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ABSTRACT: Associations of transcription factors (TFs) with specific sites on DNA
initiate major cellular processes. But DNA in eukaryotic cells is covered by nucleosomes
which prevent TFs from binding. However, nucleosome structures on DNA are not DNA Sliding
static and exhibit breathing and sliding. We develop a theoretical framework to
investigate the effect of nucleosome sliding on a protein target search. By analysis of a
discrete-state stochastic model of nucleosome sliding, search dynamics are explicitly
evaluated. It is found that for long sliding lengths the target search dynamics are faster

for normal TFs that cannot enter the nucleosomal DNA. But for more realistic short k sl

sliding lengths, the so-called pioneer TFs, which can invade nucleosomal DNA, locate ¢

specific sites faster. It is also suggested that nucleosome breathing, which is a faster k ’l
S

process, has a stronger effect on protein search dynamics than that of nucleosome
sliding. Theoretical arguments to explain these observations are presented.

I major cellular processes associated with genetic A recent study based on the cryo-EM experiment has

regulation and transfer of genetic information start after successfully characterized distinct conformations of partially
protein molecules, known as transcription factors (TFs), locate unwrapped structures with varying lengths of liberated DNA
specific sites on DNA, initiating a cascade of sequential segments,'* and it underscored the functional importance of
biochemical processes.' * In order to fit into small cellular breathing dynamics for the invasion of DNA-binding proteins
volumes, however, in eukaryotic cells DNA molecules are to nucleosomal DNA. Indeed, nucleosome breathing has been
bound to nucleoson_1e structures, creating very compact found to play a pivotal role in transcriptional elongation,zs’26
chromatin structures.” A single nucleosome is composed of and it was also argued that it might promote liquid—liquid
about ~150 base pairs (bP) of DNA that are tightly wrapped phase separation by maintaining the structural plasticity of the
into ~1.65 superhelical left-handed turns around an octamer of nucleosomes inside the cell nucleus.?’
histone proteins.6’7 It is estimated that up to 90% of DNA Although it is now well established that nucleosome
length might be covered by nucleosomes, and it seems that breathing is crucial for regulating various genetic processes,
this might strongly reduce the accessibility of regulatory there is another mode of nucleosome mobility, sliding, that has
proteins, such as RNA polymerases and transcription factors, received relatively less attention.'>**™** In this process, the

to their specific sites.”~"" This raises an important question of
how nature is capable of simultaneously fulfilling two
fundamental tasks: supporting efficient genetic regulation and
maintaining compact genome organization.

While crystal structures of nucleosome—DNA complexes
display clear contacts between the DNA nucleotides and
histone proteins,6 the association of DNA and nucleosome is
not rigid, reflecting the overall mobility of chromatin
structures. Experimental studies have shown that nucleosomes
are highly dynamic and the histone—DNA contacts are often
disrupted spontaneously to adopt alternative conforma-
tions,'*~'* which leads to a complex multistate landscape for
gene regulation. DNA wrapped around histone proteins can
spontaneously unwrap and rewrap at nucleosome termini in a
process termed nucleosome breathing.'>~*' The momentary
exposure of nucleosomal DNA due to thermal fluctuations
provides an opportunity for regulatory proteins to efficiently
access the otherwise nucleosome-covered DNA sites.'”' %>~

center of mass of the whole nucleosome complex moves along
the DNA chain by simultaneously breaking and creating
multiple DNA-—histone contacts. Such highly coordinated
motion contrasts with nucleosome breathing in which only
unwrapping (breaking of the bonds) or only wrapping
(creating of the bonds) is taking place. The effective free-
energy landscape for nucleosome sliding is also different from
that for nucleosome breathing. While the profile for breathing
has a nonzero slope with the fully wrapped state being
thermodynamically more stable (lower in free energy) than the
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unwrapped state, the profile for sliding has a zero slope because
the states before and after sliding have approximately the same
free energy.

Experimental studies indicate that the sliding rates depend
on the DNA sequence and length of the DNA fragment
between the neighboring nucleosomes.”>™>° It has been also
suggested that the inherent mobility of nucleosomes can be
altered by the deletion of histone tails*® and/or mutations in
histone proteins.”” Recent high-speed atomic force microscopy
investigations'”*® have successfully captured spontaneous
reversible sliding of mononucleosomes on a subsecond time
scale with high temporal resolution. Another single-molecule
study®” probed the diffusion of nucleosomes with a base-pair
scale resolution on natural, biologically relevant sequences.
These measurements yielded the estimate for the diffusion
constant of the nucleosome on DNA, D ~ 1.3 + 0.14 bp* s™".
It is important to note that this diffusion constant reflects
multiple runs and pauses during nucleosome sliding. This
means that the nuclesome can slide relatively fast but then it
will pause for a significant amount of time before the next
move.

Recent theoretical investigation*” has attempted to evaluate
the effect of nucleosome sliding in a protein target search for
specific sites by analyzing a coarse-grained stochastic model in
which the DNA sites that are facing outward from the histone
protein are assumed to be accessible and those sites that are in
close proximity to the histone proteins remain inaccessible.
Using analytical calculations and computer simulations, a
description of the protein target search process was obtained,
clarifying some important differences between nucleosome
breathing and nucleosome sliding. However, there are some
issues with this theoretical approach. The quantitative
estimates of the search times are too large (several hours)
compared to experimental estimates (several minutes). Clearly,
such long search times will not activate genes fast enough for
the proper functioning of living cells.*" In addition, a fixed
sliding length of 5 bp is assumed in these calculations while
experimental measurements suggest that a nucleosome can
slide 40—50 bp at each event."”

To understand the molecular mechanisms of the protein
target search for nucleosome-covered DNA sites, it is essential
to notice that all TFs can be divided into two large classes
depending on their ability to invade nucleosomes. Those
proteins that are capable of finding their specific sites deszpite
the presence of nucleosomes are known as pioneer TFs.**~*
Those proteins that are not able to penetrate nucleosomes are
known as normal or nonpioneer TFs. Pioneer TFs are first in
opening chromatic structures, allowing normal TFs then to
locate their specific sites on DNA.*>*"*® Recent experiments
suggest that pioneer TFs might trigger diverse transcriptional
programs, and their binding can lead to opening silent
chromatin regions.** ™" The ability of pioneer TF binding to
target motifs on DNA embedded in nucleosomes therefore has
a profound effect on the expression levels of genes. Several
theoretical studies have been already proposed to explain how
pioneer TFs find their nucleosomal targets, showing that
pioneer TFs are more efficient in locating specific sites than
any other nonpioneer TFs.””*” In addition, an idea of an
interaction—compensation mechanism to explain the ability of
pioneer TFs to enter the nucleosome has been proposed.”
According to this idea, pioneer TFs invade nucleosomes by
substituting DNA—nucleosome bonds with similar DNA—TF
bonds, effectively displacing the nucleosome from DNA. It was
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also argued that pioneer TFs might take advantage of
nucleosome breathing dynamics in their search for hidden
DNA sites.”* However, still unclear are how nucleosome
sliding affects the dynamics of the protein target search for
DNA sites covered by nucleosomes and the differences
between nucleosome breathing and nucleosome sliding for
these processes.

In this Letter, we present a theoretical investigation of the
role of nucleosome sliding in the protein target search for
nucleosome-covered DNA sites and how it compares with the
effect of nucleosome breathing. A discrete state stochastic
model based on the interaction-compensation mechanism,
according to which the pioneering TFs displace the histone—
DNA interactions and replace them with similar protein—DNA
interactions, is introduced. By solving explicitly this model
using the method of first-passage probabilities and supplement-
ing analytical calculations with Monte Carlo computer
simulations, a comprehensive description of protein target
search dynamics is obtained. Our results indicate that the
sliding length is an important parameter that controls the
details of the search mechanisms. While for longer lengths
nonpioneer TFs seem to be more efficient in locating their
targets for most DNA sites, for shorter (and more realistic)
sliding lengths pioneer TFs perform much better. Increasing
the sliding rate makes pioneer TFs even more efficient. In
addition, theoretical calculations show that, for experimentally
measured kinetic rates, the impact of nucleosome breathing on
the target search is stronger than for the nucleosome sliding.
Physical-chemical arguments to explain these observations are
presented. It is important to emphasize that our theoretical
analysis is driven by experimental observations, and in all
calculations, we utilized experimentally measured parameters
as much as possible.

Let us consider a system consisting of a linker DNA segment
attached to another DNA segment with bound nucleosome
particles, as illustrated in Figure 1A. The nucleosomal DNA
(blue-colored segment) is fully wrapped around the histone
core octamer (green circle) that covers A sites, and the linker
DNA length is I (orange-colored segment). The total DNA
length is then equal to the L = [ + A sites. We model the DNA
molecule as a lattice of L sites, where each site is equivalent to
about 10 bps, which is the typical size of the specific region on
DNA to which the TFs are binding (the size of the target).4’53
It is assumed that the sliding of the nucleosome can take place
only between two conformations (Figure 1A). In one
conformation, the nucleosome is positioned to the right side
of the linker DNA (nucleosome right, NR) while in another
conformation, the nucleosome rolls over the linker DNA and
the same length | of DNA becomes free. This corresponds to
the position of the nucleosome on the left side of the free DNA
segment (nucleosome left, NL). Note that the size of the
nucleosome A (i.e., the number of sites) remains the same in
both conformations. In our theoretical description, we define
the linker length [ as the sliding length; i.e., the nucleosome
reversibly moves over the distance of [ sites. The transition rate
from NR to NL is equal to kg, while the reverse transition rate
is kl. Since both conformations (NR and NL) are assumed to
have the same free energy, we take k; = k;. These rates can be
estimated from the knowledge of the diffusion coefficient for
sliding nucleosomes™
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Figure 1. (A) Schematic representation of the nucleosome sliding
between two conformations. The histone particle can be located at
the right end of the DNA segment (Nucleosome Right) or at the left
end of the DNA segment (Nucleosome Left). The transition rates
between the two conformations are equal to k; = k;. The red patch
located at site m denotes the target site. (B) Schematic representation
of the discrete-state stochastic model for protein target search with
the nucleosome sliding. Black arrows correspond to all possible
transitions in the system as explained in the text. The search is
accomplished when the protein molecule (red ellipse) reaches its
target site (red circle) located at site m.

For example, if the sliding length is equal to [ = S (50 bp) we
obtain ky = 1.04 X 107> s™", and for I = 10 (100 bp) we obtain
kg =2.6 X 107* s7". One can notice that realistic sliding rates
seem to be quite slow in comparison with other dynamic
processes in the system.

To explicitly analyze the protein target search process on
DNA in the system with nucleosome sliding, we consider a
discrete-state stochastic model, as presented in Figure 1B. It is
assumed that at time ¢t = O the protein molecule starts the
search process from the bulk solution, and this is labeled as
state 0. From the solution, the protein can associate to any
DNA site, but the association rates depend on whether the
DNA segment is nucleosome-covered or naked. The
association rate with the free DNA sites is equal to k,, (per
unit site), while the corresponding association rate with the
nucleosome-covered DNA sites is k,, (see Figure 1B).
Similarly, the dissociation rates from the free and nucleo-
some-covered DNA sites into the solution are given by k,; and
k,;ff, respectively. In addition, the nonspecifically bound protein
can slide along the nucleosome-free region with rate u, while
the sliding rate along the nucleosome-covered DNA segment is
equal to u’ (Figure 1B). The system also fluctuates between
two conformational states, NR and NL, with transition rates of
kg = k;. The search process continues until the protein reaches
the target sequence located at site m (1 < m < L) for the first
time in any of the nucleosome conformations.
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Most of the transition rates described above have been
measured experimentally,”*™>® and in our theoretical calcu-
lations we will utilize them. More specifically, it was found that
the binding rates are similar for both pioneer and nonpioneer
TFs; however, the dissociation rates of pioneer TFs are much
slower from the nucleosome-covered region compared to
nonpioneer TFs, and the situation is completely reversed for
the dissociations from the free DNA segments. To explain
these observations, we recently proposed an idea of an
interaction-compensation mechanism in which it was sug-
gested that the pioneer TFs might weaken some bonds
between the histone protein and DNA and replace them with
similar TE—DNA interactions.”**>** The structural similarity
between pioneer TFs and linker histone proteins from the
nucleosome stimulated this proposal. It was also supported by
a recent experimental study that combined single-molecule
fluorescence, cryo-EM, and live-cell measurements, indicating
that a basic helix—loop—helix of a budding yeast pioneer TF
enables efficient nucleosome invasion.”” Such interactions,
therefore, allow pioneer TFs not only to successfully invade
nucleosome-covered DNA but also to increase their residence
times on nucleosomes. It is also assumed that the interaction—
compensation mechanism might enable the pioneer TFs to
slide faster along the nucleosome-covered DNA segments as
compared to any nonpioneer TF, while the completely
opposite behavior is expected on free DNA segments.” ">
This leads to different transition rates on free and nucleosome-
covered DNA sites for both pioneer and nonpioneer TFs, as
shown in Table 1.

Table 1. Transition Rates for Pioneer and Normal TFs”

" k, K. k, K,
W) ) 6@ 6

nonpioneer 10 1 1072 107* 1072 1

pioneer 1 10 1072 1074 1 1072

“The data are adopted from a combination of ensemble, single-
molecule, and live-cell fluorescence experiments.”*~¢

To obtain a comprehensive dynamic description of the
protein search process in the system with nucleosome sliding,
we utilize a method of first-passage probabilities that have been
successfully explored before for investigating various dynamic
aspects of protein—DNA interactions.”*>***®** 1In this
approach, probability density functions Fy*(t) and F\*(t) for
DNA sites n = 1, .., L are introduced. They are defined as the
first-passage probability for the protein to reach the target site
located at position m at time ¢ for the first time if at £ = O the
protein started at site n on DNA in the NR or NL
conformation. One can also define first-passage probability
functions Fy*(t) and Fy“(t) to reach the target site at time t, if
at t = 0 the protein was in the bulk solution (state 0) and the
nucleosome is in the NR (or NL) conformational state. Then
the temporal evolution of these probabilities can be described

by a set of backward master equations,”**>
dE," ()
= = B + EEO]+ kR “(6) + kFY (D)

- Qu + ks + k) FNE(t) )

for the linker DNA segment with 1 < n < [ in NR
conformation and
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Figure 2. Mean search times as a function of the target position on DNA for pioneer TFs in (A) and (C) and nonpioneer TFs in (B) and (D).
Three different situations are considered: when the nucleosome is always positioned at the right end of the DNA chain (NR, black curves) and
always at the left end (NL, blue curves) and when the nucleosome is sliding (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 symbol size. The following parameters are used in calculations: [ = 5, A = 15, L =1 + A, and all other transition rates are as given in

Table 1. For (A) and (B) we also used k; =

k= 1.04 x 1073 s7%, while for (C) and (D) we used k; = k} =

dEM (1) _
dt

FNR

u,[Frll\H{I(t) + n+1(t)] + ka/ﬁ‘Fé\]R(t) + kleiVL(t)

— (' + kyy + kE (1) 3)

for the nucleosome-covered DNA region with [ + 1 <n < L in
NR conformation. Similarly,

dE,"(1) _
dt

FNL

W[EL(8) + Fa(D)] + k;ﬂFé\lL(f) + kg, (t)

= Q' + Ky + kyE(t) 4)

for the nucleosome-covered DNA region with 1 < n < Ain NL
conformation; and

dF," (1) _

o ulFN () + ENE(O] + kg Fa™ (1) + KLENR(t)

— (2u + ky + KDE(8) (s)
for the nucleosome-free DNA region with A + 1 < n < L in the
NL conformation.

The dynamics at the boundaries (n = 1 and n = L) are
slightly different, leading to

dF®(t
1d_t() = uBy"(t) + kB " (1) + kEY()
- (u+ koﬁ + ksl)PlNR(t) (6)
dEYR(e) ,
Ldit = WER (1) + KR (1) + kFRM(t)
— (' + Ky + k)EY(2) (7)
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1s7h
dEN (¢
SO _um ) + kR + KEN
= (' + ko + KR (t) O
dF (1) ,
l(:I—t = uFIZ,Vfl(t) + koﬁFéVL(t) + klell,VR(t)
— (u+ kyp + kDF(t) )

In addition, if the process starts in the bulk solution (n = 0),

we have
dEMR (1) ! L
0 = K RYH(E) + Ky D FYRE) + K, D EVR(E)
dt n=1 n=I+1
- [ksl + lkon + (L - l)k;n]Fé\]R(t) (10)
dFNY (¢t 2 L
7"&( ) _ FNR(E) + kLD ENN(E) + K, DL ENN(r)

n=A+1

— [k + Ak, + (L — A)k, 1B (t)

n=1

(11)

Furthermore, the initial condition is FXX(¢) = 6(t) or FAX(t) =
&(t), which means that if the searching protein is already at the
target site m at £ = 0 in any of two nucleosome conformations,
the search process ends immediately.

Transforming eqs 2—11 using Laplace transformations [

F,llVR(s) = /0 e_StF,IIVR(t) dt and F,llVL(s) = /0 e_StFi\’L(t) dt],

they can be exactly solved for all ranges of parameters. Detailed
calculations are presented in the Supporting Information. To
quantify the target search dynamics, we evaluate mean target
search times,
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Figure 3. Mean search times as a function of the target position for three different sliding lengths for (A) pioneer and (B) nonpioneer TFs.
Analytical results are presented by solid lines, and symbols are from Monte Carlo simulations. The following parameters are used in calculations: A
=15, L =1+ A, kg = kj are determined from eq 1, and all other transition rates are given in Table I.

% O
TR = / Ry (t) dt = ——2—= ©
0 0Os
s=0 (12)
and
% OFNE
TV = / tFy(t)dt = ————= ©
0 0s
s=0 (13)

Since the target search process can start with an equal
probability for the nucleosome to be found in any of two
conformational states, it is important to average out the mean
search times,

’
ksl

;) —0
ksl + ksl

1

Nr _ 1 + L
2

ksl NL

— TNL
’ 0 0
ksl + ksl

T, T

(14)
To make our theoretical analysis relevant for understanding
cellular processes, in our calculations, we utilized as many
realistic parameters as possible. As discussed above, most of
the transitions used in our calculations (as presented in Table
1) come from experimental measurements. In addition, to
mimic real nucleosomes, we chose the size of the fully wrapped
nucleosome as A = 15 because each site in our model (Figure
1B) corresponds to 10 bp, and ~150 bp of DNA is wrapped
around the histone octamer. Furthermore, the average length
of the linker DNA between neighboring nucleosomes, often
known as nucleosome repeat length (NRL), varies widely
between organisms and even between different cell types of the
same organism, ranging from ~50 bp to ~200 bp.***"*%¢!
Therefore, in our calculations, mean search times are evaluated
for different linker lengths, namely, I = S, [ = 10, and [ = 15.
To quantify the effect of sliding, theoretical calculations for
the system with sliding are compared with the situations
without sliding when the nucleosome is always frozen in the
conformation NL or in the conformation NR. The results are
presented in Figure 2 for both pioneer and nonpioneer TFs. As
one can see, in the frozen configurations (black and blue
curves), it is faster to locate target sites on free DNA segments,
but pioneer TFs perform better for covered sites and
nonpioneer TFs search faster on the free DNA segments.>”
Turning on nucleosome sliding (red curves in Figure 2)
modifies target search dynamics. It is now faster to find the
sites that were covered before in frozen configurations, while it
is slower to find sites that were free in frozen configurations.
This average behavior (Figure 2A,B) is expected because the
system fluctuates between two limiting conformations NR and
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NL, freeing different parts of DNA in alternating fashion. But it
is important to note that under the same conditions the
pioneer TFs find their targets faster than the nonpioneer TFs.
Increasing the sliding rate (Figure 2C,D) as suggested by high-
speed AFM experiments'® makes the pioneer TFs even more
efficient in locating target sites. Our calculations suggest that
the pioneer TFs locate targets faster than the nonpioneer TFs
(depending on the sliding rate), and the estimated search times
(with kg = 1.04 X 1073 s7*) for the hidden DNA sites (~280—
360 s) are consistent with recent experimental measurements
of search times for pioneer TF GAF in in vivo conditions.”!

It is essential to emphasize here that we consider the sliding
length of I = 5 (or SO bp) in a single sliding event for our
calculations. One may argue here that for a single sliding event,
disrupting all bonds and then simultaneously breaking and
reforming all histone—DNA contacts in a bulk sliding would
presumably lead to a very high free-energy penalty.
Experimental studies suggest that nucleosome sliding can
occur through two mechanisms: twist diffusion or loop/bulge
propagation.””®>®* In the twist diffusion model, a twist defect
is generated in a segment of nucleosomal DNA and then it
diffuses around the nucleosome in a corkscrew-like motion,
whereas in the loop/bulge propagation model, DNA loops or
bulges are formed on one side of the nucleosome and then
propagate around the histone core to emerge on the other side
in an inchworm-like motion. In both cases, nucleosome
diffusion is a stepwise motion: ~1 bp for twist diffusion and
~10 bp for loop propagation at a time, respectively. In order to
mimick the effect of such diffusive motion of nucleosomes, we
also investigated a stepwise sliding between the NR and NL
conformations (see Supplementary Figure S1) with a step size
of 10 bp (or 1 DNA site). The corresponding results are
obtained from Monte Carlo simulations and presented in
Supplementary Figure S2. One can see that the main
conclusions of the theoretical analysis remain the same for
both stepwise and two-state sliding models, suggesting that our
simplest model is good enough to describe the actual events
during nucleosome sliding.

Experimental studies suggest that the length of DNA linkers
between neighboring nucleosomes (NRL) is an important
factor that can influence protein—DNA interactions.”* In our
theoretical approach, the role of DNA linkers can be directly
tested by varying the length of free DNA segments I The
results of the corresponding calculations are shown in Figure 3,
where the mean search times for pioneer and nonpioneer TFs
are evaluated for three different sliding lengths [ = S, I = 10,
and I = 185. Significant differences in target search dynamics are
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Figure 4. Acceleration in the mean search times for the system with nucleosome sliding for pioneer TFs in comparison with nonpioneer TFs as a
function of the target position for (A) I =5, (B) I =10, and (C) I = 15. Analytical results are presented by solid lines, and symbols are from Monte
Carlo simulations. The following parameters are used in calculations: A = 15, L = [ + A, and k,; = k) are calculated from eq 1 depending on the
sliding length [, and all other transition rates are given in Table 1. Dashed horizontal lines correspond to a = 1.

found for the two types of TFs. While for pioneer TFs
increasing the sliding length has a relatively weak effect (Figure
3A), much stronger changes are observed for nonpioneer TFs
(Figure 3B). To quantify this effect, we introduce a
dimensionless acceleration parameter,

’Iz),pioneer(ml l)

a(m, 1) =
' ’I;),non—pioneer(ml l)

(18)

It specifies how much faster it is to find the target located at
the site m for nonpioneer TFs in comparison with pioneer TFs
for given sliding length . Thus, a < 1 corresponds to pioneer
TFs being faster, while for & > 1 nonpioneer TFs locate their
targets faster.

The comparison of target search dynamics for different
sliding lengths is presented in Figure 4 where the acceleration
parameter « is evaluated for different values of I. One can see
that, for short sliding length (I = S), pioneer TFs are always
faster, and the location of the target does not play any role
(Figure 4A). The situation changes for longer sliding lengths (I
=10 and I = 15). Pioneer TFs are still faster for target sites
located closer to the ends of the system, but for the sites in the
middle, nonpioneer TFs are becoming faster: see Figure 4B,C.
Those are the sites that although occasionally covered by
nucleosomes during the sliding fluctuations are closest to the
border with the free DNA segment. The accelerations of up to
a=~4(l=10) and a ~ 8 (I = 15) are observed.

To empbhasize the difference in the target search dynamics as
a function of the sliding length, in Figure S we present the

10*
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Non—pioneer ==
10°
C
<
[
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Sliding length, /

Figure 5. Mean search times as a function of the sliding length [ for
pioneer and nonpioneer TFs. At each value of ], the position of the
target site m = L/2 is chosen. Analytical results are presented by solid
lines, and symbols are from Monte Carlo simulations. The following
parameters are used in calculations: A = 15, L =1 + A, ky = kJj are
calculated from eq 1, and all other transition rates are given in Table
1.

7078

mean search times for pioneer TFs (red curve) and nonpioneer
TFs (blue curve) for the target located at m = L/2 = (1 + A)/2.
One can see that pioneer TFs are faster for relatively short
sliding lengths (I < 7), and generally mean search times T,
slowly decrease as a function of I. For longer sliding lengths (!
> 7), the nonpioneer TFs are becoming faster. In addition, the
mean search times exhibit a much stronger decrease as a
function of I. Importantly, a similar trend is also observed if
one considers a more realistic situation where linker DNA (of
similar length) is attached on both sides of the nucleosome
(see Supplementary Figures S3 and S4) and the nucleosome
core slides on either side of the linker DNA stochastically.
Our theoretical approach allows us to present possible
microscopic arguments to explain these observations. The
transition rates (see Table 1) indicate that both the pioneer
and nonpioneer TFs prefer to associate to the DNA linker
region by coming directly from the solution (k,, =~ 107> s7")
rather than to bind to the nucleosome-covered region (k;, =
107* s7'). Then both types of transcription factors mostly
enter the nucleosome-covered segment by sliding from the
linker DNA region.”* For the pioneer TFs, the dissociation rate
from the linker DNA segment is fast (kg =~ 1 s7'), while from
the nucleosome-covered region, it dissociates rather slowly
(kogs = 1072 s7"). On the contrary, the nonpioneer TFs prefer
the linker DNA region (k,; ~ 107 s') and they dissociate
much faster from the nucleosome-covered region (ky; ~ 1
s'). In addition, the pioneer TFs slide relatively faster (u’ ~
10 s7') along the nucleosome-covered DNA segment than
along the DNA linker region (u =~ 1 s™"), while the nonpioneer
TFs exhibit the opposite trend (u > u’). As a result, when the
sliding length [ is relatively short, the pioneer TFs might
quickly enter the nucleosome-covered region from the DNA
linker region, and they can stay there long enough to find their
targets. This is because the free DNA segment is so short that
the pioneer TFs on average land on the DNA linker not far
away from the border with the covered region (~I/2 distance
from the start of the nucleosome-covered region), and so they
can slide before being dissociated into the solution. When the
sliding length is relatively large, the pioneer TFs have a higher
chance to dissociate from the linker DNA region before
entering the nucleosome-covered region because, on average,
they land farther away from the border. However, the situation
is different for nonpioneer TFs. The longer the length of the
free DNA segment, the longer nonpioneer TFs can stay on the
DNA linker region (slow dissociation) and reach the
nucleosome (fast sliding), allowing them to find the targets
faster for sites that are not far away from the border. But the

https://doi.org/10.1021/acs.jpclett.3c01704
J. Phys. Chem. Lett. 2023, 14, 7073—-7082


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c01704/suppl_file/jz3c01704_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01704?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01704?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01704?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01704?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01704?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01704?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01704?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01704?fig=fig5&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c01704?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
A 500 =5 B 500 =10 C 500 =15
Sliding == Sliding =
400 400 Breathing == 400 Breathing ==
Sliding+Breathing == Sliding+Breathing ==
~ 300 ~ 300 ~ 300
w) w) vy
= Sliding == = =
= 200 Breathing — & 200 & 200
Sliding+Breathing ==
100 w 100 W 100
Pioneer Pioneer Pioneer
07 5 10 is 20 07— 0 15 20 25 O —5 90 15 20 25 30
Target position, m Target position, m Target position, m
D E F
10* Sliding =—— 10* Sliding — 10* Sliding —
Breathing =— Breathing == Breathing ==
Sliding+Breathing == Sliding+Breathing == Sliding+Breathing ==
10
<z
<
=
10°
Non—pioneer Non—pioneer Non—pioneer
107 5 i0 i5 3 1075 0 15 20 35 075 10 15 20 35 30

Target position, m

Target position, m

Target position, m

Figure 6. Mean search times as a function of the target position for pioneer TF for (A) I =5, (B) I = 10, and (C) I = 15. Three different situations
are considered: when the nucleosome is sliding (green curves), when the nucleosome is breathing (blue curves), and when the nucleosome is
performing both sliding and breathing dynamics (red curves). (D—F) Similar analysis is performed for nonpioneer TFs. Analytical results are
presented by solid lines, and symbols are from Monte Carlo simulations. The following parameters are used in calculations: A = 15, L =1+ A, Iz =
7, kopen = 210 $7", kaose = 370 577, ky = k; are determined from eq 1 depending on the sliding length I, and all other transition rates are those as

described in Table 1.

nonpioneer TFs cannot locate sites that are too far from the
border between the segments because they quickly dissociate
from the nucleosome-covered region (fast dissociation). At the
same time, the pioneer TFs, although they have difficulties
reaching the nucleosome region, stay there longer (low
dissociation), and for this reason they are more successful in
locating sites that are farther away from the border between
segments. It is also important to notice that due to nucleosome
sliding the border between covered and free DNA segments
fluctuates between the locations at [ and L — 1.

It is important to discuss the relevance of these results for
biological systems. Experiments su%gest that sliding lengths
most probably are not too long,"” suggesting that in real
systems pioneer TFs can significantly accelerate the protein
target search. It is also possible that the kinetic rates of these
proteins are tuned by evolution to achieve the fastest opening
rates of chromatin structures that exhibit nucleosome sliding.

Theoretical calculations show that nucleosome sliding
strongly influences the protein target search. But our analysis
does not take into account another important mode of
mobility, nucleosome breathing. At the same time, we recently
developed a discrete stochastic model to analyze the role of
nucleosome breathing in the protein target search.”” In this
model, the system fluctuates between fully wrapped and
partially unwrapped conformations, and it can be -easily
extended to our system, which also has the DNA linker
segment (see Supplementary Figure SS). The details of such
calculations are presented in the Supporting Information. Now
we can combine nucleosome breathing and nucleosome sliding
and investigate how all aspects of nucleosome mobility
influence the dynamics of finding special sites on nucleo-
some-covered DNA.

The results of our calculations that compare the effects of
nucleosome breathing and nucleosome sliding on the protein
target search are shown in Figure 6. As one can see (Figure
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6A—C), for pioneer TFs nucleosome breathing dominates for
all ranges of parameters, and the role of nucleosome sliding is
really negligible. The situation is only slightly different for
nonpioneer TFs (Figures 6D—F). Nucleosome breathing
dominates the target search for DNA sites that are in the
middle of the system, while for sites at the DNA ends, both
breathing and sliding are equally important. Increasing the
sliding length makes the contribution of breathing more
important. To explain these observations, we notice that
nucleosome sliding is a relatively slow process: k; ~ 1.04 X
1073 s7! for I = 5. At the same time, nucleosome breathing is
much faster: in our calculations, we utilized k,,,, = 210 s~ and
K ose 370 s™' as estimated in recent single-molecule
experiments.'® It is important to note that our theoretical
predictions for mean search times agree well with the recent in
vivo kinetic measurements for GAGA pioneer TE."'

To summarize, we developed a theoretical method to
investigate the role of nucleosome sliding in the protein target
search for specific sites on DNA. It is based on the discrete-
state stochastic description of the most relevant physical-
chemical processes that allowed us to explicitly obtain dynamic
properties of the system by using a method of first-passage
probabilities. Analytical calculations are further supplemented
by Monte Carlo computer simulations. The theoretical method
is applied to analyzing the target search dynamics for both
pioneer and nonpioneer TFs using experimentally measured
parameters for these proteins. It is found that nucleosome
sliding allows proteins to find their targets faster, but the effect
also depends on the sliding lengths as well as the sliding rate.
For short sliding lengths, pioneer TFs work much better than
nonpioneer TFs. Increasing the sliding length modifies the
dynamics, allowing nonpioneer TFs to find some targets faster.
It was argued that this is the result of different transition rates
for the dissociation from DNA and sliding along DNA for two
types of transcription factors. Pioneer TFs prefer to be found
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in the nucleosome-covered region, where they also slide fast.
The situation is the opposite for nonpioneer TFs that prefer to
be found on free linker DNA. These differences explain the
observed trends in the protein target search dynamics. It was
also argued that in real systems the sliding lengths are most
probably short, and it seems that pioneer TFs might be tuned
by nature to take advantage of this. In addition, we found that
nucleosome breathing has a much stronger effect on the
protein target search for both types of TFs, and it is explained
by the fact that the sliding is slower than the breathing.

Although the presented theoretical approach provides a
reasonable microscopic picture of how nucleosome sliding
might influence the search for target sites by different classes of
TFs, it is important to discuss its limitations. Our theoretical
model is based on several approximations. First, it was assumed
that nucleosome sliding is a two-state process. However, in
reality, it is a multistate process in which the nucleosome slides
via many conformations that differ by only a single protein—
DNA bond. This sequential mode of sliding might affect the
overall search dynamics. Second, nucleosome dynamics (both
sliding and breathing) are governed by a very complex free-
energy landscape””® that is not taken into account in our
model. Indeed, all of our transition rates are assumed to be
constant, while a more realistic free-energy landscape implies
that they might be state- and position-dependent. Third, the
effect of the DNA sequence has been neglected in our
theoretical approach. However, despite these limitations, the
important outcome of this study is the ability to explain
complex biological phenomena using relatively simple physical-
chemical ideas. In addition, there are specific quantitative
predictions that might be tested by using advanced
experimental and theoretical techniques.
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