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ABSTRACT: Transfer of genetic information starts with tran-
scription factors (TFs) binding to specific sites on DNA. But in
living cells, DNA is mostly covered by nucleosomes. There are
proteins, known as pioneer TFs, that can efficiently reach the DNA
sites hidden by nucleosomes, although the underlying mechanisms
are not understood. Using the recently proposed idea of
interaction-compensation mechanism, we develop a stochastic
model for the target search on DNA with nucleosome breathing,. It
is found that nucleosome breathing can significantly accelerate the
search by pioneer TFs in comparison to situations without
breathing. We argue that this is the result of the interaction-compensation mechanism that allows proteins to enter the inner
nucleosome region through the outer DNA segment. It is suggested that nature optimized pioneer TFs to take advantage of
nucleosome breathing. The presented theoretical picture provides a possible microscopic explanation for the successful invasion of

nucleosome-buried genes.

he fundamental processes of transfer of genetic
information, such as transcription, translation, and gene
regulation, require that specific protein molecules, which are
called transcription factors (TFs), recognize and bind to
specific sequences on DNA.'™ But genomic DNA in
eukaryotic cells is mostly covered by long arrays of protein
complexes that are known as nucleosomes.” A single
nucleosome unit consists of a histone core octamer around
which ~150 base pairs (bp) of DNA are tightly wrapped into
1.65 superhelical turns.”® Such tight wrapping of DNA around
the histone core restricts the accessibility of target genes by
regulatory proteins.”~'* Recent studies, however, suggest that a
stretch of nucleosomal DNA might spontaneously unwrap and
rewrap with high frequency starting from one end in a process
known as nucleosome breathing.''™'® This provides an
opportunity for proteins to efficiently access the target DNA
sites located in the segments that occasionally become free of
nucleosomes. But the DNA sites that are hidden within the
nucleosome interior regions remain not accessible. This raises
a fundamental question of how deeply buried genes can be
activated if they are not accessible to promoters.
Interestingly, there are experimental observations suggesting
that several classes of protein molecules, known as pioneer
TFs, have the ability to bind target DNA sites, even in
inaccessible regions, allowing for regulatory processes to
proceed.17_22 Recent experiments23 suggest that pioneer TFs
maintain configurations that permit them to enter the closed
chromatin region by direct interaction with nucleosomal DNA
through a winged helix DNA-binding domain. This domain
structurally resembles linker histone, and it initiates the
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association process by targeting partially open DNA motifs
on nucleosomes.** Furthermore, the activity of pioneer TFs
shapes the epigenetic landscape of chromatin binding during
development.” This clearly emphasizes the importance of the
proper functioning of pioneer TFs."” Indeed, mutations in
these proteins have been found in many forms of cancer.'”*
However, despite the crucial role of pioneer TFs, the molecular
mechanisms of their functioning remain poorly under-
stood.'”"*

The most intriguing question about pioneer TFs is how they
are able to reach the specific sites that are not accessible due to
DNA being associated with the nucleosome particles. It already
stimulated several theoretical studies.”’ " One of them argues
that pioneer TFs could find the target sites only when the
originally covered DNA sites become available due to partial
nucleosome unwrapping.”” The proteins are then able to reach
their sites by sliding along the unwrapped DNA segment. This
provides a reasonable microscopic picture of target search by
pioneer TFs, but only for the DNA sites that are frequently
exposed by nucleosome breathing. The quantitative estimates
of the search times by this mechanism for deeply buried DNA
sites are too large (several hours) ,*” which would not allow fast
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gene activation as typically observed in live cells. In addition,
nucleosome unwrapping/wrapping events are quite rapid (~10
ms),'""* and the probability to unwrap the regions far from the
nucleosome ends decreases exponentially with the dis-
tance.””™>* This suggests that the DNA sites buried deep
inside the nucleosome probably are not accessible with this
mechanism.

An alternative theoretical approach to explain the mecha-
nisms of target search by pioneer TFs has been also proposed
recently.”® It postulates a so-called interaction-compensation
mechanism according to which pioneer TFs can directly bind
to nucleosomal DNA by substituting DNA—nucleosome
interactions with similar protein—DNA interactions. The
similarity in the structures of some pioneer TFs and
nucleosome histones stimulated this idea.”” Such interactions
would allow proteins to slide along the nucleosome-covered
DNA, allowing them to find the specific sites better.
Theoretical calculations using this method have produced
faster search dynamics for pioneer TFs.”®* However, the
acceleration of the search dynamics for deeply buried sites
was relatively moderate, and more importantly, this theoretical
approach totally neglected nucleosome breathing dynamics. It
is interesting to note also that both theoretical approaches
found that pioneer TFs are more efficient for finding the
targets on nucleosomal DNA, while normal TFs are better for
searching on naked DNA segments.””*

In this Letter, we present a theoretical investigation of the
role of nucleosome breathing in the target search by pioneer
TFs. By exploring again the interaction-compensation
mechanism, we develop a discrete-state stochastic model that
explicitly incorporates nucleosome breathing and allows for the
exact evaluation of target search dynamics. Our main result is
that nucleosome breathing significantly accelerates the search
for hidden DNA sites by pioneer TFs. A molecular picture to
explain these surprising observations is also presented and
discussed. It is argued that pioneer TFs mostly enter the inner
nucleosome region by first associating to the outer DNA
segment which is spontaneously breathing. Once entered, the
pioneer search becomes effectively confined within the
nucleosome-covered region due to its very low dissociation
rate, and this allows it to quickly reach any hidden targets. Our
theoretical calculations fully agree with experimental observa-
tions, and they are supported by Monte Carlo computer
simulations.

Let us consider a system consisting of a single nucleosome
particle and a single DNA chain as shown in Figure 1A. The
DNA molecule is viewed as a lattice of L sites, and each site
corresponds to 10 base pairs (bp), which is a typical size of
specific targets for proteins on DNA.>** It is assumed that the
system can be found in one of two major conformations. The
DNA molecule can be fully wrapped around the histone core
octamer (gray cylinder in Figure 1A), and this conformation is
labeled as fully wrapped (FW). But part of the DNA chain can
also dissociate from the nucleosome, forming a partially
unwrapped conformation (PU) (see Figure 1A). The
transition rate to unwrap is equal to k., while the wrapping
transition rate is kg, These reversible transitions define
nucleosome breathing. Although recent experiments identified
several partially unwrapped conformations with different
lengths of liberated DNA,”* to simplify our analysis it is
assumed that there is only a single PU conformation where the
DNA segment of length [ detaches from the nucleosome while
L — | DNA sites are still tightly bound to the nucleosome. In
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Figure 1. (A) Schematic view of reversible transitions between fully
wrapped and partially unwrapped conformations during an asym-
metric nucleosome breathing. In the fully wrapped (FW) con-
formation, the nucleosomal DNA (black chain) is tightly wrapped
around the histone core octamer (gray cylinder), whereas in the
partially unwrapped (PU) conformation, a DNA segment of length !
detaches for the histone surface while the remaining L — ! DNA sites
remain wrapped around the histone protein. The red circle located at
the site m indicates the target site. (B) Schematic representation of
the discrete-state stochastic model for protein target search on
nucleosomal DNA with the nucleosome breathing dynamics. The
transition rates between the FW and PU conformations are given by
Kopen and kg All other possible transitions by the searching protein
in the two conformations are indicated by black arrows. The search
continues until the protein (red ellipse) finds its target DNA site (red
circle) positioned at the site m.

T

addition, only asymmetric unwrapping, ie., when DNA
dissociates from one end, as supported by multiple
experimental observations,'”* is considered in our model.

To analyze the target search dynamics on DNA that
experiences nucleosome breathing, we consider a discrete-state
stochastic model as illustrated in Figure 1B. It is assumed that
initially (at t = 0) a protein molecule starts from the solution,
and this is what we label as state 0. From the solution, it can
bind to DNA but the rate depends on if the DNA segment is
naked or nucleosome-covered. The association rate per unit
site for the nucleosome-covered DNA is equal to k/,, while the
corresponding association rate to the liberated DNA segment
is ko, (see Figure 1B). Similarly, the nonspecifically bound
protein can dissociate back into the solution with the rate kg
from the nucleosome-covered region and with the rate kg
from free DNA sites. In addition, the protein can slide with the
rate u along the nucleosome-free region, while the sliding rate
along the nucleosome-covered segment is u’ (Figure 1B). The
system transitions between FW and PU conformations with
the rates Koy, and Ky The target sequence is located at the
site m (1 < m < L), and the search is accomplished when the
protein molecule reaches this site for the first time.
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Most of the transition rates have been already measured in
experiments, and we will utilize them in our analysis.""**~*°
More specifically, we assume that kg, = 210 s7!and kg =
370 s~ as estimated in recent single-molecule experiments.
In addition, since ~150 bp of DNA is fully wrapped around the
histone core octamer, we assume that L = 15 (recall that in our
model each site corresponds to 10 bp). In the PU
conformation, we choose the length of the liberated segment
to be I = 7, although the predictions of our theoretical analysis
are qualitatively the same for other values of I, as we found
from Monte Carlo computer simulations. Furthermore, the
central part of our theoretical approach is that both pioneer
and normal (non-pioneer) TFs interact differently with naked
and nucleosome-covered DNA segments. A recently proposed
idea of the interaction-compensation mechanism suggests that
pioneer TFs can successfully invade any nucleosome-covered
DNA sites.”® This pioneering ability can be understood from a
notable feature of these proteins that exhibit the existence of
high-affinity DNA-binding domains that resemble the linker
histone-like domains.*® Thus, while diffusing along the intact
nucleosome, the pioneer TF weakens some hydrogen bonds
between histone and nucleosomal DNA and replaces them
with its own in the DNA-binding domain. The linker histone-
like domain of pioneer TF then compensates for lost
interactions with DNA by establishing contacts with the
displaced part of the nucleosome.”® As a result, the
nonspecifically bound protein—DNA complex is energetically
more stable on the nucleosome-covered DNA segment than on
the free region, which is also supported by recent experimental
observations.”® We also postulate that different TFs exhibit
different sliding rates while diffusing along the naked DNA.
For instance, it is assumed that pioneer TFs can perform
sliding dynamics relatively fast along the nucleosome-covered
DNA sites due to the compensation effect described above, but
the sliding rate is comparatively slower for non-pioneer TFs.
This is because the interaction between the linker histone-like
domain of the pioneer TF and nucleosomal DNA will smooth
out the roughness of the free energy landscape for sliding,
leading to faster diffusion. However, the same effect does not
hold for non-pioneer TFs, and therefore, the effective sliding
potential becomes rough, resulting in slower diffusion. The
opposite behavior is observed on unwrapped DNA segment
where the normal TF moves much faster than the pioneer TF.
It is important to note here that while the sliding rates for non-
pioneer TFs on naked DNA segments were experimentally
measured previously,"”*" there is no such information for
pioneer TFs. This leads to different transition rates for pioneer
and normal (non-pioneer) TFs on liberated and nucleosome-
covered DNA segments, as indicated in Table 1.

To analyze explicitly the protein search dynamics on
nucleosomal DNA with breathing conformational transitions,
we use a method of first-passage probabilities that has been
successfully explored before for clarifying various dynamic

Table 1. Transition Rates for Pioneer and Normal TFs“

o k, K, k, K,
T ouE) ) @6

non-pioneer 10 1 1072 107* 1072 1

pioneer 1 10 1072 107* 1 1072

“The data are adopted from a combination of ensemble, single-
molecule, and live-cell fluorescence experiments.**™>*
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aspects of protein—DNA interactions.””*** For the model
presented in Figure 1B, one can introduce a probability density
function F5(t) as the first-passage probability of the protein
molecule to reach the target site m for the first time at time ¢ if
at t = 0 the protein starts at the site n (n = 1, 2, ..., L) on the
nucleosomal DNA in the FW conformation. Similarly, a first-
passage probability for the protein starting in the PU
conformation can be defined as FFY(t). We also define
EV(t) (FoU(t)) as the first-passage probability of the protein
to reach the target site at time ¢ if at t = 0 the protein starts in
the bulk solution (labeled as state 0) and the system is in the
FW (PU) conformation. Then the temporal evolution of these
probabilities can be described by a set of backward master
equations

anErW(t) !’ !
— = [EEN(t) + EEN(O] + kgFy " ()
+ kopenFrIl)U(t) - (214/ + k;ff + kopen)Frfw(t)
(1)
for the FW conformation with 1 < n < L; and
dE,"(1)
& ulEyS\(8) + B (O] + kogFo (t)
+ kcloseFfW(t) - (Zu + koff + kclose)FrlljU(t)

(2)
for the naked DNA segment in the PU conformation (1<n<
I), and

dE" (1) _

TFPY() +
dt u[nl()

E;(0] + kogFy o (8)
+ kclosepfw(t) - (211/ + k(;ff + kclose)FfU(t)
3)
for the wrapped segment in the PU conformation (I < n < L).
The dynamic processes are slightly different at the boundaries
of the nucleosomal DNA chain (#n = 1 and #n = L) in both FW
and PU conformations, as described in detail in the Supporting
Information. In addition, the search dynamics when the
protein is in the bulk solution (n = 0) is governed by

dEEY (¢ c
S0 B0 + K, D E )
dt P ot
- [kopen + Lk(;n]P(?W(t) (4)
and
dryY(t ’
07() = kclosePgW(t) + konz FEU(t)
dt oy
L
+ k‘;n Z F:)U(t) - [kclose + lkon
n=I+1
+ (L = DKJEV(¢) (s)

Furthermore, the initial conditions are taken as FEV(t) = 6(t)
or F;Y(t) = 5(t), which means that if the searching protein is
already at the target site m at t = 0 in any of the nucleosome
conformations (FW or PU), the search process ends
immediately.

By modifying the backward master equations using Laplace

transformations (Ffw(s)E/Owe_“Ffw(t)dt and

https://doi.org/10.1021/acs.jpclett.3c00529
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Figure 2. Mean search times as a function of the target position along the DNA chain for (A) non-pioneer and (B) pioneer TFs. Three different
situations are considered: when the nucleosome is always in the FW conformation (black curves), always in the PU conformation (blue curves),
and with the nucleosome breathing (red curves). Analytical results are presented by solid lines, and symbols are from Monte Carlo simulations. The
error bars for each symbol are defined as the standard errors, and the associated error bars are smaller than the point size. The following parameters

are used in calculations: L = 15, I = 7, ke, = 210 s, kose = 370 57, and all other transition rates as given in Table 1.
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Figure 3. (A) Acceleration in the search times for pioneer TFs due to nucleosome breathing as a function of the target position. (B) Acceleration in
the search times for the system with nucleosome breathing for pioneer TFs in comparison with non-pioneer TFs as a function of the target position.
Solid lines are from analytical calculations, and symbols are from Monte Carlo computer simulations. The following parameters are used in
calculations: L = 15, 1 = 7, kypen = 210 57", kgose = 370 57, and all other transition rates as given in Table 1.

open

Eﬁ(s) = /°° “EPY(1)dt), they can be exactly solved for all coincide with the results for the system with only PU or only

" 0 FW conformations, as expected, and it is shown in
Supplementary Figures S1 and S2. For experimentally observed
opening and closing rates, one can see that for the non-pioneer
TFs the fastest search is observed when DNA is always
partially dissociated from the nucleosome, and the slowest
search is found for DNA that is always fully wrapped, while the
search times are intermediate between these limiting values
when nucleosome breathing is taking place (Figure 2A). These

ranges of parameters. The procedure is rather elaborate, and it
is fully explained 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 the mean search times when the protein starts in
the bulk solution

TEW
T(fw = / ® tFOFW(t)dt aFO (S) o results are fully expected. But the situation is strikingly
0 (6) different for search dynamics of pioneer TFs (see Figure 2B).
and Here the fastest search is observed for the system with
. nucleosome breathing for the sites that are always covered,
U PU ()Fg U (s) while for the sites that are occasionally liberated from
T, = [) tFy (t)dt = T g 0 ) nucleosomes, the search times are the same as for the always
partially unwrapped system. These results are totally
For our theoretical calculations, it is convenient to consider the unexpected since it suggests that somehow the nucleosome
mean search time averaged over initial conformational states breathing accelerates the search dynamics for pioneer TFs. It is
I k interesting to note here that our predictions for the search time
T, = close Tgw + Open Tg U of DNA hidden sites (~75—200 s) are consistent with recent
ketose T Kopen ketose + open (8) experimental evaluation of search times by pioneer TFs GAF in

in vivo cellular conditions.>’
To quantify this effect of search facilitation, we define two
dimensionless parameters

The results of our explicit calculations for mean search times
for targets at different locations with transition rates obtained
from experiments are presented in Figure 2. Here we compare

the search dynamics for pioneer and normal (non-pioneer) T, pionee:(PU Only) Tt non-pioneer( Breathing)
TFs for the cases when the DNA molecule is always fully a= =
: 0 10neer(Breathlng) 0 10neer(Breathlng)

wrapped (black curves), always partially unwrapped (blue P P
curves), and fluctuates between two conformations (red (©)
curves). When the nucleosome opening rates are very high The parameter a specifies how much faster the search for
or very low compared to its closing rates, the search times pioneer TFs is for the system with nucleosome breathing in
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Figure 4. Average number of binding and unbinding events of searching proteins to each site of the DNA molecule that experiences the
nucleosome breathing dynamics estimated from Monte Carlo computer simulations: (A) for pioneer TFs when the system is in the PU
conformation; (B) for pioneer TFs when the system is in the FW conformation; (C) for non-pioneer TFs when the system is in the PU
conformation; (B) for non-pioneer TFs when the system is in the FW conformation. The following parameters are used in simulations: L = 15, [ =

7, kopen

=210 57", kgose = 370 s7%, and all other transition rates are those as described in Table 1.

comparison to the situation when DNA is always partially
unwrapped. The parameter f quantifies how pioneer TFs are
more efficient in the target search in comparison with non-
pioneer TFs. The results of our calculations for these quantities
are presented in Figure 3. While for the DNA sites that are
occasionally freed (m = 1, ..., I) there is no search facilitation if
the system experiences the nucleosome breathing. But for the
hidden sites (m = [ + 1, .., L), pioneer TFs can find their
targets much faster (up to a ~ 4) (see Figure 3A). In fact,
increasing the sliding rate on the histone-covered DNA
segment makes the target search even faster (Supplementary
Figure S3). One can see from Figure 3B that the overall mean
search time for pioneer TFs is always faster compared to non-
pioneer TFs for any DNA site (see also Supplementary Figure
S4). On the unwrapped DNA segment, the effect is relatively
modest (f ~ 1.5), but on the hidden DNA sites it is quite
significant (up to f ~ 35). A similar analysis for a short
unwrapped DNA segment of length | = 3 is shown in
Supplementary Figures SS and S6, and the results also display
significant acceleration for the hidden DNA sites. These results
show that pioneer TFs are able to facilitate their search
dynamics by taking advantage of the nucleosome breathing.
To explain the molecular picture of target search
acceleration for nucleosome-covered DNA sites, we present
the following arguments. As indicated in Table 1, it is difficult
for pioneer TFs to associate with the nucleosome-covered
DNA by coming directly from the solution (k}, ~ 107*s7").
However, the dissociation rate from the nucleosome-covered
region is also rather slow (klz ~ 107 s™'), and pioneer TFs
can slide relatively fast along this segment (1’ ~ 10 s™") if they
are already bound. At the same time, pioneer TFs bind
relatively easily to the naked DNA segment (k,, ~ 107> s7"),
but they also dissociate fast (k,g =~ 1s™") and slide slowly along
the naked DNA chain (u =~ 1 s™'). These observations are
illustrated in Figure 4A,B where the number of binding and
unbinding events for each DNA site is reported from Monte
Carlo computer simulations. One might conclude then that

~

4100

pioneer TFs typically reach the always-hidden sites from the
solution by first binding to the temporary open DNA sites and
then sliding to the fully wrapped segment. But importantly,
because of the low probability of dissociation, they can fully
explore all sites in the nucleosome-covered regions. Here we
should emphasize the increasing nature of mean search times
for more deeply buried sites (Figure 2B) starting from / = 7 on
the partially unwrapped nucleosome conformation. This is
because the pioneer TFs first associate to any site of the
unwrapped DNA segment of length I. Therefore, to find any
nucleosome-covered DNA sites (m =1 + 1, .., L), they have to
enter through the first [ sites and then the pioneer TF utilizes
the interaction-compensation mechanism and performs a one-
dimensional sliding (unbiased diffusion) along the covered
DNA segment toward the other end of the nucleosome to find
any buried DNA sites. Thus, the targets that are further away
from the unwrapped region will be reached later. This explains
the increasing nature of the search times in the nucleosome-
covered DNA segment as observed in Figure 2B. Also, it looks
like that due to very low dissociation rates of pioneer TFs in
the nucleosome-covered DNA segment, this region effectively
confines the search by pioneer TFs, which is in agreement with
the recent live-cell experiments.*

The association/dissociation dynamics is very different for
non-pioneer TFs, as shown in Figure 4C,D. The data in Table
1 indicate that these proteins also bind fast to the open DNA
region (k,, ~ 1072 s™") and much slower to the nucleosome-
covered segment (k., =~ 107* s'). However, they prefer the
naked DNA segment (k,s ~ 107> s™') and dissociate much
faster from the nucleosome-covered sites (klz ~ 1 s7'). In
addition, non-pioneer TFs slide fast along the DNA naked
region (u =~ 10 s7') and slow along the covered region (u’ ~ 1
s7'). Both these trends are opposite to pioneer TFs, and they
are the consequences of the interaction-compensation
mechanism. At this point, we should also emphasize the faster
search of pioneer TF on the fully wrapped nucleosome
compared to non-pioneer TF (see Figure 2) which originates
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Figure 5. (A) A phenomenological description of the target search by pioneer TFs on DNA with nuclesome breathing. Each box corresponds to
different macro-states as explained in the text. (B) A schematic view of the effective two-state model for the target search by pioneer TFs. (C) A
phenomenological description of the target search by non-pioneer TFs on DNA with nuclesome breathing. (D) Mean search times of pioneer TFs
as a function of the target position for three different nucleosome opening rates k.. The result obtained from the equilibrium approximation is
shown by the green curve. Analytical results are presented by solid lines, and the results obtained from Monte Carlo simulations are shown in
symbols. The following parameters are used in calculations: L = 15, I = 7, and all other transition rates for pioneer TF are adopted from Table 1.

from the low dissociation rates and the interaction-
compensation mechanism that allows the nonspecifically
bound pioneer TF to slide along the nucleosome-covered
DNA sites much faster than the non-pioneer TF. As a result,
one might conclude that although non-pioneer TFs also come
to DNA mostly via the free region and then slide into the
covered region, they are not able to explore the always-hidden
sites due to slow diffusion along DNA and fast dissociation
into the solution. The results for a similar analysis in the
absence of nucleosome breathing is shown in Supplementary
Figure S7.

These observations suggest that the overall search dynamics
in the system can be phenomenologically described as a set of
transitions between three macro-states, and this is schemati-
cally illustrated in Figure S. The dominant transition from the
solution state for pioneer TFs is to reversibly bind to any of the
free DNA sites when the nucleosome is partially unfolded. We
can combine all these sites into one macro-state that is labeled
as PU conformation (Figure SA). From there, the conforma-
tional transitions might bring the system into the state when
the whole DNA segment is fully wrapped around the
nucleosome, and this macro-state is labeled as FW
conformation (Figure SA). In this phenomenological descrip-
tion, the transitions between the solution and FW
conformation states are essentially absent, and this leads to a
conclusion that all macro-states are in equilibrium with each
other at large times. This means that we can even further
simplify the phenomenological description of the search
dynamics by pioneer TFs as an effective two-state model:
the system fluctuates between the solution and the effective PU
state (PU,¢ conformation) without nucleosome breathing (see
Figure SA).

Due to the effective equilibrium between FW and PU
conformational macro-states, the effective transition rates in
the PU.; conformation can be estimated as the average
between the corresponding rates in the original FW and PU
conformational states (see Figure SB)
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kon,eff = }/kon + (1 - y)k‘;n (10)

kofieii = Vhog + (1 = 1)keg (11)
and

Uge = yu + (1 =y (12)

where the parameter y specifies the fraction of time when the
nucleosome is partially unwrapped, and it is given by

k

open

Kopen + K

open close

}/ =
(13)

In the Supporting Information, we explicitly calculated the
mean search times when the system is always in the PU
conformation. Applying this result, it can be shown that our
equilibrium approximation agrees perfectly with exact solutions
for search times when the conformational transition rates are
faster than other transitions in the system (see Figure SD).
Only when the conformational rates are slow and comparable
to other time scales does the equilibrium approximation start
to break. It is important to emphasize again that the mean
search times for hidden sites calculated in our theoretical
approach (~75—200 s) perfectly agree with recent kinetic
measurements for pioneer TFs in live cells.”

We can also build a phenomenological picture for the search
of non-pioneer TFs (Figure SC). Again, the same three macro-
states can be identified, but in contrast to pioneer TFs, there
are different transitions between them. While from the solution
the protein can bind to the naked DNA segment (PU
conformation) almost irreversibly, the protein can also
dissociate almost irreversibly from the FW conformation into
the solution. As a result, there is a nonzero circular flux in the
system, and no equilibrium can be achieved between different
macro-states. This leads to very different search dynamics for
non-pioneer TFs.

The ability to simplify the complex dynamics in the system
into three-state or two-state phenomenological models allows
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us to understand better the underlying molecular mechanisms
of more efficient search by pioneer TFs for hidden DNA sites.
Pioneer TFs can access the nucleosome-covered sites mostly
by sliding from the free DNA segment. The conformational
fluctuations increase the effective association rate to free sites
and the effective sliding rate, while at the same time it leads to
decreasing of the effective dissociation rate. This increases the
probability to reach the always-hidden sites, and pioneer TFs
might efficiently explore this. At the same time, the non-
pioneer TFs are not able to explore the nucleosome-covered
region. This is clearly a result of having an interaction-
compensation mechanism for pioneer TFs and the absence of
such mechanism for non-pioneer TFs.** These observations
also stimulate us to suggest that nature probably optimized the
kinetic and structural properties of pioneer TFs to take
advantage of nucleosome breathing to access the hidden
genomic regions in chromatin.

To summarize, we presented a theoretical investigation on
the role of nucleosome breathing dynamics in the transcription
factor search for specific sites. Stimulated by the idea of
interaction-compensation for pioneer TFs, a discrete-state
stochastic model is developed, for which the dynamic
properties are explicitly evaluated using the method of first-
passage probabilities. Our calculations produce a surprising
result: pioneer TFs can find much faster the hidden DNA sites
in the presence of nucleosome breathing, while this cannot
happen for non-pioneer TFs. To explain the physical origin of
this process, we build a phenomenological description that
clarified the search dynamics in the systems with nucleosome
breathing. It is argued that proteins mostly enter the
nucleosome-covered region by sliding from the free DNA
segment. Then the interaction-compensation mechanism
allows pioneer TFs to fully explore the fully wrapped DNA
segment and quickly find the hidden sites, while non-pioneer
TFs are not able to do this task. Based on these observations, it
is also proposed that probably nature optimized pioneer TFs
so that the nucleosome breathing facilitates their search for
hidden DNA sites. Furthermore, our theoretical calculations
are in agreement with available experimental measurements,
and they are also fully supported by Monte Carlo computer
simulations.

Although the presented theoretical method provides a
plausible microscopic explanation of how deeply buried
genes can be activated by transcription factors, it is important
to discuss its limitations. In our theoretical analysis it was
assumed that there is a single partially unwrapped
conformation, but in reality there is a spectrum of such
conformations with different lengths of liberated DNA
segments. In addition, the nucleosome unwrapping dynamics
follows a very complex free-energy landscape® that is not
taken into account in our calculations. Furthermore, we
neglected the sequence specificity of DNA and assumed that
proteins have uniform association, dissociation, and sliding
rates. However, despite these limitations, our theoretical
approach still provides a clear physical-chemical picture of
complex biological processes that can be quantitatively tested
in experiments and more advanced theoretical investigations.
Importantly, our theoretical approach provides several specific
quantitative predictions that can be utilized in designing future
experiments that should uncover more microscopic details of
these complex cellular processes.
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