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ABSTRACT Transcription machinery depends on the temporal formation of protein-DNA complexes. Recent experiments
demonstrated that not only the formation but also the lifetime of such complexes can affect the transcriptional machinery. In par-
allel, in vitro single-molecule studies showed that nucleoid-associated proteins (NAPs) leave the DNA rapidly as the bulk con-
centration of the protein increases via facilitated dissociation (FD). Nevertheless, whether such a concentration-dependent
mechanism is functional in a bacterial cell, in which NAP levels and the 3d chromosomal structure are often coupled, is not clear
a priori. Here, by using extensive coarse-grained molecular simulations, we model the unbinding of specific and nonspecific
dimeric NAPs from a high-molecular-weight circular DNA molecule in a cylindrical structure mimicking the cellular confinement
of a bacterial chromosome. Our simulations confirm that physiologically relevant peak protein levels (tens of micromolar) lead to
highly compact chromosomal structures. This compaction results in rapid off rates (shorter DNA residence times) for specifically
DNA-binding NAPs, such as the factor for inversion stimulation, which mostly dissociate via a segmental jump mechanism.
Contrarily, for nonspecific NAPs, which are more prone to leave their binding sites via 1d sliding, the off rates decrease as
the protein levels increase. The simulations with restrained chromosome models reveal that chromosome compaction is in favor
of faster dissociation but only for specific proteins, and nonspecific proteins are not affected by the chromosome compaction.
Overall, our results suggest that the cellular concentration level of a structural DNA-binding protein can be highly intermingled
with its DNA residence time.
SIGNIFICANCE Vital cellular processes such as transcription rely on the formation of temporary protein-DNA
complexes. Until recently, disassembly of these complexes was thought to be a random process. However, recent studies
show that a protein’s bulk concentration impacts the stability of its complexes with DNA. Yet, for nucleoid-associated
proteins, the 3d genome organization and protein levels are also coupled, suggesting a complicated relationship between
the cellular level of a structural protein, its effect on genome architecture, and its residence time on DNA. Our molecular
simulations show that the dissociation speed of a structural protein from a DNA polymer depends on the protein
concentration, but 3d chromosomal structure also affects the dissociation kinetics.
INTRODUCTION

Bacterial transcription factors (TFs) are DNA-binding pro-
teins that can dynamically regulate the involvement of
RNA polymerase (RNAP) in transcription by reversibly
binding to DNA (1,2). Conventionally, the binding of a TF
to its DNA target site is considered sufficient for the func-
tionality of the corresponding TF (i.e., activation or repres-
sion of the target gene). However, a growing body of work
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has demonstrated that the time that a TF spends along the
genome (i.e., DNA residence time) could contribute to the
regulation of TF functions (3–5).

There are various biomolecular mechanisms by which the
residence time of a single TF can influence the transcription
output (i.e., mRNA expression). For an activator type of TF,
such as Rap1, a long residence time on the binding site can
increase the probability of recruiting RNAP or other cofac-
tors to initiate transcription (4). In this way, a gene can
maintain its on state and increase the frequency or duration
of mRNA expression, depending on the organism (6,7). For
repressor TFs, a longer stay on the target site can sterically
hinder the binding of an activator TF to the gene, thus
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preventing RNAP recruitment in the first place. Conse-
quently, a longer residence time would extend the duration
of such a repression mechanism (3). Some repressor TFs
can directly block the way of a transcribing RNAP and stall
transcription proportional to their DNA residence times (5).
Repression can also be imposed by a rapid turnover rate of
an activator TF on its binding site (i.e., short residence time)
such that RNAP or other cofactors cannot bind stably even
though the binding site is on average occupied by a TF (4).
Overall, DNA residence time of a single TF could contribute
to the gene expression by modifying the binding stability of
transcription components.

Recently, a concentration-dependent mechanism referred
to as facilitated dissociation (FD) has been discovered to
alter the residence times of key bacterial TFs along with a
wide array of DNA-binding proteins (8–19). The molecular
mechanism of FD is explained by the competition between
DNA-bound proteins and solution-phase binding competi-
tors for the same binding site (20,21). The competition
can be either for sites on the protein (if the competitor is
DNA) or sites on the DNA (if the competitor is protein)
(22). At low concentrations (i.e., the probability of encoun-
tering two proteins on the same binding site is low), a DNA-
bound TF can dissociate spontaneously because of thermal
fluctuations. At higher concentrations, a solution-phase pro-
tein can bind to the TF-DNA complex and shorten the resi-
dence time of the bound TF onDNA as compared with the
spontaneous dissociation (SD). The solution proteins can
either replace the original protein (rapid turnover) or form
a highly unstable ternary complex, which can lead to an
empty DNA binding site. In either case, FD leads to on
average shorter DNA residence times of the bound TF on
a single-binding-site level as the protein levels increase (12).

Remarkably, among the DNA-binding proteins exhibiting
the FD type of dissociation in vitro are major nucleoid-asso-
ciated proteins (NAPs), such as the factor for inversion stim-
ulation (Fis) and HU with diverse transcriptional and
structural roles (14,23). In single-molecule studies, DNA
residence times of the proteins declined to minutes from
hours in response to concentration increase on the order of
several hundred nanomolars (8,12,13). At the cellular
level, these NAPs can vary their concentrations even more
drastically (24–26); Fis can increase its cellular concentra-
tion reversibly from vanishing levels to 60,000 copies/cell
(�100 mM after assuming a cytoplasmic volume of
1 mM3) in the exponential phase (25,27). Nonspecific
NAPs, such as HU or H-NS, also undergo large concentra-
tion fluctuations at different stages of the bacterial
growth cycle, but their levels do not drop below � 10 mM
ranges (24,28). In principle, such concentration fluctuations
should easily result in an FD-like mechanism. Nevertheless,
these and similar structural NAPs can also alter the 3d orga-
nization of chromosome by forming dense multiprotein-
DNA complexes in a concentration-dependent manner
(29–32). Consequently, elevated protein levels can change
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the very environment (e.g., 3d chromosome organization)
from which the proteins dissociate and put the functionality
of FD at the cellular level into question.

Consistently, when Fis molecules dissociated from either
sparsely surface-grafted DNA binding sites or extended
DNA chains or chromosomes, they exhibited faster off rates
with increasing protein concentration (8,12,13). However,
when Fis molecules took part in the coating and looping
of DNA molecules, they were shown to form highly stable
DNA-protein complexes (i.e., the DNA residence time is
higher than the experimental time window) (30). In separate
experiments, when competing Fis molecules were replaced
by nucleic acid segments, residence times were also shown
to decrease via a DNA-segmental type of FD (22), suggest-
ing a potential relationship between chromosome organiza-
tion and dissociation kinetics. Apart from specifically
interacting Fis, nonspecifically interacting HU also ex-
hibited a concentration-dependent DNA binding stability,
which was shown to be highly sensitive to DNA substrate
conformation and competitor DNA fragments in solution
(31). Another nonspecific NAP, H-NS, exhibited a similar
dissociation mechanism strongly dependent on the type of
protein-DNA complexation that it forms (33). In accord,
several pioneering particle-tracking studies on metalloregu-
lator TFs, CueR and ZuR, provided evidence that DNA resi-
dence times can change with chromosome organization in
live cells. However, the cellular abundance of those TF pro-
teins is only on the order of �1 mM (34,35); thus, they
cannot alter the chromosome structure, unlike the structural
NAPs, such as Fis or HU. Altogether, the experimental ev-
idence suggests that organizational changes in chromosomal
structure resulting from DNA-protein complexation can
affect the dissociation kinetics of the proteins. However,
how the concentration variations of the proteins contribute
to this effect is not clear and demands a systematic study.
Such resolving would require focusing on specific and
nonspecific proteins individually, at least in a native-like
environment, which may be achieved via well-designed
computational models.

Previous computational studies on FD replicated the
experimentally observed concentration-dependent dissocia-
tion, albeit at elevated concentrations (12,20,36,37). The
studies confirmed that FD can occur for a wide range of
binding affinities, but the effect of increasing concentration
weakens as the protein binding energy decreases. Notably,
those studies focused mainly either on a single locus
(modeled as a stretched and physically constrained DNA
segment) (20,36) or sparsely end-grafted short (e.g., 20-
basepair [bp]) DNA binding sites to accurately model the
experimental setups (12,37). Therefore, whether FD can
occur in the confinement of the bacterial volume when bind-
ing sites are located along a high-molecular-weight DNA
polymer, whose conformation is coupled to NAP concentra-
tion, cannot be answered by those studies. Indeed, Fis and
HU already exhibited chromosome condensation activities
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via the formation of stable multiprotein complexes with
DNA (29–31,38). Those multiprotein-DNA complexes, in
turn, can significantly change the proteins’ binding stability,
suggesting that elevated concentration levels in vivo could
lead to two opposing or reinforcing effects on the unbinding
kinetics of DNA-bound NAPs.

In this study, we aim to demonstrate a latent regulation
mechanism involving cellular NAP levels and higher-order
chromosome organization by addressing the functionality
of FD at the cellular level. Specifically, we focus on the
interplay between NAP concentration, protein off rates,
and protein-induced chromosome organization in a model
cellular confinement by using a large-scale and coarse-
grained molecular dynamics (MD) model of an Escherichia
coli bacterium (Fig. 1). Similar coarse-grained polymer
models have been used previously to study entropic and
sequence-dependent contributions to the bacterial chromo-
some organization (39–41). Several other studies considered
explicit effects of multivalent NAPs on chromosome organi-
zation by incorporating coarse-grained protein models.
Those simulation studies show that nonspecific interactions
can form protein-rich complexes with DNA (42). The
dimeric nature of proteins (i.e., their ability to bind two
DNA segments simultaneously) was shown to be important
to replicate experimentally observed protein-DNA com-
plexes, such as those elongated clusters formed by H-NS
proteins (43). Yet, those studies did not consider protein
A
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FIGURE 1 The schematics of the molecular dynamics simulation model. (A)

beads) together with initially (i.e., at t ¼ 0) bound and free proteins. The scal

site (red beads) surrounded by nonspecific DNA (blue beads), with which bound

centered around the binding site defined to determine the microscopically dissoc

the dimeric Fis protein, where two binding domains (green beads) are joined by a

dent decay of the normalized number fraction of DNA-bound proteins (i.e., sur
dissociation kinetics and rather focused on structures
formed by DNA and proteins.

In our simulations, to investigate protein dissociation and
related FD effects, more than 100 specific (e.g., Fis) or
nonspecific (e.g., HU) NAPs with dimeric nature are al-
lowed to fall off simultaneously from their binding sites in
the presence of up to several thousand copies of solution-
phase proteins. The proteins can dynamically interact (i.e.,
unbind and rebind) with a high-molecular-weight self-
avoiding DNA polymer and change the conformation of
the polymer dynamically. This MD setup allows us to pre-
cisely track all the proteins in the 3d cell environment simul-
taneously without any need for molecular labels while
monitoring their cumulative effect on the higher-order chro-
mosomal structure. Thus, although our computational ex-
periments suffer from common weaknesses of molecular
simulations, such as reduced degrees of freedom (i.e., less
molecular details) and shorter timescales as compared
with the experiments, they can avoid typical limitations of
in vivo single-cell experiments, such as proteins escaping
from the 2d measurement volume or short bleaching times
of fluorescence labels.

Interrogation of various protein concentrations and DNA-
protein attraction affinities reveal that FD could occur in the
cellular confinement, particularly when the chromosome
has an open structure. At several tens of micromolar concen-
trations, the chromosome is collapsed by well-ordered
B

The DNA polymer is confined inside a rigid concentric shell (light green

e L corresponds to 200 nm. (B) Closer look into a single specific binding

and free dimeric proteins can dynamically interact. Rc is the cutoff distance

iated proteins. (C) Schematics of the coarse-grained protein model based on

hinge bead (gray). (D) Extraction of the off rate, koff , from the time-depen-

vival fraction), n(t)/n0 (see Eq. 1). To see this figure in color, go online.
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protein-DNA complexes consistent with previous studies
(e.g., doughnut-shaped protein clusters, filamentous struc-
tures, and protein networks). Consequently, NAPs exhibit
a rich behavior of dissociation kinetics depending on the
sequence specificity of the proteins and chromosome
organization.
MATERIALS AND METHODS

Molecular model of bacterial nucleoid

In MD simulations, we modeled bacterial DNA as a single circular polymer

by using the coarse-grained ‘‘Kremer-Grest’’ (KG) self-avoiding bead-

spring chain in implicit solvent (Fig. 1) (44,45). All steric and bond poten-

tials are defined in the model (see Supporting material for details). The KG

model provides a bead size of bz1s, where s is the unit length scale of the

simulations. The beads composing the DNA, proteins, and confinement

have equal size. The single-bead size is mapped to real units by considering

the crystal structure of the DNA-Fis complex (Fig. 1 B and C) (46); Fis has a

binding site of �20 bp, which is modeled by two beads in our model. This

allows us to map the bead size to b � 10 bp in real units (i.e., the size of

10 bp is b � 3.4 nm after using 0.34 nm/bp). The DNA chain is modeled

by N ¼ 12,000 KG beads, which corresponds to 1:2� 105 bp. Simulations

with shorter chains do not affect our results qualitatively (see Fig. S1).

The proteins are based on the structure of DNA-bound Fis protein (Fig. 1

B and C). Although multivalency of the protein can be captured by two-

bead models (12), we hypothesize that a three-bead model can recapitulate

the steric interactions between proteins, as well as proteins and DNA, more

realistically (Fig. 1 C). In the three-bead model, two DNA-binding domains

are joined by a hinge, which provides a harmonic angle potential to penalize

the deviations from the average ‘‘cherry’’ shape of the dimeric protein. After

benchmarking various energy strengths for the angle potential, we use a

strength of 12 kBT, which provides a stiffness similar to that of DNA poly-

mer (see Fig. S2). The hinge does not bear any attraction toward DNA or

other proteins. The semiflexible DNA (persistence length of � 150 bp or

� 50 nm) and proteins are confined by a rigid concentric cylinder (also

composed of beads) with an aspect ratio of 3 (Fig. 1 A). The volume of

the confinement (1.7 � 10�2 mm3) is adjusted in accordance with the vol-

ume fraction of the nucleic acids in E. coli (i.e.,� 1%). The initial pervaded

volume of DNA polymer is set to occupy � 40% of the cell volume to

mimic the nucleoid structure (47).

In simulations, each model cellular confinement contains initially DNA-

bound and initially unbound proteins (Fig. 1 B). These proteins are chem-

ically identical unless otherwise noted. Although nonspecific proteins can

bind to the entire DNA, specific proteins are allowed to bind a smaller num-

ber of dedicated binding sites composed of two beads (i.e., � 20 bp) unless

otherwise noted. To determine the total number of binding sites, we

consider �3300 consensus sequences of Fis TF (48), which leads to an

average inter-binding site distance on the order of 1000 bp. Hence we

use n0 ¼ 120 binding sites for our N¼ 12,000 chains to obtain 1000-bp dis-

tance between binding sites. This value of n0 is also high enough to perform

statistical analyses for unbinding kinetics (37).

To monitor the concentration-dependent dissociation of DNA-bound pro-

teins, we randomly added a prescribed concentration of excess competitor

proteins in the model cellular confinement in addition to the n0 initially

DNA-bound proteins. Note that given the low volume fraction of DNA,

only 1% of these proteins can be already DNA bound at t ¼ 0. The total

protein concentration in cells range between �10 mM (only initially

DNA-bound proteins) and �210 mM, which correspond to 120 and 2225

protein copies per cell, respectively. Our maximum unbound protein con-

centration corresponds to 1 protein per �60 bp, which is consistent with

60,000 Fis copies per cell, while intermediate concentration levels are

consistent with the cellular abundance of NAPs, such as HU and H-NS (49).
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A DNA-binding protein binds to DNA substrate via weak molecular in-

teractions. Typically, the attraction between DNA and a small TF protein,

such as Fis, is estimated to be around 20–30 kBT (i.e., 13–20 kcal/mol)

(30,50,51), which can lead to hours-long dissociation times for an isolated

protein-DNA complex (8,12). To observe the dissociation of the DNA-

bound proteins within the practically achievable simulation times, we

used specific DNA-protein binding strengths of uSP¼ 9–12 kBT in our Len-

nard-Jones potentials. Each binding domain bead of the dimeric protein in-

teracts with a specific DNA site bead via uSP=2. We tested that the energy

re-scaling only reduces dissociation times without changing the underlying

physical mechanisms in accord with the universal behavior of FD (36) (see

Figs. S3 and S4). To distinguish between specific and nonspecific binding,

we also set a difference between nonspecific and specific protein-DNA at-

tractions. Based on the 1000-fold difference in macroscopic dissociation

constants of Fis for specific and nonspecific DNA binding (24,52), the min-

imum attraction strength of nonspecific DNA is set to uNS ¼ uSP – 7 kBT.

For instance, for uSP ¼ 9 kBT, the minimum default nonspecific attraction

strength is uNS ¼ 2 kBT unless otherwise noted.

All simulations were run on LAMMPS MD package (53) on parallel 40-

core processors. Error bars are calculated by averaging the results of a min-

imum of three independent runs and are not shown if they are smaller than

the corresponding symbol size. Python NumPy package (54) and VMD

or OVITO (55,56) are used for data analysis and the visualizations,

respectively.
Calculation of off rates

At the beginning of a simulation (i.e., t ¼ 0), initially DNA-bound proteins

are initialized in direct contact with their binding sites. That is, the distance

between a protein’s binding domain bead and the closest binding-site bead

is R0%1:0sz3:4 nm. As time progresses in the simulations, the n0 initially

DNA-bound proteins leave their binding sites. The number of proteins re-

maining on their binding sites, n(t), is monitored as a function of the simu-

lation time, t. If a bound protein diffuses out of a spherical region defined by

a cutoff radius, Rc, centered around the center of mass of the binding site

(red beads in Fig. 1), the protein is tagged as dissociated. Note that after

benchmarking various cutoff values of R0<Rc%4s, a minimal number of

rebinding events is observed for Rc ¼ R0 þ 1sz2:0sz7 nm and used as

a criterion for dissociated proteins (see Figs. S5 and S6). Therefore, we

probe the microdissociation of proteins to a distance roughly equivalent

to the protein size (i.e., self-diffusion distance). If a dissociated protein re-

binds to DNA, it is not counted in the surviving bound proteins, n(t). The

survival-fraction data are fit by a single exponential to determine the off

rates,

nðtÞ� n0 ¼ exp
��k off t

�
; (1)

where k off is the off rate with the units of simulation time, which is matched

to the self-diffusion time of a protein with a size of 6.8 nm (�250 ns) (43).

A sample decay curve is shown in Fig. 1 D. Further details on the MD sim-

ulations and estimations are provided in the Supporting material.
RESULTS

The dissociation of specific DNA-binding
proteins shows the characteristics of FD

To investigate the FD of specific proteins in the confinement
of a prokaryotic cell, we monitor the initial dissociation of
DNA-bound proteins off their specific binding sites in the
absence or presence of prescribed concentrations of initially
unbound proteins (Fig. 2). Once the proteins dissociate, they
can rebind to DNA polymer at the same or another specific
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FIGURE 2 The evidence for the facilitated dissociation in the cellular confinement. (A) Representative rescaled survival fraction data of n0 ¼ 120 initially

DNA-bound proteins for various concentrations of initially unbound proteins. The proteins interact with DNAvia specific and nonspecific attractions of uSP¼
9 kBTand uNS¼ 2 kBT, respectively. The solid curves are the exponential fits (Eq. 1). The regions with lighter colors indicate the error bars. (B) The off rates

extracted from the survival fraction data as a function of unbound protein concentration for various protein-DNA attractions. The data points are joined to

guide the eye. (C) Monomeric and dimeric TF models at their bound and unbound states. The dashed half circles illustrate the cutoff distance used to deter-

mine whether a protein is bound or unbound. (D) Quasi-equilibrium bound fractions and fold changes in off rates of proteins on the specific binding sites

obtained from the separate simulations with monomeric and dimeric protein models. The bound fractions are in the presence of initially 200 mM unbound

protein levels with corresponding valency. Fold changes are calculated with respect to corresponding SD cases (i.e., no initially unbound proteins). To see this

figure in color, go online.
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site. Alternatively, the protein can bind to nonspecific DNA
with a lower affinity or stay DNA-free inside the cellular
volume (23).

One key parameter in our simulations is the protein-DNA
attraction strengths that can provide realistic residence times
for our model NAPs. Typical specific energy strengths of Fis
range between usp ¼ 20 and 30 kBT as estimated via theo-
retical calculations (51), experiments of Fis-assisted loop
formation (30), and potential mean force simulations (50).
Such interaction strengths can lead to residence times on or-
ders of seconds to minutes (57), which are beyond the prac-
tical limits of current computational studies. Thus, in our
simulations, we chose specific binding energies ranging be-
tween usp¼ 9 and 12 kBT, which are high enough to provide
stable protein-DNA complexes but low enough to observe
SD within the duration of our simulations (see Figs. S3
and S4).

In Fig. 2, we show representative dissociation curves of
initially DNA-bound proteins leaving their specific binding
sites to be replaced by solution-phase proteins at various
concentrations. In the case of SD, for which bound proteins
fall off from their specific binding sites in the absence of
solution-phase proteins, the dissociation of DNA-bound
proteins is significantly slow (i.e., less than 100% of the pro-
teins leave their binding sites within the maximum simula-
tion time) (top curve in Fig. 2 A). However, as the
concentration of initially unbound proteins is increased,
the dissociation curves decay more rapidly, indicating that
DNA-bound proteins stay on average for a shorter time on
their specific binding sites (Fig. 2 A). For instance, at a pro-
tein concentration of 60 mM (1 protein copy per 160 bp),
almost all initially DNA-bound proteins leave their specific
binding sites after several milliseconds (blue curve in Fig. 2
A). This concentration-dependent behavior of dissociation
curves is robust and observed for higher DNA-protein at-
tractions (Figs. 2 B and S3) and consistent with the previous
dissociation measurements in the single-molecule experi-
ments (8,12).

Next, to observe whether the dissociation responses
follow a typical FD pattern, we extract the off rates by fitting
each dissociation curve by a single exponential function
(i.e., Eq. 1). As the binding attraction is increased or the
concentration is decreased, the extraction of the off rates
is rather limited because of the slow dissociation of
Biophysical Journal 121, 1119–1133, April 5, 2022 1123
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DNA-bound proteins (Figs. 2 A and S3). Hence in our off-
rate calculations, we use a dissociation curve only if more
than 40% of DNA-bound proteins dissociate in the corre-
sponding simulation. As expected from the conventional
FD behavior (8,12), the calculated off rates of the specif-
ically binding proteins exhibit a consistent increase with
the increasing concentration of initially free proteins
(Fig. 2 B). Over a concentration range of 10–200 mM, the
off rates accelerate up to 10-fold as compared with their
SD values.

The overall profile of the off rates in Fig. 2 B is also
consistent with the theoretical model (12,20): as the concen-
tration increases, a linear increase in the off rates at the low
concentrations (taking place within a concentration range of
�10–50 mM) is followed by a much weaker increase (Fig. 2
B). Notably, as the nonspecific attraction between the pro-
teins and DNA becomes weaker (i.e., the value of mNS is
dropped from 5 to 2 kBT), the effect of the concentration in-
crease on the off rates becomes stronger (squares versus di-
amonds in Fig. 2 B). We will further discuss the effect of
nonspecific interactions on dissociation kinetics in the
following subsections. While the observed concentration
dependence of the off rates qualitatively agrees well with
the FD mechanism (8,12,23), the off-rate values in the sim-
ulations are higher than those observed experimentally,
which we attribute to the re-scaling of the protein-DNA
attraction energies. Nevertheless, the systematic increases
in the off rates within the studied concentration range
demonstrate the drastic effect of solution-phase proteins
on the dissociation kinetics of specifically DNA-binding
proteins in bacterial nucleoid.
Monomeric proteins have a weaker dissociation
response than dimeric proteins

To ensure that the concentration-dependent effects we
observe above are indeed FD, we decide to test the relation
of FD to the multivalency of the DNA-binding proteins (20).
Protein multivalency can allow a DNA-bound protein to
visit intermediate binding states on DNA (e.g., a protein
may bind to DNA via some, but not all, of its noncovalent
inter-molecular interactions) (Fig. 2 C). In this way, the
DNA-bound protein can partially expose the binding site
for unbound proteins. Because the binding of a free protein
to the exposed binding site becomes more likely with
increasing (unbound) protein concentration, a state in which
more than one protein shares a single binding site can occur.
Consequently, this relatively less stable complex can accel-
erate the dissociation of the originally bound protein (8).

In our default dimeric protein model, the multivalency is
achieved by the two independent binding domains (Fig. 1
C). We hypothesize that replacing all of our dimeric proteins
with their monomeric counterparts should weaken or
diminish concentration-dependent off rates in the simula-
tions. This is mainly because a monomeric protein is
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composed of a single bead and thus can be either in a
DNA-bound or free state and should exhibit no binding in-
termediates (Fig. 2 C).

While running our monomeric protein (i.e., single-bead)
simulations, we choose to set the interaction strengths per
bead to match those of a dimeric protein with specific
uSP ¼ 9 kBT and nonspecific uNS ¼ 2 kBT attraction
strengths. As we will discuss later, these interaction param-
eters do not lead to a compact chromosome structure for
dimeric proteins and allow us to focus solely on protein-con-
centration effects. Nevertheless, monomeric proteins with
uNS ¼ 2 kBT lead to a highly compact chromosome (see
Fig. S7). Thus, we decide to adjust the nonspecific attraction
of monomeric proteins to obtain identical quasi-equilibrium
bound fractions for both dimeric and monomeric proteins
(Fig. 2 D). Then, we use this setup to monitor the effect
of solution-phase proteins in the calculated off rates with
respect to the corresponding SD cases (i.e., when initially
unbound protein level is zero).

In Fig. 2 D, we compare the fold change between the SD
and 200 mM protein concentration in the off rates of mono-
meric and dimeric proteins unbinding from monomeric and
dimeric binding sites, respectively. Note that total attraction
strength is provided equally by two beads of the dimeric pro-
teinmodel,whereas inmonomeric proteins, a single bead pro-
vides all attraction strength.Our simulations show that despite
their similar quasi-equilibrium bound fraction levels, in the
presence of 200 mM unbound proteins with corresponding
valency, the off rate of dimeric proteins increases roughly
100-fold while the off rate of monomeric proteins at the
same protein level increases only 26-fold (Fig. 2D). This sug-
gests that the effect of concentration on protein dissociation is
correlated with the multivalency of the proteins.

The kinetic phenomenon that we observe here can be
rationalized by considering a theoretical model proposing
a step-by-step unbinding of a DNA-bound multivalent pro-
tein (8,20). Accordingly, in the absence of solution-phase
proteins (i.e., SD), both dimeric and monomeric proteins
must overcome an unbinding energy barrier, which leads
to k

ð0Þ
off ¼ 1=t0expðuSP=kBTÞ, where 1=t0 is the off rate in

the absence of any barrier. However, the dimeric protein is
assumed to leave the DNA by unbinding one of its mono-
mers first and then the other one, unlike the monomeric pro-
tein that unbinds all at once (Fig. 2 C). When there are
unbound dimeric proteins in the solution with concentration
c, they can bind to the binding site partially exposed by the
dimeric protein. Consequently, off rate becomes dependent
on the solution-phase protein concentration c as follows (8):

koff ¼ k
ð0Þ
off þ ck1; (2)

where ck1 is the association rate constant of a monomeric
unit of the dimeric protein in the units of inverse time.
Thus, in our simulations, when there are no initially un-
bound proteins (i.e., k1c/0), both monomeric and dimeric
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proteins are of similar off rates. As the free proteins are
added to the cellular confinement, the second term in the
above equation kicks in for dimeric proteins and accelerates
the unbinding rate. Overall, based on our simulations with
two different protein models, we conclude that the concen-
tration-dependent phenomenon that we observe here for our
specifically binding dimeric proteins is indeed FD.
Nonspecific attraction between DNA polymer and
proteins affects the FD

The specifically interacting NAPs such as Fis can exhibit
finite and measurable dissociation constants toward a large
set of nonspecific sequences with diverse binding affinities
(58). Further, NAPs such as HU or H-NS bind to DNA
sequence nonspecifically, and in principle, their binding sites
are surrounded by binding sites with equal affinity (24).
Hence to systematically investigate the role of DNA-protein
nonspecific interactions on the FDmechanism, we run simu-
lations for various nonspecific attractions ranging as 0%
uNS%uSP by fixing the strength of specific DNA-protein
attraction, uSP. In doing so, we can model specifically inter-
acting NAPs (i.e., uNS<uSP), as well as proteins interacting
with the DNA sequence independently (i.e., uNS ¼ uSP).

Our simulations reveal the distinct dissociation responses
of specific and nonspecific DNA-binding proteins to the
increasing free protein levels. Fig. 3 A shows the off rates
for two biologically relevant concentrations, 20 and 60 mM
(i.e., one protein per roughly 400 and 160 bp, respectively),
as a function of the nonspecific attraction strength, uNS. If
the proteins interact specifically with DNA, their off rates in-
crease as a smooth saturation function with increasing pro-
tein levels and undergo an apparent FD (Figs. 2 A and 3).
A

C

B

D

That is, the higher the protein level is, the quicker the
DNA-bound protein dissociates. However, as the
nonspecific attraction between DNA and proteins is
increased, the off rate becomes visibly independent of the
protein concentration at a nonspecific attraction value of
around u�NS � 2=3uSP � 6kBT (Fig. 3 A). We observe this
behavior also for higher values of the specific attraction
(Fig. S4), suggesting that this phenomenon is not a side effect
of the lower binding energies that we use in the simulations.

As the proteins distinguish less between specific and
nonspecific DNA (i.e., uNS/uSP), the dependence of the
off rate on the concentration is completely reversed
(Fig. 3 A): unlike the conventional FD, in which off rates in-
crease with increasing concentration, the off rates of
nonspecific proteins become slower as the concentration in-
creases. This inverse FD effect is more evident when the off
rates are plotted as a function of the protein concentration
(Fig. 3 B). As the unbound protein concentration goes up,
the off rate of nonspecific proteins slows down and reaches
a plateau, at which the dissociation becomes roughly 10
times slower than the SD case (circles in Fig. 3 B).

To decipher the mechanism of this inverse FD effect, we
analyze our simulation trajectories to distinguish between
1d sliding-dominated dissociation (e.g., protein leaves the
binding site by sliding along the DNA), 3d escape (i.e., pro-
tein becomes DNA free), and segmental jump (i.e., protein
jumps from its binding site to another remote DNA segment)
(Fig. 3C). To achieve this, we monitor the positions of newly
dissociated TFs. If a TF is found attached to any neighboring
DNA bead with a range of five beads (or 50 bp) upstream or
downstream its original binding site, the TF is considered to
have undergone 1d sliding. If the TF is present near the rest of
the beads of the DNA polymer, it is marked as the segmental
FIGURE 3 The role of nonspecificity on the

facilitated dissociation of proteins. (A) Off rates

as a function of nonspecific protein-DNA attrac-

tion for two initially unbound protein concentra-

tions of 20 and 60 mM. The vertical line refers to

nonspecifically interacting proteins. (B) The calcu-

lated off rates as a function of the initially unbound

protein concentration. The proteins can bind to

DNA via specific and nonspecific interactions

(i.e., uSP>0 and uNS>0) or bind to DNA only spe-

cifically (i.e., uSP>0 and uNS ¼ 0). The specific

attraction is uSP ¼ 9 kBT in all cases. The data

points are joined to guide the eye. (C) Schematics

of 1d sliding, 3d escape, and segmental jump of the

DNA-bound proteins. (D) The percentage of pro-

teins undergoing the dissociation modes defined

in (C) at 60 mM. To see this figure in color, go

online.
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jump. If the TF did not dissociate via any of the two mecha-
nisms, it is labeled as a free protein. Our analysis shows that
specific proteins dissociate mostly (i.e., >80%) via
segmental jump, while nonspecific proteins leave their bind-
ing sites mostly by 1d sliding (Fig. 3 D). Notably, the 3d
escape is negligible for our sampling intervals of TF posi-
tions. These dissociation patterns suggest that the decrease
in off rates of nonspecific proteins with increasing concentra-
tion is a consequence of slower 1d sliding, possibly because
of proteins coating the nonspecific DNA nearby the binding
site at elevated concentrations.Wewill further discuss the ef-
fects of specific and nonspecific proteins on chromosome or-
ganization in the following sections.

Overall, our simulations suggest that nonspecifically and
specifically interacting structural proteins can exhibitmargin-
allydifferent kinetic responses to the increasing concentration
of solution-phase proteins. In the following sections, we
discuss these findings further by considering the relationship
between chromosomal structure and dissociation kinetics.
High NAP concentration leads to chromosome
compaction

Nonspecific interactions between NAPs and DNA are
known to contribute to chromosome organization (30,38).
Thus, we suspect that as the proteins condense on the
DNA polymer, the resulting structural alterations could
affect the FD of the DNA-bound proteins by the solution-
phase proteins. To quantify the chromosomal structural
changes, we analyze the chromosome organization both
visually and by calculating the quasi-equilibrium radius of
gyration of the DNA polymer, Rg, for various nonspecific
attraction strengths and protein concentrations.

In our simulations, the initial configuration of the nucleoid
structure fills roughly 40% of the overall cellular volume
(Fig. 1 A). Depending on the protein levels and protein-
DNA nonspecific attraction, the nucleoid either swells to fill
the entire cell volume or collapses down to its smallest size,
which is dictated by the bead-bead steric interactions (Fig. 4
A–D). In a protein-free system, the size of the chromosome
is mainly determined by the dimensions of the cellular
confinement. For our chromosome model, this number is
Rg � 170 nm (the horizontal line in Fig. 4A and upper panels
of Fig. 4 B–D). Notably, this open chromosome structure is in
accord with the Hi-C contact maps of Fis-deficient cells
(59,60).

We first consider the case where proteins can bind the
whole DNA but cannot form stable complexes with nonspe-
cific DNA because of the low protein-DNA nonspecific
attraction (in our simulations, this attraction limit is
uNS%3kBT). In these cases, the chromosome size has no
apparent dependence on the protein concentration, and Rg

is close to its protein-free value (Fig. 4 A and B). However,
even in this swollen chromosomal structure, the proteins
form clusters by bridging multiple specific (high-affinity)
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binding sites (left panel of Fig. 4 E). Because, in our model,
there are no protein-protein or DNA-DNA attractions, such
DNA bridges are possible only if proteins are shared by mul-
tiple specific sites (43,61). Although the bridges anchor
multiple protein-free DNA segments, they are unable to
compact the chromosome even at the highest protein levels
that we use here (i.e., 200 mM or 1 protein per 60 bp). Hence
the resulting swollen polymer structure pervades the entire
cellular volume regardless of the protein level (Fig. 4 B).
Notably, the protein clusters are dynamic and contain on
average several tens of proteins, and the average cluster
size is not affected by the protein concentration (Fig. S8).

Contrarily, if proteins can form stable complexes with
both specific and nonspecific DNA, chromosome compac-
tion exhibits a highly concentration-dependent behavior
(Fig. 4 A–D). At low protein levels (i.e., lower than
20 mM or 1 protein per less than � 400 bp), we observe
evenly distributed nodes composed of several tens of
proteins for both specific and nonspecific proteins (Fig. 4
C–E). As the protein concentration is increased further
(>20 mM), proteins form larger (i.e., >40–50 proteins)
and inter-connected multiprotein-DNA complexes (Figs. 4
C–E and S8). For specific proteins, we observe in our sim-
ulations that genomic regions containing relatively high-af-
finity binding sites act as nucleation sites for the formation
of larger clusters (Video S1). Nonspecific proteins, in
contrast, tend to form more 1d-like structures as compared
with the specific ones, as shown in Fig. 4 E, in accord
with the previous observation with model H-NS proteins
(43). As the protein concentration is increased gradually,
the chromosomal structure shrinks in a concentration-
dependent manner (Fig. 4 A–D). Notably, even though there
is no torsional component in the DNA-polymer model, cir-
cular structures, in which multiple DNA segments are juxta-
posed by specifically interacting proteins, emerge (Fig. 4 E).

At the highest protein level that we consider here (i.e., 1
protein per 60 bp), the chromosome completely collapses
into a globular structure similar to a polymer chain in
poor solvent conditions (bottom panels in Fig. 4 C and D).
Such collapse requires a nonspecific attraction greater than
uNS > 3 kBT) (Fig. 4 A). Notably, nonspecific proteins
seem to be more effective in compacting the chromosomal
structure (Fig. 4 A). These protein-induced structures are
consistent with the high-resolution force-spectroscopy im-
ages of Fis-induced compaction of isolated DNA segments
at similar protein levels (38). Overall, our simulations
show that nonspecific interactions significantly increase
the capability of structural NAPs to compact the chromo-
somal structure in a concentration-dependent manner.
Chromosome compaction affects protein-
dissociation kinetics

Returning to our discussion on dissociation kinetics, in our
calculations, the average off rates are determined on the first
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FIGURE 4 Chromosome compaction and facilitated dissociation. (A) The calculated values of radius of gyration, Rg, of chromosome structure as a func-

tion of nonspecific attraction for three concentrations of initially unbound proteins. The vertical line indicates the protein-free nucleoid size in the simula-

tions. (B–D) Representative snapshots of chromosomal structures for the initially unbound Fis concentrations of 0, 20, 60, and 200 mM (left-to-right) for a

specific (SP) binding energy of uSP¼ 9 kBT. Initially bound and unbound proteins are both marked by the same colors in the snapshots. The beads of the cell

boundary are indicated by magenta. (E) Close-up views of protein clusters for various concentrations for the cases in (B)–(D). (F) The off rates versus Rg for

various protein-DNA cases. The dashed curves are linear regression fits to guide the eye. (G) Off rates were obtained in a restrained DNA-polymer system as a

function of preset Rg values. To see this figure in color, go online.

Facilitated dissociation
dissociation events of the initially DNA-bound proteins. In
some cases, the average timescales of chromosomal organi-
zation and protein dissociation are not well separated (i.e., a
quasi-equilibrium polymer configuration is not reached at
the instant of initial dissociation) (Fig. S9). However, a com-
parison between the off rates and chromosome size could
serve to identify the mechanism of the different concentra-
tion responses of nonspecific and specific DNA-binding
proteins because nonspecificity drastically affects the chro-
mosomal compaction (Fig. 4 A–E).
In Fig. 4 F, we compile the off rates of various protein-
DNA interaction scenarios from Figs. 2 and 3 and plot
them as a function of the corresponding quasi-equilibrium
chromosome size, Rg. Note that because the quasi-equilib-
rium chromosome size depends on the protein concentra-
tion, re-plotting the off rates as in Fig. 4 F could serve as
an alternative way of probing the relationship between
NAP concentration and dissociation kinetics by observing
mesoscale chromosome size. The inverse concentration
response of the off rates of specifically and nonspecifically
Biophysical Journal 121, 1119–1133, April 5, 2022 1127
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FIGURE 5 Heterotypic behavior of FD. (A) The off rates of proteins that

interact with DNA with a specific binding strength of uSP ¼ 9 kBT for

various concentration of initially unbound proteins. The specific DNA bind-

ing attraction of the initially unbound proteins is uSP ¼ 8, 9, or 10 kBT. In

all cases, the nonspecific attraction is uNS ¼ 2 kBT. (B) The off rates at a

concentration of 60 mM for three cases, when the initially unbound proteins

have lower, equal, and higher affinity than initially DNA-bound proteins

(unpaired, 2-tailed, Student’s t-test). To see this figure in color, go online.
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DNA-binding proteins shown in Fig. 3 B also persists in
Fig. 4 F. For specific proteins, the fastest off rates corre-
spond to the minimum size of the chromosomal structure
(at the maximum protein level). Contrarily, for nonspecific
proteins, the fastest off rates correspond to the most open
chromosomal structure (at the minimum protein level)
(Fig. 4 F). For completeness, we also add the data for the
proteins that bind to nonspecific DNA very weakly while
forming stable complexes with a limited number of specific
DNA sites (orange symbols in Fig. 4 F). Because these pro-
teins cannot change the genome size, Rg, by themselves in
our simulations (Fig. 4 B), their off rates depend only on
protein levels and accumulate at the maximum Rg value.

Our simulations suggest that if nonspecific attractions are
strong enough, high NAP levels can decrease the chromo-
some size and consequently increase the nucleic acid con-
centration within the pervaded volume of the chromosome
(Fig. 4 A). This compaction may cause a DNA-segmental
type of FD (22) or change the frequency of protein rebinding
events to the DNA polymer (62). Hence to decouple the
compaction (or expansion) of the chromosome from the pro-
tein dissociation, we restrain the self-avoiding walk config-
uration of the DNA polymer at prescribed Rg values (i.e., no
thermal fluctuations occur for the polymer) and run a large
set of protein-dissociation simulations (Fig. 4 G). In these
simulations, the proteins can unbind from and bind to the
DNA but are unable to change its conformation.

If we choose an unbound protein level of 60 m M, for
which we observe a considerable amount of FD-related ef-
fects (Figs. 2 and 3), the effect of Rg variations on calculated
off rates shows a systematic dependence on protein-DNA
nonspecific interaction strength (Fig. 4 G). For specific
proteins that interact weakly with nonspecific DNA (i.e.,
uSP[uNS), off rates are the highest regardless of the chro-
mosome size (squares in Fig. 4 G). As the nonspecificity is
increased, off rates slow down for the entire range of Rg

cases (circles in Fig. 4 G).
Among the three protein types we consider here, off rates

of the proteins that can bind to the whole DNA nonspecifi-
cally (i.e., uSP ¼ uNS) visually have no dependence on Rg.
Given that the main mechanism of dissociation for nonspe-
cifically interacting proteins is 1d sliding along DNA (Fig. 3
C and D), and chromosome compaction in principle should
not interfere with such 1d sliding, the weak dependence of
off rates of nonspecific proteins on Rg is consistent with
the data in Fig. 4 G. Contrarily, for proteins interacting
weakly with nonspecific DNA, decreasing Rg increases the
calculated off rates. For those proteins, the segmental
jump is the main mode of dissociation (Fig. 3 C and D).
Consistently, as Rg decreases, the average distance between
DNA segments (i.e., polymer correlation length) decreases,
which in turn can accelerate the off rates via segmental
jumps by shortening average distances between DNA seg-
ments (Figs. 4 G and S10). Overall, our MD simulations
suggest that chromosome compaction can affect the off rates
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of specific DNA-binding proteins, while compaction has a
weak effect on the dissociation of nonspecifically interact-
ing proteins because of different dissociation modes of
two protein types.
DNA-bound proteins are replaced by both lower-
and higher-affinity proteins via FD

So far in our simulations, the initially DNA-bound and un-
bound proteins have an equal binding attraction toward the
DNA. Nevertheless, various NAPs and their mutants can
coexist and compete for the same binding site with relatively
small differences in their affinities (52,63). For instance,
dissociation constants of K94A mutant and wild-type Fis
differ by a factor of � 4 (52), which may result in
�1 kBT difference in the DNA-protein attraction (see Sup-
porting material for calculations). Moreover, DNA-bound
Fis/HU was shown to exchange with HU/Fis molecules
from solution in single-molecule experiments, indicating
the heterotypic nature of FD (8). Similarly, H-NS proteins
were shown to be displaced by Salmonella enterica regu-
lator protein SsrB (33).

To reveal the competition between DNA-bound and free
proteins from solution but with relatively lower/higher affin-
ities, we perform additional simulations by setting an attrac-
tion difference of�1 kBT between the initially unbound and
initially DNA-bound proteins. For simplicity, we choose
uSP ¼ 9 kBT and uNS ¼ 2 kBT for initially DNA-bound pro-
teins, for which the protein levels have no effect on the chro-
mosome size (Fig. 4 A and B). Our simulations show that
both relatively lower- (uSP ¼ 8 kBT) and higher-affinity
(uSP ¼ 10 kBT) proteins are able to accelerate the dissocia-
tion of the DNA-bound proteins efficiently (Fig. 5 A). How-
ever, the solution-phase proteins are more effective in
stripping the lower-affinity DNA-bound proteins off the
DNA: solution proteins with uSP ¼ 10 kBT can facilitate
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the off rate of uSP ¼ 9 kBT proteins approximately seven
times more as compared with the initially free uSP ¼ 8
kBT proteins (Fig. 5 B). This suggests that even a small dif-
ference in affinities can play a key role in hierarchical disso-
ciation of the proteins on a DNA.
DISCUSSION

To summarize, our extensive coarse-grained MD simula-
tions, where the DNA-bound proteins are allowed to leave
their binding sites along a self-avoiding, circular, and
confined DNA polymer, show that both specific and nonspe-
cific NAPs modulate their off rates depending on their
cellular concentration levels. As the concentration of solu-
tion-phase (DNA-free) structural proteins increases, the pro-
tein off rate increases for specifically DNA-binding proteins
but decreases for nonspecific proteins (Figs. 2 and 3).
Detailed analyses of our simulation data reveal that specific
proteins leave their binding sites by mostly jumping to a
remote DNA segment. As nonspecific interactions between
proteins and DNA increase, 1d sliding becomes the primary
mechanism for dissociation (Fig. 3 C and D). For the same
reason, nonspecific proteins are less prone to be influenced
by chromosome compaction as compared with specially
DNA-binding proteins (Fig. 4 G). Further, the simulations,
where DNA-bound and solution-phase proteins have
different affinities, demonstrate that the affinity determines
the winner of the kinetic competition between the two
different protein species competing for the same binding
site, and the proteins with higher affinity can shorten the
residence time of lower-affinity DNA-bound proteins
(Fig. 5). Our simulations also show that nonspecific DNA-
protein attraction has a substantial effect on the off rates
of proteins dissociating from a folded chromosomal struc-
ture even though the proteins unbind from their specific
binding sites (Fig. 2 B). In the following subsections, we
will discuss in more detail our findings in the context of
DNA residence times and gene regulation.
Concentration-dependent residence times of
NAPs can have regulatory effects on transcription

As bacterial DNA-binding proteins, TFs demonstrate
sequence-specific recognition and binding behaviors. They
control the flow of the genetic information via promoting
or repressing transcription by enhancing the recruitment of
RNAP (or cofactors) or preventing its binding to target
DNA. Hence mRNA expression can be initiated or halted.
The first step to this process is the binding of a TF to its
target site. When the cellular concentration of the TF in-
creases, the probability of the protein to find its DNA target
site increases linearly with the concentration (64). Once the
TF binds to its recognition site, upregulation or downregula-
tion of the corresponding gene occurs. However, this view
implicitly assumes that (1) the concentration affects only
on rates (i.e., association rate) but has no effect on the off
rates, which is defined as the reciprocal of the residence
time of the protein on its DNA target site; and (2) once
the TF is bound to its target site, how long it stays there
does not change its transcriptional output (e.g., mRNA
expression by the cell).

A series of in vitro single-molecule studies have already
challenged the first assumption and show that off rates of
initially DNA-bound Gfp-Fis or HU become faster as the so-
lution-phase concentration of the proteins is increased
(8,12,13). Several computational studies mostly based on
the single-molecule experimental setups (i.e., protein disso-
ciation from constrained DNA segments or isolated and
stretched chromosomes) also supported those observations
(12,36,37). Our simulations go beyond those in vitro sin-
gle-molecule experiments/simulations and demonstrate
that structural dual-purpose proteins can exhibit concentra-
tion-dependent dissociation patterns also in a nucleoid-like
environment, in which protein levels are directly coupled
to chromosome organization. Our findings suggest that
sequence-specific proteins such as Fis can stay shorter on
their target sites with increasing Fis levels, and thus may
couple their transcriptional activity with the duration of
DNA occupancy. Proteins with no sequence specificity
such as HU, in contrast, can maintain their binding positions
longer as their cellular levels increase. This property can
allow them to form stable higher-level protein complexes
and limit the gene accessibility effectively while facilitating
the disassembly of the complexes as the protein levels
decline (Fig. 3). This view is also consistent with long
DNA occupancy times of HU and H-NS proteins (i.e.,
99% of the total target search time), which can assemble
into large protein clusters on a DNA (65). In addition, a
TF protein may respond differently to the concentration
fluctuations depending on DNA sequences surrounding a
promoter site. If the nonspecific and specific affinities of
the protein are too close, the protein can exhibit a mixed
response to the increased concentration of solution-phase
proteins.

The second assumption to challenge is whether the tran-
scription output of a gene depends on the residence time of
the corresponding regulator. The competition chromatin
immunoprecipitation experiments on the Saccharomyces
cerevisiae Rap1 TF protein showed a direct correlation be-
tween the DNA residence time and transcriptional output:
while transcriptional initiation, RNAP recruitment, and
cellular transcript levels were all coupled to long residence
times, low transcript levels were correlated with rapid un-
binding even though DNA occupancy of the protein was
similar in both cases (4). Another Saccharomyces cerevisiae
TF, Abf1, has also exhibited one order of magnitude varia-
tion in the off rates on different binding sites, each of
which is related to a different functionality (5). Interestingly,
on the sites with relatively higher residence times, Abf1
seems to roadblock a transcribing RNAP more efficiently
Biophysical Journal 121, 1119–1133, April 5, 2022 1129
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as compared with the sites with lower residence times. More
recently, by tuning DNA residence times via altering the
number of nucleotide-recognizing repeat domains of
transcription activator-like effectors (TALEs), residence-
time-dependent repression of the glucocorticoid-receptor-
activated gene SGK1 by TALE was studied (3). In those
well-controlled systems, longer residence times were corre-
lated with low transcript levels (i.e., stronger repression). In
a separate study, the same group also studied the activation
by TALE and showed that longer residence times on the
target site can enhance transcription by allowing more effi-
cient recruitment of transcription components (e.g., RNAP
or cofactors) (6). Notably, although the aforementioned ex-
periments did not address the concentration dependence of
TALE dissociation, TALEs were shown to displace one
another along the DNA (16). Interestingly, our analysis on
the approach paths of competitor proteins shows that most
competitors slide along the DNA to reach occupied binding
sites (see Fig. S11). Thus, based on those findings and our
results, we can postulate that if the residence time of a TF
affects its transcription output, any physiological input
modulating the residence times, such as the concentration
of binding competitors, can also be a regulatory component.
In the case of dual-purpose TFs (i.e., Fis), this modulation is
intermingled with alterations in chromosome structure
induced by the protein itself.
A tentative molecular picture for NAP-induced
chromosome compaction

The high-resolution contact maps of E. coli chromosomes
revealed a correlation between the high expression levels
and chromosome structures that are rich in short-range con-
tacts (60). Furthermore, several fluorescence studies demon-
strated that Fis, along with HN-S and RNAP, can form foci
in bacterial cells growing rapidly (66,67). The 3d STORM
studies demonstrated that although Fis and HU can localize
in large interconnected protein complexes (i.e., >200 nm),
H-NS can oligomerize into discrete nodes anchoring distant
loci (67). High-resolution MD models harvesting Hi-C data
revealed a higher density of AT-rich sequences near the
central section of bacterial volume (39), suggesting large as-
semblies of NAPs. Our simulations may present a molecular
picture for the formation of such potentially transcription-
ally active protein-DNA structures in a concentration-
dependent manner.

At low protein concentrations (i.e., �10 mM), site-spe-
cific NAPs mainly manage to bridge multiple specific
DNA binding sites into protein clusters (Fig. 4 E). These
clusters are spread evenly throughout the relatively open
bacterial chromosomes, consistent with super-resolution
fluorescence microscopy of H-NS (67). Further, multiscale
loop-like structures that are poor in high-affinity sites are
anchored by these protein clusters (Fig. 4 B), confirming
that such high-affinity sites can be functional in organizing
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DNA (61,68). Noteworthy, in our quasi-equilibrium config-
urations, the nonspecific DNA segments are mostly protein
free except those neighboring the specific sites, suggesting
the role of specific sites in the initiation of protein-DNA
complexation from high-affinity sequences (61,69).

As the concentrations of structural NAPs approach their
in vivo peak levels (i.e., �50 mM for Fis or �40 mM for
HU), two distinct behaviors emerge depending on the bind-
ing mode of the protein. For specifically interacting Fis-like
proteins, the protein clusters become fewer on merging,
indicating the higher-order organization of specific DNA
binding sites (Fig. 4 C; Video S1). For nonspecifically inter-
acting proteins (e.g., HU), protein-DNA complexes tend to
form elongated structures bridging multiple DNA segments
(Fig. 4 D and E). We should underline that these protein-
DNA assemblies emerge despite the absence of a net attrac-
tion between the proteins and induce an attraction between
remote DNA segments as observed for H-NS (43). At excess
protein levels greater than �100 mM, protein-DNA com-
plexes shrink the chromosomes into highly compact struc-
tures (Fig. 4 C–E). All proteins are trapped inside or on
the surface of the structures. Further, our simulations also
suggest that nonspecifically interacting proteins seem to
compact the chromosome more efficiently (Fig. 4 A) even
though they tend to form filamentous protein-DNA com-
plexes. Such compact DNA structures can act like steric fil-
ters and may exclude the large-size macromolecules (i.e.,
ribosome) from the nucleoid (67).

For proteins that interact with DNA mostly specifically
(e.g., their diffusion coefficients in bulk and on nonspecific
DNA are similar), our simulations suggest a strong conven-
tional FD but no protein-induced compaction (Fig. 4 B).
Interestingly, the lack of H-NS was shown to cause minimal
changes in the nucleoid volume as well (47), suggesting that
such nonspecific NAPs may undergo FD at least in a loose
chromosomal structure. Nevertheless, the compaction of
the chromosome by other structural NAPs can also change
the DNA residence times of these proteins in a chromo-
some-organization-dependent way (34).
Chromosome organization can affect the
facilitated dissociation response of DNA-bound
proteins

The 3d chromosome structure is another component of tran-
scriptional regulation (70–72). Chromosome compaction or
loosening by structural NAPs can affect the recruitment of
RNAP by changing the porosity of nucleoid (73). Our sim-
ulations suggest that alterations in the 3d chromosomal or-
ganization by NAPs can change the residence times of
DNA-binding proteins (Fig. 4 G) and thus could be a modu-
lator of gene regulation. Our MD simulations at prescribed
chromosome-compaction levels suggest that this architec-
tural regulation can vary for specific and nonspecific
NAPs differently (Fig. 4 G). As nonspecific protein
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concentration is increased, DNA segments are coated by
elongated multiprotein complexes (Fig. 4 E). Because
nonspecific proteins tend to leave their initial binding posi-
tions mostly by sliding toward neighboring binding sites
(Fig. 3 D), the dissociation of an initially DNA-bound pro-
tein can be blocked by the proteins occupying neighboring
binding sites. Hence, unlike specific proteins, nonspecific
proteins exhibit a decaying off rate (longer residence times)
with increasing solution-phase protein concentration. We
should note that a TF’s residence time does not necessarily
have to be coupled to its ability to change chromosomal ar-
chitecture. Even though the TF has no structural roles, alter-
ations in chromosome organization can, for instance,
promote segmental jumping between binding sites. Accord-
ingly, the opposite responses of DNA residence times of apo
and holo forms of metal-sensing TFs against chromosome
compaction in live E. coli cells may be related to the phe-
nomenon that we observe in our simulations (34,35).
FD, chromosome organization, and the functional
diversity of Fis

Fis can participate in the regulation of more than 200
genes, including itself either as an activator or repressor
necessary for growth, replication, and energy metabolism
(25,52,74–76). Despite the high coarse-graining level of
our dimeric protein model, our simulations could offer
some clues about the broad functional diversity of Fis, as
follows: (1) during the early stages of the growth, a gradual
increase in Fis levels can modulate Fis residence times
differently on different target sequences via FD; (2) as Fis
concentration increases, its negative autoregulation capacity
may decrease via FD (i.e., it cannot exclude RNAP effec-
tively from the target sites because of fast turnover rates);
particularly, this behavior can pursue through the lag phase
to the early exponential phase; and (3) Fis could also lead to
a temporal DNA compaction via protein-dense clusters at
the regions containing Fis-regulated genes. Depending on
the affinity of nonspecific sites surrounding the gene or
the physical proximity of other specific sites nearby the
gene, DNA compaction may inhibit RNAP’s access to these
gene-rich regions in a selective way.

To determine whether there is a correlation between Fis
concentration and transcriptional activity, we revisit the
time courses of cellular Fis and transcript levels under nutri-
tional upshift from the literature (see fig. 2 of Ref. 25).
Because the expression of Fis is significantly regulated
at the transcriptional level, protein abundance is
expected to be similar to the transcript levels with a time
lag of �10 min (25). Accordingly, when the cellular level
of Fis reaches halfway through its maximum, the transcript
level of Fis is already at its maximum. Consistently, the
available DNAmicroarray expression profiles show a cumu-
lative upregulation pattern for Fis-regulated genes within
the early exponential phase (75). Once the Fis level attains
its maximum at around >50 mM (i.e., the level at which
we observe high DNA compaction and dense protein-
DNA arrays in our simulations), Fis levels begin to decrease
(25,75). The decrease continues from the early logarithmic
phase to the stationary phase. Within this interval, the tran-
script levels of Fis also decrease from its peak level to van-
ishing values, suggesting a decreasing regulatory activity of
Fis. We speculate that this reduction could be because of
DNA compaction and/or dense protein clusters that can
extend the residence times of Fis on DNA and thus its
repressive activity.

As a final remark, the chromosome model we use here
oversimplifies various physical and chemical properties of
the genome while maintaining its major polymer properties.
For instance, our model captures semi-flexibility of double-
stranded DNA but cannot capture supercoiling of DNA by
NAPs because of the absence of dihedral potentials (such
approach would also require special coarse-grained protein
models that can distort double-stranded DNA in protein-
specific ways). We also assume a simplistic view of genome
sequence by defining only two sets of binding interactions
for specific and nonspecific binding sites. In reality, the pro-
tein-genome interaction landscape is more diverse, and the
inclusion of this complexity is necessary, for instance, to
accurately model genome-wide contacts in a model system
(39). Notably, such diversity in attraction strengths could
also lead to a power of law behavior for residence times
(77). Yet, for the scope of this study, we think that our
coarse-graining level of the genome is sufficient to obtain
qualitative predictions on the concentration-dependent
dissociation behavior of NAPs and protein-induced chromo-
some compaction.

In conclusion, our extensive MD simulations suggest that
off rates of proteins falling off from a folded DNA polymer
could be correlated with cellular protein levels and the chro-
mosomal organizational changes that the proteins cause.
Noteworthy, predictions suggested by our simulations should
be considered with care given that the available timescale for
the simulations is very limited (e.g., milliseconds), andmany
interaction cascades are integrated out. Nevertheless, the ef-
fects that we demonstrate here could contribute to regulatory
roles of transcriptional protein by modulating their genome-
wide residence times. An investigation of genome-wide off
rates for proteins such as Fis by using dynamic chromatin
immunoprecipitation or other experimental tools (4,5) would
reveal such mechanisms. Finally, beyond prokaryotic cells,
the phenomenon that we demonstrate here is very likely to
be functional in eukaryotic cell nuclei as well, given that
some structural DNA-binding proteins, such as histone,
have already been shown to undergo FD (17,78).
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