and Dorman, 2010; Lioy et al., 2018; Yildirim et al., 2018).
Experimental evidence suggests that the concentration increase of
a NAP is correlated with the formation of dense multiprotein-
DNA complexes that can compact the DNA (van Noort et al.,
2004; Lin et al., 2012; Macvanin et al., 2012; Winardhi et al., 2015;
Hancock et al., 2016; Verma et al., 2019). Several molecular
dynamics studies confirmed that micromolar-range increases
in NAP levels enhance nucleoid compaction by inducing
various protein-DNA structures from bridges to bundles and
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filaments (Figure 1) as expected (Brackley et al., 2013; Koşar et al.,
2022). Consistently, a very recent experimental study has
demonstrated the regulatory effects of such multiprotein-DNA
complexes in living E. coli (Amemiya et al., 2022). Notably, the
different protein-DNA complexes and resulting structures could
have different regularity strengths, as demonstrated for H-NS
TFs, for which bridged-filamentous structures are more efficient
in transcription repression than isolated filaments (Singh et al.,
2014; Kotlajich et al., 2015). Thus, it is also plausible that specific
and nonspecific proteins give rise to non-uniform compaction
throughout the nucleoid, where some chromosomal domains are
more protein occupied than others. This heterogeneous protein
distribution could simultaneously result in transcriptionally silent
or active regions (due to different forms of DNA-protein
structures) even for a single TF type and can dictate various
transcriptional roles for the same TF.

Another way of controlling gene regulation via alterations in
protein levels could be due to liquid-liquid phase separation
(LLPS). The LLPS enables rapid formation or dissolving of
biomolecular condensates, which can carry out specialized
tasks. These structures of liquid droplets have recently drawn
significant attention due to their diverse and crucial cellular
functions (Brangwynne et al., 2015). As very well-known from
polymer physics, the formation of transcriptional condensates
depends on concentrations of constituting components such as
TF, RNA polymerase, and coactivators (Li et al., 2012; Strom
et al., 2017). In bacteria, similar TF and RNA polymerase rich
structures have been reported in growing cells (Azam et al., 2000;
Wang et al., 2011), which are in accord with gene-rich,
presumably protein-driven chromosome structures (Lioy et al.,
2018). Interestingly, a very recent study investigating the
correlation between such phase-separated condensates and
transcription activation does not observe a clear difference in
transcript levels between TF-rich and poor liquid droplets
(Trojanowski et al., 2022). However, such condensates could
be more effective in gene repression, or they can possibly
accelerate the mRNA production by making other
transcription components immediately available in a small
membraneless structure.

CONCLUSION

In the classical picture of bacterial transcription activation, as the
concentration of a TF increases, more TF can bind to promoter
sites, and in turn, the cell can increase corresponding mRNA
levels. Recent single-molecule experiments on protein-DNA

interaction kinetics discovered that a protein’s binding stability
on DNA (i.e., its DNA-residence time) changes with increasing
protein levels. Thus, higher protein levels may not necessarily
correspond to higher transcript levels. This notion is in conjecture
with recent experiments, in which DNA-residence times have
emerged as an essential regulator component of the transcription
(Lickwar et al., 2012; Clauß et al., 2017), making TF unbinding
kinetics as vital as binding kinetics. In this perspective article, by
considering bacterial NAPs as our case system, we argue that
large concentration fluctuations (e.g., ~10 μM) can result in a
broad range of regulatory responses by altering DNA-residence
times of highly abundant TFs. We also argue that, in the case of
dual-purpose bacterial TFs that have both transcriptional and
structural roles, TF levels can modulate the exposure of a gene to
transcription-related proteins by changing the chromosomal
structure in a concentration-dependent manner and thus
function as a regulatory component. Consistently, during the
preparation of this article, an experimental study demonstrated
the possibility of such regulation in E. coli (Amemiya et al., 2022).
For repressive roles of a TF, higher protein levels can coat gene-
rich regions via binding to DNA nonspecifically. Such protein-
dense DNA-protein complexes could be more resistant to an FD-
like mechanism; however, proteins at the boundaries of such
complexes can still be replaced by solution proteins, enabling an
efficient disassembly of such complexes when needed.

As a final note, despite our discussion was limited to
prokaryotic cells, FD can play regulatory roles also in
eukaryotic cells, while the role of 3d genome architecture on
transcription has been already under consideration for a long
time (Cremer and Cremer, 2001; Marshall, 2003; Lanctôt et al.,
2007). Given that FD is more functional under relatively large
concentration fluctuations, structural chromatin proteins such as
histone components and heterochromatin protein 1 (HP1)
seemingly can satisfy the conditions necessary for FD
functionality (de Koning et al., 2009; Chari et al., 2019).
Indeed, both proteins exhibit a turnover mechanism with their
solution counterparts (Kilic et al., 2015; Gruszka et al., 2020). Yet,
more experimental and computational work is needed to shed
light on the role of TF concentration in the transcription kinetics
in cell nuclei.
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