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ABSTRACT: Transcription is a fundamental biological process of transferring genetic
information which often occurs in stochastic bursts when periods of intense activity
alternate with quiescent phases. Recent experiments identified strong correlations
between the association of transcription factors (TFs) to gene promoters on DNA and
transcriptional activity. However, the underlying molecular mechanisms of this
phenomenon remain not well understood. Here, we present a theoretical framework
that allowed us to investigate how binding dynamics of TF influences transcriptional
bursting. Our minimal theoretical model incorporates the most relevant physical-
chemical features, including TF exchange among multiple binding sites at gene
promoters and TF association/dissociation dynamics. Using analytical calculations
supported by Monte Carlo computer simulations, it is demonstrated that transcriptional
bursting dynamics depends on the strength of TF binding and the number of binding
sites. Stronger TF binding affinity prolongs burst duration but reduces variability, while
an optimal number of binding sites maximizes transcriptional noise, facilitating cellular adaptation. Our theoretical method explains
available experimental observations quantitatively, confirming the model’s predictive accuracy. This study provides important
insights into molecular mechanisms of gene expression and regulation, offering a new theoretical tool for understanding complex
biological processes.

Gene transcription is a tightly regulated process that
involves complex interactions between proteins and

nucleic acids. It begins with protein transcription factors (TFs)
binding to specific DNA segments in gene regulatory regions,
such as promoters or distal enhancers.1,2 These TFs then
recruit other proteins such as coactivators, chromatin
remodelers, and modifiers to prepare the system for gene
activation.3 This facilitates the assembly of the preinitiation
complex, which includes transcription factors and RNA
polymerase II (Pol II). Once assembled, Pol II initiates the
transcription by escaping from the promoter and starting to
synthesize mRNA by copying the gene.4 Due to the random
nature of molecular interactions and the low number of gene
copies in the cellular nucleus, each step of transcription is
inherently stochastic, leading to large fluctuations. Addition-
ally, mRNA production is not continuous but occurs in bursts,
characterized by periods of transcriptional activity during
which a gene produces several mRNA molecules, followed by
periods of quiescence without transcription.5−10 This phenom-
enon is known as transcriptional bursting, and it has been
observed in various species ranging from bacteria11−13 to
yeast14,15 and to mammals.16−18 While these observations
suggest that transcriptional bursting is a universal phenomenon
in gene expression, the molecular mechanisms underlying this
process remain largely not well understood.
Multiple biochemical and biophysical factors, including

sequences of regulatory elements,10 enhancer-promoter

interactions,19,20 chromatin modifications,21 nucleosomes turn-
over,22 polymerases clustering,23 TFs clustering24 and DNA
supercoiling,25,26 have been shown to influence the transcrip-
tional bursting. Among these factors, the binding kinetics of
TFs have recently emerged as probably the most crucial
element in regulating transcriptional activities. An increasing
body of experimental data indicates that the bursting dynamics
can be controlled by varying the stability of TF-DNA
interactions.22,27−33 For instance, recent single-molecule
tracking measurements of transcription factor Gal4 binding
kinetics with real-time mRNA synthesis observation in yeast
have revealed that longer TF residence times are associated
with increased burst duration.22 This correlation suggests that
transcription can continue as long as the TF remains bound to
the DNA. Similarly, in mammalian cells, the glucocorticoid
receptor (GR) has been studied with comparable high-
resolution techniques, and it has been observed that stimuli
increasing the amount of GR bound to chromatin enhance
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burst frequency, while longer GR residence times control burst
duration.31

While the experiments identified the strong connection
between TF binding and bursting dynamics, there is a notable
discrepancy between the time scales of these two processes.
TFs bind to DNA transiently, and the duration of such events
is in the order of seconds,34−36 while the time scale of
transcriptional bursting typically ranges from minutes to
hours.16,37 This raises the question of how these transient
TF−DNA interactions can influence prolonged periods of
transcriptional activity. To bridge the discrepancy between
these two time scales, three kinetic models have been proposed
previously.38−41 The first is the long-binding subpopulation
model, which postulates that while most TFs bind DNA
transiently, a subpopulation binds for extended periods such
that dwell time directly determines burst duration. The second
is the multistep activation model, which suggests that TF
binding initiates a cascade of subsequent steps that continue to
activate transcription even after the TF has dissociated. The
third is the cooperative binding with exchange model, which
proposes that DNA-bound TFs enhance the binding rate of
subsequent TFs. Despite each TF having a short residence
time, a continuous exchange of TFs maintains high TF
occupancy during bursts.
A recent experimental study by Pomp et al.42 thoroughly

tested these proposals using the yeast TF Gal4 and its highly
expressed target gene GAL10. By developing novel imaging
techniques that simultaneously tracked Gal4 binding and
transcriptional bursting at GAL10, it was shown that the
dynamic exchange with cooperative binding of Gal4 at the

GAL10 promoter predominantly drives prolonged transcrip-
tional bursts. This continuous exchange allows each TF to bind
transiently but be quickly replaced by another, thereby
extending the period of high TF occupancy and bridging the
time scale gap (see Figure 1A). While this study significantly
enhances our understanding of the dynamic coupling between
TF binding and transcription, the precise microscopic
mechanisms that link these processes remain elusive.
In this letter, we propose a new theoretical framework for

understanding the microscopic details of coupling between TF
binding and transcriptional bursting. A discrete-state stochastic
model that explicitly incorporates the continuous exchange of
TFs to their binding sites and reversible associations/
dissociations is introduced. It demonstrates that the active
periods of transcriptional bursts only occur when TFs are
bound to DNA. By solving explicitly this model using the
method of first-passage probabilities, we obtain a comprehen-
sive description of the dynamic coupling between TF binding
and transcriptional activity. Our results indicate that increasing
the number of TF binding sites leads to longer burst duration.
However, the noise in the system exhibits a nonmonotonic
behavior as the number of binding sites changes, suggesting an
optimal number of sites for maximizing transcriptional noise.
Physical-chemical arguments to describe these observations are
presented. Our theoretical predictions also explain exper-
imental observations from the Gal4-GAL10 system and are
further supported by Monte Carlo computer simulations. The
proposed theoretical method clarifies the regulatory potential
of binding site multiplicity and TF affinity in fine-tuning of
gene expression.

Figure 1. (A) Schematic representation of the theoretical model where TF exchange prolongs periods of high TF occupancy at the promoter,
thereby increasing the burst duration. (B) Discrete-state stochastic model of the TF exchange dynamics. Each state corresponds to the number of
TF-bound sites out of N total binding sites. The association/dissociation dynamics of TFs are governed by an association rate kon per site and a
dissociation rate koff per site.
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Let us introduce a theoretical model to study the coupling
between TFs binding and transcriptional activity as shown in
Figure 1A. In this model, the continuous exchange and the
association/dissociation of TFs to/from multiple binding sites
determine the ON and OFF periods of bursting dynamics.
Suppose there are N binding sites available for the association
of TFs at the promoter region. When all TF binding sites are
unoccupied, the corresponding state is denoted by 0, which
also corresponds to the OFF period during burst (see Figure
1B), i.e., this is a transcriptional inactivity. However, the
bursting takes place (in ON state) when the system is in states
1, 2, 3, ..., N, where each discrete state n corresponds to n sites
occupied by TFs. This is the transcriptional active phase. It is
assumed that initially, the beginning of transcriptional burst,
(at t = 0) the system starts at the state 1 and TFs can
sequentially bind to (or unbind from) their binding sites. The
association rate constant of each TF is denoted by kon, whereas
the dissociation rate constant is kof f. This means that from the
state n the overall rate of adding TFs is (N − n)kon because
there are (N − n) available sites, and the overall rate of
dissociating TF is nkoff because there are n bound proteins. The
corresponding discrete-state stochastic model is presented in
Figure 1B. To couple the TF binding and transcriptional
bursting, we assume that the bursting starts in state 1 and ends
upon exiting again from the state 1 to the state 0, and the rate
for this process is equal to kof f. One should also notice that our
minimalist theoretical model is closely related to the well-
known Langmuir adsorption model when in our approach
DNA plays the role of the solid surface where molecules are
adsorbed.
To quantify the transcription bursting dynamics, one can

introduce a function Pn(t) which is defined as the probability
of having n bound TFs at time t. Forward master equations can
describe the temporal evolution of these occupation proba-
bilities

= [ + ]dP t
dt

k P t k N k P t
( )

2 ( ) ( 1) ( )off off on
1

2 1 (1)

for n = 1;

= + + +

[ + ]

+
dP t

dt
N n k P t n k P t

nk N n k P t

( )
( 1) ( ) ( 1) ( )

( ) ( )

n
on n off n

off on n

1 1

(2)

for 1 < n < N; and

=dP t
dt

k P t Nk P t
( )

( ) ( )N
on N off N1 (3)

for n = N. In addition, there is a normalization condition,
∑n=1

N Pn(t)=1. Assuming that the system quickly reaches steady-
state conditions [dPn(t)/dt = 0], the stationary occupation
probabilities Pn can be explicitly evaluated. This is because the
number of states is finite and the system can be viewed as
effectively in equilibrium. This leads to

= !
! ! +

P N
n N n( )

.
(1 ) 1n

n

N (4)

where = k
k

on

off
is the equilibrium binding constant, which can

also be viewed as a measure of the affinity between TFs and
the binding sites. The larger γ, the stronger the tendency for
the TF to bind to an empty site. Also, in eq 4, !

! !
N

n N n( )
is a

binomial coefficient that reflects the combinatorial possibilities
of arranging n TFs among total N possible sites. This means
that all binding sites are independent of each other. Thus, in
contrast to ref 42, we do not assume the cooperativity in the
system when the presence of already bound TFs stimulate the
association of new species. This is a minimal theoretical model
that takes into account the most relevant physical-chemical
processes in the system.
The results of our calculations for distributions of

probabilities of different occupations of binding sites by TFs
are presented in Figure 2. One can see that the stationary
occupation probabilities Pn are always nonmonotonic reaching
a maximum at some intermediate values of n that depend on
the value of the equilibrium binding constant γ. As expected,
increasing the affinity of TFs association to the DNA promoter
region shifts the peak in the stationary distribution to larger
values of n, while for weak affinities the peak shifts to smaller
values of n. Since these probabilities determine all dynamic
properties in the system, the results in Figure 2 indicate that

Figure 2. Stationary distributions of finding n TFs bound to the DNA promoter region for (A) N = 4 and (B) N = 10 binding sites during the
active period of transcription for different values of the equilibrium binding constant γ.
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transcription bursting strongly depends on the number of
binding sites and the TF’s affinity to bind them.
Our theoretical approach allows us to analyze quantitatively

recent experiments that measured the binding of the TFs Gal4
and transcription of its target gene GAL10 in living yeast
cells.42 In these experiments, GAL10 promoter region that
contains 4 Gal4 binding sites (i.e., N = 4) has been considered.
The association of Gal4 TFs to these binding sites was
monitored using novel 3D tracking imaging techniques, while
simultaneously measurements of GAL10 transcription activity
took place.42 By quantifying the Gal4 intensity traces with a
hidden Markov model, it was determined that TF binding
quickly activates transcription and the burst ends as soon as all
proteins dissociate from their binding sites. It was also
observed that there are two binding populations with different
residence times. One population is responsible for approx-
imately two-thirds of the Gal4 binding events that lasted on
average τ1,exp ≃ 25 ± 1 s. In contrast, the second population
corresponds to one-third of the binding events that lasted on
average τ2,exp ≃ 75 ± 1 s.42 In addition, it was found that
transcription burst duration on average is Tburst ≃ 121 ± 1 s.
Our theoretical method can quantitatively explain these

experimental observations. Since there are four binding sites in
the experimentally studied system, we adopt the N = 4 model.
Then, from eq 4 one can estimate the probabilities of different
states with different numbers of bound TFs,

=
+ + +

=

= =

P P P

P P P P

1
1 1.5 0.25

, 1.5 ,

, 0.25

1 2 3 2 1

3
2

1 4
3

1 (5)

Since the transcription burst ends when the last TF
dissociates (transition 1 → 0 in Figure 1B), the average
bursting time can be evaluated as

= = + + +
T

k P k
1 1 1.5 0.25

burst
off off1

2 3

(6)

This result can be easily explained. While the transcription
activity starts when the first TF associates with the promoter
region (state 1), the system might explore other states with a
larger number of bound TFs (states 2, 3, and 4) before
returning to the states 1 and exiting from the promoter region
(transition 1 → 0 in Figure 1B). Due to the effective
equilibrium between these discrete states, the average bursting
time is longer, as reflected in the numerator by the terms that
depend on γ in eq 6.
Fitting experimental data42 using eqs 5 and (6), we estimate

that kof f ≃ 0.04 s−1 and γ ≃ 1.2 for Gal4 TF binding. This leads
to the following values of the occupational probabilities, P1 ≃
0.214, P2 ≃ 0.386, P3 ≃ 0.308, and P4 ≃ 0.092. The existence
of different states with variable numbers of bound TFs can
explain the existence of different binding populations since
these measurements might correspond to starting in different
states of the system. Although, in principle, four different
binding populations are expected, it is reasonable to assume
that at given experimental conditions probably only the two
fastest populations (starting from the state 1 or from the state
2) can be observed. The residence time before the dissociation
starting from the state 1 is just τ1,theor = 1/kof f, yielding 25 s,
which perfectly agrees with the experimentally observed time
τ1,exp. To estimate the residence time starting from the state 2,
we notice that these events correspond to the pathway 2 → 1
→ 0, for which the corresponding flux can be written as

=
+

=
+

J
k

k k

k2

3 3

2

3(1 )
off

off on

off
2 1 0

2

(7)

producing

Figure 3. (A) Classification of the three periods: at the start, during, at the end of a burst. (B) Gal4 association frequency at GAL10 in these three
periods. (C) Gal4 dissociation frequency at GAL10 in these three periods. The results are obtained from Monte Carlo computer simulations. The
parameters used are N = 4, kof f = 0.04 s−1 and γ = 1.2.
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= = +
J k

1 3(1 )
2theor

off
2,

2 1 0 (8)

Substituting into this expression the experimentally fitted
values of koff and γ we obtain τ2,theor ≃ 82 s, which is only
slightly larger than the experimentally measured time. Thus,
our theoretical method provides a quantitative explanation of
the existence of multiple binding populations.
Experiments42 also reported that the frequency of

association events was higher at the beginning of the
transcriptional burst than at the end of this phase, while the
frequency of dissociation events was higher at the end of the
transcriptional burst than at the beginning of this phase. These
observations can be easily explained using our theoretical
picture. Since the start of the transcriptional burst can be
associated with the state 1 (see Figure 1B) where the overall
association rate is the highest [(N − 1)kon], while the overall
dissociation rate is the lowest (kof f). Later in the transcription
activity phase, the situation is completely reversed: the system
is more likely to be found in the states n > 1, where the
dissociation rates are fast and association rates are slow.
However, to understand better the dependence of

association and dissociation events at different stages of
transcriptional bursting, we performed Monte Carlo computer
simulations that mimic the experimental observations. In each
simulation trajectory, we divided a long active period of
bursting into three distinct segments: the start of a burst,
during a burst, and the end of a burst (see Figure 3A). The first
and last 30% of the binding events were designated as the start
and end periods of a burst, respectively, while the remaining
40% of the events were considered the period during the burst.
For each of these segments, the association and dissociation
frequencies, defined as the number of TF association or
dissociation events divided by the duration of each period,
were evaluated from the computer simulations. The results of
our computer simulations are presented in Figure 3. As one
can see, the frequency of binding events decreases during the
burst, while the frequency of unbinding events increases. This
fully agrees with experimental observations. These findings
show that our theoretical method captures main features of the
processes that couple transcriptional activities with associations

of TFs. In addition, it does not require for the TFs association
process to be cooperative.
The advantage of our theoretical method is that it can be

used to obtain more detailed molecular information on how
TFs bindings stimulate transcriptional bursting. For this
purpose, we introduce a method of first-passage probabilities
that has been successfully explored before for clarifying
dynamic aspects of bursting phenomena.43,44 One can define
Fn(t) as the first-passage probability of transcriptional bursting
ending for the first time by exiting from the state 1 at time t if
the system started at t = 0 in the state n (see Figure 1B). Then
the temporal evolution of these first-passage probabilities is
governed by a set of backward master equations,43

= +

[ + ]

+
dF t

dt
N n k F t nk F t

N n k nk F t

( )
( ) ( ) ( )

( ) ( )

n
on n off n

on off n

1 1

(9)

for 1 < n < N, and

= +

[ + ]

dF t
dt

N k F t k F t

N k k F t

( )
( 1) ( ) ( )

( 1) ( )

on off off

on off

1
2

1 (10)

=dF t
dt

Nk F t Nk F t
( )

( ) ( )N
off N off N1 (11)

where Foff(t) is the probability of being found in the OFF state
immediately after exiting state 1. So, it is natural to assume that
Fof f(t) = δ(t). This physically means that if the system is in this
state at t = 0, the process is immediately accomplished.
By modifying the backward master equations using Laplace

transformations =( )F s F t dt( ) e ( )n
st

n0
, they can be exactly

solved for all ranges of parameters. The detailed calculation is
provided in the Supporting Information. From explicit
expressions for first-passage probabilities, one can obtain all
relevant dynamic properties of the system. We are specifically
interested in two major quantities. The first one is the mean
first-passage time (MFPT) or mean bursting time, which is
defined as the average time it takes for the system to reach the

Figure 4. (A) Mean bursting time as a function of the equilibrium constant γ. (B) Temporal noise in transcriptional bursting as a function of γ.
Analytical results are represented by blue lines, and red symbols are from Monte Carlo simulations. The following parameters are used in
calculations: N = 4 and kof f = 0.04 s−1.
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OFF state (where no TFs are bound) from the initial ON state
(where at least one TF is bound) for the first time. This
quantifies the duration of a single transcriptional burst, which
is the period of transcriptional activity. The second one is the
coefficient of variation or noise in the system, which quantifies
the extent of stochasticity in the bursting dynamics. These
quantities are important as they can be measured in
experiments and also provide crucial quantitative insights for
clarifying the molecular mechanisms of bursting dynamics.
One can explicitly calculate the average burst times, as

shown in the Supporting Information,

= + !
! !=

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ
T

k
N

n N n
1

1
( 1)

( )burst
off n

N
n

2

1

(12)

This expression has a clear physical meaning. If there would be
only one binding site, then the overall time before the TF
dissociation would be 1/koff [see the first term in the brackets
in eq 12]. However, for N > 1, there are multiple possibilities
of TFs to be bound to the promoter region, and this is
reflected by the second term in brackets in eq 12. Note that for
N = 4 this result reduces to the estimate of bursting time that
we already obtained in eq 6. Similarly, one can also estimate
the coefficient of variation (CV) or temporal noise in the
system, as given by

=CV
T T

T
burst burst

burst

2
2 2

2
(13)

where ⟨Tburst
2 ⟩ is the mean-squared bursting time, and ⟨Tburst⟩ =

Tburst is the mean bursting time: see the Supporting
Information for more details.
Explicit expressions for dynamic properties of the system

allow us to analyze in more details the molecular mechanisms
that couple TFs exchange and transcriptional bursting. Figure
4 shows the results of our calculations for mean bursting times
and the coefficient of variation as a function of the equilibrium
constant γ. This quantity reflects the interaction between
transcription factor and the corresponding binding site on
DNA with larger γ corresponding to stronger interactions. As
one can see (Figure 4A), increasing the attraction of TFs to
DNA sites makes the average bursting times longer. This is an

expected result since TFs can now spend more time on DNA,
prolonging the transcriptional activities. At the same time, the
noise in the transcription bursting times decreases with
increasing γ (see Figure 4B). It is interesting to note that the
Gal4 system corresponds to γ ≃ 1.2 when the bursting times
are not too long and not too short either (Tburst ≃ 121 s) and
the variations in times are significant (CV2 = 1.42).
Our theoretical method can also be used to analyze the role

of multiple binding sites on the dynamics of transcriptional
bursting, as illustrated in Figure 5. As expected, the average
bursting time increases for a larger number of binding sites N,
and the effect is stronger for larger equilibrium constants γ: see
Figure 5A. This is because it will take a much longer time for
all TFs to dissociate to end the current cycle of transcriptional
activities. Surprisingly, the dependence of the normalized
variance on N is nonmonotonic (Figure 5B). It seems that
noise is maximal for intermediate values of N. Interestingly, the
experimental system Gal4 corresponds to the conditions with
the maximal distribution in bursting times (N = 4). Another
important observation is that increasing γ shifts the peak in the
variance to smaller values of N.
Our theoretical method suggests that the number of binding

sites and the strength of interactions between TFs and
promoter regions are important parameters that influence the
dynamics of transcription. Modifying these quantities might
lead to significant variations in transcriptional bursting,
indicating that they can be utilized for efficient genetic
regulation. Applying this analysis to experimentally studied
Gal4 system suggests that biological systems might be
optimized concerning these properties in the following way.
The affinity of TFs to their binding sites is tuned to achieve
transcriptional bursting times that are not too short and not
too long. Otherwise, there will be not enough time to reliably
synthesize mRNA molecules if Tburst are too small. Very large
continuous bursting times are also not good, probably because
of the oversupply of mRNA molecules. Since the rate of
translation processes is limited by the number of ribosomes
where proteins are synthesized, adding more mRNA molecules
might be energetically wasteful and unproductive.
Our analysis also suggests that the experimental tran-

scription is taking place for largest noise, or widest distribution

Figure 5. (A) Average bursting times as a function of the number of binding sites N for different equilibrium constants γ. (B) Temporal noise in
transcriptional bursting as a function of N for different equilibrium constants γ. Analytical results are represented by solid lines, and symbols are
from Monte Carlo simulations. Other parameter used for the calculations is kof f = 0.04 s−1.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c02050
J. Phys. Chem. Lett. 2024, 15, 8781−8789

8786

https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02050/suppl_file/jz4c02050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02050/suppl_file/jz4c02050_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.4c02050/suppl_file/jz4c02050_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02050?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02050?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02050?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.4c02050?fig=fig5&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c02050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of bursting times. This unexpected result can be explained in
the following way. For experimental equilibrium constant γ ≃
1.2 the most probable situation is with two or three bound
TFs: see Figure 2A. Then, to end the transcription activities,
the system will have multiple pathways to exit. For example,
the following pathways 2 → 1 → 0, 2 → 3 → 2 → 1 → 0 are
possible. But the possibility of so many pathways will produce
very different bursting times, leading to a large noise in the
system. Another possible reason to have a wide distribution of
bursting times is that it might be also beneficiary for the system
since it can now easily adjust to changes in external conditions,
making transcription process more flexible and robust. It will
be interesting to explore this aspect of the coupling between
TFs association and transcriptional activities in more detail.
Our theoretical calculations found that two properties,

number of binding sites and the strength of TFs interactions
with the promoter region, are critically important for regulating
transcription processes. However, these features are not
independent from each other as one can see from Figure 6.
While increasing both equilibrium constant γ and the number
of sites N always leads to very long bursting times (Figure 6A),
the effect on the distribution of these times is more complex
(Figure 6B). This observation allows us to answer the question
on why different transcription systems might have different
numbers of binding sites. It seems that for every specific value
of γ there is an optimal value of N. If the affinity of TFs to their
binding sites is large, then it is enough to have only a single
binding site to achieve the most efficient transcription.
However, if the affinity is not too strong then having multiple
binding sites allows the system to support transcription more
effectively.
To summarize, we developed a theoretical method to

understand the coupling between TFs association to DNA
promoter’s region and transcriptional activities. It allowed us to
clarify the correlations between TFs exchange and tran-
scription bursting at the molecular level. It is argued that the
burst lasts while TFs are associated with the promoter region,
and it ends as soon as all TFs depart from DNA. Based on
these arguments, a discrete-state stochastic model is proposed
and successfully applied to analyze experimental observations
on Gal4 system in yeast. It is found that two features, affinity,
and number of binding sites, are critically important in

regulating transcriptional activities. Our explicit analysis,
supported by extensive Monte Carlo computer simulations,
indicates that experimental systems are optimized to have
bursting times not too short and not too long, while the
variations in the bursting dynamics are predicted to be
maximal. It is argued that this is the result of having multiple
bound TFs that lead to multiple pathways to dissociation. It is
also suggested that this might be beneficial for biological
systems allowing them to be more flexible and robust with
respect to variations in external conditions. In addition, our
theoretical method allows us to explain the existence of
transcriptional systems with variable affinities and variable
numbers of binding sites. The inverse correlations between the
affinities and the number of binding sites are predicted.
While our theoretical framework presents a plausible

microscopic picture of the coupling of TFs associations to
the promoter regions and transcriptional activities, it is
important to discuss its limitations. Our theoretical model is
rather oversimplified, and it may not fully encompass the
complexities of in vivo transcriptional regulation. For instance,
factors such as chromatin state, dynamics of transcriptional
machinery, and variations in cellular environments are not
explicitly incorporated. Furthermore, the model assumes
idealized conditions of TFs binding and dissociation kinetics,
neglecting potential complexities such as cooperative binding
or heterogeneous TF interactions. Additionally, the model
assumes that the system quickly reaches stationary conditions,
which might not fully agree with the dynamics in real biological
systems. However, despite these limitations, our theoretical
approach offers a coherent physical-chemical framework for
understanding the coupling between TF binding and tran-
scriptional burst dynamics. It fully explains all existing
experiments, and it provides specific quantitative predictions
that can guide future experimental designs aimed at uncovering
detailed microscopic mechanisms of underlying cellular
processes. Thus, while there is room for refinement and
expansion, our theoretical framework serves as a valuable tool
for both experimental validation and more advanced
theoretical investigations.

Figure 6. 2D contour plot of (A) average burst times and (B) temporal noise in transcriptional bursting as a function of the equilibrium constant γ
and the number of binding sites N. Other parameter used for the calculations is kof f = 0.04 s−1.
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