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ABSTRACT: Accurate transcription of genetic information is crucial,
involving precise recognition of the binding motifs by DNA-binding
proteins. While some proteins rely on short-range hydrophobic and
hydrogen bonding interactions at binding sites, others employ a DNA
shape readout mechanism for specific recognition. In this mechanism,
variations in DNA shape at the binding motif resulted from either
inherent flexibility or binding of proteins at adjacent sites are sensed
and capitalized by the searching proteins to locate them specifically.
Through extensive computer simulations, we investigate both
scenarios to uncover the underlying mechanism and origin of
specificity in the DNA shape readout mechanism. Our findings reveal
that deformation in shape at the binding motif creates an entropy
funnel, allowing information about altered shapes to manifest as
fluctuations in minor groove widths. This signal enhances the efficiency of nonspecific search of nearby proteins by directing their
movement toward the binding site, primarily driven by a gain in entropy. We propose this as a generic mechanism for DNA shape
readout, where specificity arises from the alignment between the molecular frustration of the searching protein and the ruggedness of
the entropic funnel governed by molecular features of the protein and arrangement of the DNA bases at the binding site,
respectively.
KEYWORDS: protein−DNA interaction, DNA shape readout, transfer entropy, protein target search, facilitated diffusion

■ INTRODUCTION
Vital cellular processes, including DNA damage repair,
transcription, and replication, are orchestrated by protein−
DNA interactions. At the core of these interactions lies the
complex process through which proteins carefully search for
and pinpoint their precise binding sites on DNA. This
fundamental mechanism serves as the linchpin, facilitating
the transmission of genetic information and instigating a
myriad of essential biological processes. The search process is
thought to be facilitated by a combination of 1D protein
dynamics on DNA and 3D diffusion of the searching protein
within the bulk solution.1,2 On DNA, the protein engages in
“sliding” dynamics, characterized by its movement from an
initial nonspecific site, often while simultaneously rotating
along the DNA major groove. A prime example of sliding is
observed in the binding of the lactose (lac) repressor to its
operator sequences, where DNA binding relies entirely on
electrostatic interactions, leading to diffusion along an
equipotential surface.3,4 Alternatively, proteins may “hop”
from one site to another in three-dimensional space. This
involves dissociating from the original binding site and
subsequently attaching to a new site on the same DNA
chain.5 A similar but distinct mode of movement, known as

intersegmental transfer, involves a jump to a site on another
DNA segment, typically after the formation of a bridge
complex that encompasses multiple protein domains.6−10

Notwithstanding the wealth of information regarding protein
target search modes on DNA, the process by which proteins
specifically locate their target sites remains unclear, especially
considering they sample only a minuscule fraction of the
transcriptionally accessible genome (roughly 2% of the 2.5-
gigabase-pair genome, as indicated by single-molecule
fluorescence tracking of Sox2 transcription factor (TF) in
mammalian cells).11 An in-depth analysis of the three-
dimensional structures of numerous protein−DNA complexes
suggests that the specific binding of protein and DNA
primarily hinges on hydrophobic and hydrogen bond
interactions between the amino acid side chains and the
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nucleotide bases of the binding motif, a mechanism referred to
as “DNA base readout”.12−14 Essentially, reading the specific
bases at the binding motif is common to all protein−DNA
complexes upon specific binding. Nonetheless, it is important
to note that both the hydrophobic and hydrogen bond
interactions are short-ranged. While they govern the binding
specificity once the binding site is reached by the protein, they
are incapable of regulating the target search process of proteins
from a far distance. Thus, for an unbiased combination of 3D
and 1D search modes where the protein scans DNA one-
dimensionally approximately only 50 base pairs around each
landing site after a 3D diffusion period,15 it would still be
difficult to locate the specific binding site by the proteins in a
base-by-base scanning mode (sliding). Even if the protein
lands on DNA near the binding motif, an equally probable 1D
sliding direction along the DNA contour may lead it away from
the target site. Subsequent 3D diffusion events can completely
nullify the advantage of being in close vicinity to the binding
motif. Consequently, the protein is expected to make multiple
attempts to locate its binding motif specifically, contrary to
experimental findings that suggest it achieves this feat in fewer
attempts.11

An alternate mechanism of specific recognition of binding
motifs by DNA-binding proteins, referred to as “DNA shape
readout”, is proposed based on the frequently observed
nonstandard DNA conformations within specific protein−
DNA complexes.14,16−23 For example, it was found that the
Drosophila Hox protein Sex combs reduced (SCR) senses the
sequence-dependent alteration of minor groove width and
corresponding variations in the electrostatic potential to
distinguish small differences in the nucleotide sequences.24

The DNA shape-dependency indeed has substantially
improved the accuracy of predicting the genome-wide binding
specificities of transcription factors.14,25−27 However, how the
factor affects the overall search dynamics of proteins as they
strive for efficient and specific recognition of binding motifs
remains a mystery. Unveiling this phenomenon also holds
paramount significance in our quest to comprehend the
intricate functionality of densely packed chromatin fibers.
These fibers inherently display substantial DNA deformations
due to their unique sequences and can further undergo
induced deformations upon interacting with other pro-
teins.28,29 In both scenarios, these deformations are intimately
linked to the precise positioning of molecular machinery
responsible for detecting crucial signals within genomes,
potentially regulating gene expression.

Comprehending the intricate principles that govern the
orchestration of gene regulation through DNA shape readout is
a dauntingly challenging task, primarily due to the lack of
suitable experimental techniques capable of dissecting and
evaluating the contributions of all regulating factors. In this
study, we therefore delve into how local DNA shape and
flexibility orchestrate the specific recognition of binding motifs
by conducting extensive computer simulations using a carefully
selected coarse-grained model for both protein and DNA. This
model has been widely employed in previous research
endeavors, including our own,30−37 as well as by others,9,10,38

to elucidate the mechanisms of protein search on DNA with
varying topological characteristics. Our investigation focuses
on two distinct scenarios: first, the search dynamics of the
PU.1 protein as it seeks its target site along a linear stretch of
DNA, and second, the coordinated search for their respective
target sequences by a pair of proteins known to bind

cooperatively, namely, Fis and Xis. In the case of PU.1, the
experimentally determined complex structure with DNA
reveals a notable deviation in the shape of the DNA from
the B-DNA molecule owing to sequence-dependent deforma-
tion of the binding site.39 PU.1 exhibits tissue-specific
expression patterns, and its varying expression levels dictate
the course of differentiation in hematopoietic stem cells.40

Therefore, maintaining precise levels of PU.1 is essential for
the differentiation process into specific blood cell lineages as
even minor reductions in its expression can predispose
individuals to leukemia. In the second scenario, it has been
established that the binding of Fis to its target sequence
induces significant changes in the minor groove geometry of
the adjacent Xis binding site, resulting in cooperative binding
of the latter.41 Fis, a bacterial nucleoid protein, plays essential
roles in transcription, replication, and recombination pro-
cesses.42 The bacteriophage λ excisionase (Xis) is a DNA-
binding protein with specificity for particular DNA sequences
that is essential for facilitating excisive recombination. TheE.
coli Fis protein facilitates the recruitment of the phage-encoded
Xis protein to the attR recombination site, which represents a
pivotal regulatory step in the formation of the excisive
intasome. We chose PU.1 and Fis-Xis systems as representa-
tives of DNA deformation induced by sequence characteristics
and deformation resulting from the association of a protein,
respectively. Through a comprehensive analysis of various
aspects of the target search mechanism in both scenarios, we
discern that the recognition of binding motifs by these two
proteins is notably enhanced when the binding sites exhibit a
deformed shape. In contrast, in the absence of shape
deformation at the binding motifs, the proteins compromise
both efficiency and specificity in locating the target sites. A
thermodynamic examination of the search path uncovers that
this facilitated and specific recognition of the binding motifs
using the information on DNA shape at the target DNA site is
governed by an entropy-enthalpy reinforcement, with entropy
making the predominant contribution. Furthermore, the
influence of the deformed shape of the binding motif is not
limited locally; rather, it induces a significantly broad entropic
funnel encompassing adjacent flanking nucleotide bases. The
funnel noticeably biases the protein’s target search dynamics in
the vicinity of target DNA site without altering its fundamental
search modes. An exhaustive analysis of the entire information
landscape along the DNA contour confirms that the effect is
akin to the vibration on a string propagating through the DNA,
manifested as fluctuations in the minor groove width. These
fluctuations serve as a long-range driving force that explains the
observed efficiency and specificity in the DNA shape readout
mechanism. The findings unveil an unknown facet of the
protein target search mechanism on DNA, suggesting a
potential evolutionary connection between the molecular
characteristics of DNA-binding proteins and the sequences of
their target DNA sites.

■ MATERIALS AND METHODS

Protein and DNA Models
Appropriately tailored coarse-grained computational models offer
substantial advantages for the investigation of intricate biological
processes.43−48 In this study, we employ a coarse-grained protein−
DNA model, akin to those utilized in our previous investigations.30−37

The salient features of the model are briefly outlined here, with
detailed information provided in the Supporting Information. In this
model, each amino acid within the protein structure is represented by
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a single bead positioned at its respective Cα location. The proteins
employed in this investigation include PU.1, Fis, and Xis. The crystal
structures for PU.1, Fis, and Xis are acquired from the RCSB Protein
Data Bank [PDB ID: 1PUE39 and 6POT,41 serving as the native
structures for the study. The energetics of the protein are delineated
by a native-topology-based model, employing a Lennard-Jones
potential to incorporate native contacts observed in the crystal
structure. This structure-based potential manifests as a funnel-like
energy landscape conducive to protein folding,49 and it has been
widely employed in the exploration of molecular details and
biophysics in both protein−protein50 and protein−DNA interac-
tions.30−37 For the DNA molecule, we adopt the 3SPN.2C model
developed by Pablo et al.,51,52 where each DNA nucleotide is
represented by three beads located at the respective centers of
phosphate, sugar, and nitrogenous base. This model has demonstrated
success in accurately estimating melting temperature and persistence
length and faithfully reproducing DNA hybridization across various
compositions and ionic strengths.53 Detailed descriptions of the
protein and DNA energetics, along with reference parameters, are
provided in the Supporting Information (Tables S1−S8). Electrostatic
interactions are modeled between charged entities using the Debye−
Hückel potential, accounting for the salt effect. A unit negative charge
is assigned to Asp and Glu residues and a unit positive charge to Arg
and Lys amino acid residues. To consider the impact of counterion
condensation, a negative charge of 0.6 is assigned to each phosphate
bead of DNA. The potency of electrostatic interactions between
charged protein and DNA beads is adjusted by a factor of 1.67 to
restore the local charge of phosphate beads to −1, as employed in
previous studies.35,54 It is noteworthy to highlight that this coarse-
grained depiction, incorporating an implicit solvent model and
accounting for salt effects, has been previously employed by us and
other researchers to delve into the critical molecular intricacies
including thermodynamics and kinetics of protein−DNA interac-
tions.8,9,30−37,43,45,55−59

Protein−DNA Interactions
The interaction dynamics between the protein and DNA molecules is
modeled using the nonspecific interactions. These nonspecific
interactions between the searching protein and DNA occur in two

modes. First, an excluded volume interaction, exerted during the
nonspecific encounter between the two biomolecules, is modeled by a
purely repulsive potential. Second, an electrostatic interaction
between the phosphate beads of DNA and charged residues of the
protein influences the protein’s dynamics and is represented by the
Debye−Hückel potential (details in Supporting Information). It is
essential to note that the applicability of the Debye−Hückel theory is
limited to low salt conditions, becoming invalid for ionic
concentrations exceeding 0.5 M.44 Despite these limitations, the
Debye−Hückel potential has proven successful in capturing essential
features of nucleic acid biophysics.38,60

Simulation Protocol
The initial configuration of a 200 bp B-DNA is generated utilizing the
w3DNA web server (3D DNA structure).61 The PU.1 and Fis & Xis
target motifs, identified in the crystal structure, are positioned within
the poly-CG DNA stretch at the center. The DNA is centered in the
simulation box, measuring 300 × 300 × 900 Å, and subjected to
periodic boundary conditions. Placing the searching proteins at a
distance of 50 Å from the DNA surface, away from the target motif,
ensures appropriate simulation conditions. In the simulation, proteins
are initially situated at various positions along the DNA contour. The
dynamics of both the protein and DNA molecules are simulated using
the Langevin dynamics, incorporating a friction coefficient (γ) of
value 0.05 kg/s at a temperature of T = 300 K and a salt concentration
of 150 mM. To ensure robust statistical analysis, 20 independent
simulations, each lasting 2 × 108 MD steps, are conducted for every
system, employing an in-house code on a 7.74 teraflop high-
performance cluster.

Analysis
In accordance with the methodology outlined in our prior research,
distinct search modes, namely, sliding, hopping, and 3D diffusion, are
delineated. The protein engages in 3D diffusion within the bulk when
positioned at a considerable distance from the DNA surface.
Conversely, when in close proximity to DNA, the protein employs
sliding dynamics to scrutinize the DNA base pairs. In a snapshot, if
the protein is close enough to the DNA but does not meet sliding
criteria, then the protein performs hopping dynamics. As a result, the

Figure 1. PU.1 and DNA. (A) Crystal structure of PU.1 bound to a specific DNA sequence. PU.1 is shown in blue color. (B) Bending angle of
poly-CG and poly-CG (+sp) DNA sequences in the absence of PU.1. Here, poly-CG (+sp) represents poly-CG with a specific binding motif of
PU.1 placed in the middle of the DNA contour. The inset shows the schematic for the calculation of bending angle for every DNA index. (C)
Average MD simulation steps required by PU.1 to reach the 95−106 base pair index, where the binding motif is placed in a poly-CG (+sp)
sequence.
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protein can either hop or slide along the DNA contour when it
searches for it nonspecifically near its surface. We monitor the
distance, R, between the center of mass of the protein’s recognition
region and the closest DNA base pair from it. For the PU.1-DNA
system, a snapshot is considered to be in sliding mode if the protein is
at a distance of less than 20 Å from DNA (R ≤ 20 Å). The protein is
considered to perform hopping if it satisfies the condition of 20 Å < R
≤ 23 Å. If the protein is found at a distance greater than 23 Å from
the DNA (i.e., R > 23 Å), the protein is considered to be in 3D
diffusion mode. For Xis protein in the Fis-Xis-DNA system, R ≤ 20 Å
represents sliding, 20 Å < R ≤ 26 Å represents hopping and R > 26 Å
is used for diffusion.

■ RESULTS AND DISCUSSION

Deformation at the DNA Binding Site Facilitates Its
Recognition

Previously, it was proposed that the specificity of protein
binding at the target DNA site is strongly influenced by the
local bending of the respective target DNA sites.38 Expanding
on this idea, our current interest lies in investigating how DNA
deformation at the binding site contributes to its specific
recognition by DNA-binding proteins. Local DNA bending can
result from either the inherent flexibility of the binding motif
or the presence of another protein at an adjacent site. To
explore these possibilities, we considered both scenarios.
Accordingly, we first focus on the PU.1 system (as depicted in
Figures 1A and S1A), a transcription factor belonging to the
ETS family with significant roles in hematopoiesis and B-cell
development.39,62 The experimentally determined structure of
PU.1 with its short DNA-binding motif AAAGGGGAAGT
(PDB ID: 1PUE) suggests a significant deviation in the DNA
conformation at the binding site when compared to the typical
B-DNA structure (as shown in Figure 1A). PU.1 predom-
inantly binds in the major groove of the DNA with some
contact formation in the minor groove. The DNA segment

exhibits the structural distortion due to the intrinsic flexibility
of the DNA-binding motif.59 Our second focus lies in the
binding of Fis and Xis proteins to their respective target DNA
sites. Fis forms a homodimer, comprised of 98-residue subunits
derived from E. coli (as depicted in Figures 2A and S1B).
Classified as a bacterial nucleoid protein, Fis plays a vital role
in critical cellular processes, including transcription, replica-
tion, and recombination reactions.42 Xis, shown in Figures 2A
and S1C, is a winged-helix DNA-binding protein expressed at
elevated levels shortly after prophage induction. However, Xis
itself demonstrates low binding specificity in absence of
Fis.63−66 Fis binds to the DNA major groove, with each helix-
turn-helix (HTH) unit anchored within the groove via distinct
contacts with the DNA backbone. This binding necessitates
the bending of DNA shape to accommodate the protein into
two adjacent major grooves.41 Consequently, the minor groove
undergoes substantial deformation, expanding by approx-
imately 50% opposite to where Fis inserts its recognition
helix while narrowing down to roughly half its canonical width
at the center of the Fis interface. In the present study, our
motivation is to understand how Fis-induced deformation in
the DNA shape influences the target search dynamics of the
Xis protein. Accordingly, we setup the experiment by keeping
Fis bound to its binding motif embedded in a poly-CG DNA
stretch. The specific binding mechanism of Fis is represented
by a straightforward Lenard-Jones potential, wherein the
intensity is adjusted to replicate the global bending angle
obtained from the recently resolved crystal structure of the Fis-
Xis-DNA complex bound to 27 bp DNA.67−69 Figure S2 shows
the schematic representation for global bending angle
calculation estimated from the starting point midpoint and
end point of the target sequence labeled as P, Q, and R
respectively.

Before delving into further details, we first assess whether
our model adequately captures the subtle structural alterations

Figure 2. Fis, Xis, and DNA. (A) Crystal structure of Fis and Xis bound to its specific DNA motif. The Fis protein consists of a homodimer,
represented by two chains (depicted in red and green colors), while Xis is illustrated in cyan. (B) Bending angle of poly-CG and poly-CG (+sp, +
Fis) DNA sequences. Here, poly-CG (+sp, + Fis) represents poly-CG sequence with Fis specifically bound to its binding motif positioned in the
center. (C) Average MD simulation steps required by Xis to reach its target, where the binding motif of Xis is placed in a poly-CG (+sp, + Fis)
sequence.
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in DNA, which can be used further as a basis to probe their
interactions with DNA-binding proteins (DBPs) by searching
for their specific DNA sites. To do so, we consider a 200 bp
DNA stretch featuring the binding motif in the middle (base
pair position 95−106) flanked by poly-CG sequences. From
here on, we refer to this as poly-CG (+sp) system. A separate
system comprises a 200 base pair (bp) DNA segment
containing Fis and Xis binding motifs positioned at site 91−
117 bp, flanked by poly-CG sequences. Hereafter, we will refer
to this as the poly-CG (+sp, + Fis) sequence. We analyze the
structural changes of the DNA-binding motifs in the absence of
searching protein for poly-CG (+sp) in the PU.1 system and
the Fis-bound DNA motif (poly-CG (+sp, + Fis)) in the Fis
and Xis systems, utilizing both coarse-grained and all-atom
simulations (details in Supporting Information). To accom-
plish this, we quantify the minor groove width of the binding
motif, and the results are depicted in Figures S3 and S4 for the
PU.1 and Fis-Xis systems, respectively. The findings depict an
excellent match between the coarse-grained and all-atom
simulations, validating the suitability of our coarse-grained
models. Further validation of the model is provided in the
Supporting Information (Figures S5 and S6).

To investigate whether the intrinsic flexibility of DNA at the
binding site plays any role in its recognition by the PU.1
protein, we examine the nonspecific binding dynamics of PU.1
with poly-CG (+sp) DNA. As a control, we consider another
DNA sequence consisting of only the poly-CG DNA sequence
with no specific binding motif embedded in it. This is referred
to as poly-CG sequence hereafter. To quantify the conforma-
tional distortion in the respective DNA structures, we perform
simulations of both DNA sequences in the absence of PU.1
under a salt concentration of 150 mM and measured the DNA
bending angle at each point for both poly-CG (+sp) and poly-
CG sequences.59,70 The results presented in Figure 1B reveal

that the poly-CG DNA stretch is uniformly bent, with a local
bending angle of approximately 160°, while the specific DNA-
binding motif, when flanked by poly-CG DNA sequences (as
in poly-CG (+sp)), exhibits a greater bending of approximately
20° at the binding site, in line with its AT-rich sequence
composition at the specific site region. It should be noted that
the bending of DNA in the poly-CG (+sp) sequence is not
limited within the binding motif; rather, it induces bending in
the adjacent (up to 12 bps on both sides of the binding motif)
flanking GC sequences as well. To explore whether this DNA
deformation in the DNA shape at the binding site impacts the
target search dynamics of PU.1, we estimate the average time
required for PU.1 to reach any of the 95−106 bps
nonspecifically, starting from a distance. Notably, the non-
specific search of the protein is solely governed by electrostatic
interactions between charged amino acid residues and
nucleotide bases. This particular stretch of DNA bases
encompasses the binding motif of PU.1 in the poly-CG
(+sp) sequence but only CG bases in the poly-CG sequence.
Figure 1C illustrates that PU.1 reaches the 95−106 bps stretch
approximately two times faster when the DNA segment
features its binding motif (poly-CG (+sp) sequence) compared
to the poly-CG sequence that lacks any distinct deformation in
the DNA shape. The result suggests that the nonspecific search
of PU.1 for its target site is kinetically facilitated by localized
sequence-dependent deformation of DNA shape at the DNA-
binding site. Estimation of the position-specific bending in the
Fis and Xis systems highlights significant differences in DNA
shape deformation between the poly-CG sequence alone and
the same sequence with Fis specifically bound to its binding
motif (Figure 2B) positioned in the center. To investigate how
the Fis-induced deformation in the DNA influences the target
search dynamics of the Xis protein, we study the dynamics of
the Xis protein on a 200 bp long DNA segment with a poly-

Figure 3. Characterization of PU.1 and Xis diffusion on DNA track. Probability of sliding, hopping, and 3D diffusion of (A) PU.1 protein on poly-
CG and poly-CG (+sp) DNA sequence and (B) Xis protein on poly-CG and poly-CG (+sp, + Fis) DNA sequence. (C) Sample traces of sliding of
PU.1 protein (blue color, upper panel) and Xis protein (pink color, lower panel) along the major grooves of DNA. (D) Schematic representation of
directed 1D movement toward the target site, in which DNA sites are sampled several times by the protein before changing into 3D search mode.
Blue color shape represents the searching protein and black color segment on the DNA represents the binding motif of the searching protein. ptarget
denotes the direction of the protein moving toward the target site during each 1D scanning event. ptarget of (E) PU.1 protein on poly-CG and poly-
CG (+sp) sequence and (F) Xis protein on poly-CG and poly-CG (+sp, + Fis) sequence on proximal and distant bases.
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CG sequence and compare the result to poly-CG (+sp, + Fis).
We refer the first sequence as poly-CG sequence. The result
presented in Figure 2C illustrates that the time required for Xis
to reach the 105−115 bp (binding motif of Xis) segment
through nonspecific diffusion over DNA is approximately 2.2
times slower on the poly-CG sequence compared to when the
Xis protein nonspecifically scans the poly-CG (+sp, + Fis)
sequence. To confirm that the speed up observed in locating
the binding motif by the Xis protein is due to Fis-induced
deformation in the DNA shape and not through interaction
with Fis protein itself, we artificially constrain the bending of
the DNA segment to approximately 60−65° using a pseudo
harmonic-bond at the two ends of the binding motif. This
reproduces the impact of Fis-induced deformation in the
absence of Fis binding. The corresponding search time of Xis
shown in Figure S7 is similar to that on a poly-CG (+sp, + Fis)
sequence, suggesting that Fis does not interact directly to
influence the binding of Xis, as indicated in previous
studies,41,71 rather the facilitated search dynamics of Xis
protein is due to deformation in DNA shape induced by Fis
binding.
Protein Exhibits a Biased Diffusion in the Close Proximity
to Its Binding Motif

Having observed that deformation in DNA shape at the
binding site results in the faster arrival of the searching proteins
at those sites, we explore how such deformation influences the
search process. A straightforward approach to assess the impact
is to monitor differences in the protein’s search mechanism in
the presence and absence of deformation at the DNA-binding
motif. Accordingly, we analyze the footprint of the searching
protein throughout the trajectory until it reaches the DNA-
binding site, estimating its propensities for adopting various
transport modes following the prescribed method in the
Materials and Methods. Figure 3A,B illustrates the propensities
of various target search modes adopted by PU.1 and Xis
proteins, respectively. For PU.1 searching on DNA poly-CG
(+sp), the propensity of 1D sliding is 32%, hopping is 54%,
and 3D diffusion is 14%. The same on DNA with poly-CG
only are 34, 54, and 12%, respectively, suggesting that the
target search modes are not significantly altered by the
presence of binding motif-specific DNA shape deformations.
For Xis searching the DNA in the presence of Fis-induced
deformation at its binding site, the propensities of sliding,
hopping, and 3D diffusion are 8, 60, and 32%, respectively.
This profile is consistent (sliding 7%, hopping 59%, and 3D
diffusion 34%) with the one when Xis scans poly-CG DNA.
The results prompt a critical observation in the DNA shape
readout mechanism that nonspecific electrostatic interactions
may not be the dominant factor in locating the binding site by
the searching proteins. Had it been the case, the propensities of
various search modes would have been different on DNA
featuring shape deformation at the binding site compared to
DNA with poly-CG sequences only. Furthermore, the

observation raises the question of what, if not search modes,
causes the rapid recognition of the target site when it features
distinct deformation in DNA shape.

To identify why the recognition of the target DNA site is
faster on DNA featuring deformation in shape at the binding
motifs, we conduct a comprehensive analysis of the one-
dimensional diffusion dynamics exhibited by the searching
proteins on DNA. In 1D search mode on DNA, proteins
stochastically move between adjacent DNA bases in both
forward and backward directions without dissociating from the
DNA surface. This mode enables the protein to thoroughly
scan the DNA bases along the major groove, simultaneously
progressing along the length of the DNA (Figure 3C), thereby
enhancing the probability of successfully recognizing the target
DNA sequences compared to other search modes. During a 1D
diffusion event, protein’s movement is generally confined to
local searches covering approximately 50 bp around each
landing site on the DNA. Our objective is to characterize the
1D diffusion dynamics within 50 bp around the DNA target
site (proximal site) and far from it (distal bases). We define a
parameter, ptarget, to track the protein’s direction moving
toward the target site during each 1D scanning event while
scanning over proximal and distal DNA bases separately
(Figure 3D). Figure 3E,F presents the results for PU.1 and Xis
proteins, respectively, indicating ptarget ∼ 0 on distal DNA bases
for both proteins, irrespective of the presence of deformation
at the binding site. A ptarget close to zero indicates that the
proteins stochastically search the DNA by performing back and
forth motion on it. Conversely, a ptarget > 0 denotes that the
protein preferentially moves toward the target site while
scanning on the DNA, and ptarget < 0 indicates movement away
from the position of the binding motif. Interestingly, our
analysis suggests that when the protein scans proximal bases,
its diffusion dynamics (1D) on DNA dynamics are significantly
biased toward the target site (ptarget > 0) in the presence of
DNA deformation, either caused by intrinsic sequence
flexibility (in the case of PU.1) or induced by the binding of
the Fis protein (in the case of Xis). This is not the case when
the binding motif does not feature any noticeable deformation
in shape compared to its flanking DNA segment. The results
clearly indicate that in the DNA shape readout mechanism, the
alteration of the DNA shape at the binding motif can expedite
its recognition by biasing the 1D diffusion of the protein in its
proximity, although the overall propensities and target search
mechanism remain unaltered. The result is noteworthy, as both
cases involve protein diffusion governed by nonspecific
electrostatic interactions. However, the observed bias is
discernible only when the DNA exhibits deformed shapes at
the binding sites. It is noteworthy to highlight that Fis is
already bound to its target site and hence does not impede the
nonspecific search of Xis protein. However, under in vivo
conditions, when starting from an unbound state, both proteins
can compete with each other for their target site.
Consequently, their crosstalk may influence the dynamics of

Table 1. Thermodynamic Parameters Calculated from the Simulation Trajectories of the DNA and PU.1 in Free Systems and
PU.1-DNA Nonspecific Complex at T = 300 Ka

systems H ΔH TS∞ TΔS∞

free systems −2195.53 ± 2.56 296.81 ± 0.14
−2.70 ± 3.92 36.99 ± 0.20

DNA−PU.1 complex −2198.23 ± 2.98 333.80 ± 0.14
aAll the values are in kcal/mol ± standard errors.
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their target search, which is, however, beyond the scope of this
study.
Thermodynamics of the DNA Shape Readout Mechanism
In order to elucidate the underlying physical principles behind
the swift recognition of binding motifs characterized by altered
DNA shapes compared with the ideal B-DNA geometry, we
perform a thermodynamic analysis of the simulation trajectory
until the protein reaches the target site. We emphasize that the
analysis involves only the nonspecific search process of the
proteins. The findings of this analysis for PU.1 and Xis proteins
are presented in Tables 1 and 2, respectively. The change in
free energy with respect to free DNA can be given by

=G H T S (1)

where H is the enthalpy of the system (DNA−protein
complexes or individual systems), T is the temperature, and
S represents the configurational entropy. ΔH represents the
difference between the enthalpy (H) of the free systems
(H(free)) and DNA−protein complexes (H(complex)).

In the case of the PU.1 protein, enthalpic contributions are
computed based on the equilibrated conformations of both
free DNA and free protein and the PU.1-DNA nonspecific
complex. The summarized results in Table 1 suggest that
reaching the DNA-binding site nonspecifically from an
unbound state is marginally enthalpically favorable (ΔH =
−2.70 ± 3.92 kcal/mol). To assess the impact of configura-
tional entropy, we estimate entropy by diagonalizing the
Cartesian coordinate covariance matrix, following the method-
ology outlined by Schlitter.72 It is worth noting that this
approach has been previously employed in protein and DNA
systems at both atomistic and coarse-grained representation to
estimate configurational entropy.56,73−77 The magnitude of
configurational entropy is however lower in the coarse-grained
systems compared to the all-atom description of the system
with explicit solvent molecules.76,77 The computed entropies
(S) are dependent on the trajectory’s length (t), indicating a
convergence issue. Over a longer simulation time window, the
entropy value approaches a limit (S∞). We find that the
entropies, when calculated over a sufficiently extended time
window, can be effectively fitted using an empirical relationship
as described previously,75 which can be written as

=S t S
t

( ) 2/3 (2)

where α is the slope of eq 2. Based on the obtained values (as
shown in Table 1), we compute TΔS at 300 K to be 36.99 ±
0.20 kcal/mol, suggesting that reaching the target DNA site,
which exhibits a deformed shape due to the intrinsic sequence-
dependent flexibility of its sequence, is linked to a net gain in
configurational entropy. It is noteworthy that the mass and
moments of inertia of the binding proteins have a negligible
impact on the binding process, while translational and
rotational entropies depend on these parameters. Conse-
quently, during our calculations, changes in these entropies are

ignored. The result indicates that the entropic contribution is
approximately 14 times higher than that of the enthalpic
contribution (TΔS ≫ ΔH), suggesting a predominant role of
entropy in the DNA shape readout mechanism compared to
the role of electrostatic interactions between the searching
protein and DNA. Additionally, it is noteworthy that TΔS
encompasses the distinct contributions of both the protein and
DNA individually. With further dissection of the entropic
contribution for poly-CG (+sp)(TΔS = TΔSPU.1 +
TΔSDNA(sp)), we find TΔSDNA(sp) = 10.15 ± 0.98 kcal/mol
and TΔSPU.1 = 26.84 ± 1.82 kcal/mol. In the absence of
sequence-dependent shape deformation at the binding site,
such as in the poly-CG sequence, the entropic contributions of
the protein and DNA are TΔSDNA = 0.72 ± 0.134 kcal/mol
and TΔSPU.1 = 22.49 ± 1.92 kcal/mol, respectively. This
suggests that for poly-CG (+sp), the search process is assisted
by change in the entropies of both DNA and protein
molecules. In general, the high entropy of the protein
molecules is attributed to its conformational fluctuations
during various nonspecific scanning modes on and off the
DNA. Such a wide range of fluctuations are missing in the free
state of the protein, resulting in a high gain in protein’s
entropy.

The thermodynamic analysis of the interaction between Xis
and the Fis-DNA complex is given in Table 2. We estimate the
changes in enthalpy and entropy resulting from the nonspecific
recognition of Xis at its binding site, where the Fis dimer is
already bound at the two consecutive major grooves. The
recognition of the DNA-binding motif by the Xis protein is
primarily entropy-driven, with the entropic contribution TΔS
= 40.83 ± 0.84 kcal/mol, being approximately 15 times higher
than that of the enthalpic contribution (ΔH = −2.79 ± 2.97
kcal/mol). This observation aligns with the entropy-driven
recognition of PU.1 to its binding motif, indicating the
generalized role of entropy in facilitating the recognition of the
target DNA site by searching proteins in the DNA shape
readout mechanism. Further decomposition of entropy (TΔS
= TΔSPro + TΔSDNA) reveals that the net entropy change of
DNA (TΔSDNA) is 5.29 ± 0.65 kcal/mol, which, in
combination with the net change in configurational entropy
of Xis (35.54 ± 2.13 kcal/mol), favors the recognition of the
target site.

To further validate our findings regarding the protein’s
nonspecific search for the target DNA site in the DNA shape
readout mechanism, which we claim is primarily an entropy-
driven process, we adopt an indirect method of entropy
estimation. We investigate the DNA-binding free energy
landscape of PU.1 using the umbrella sampling method
(details provided in the Supporting Information) and estimate
the entropic contribution (TΔS) from the differences in free
energy (ΔG) and enthalpy (ΔH) along the DNA contour (see
Figure S8). The binding free energy landscape during the
nonspecific target search process, for the poly-CG (+sp)
sequence, is depicted in Figure 4A as a function of the distance

Table 2. Thermodynamic Parameters Calculated from the Simulation Trajectories of the Fis-DNA Complex and Xis in Free
Systems and Fis-DNA and Xis Nonspecific Complex at T = 300 Ka

systems H ΔH TS∞ TΔS∞

Fis−DNA and free Xis −2146.23 ± 2.18 430.62 ± 0.64
−2.79 ± 2.97 40.83 ± 0.84

Fis−DNA and Xis complex −2149.02 ± 2.02 471.45 ± 0.55
aAll the values are in kcal/mol ± standard errors.
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between the searching protein and the mid base pair of DNA-
binding site. The results suggest a change of approximately
8.28 ± 1.31 kcal/mol in free energy during the process, with
the distance between the searching protein and the DNA-
binding site, in terms of base pairs, translating to approximately
5−40 base pairs. It is important to note that a distance of ≤20
Å denotes the span of the target site (∼6 bp), indicating that
when the distance is 20 Å, the protein has already reached the
target span. The estimated TΔS (see Figure S8 for individual
contributions of enthalpy and entropy) along the DNA
contour illustrates that the nonspecific search is predominantly
entropy-driven (shaded region, 140−50 Å) until the protein is
extremely close to the binding site (within 5 bps). At such
close proximity, the altered protein−DNA electrostatics due to
the deformed shape of the target DNA site influence the
protein association much more strongly, highlighting that
entropy drives the search process of the protein from a large
distance far from the target DNA site. To further substantiate
our findings, we repeat the umbrella sampling experiment, but
this time we freeze the DNA conformation, thereby completely
ceasing the entropic contribution of the DNA. The resultant
free energy profile is depicted in Figure 4B, featuring a flat
pattern indicating that target search by the protein. In fact,
results from our kinetic experiments suggest that the
nonspecific recognition of the target DNA site is approximately
3 times slower (Figure S9A) compared to when DNA entropy

is considered. It is interesting to note that comparative analysis
of protein search modes on flexible and fixed DNA reveals
significant differences. On flexible DNA, the protein exhibits
32% sliding, 54% hopping, and 14% diffusion, whereas on fixed
DNA, the protein search entails 73% sliding, 19% hopping, and
8% diffusion (Figure S9B).

To this end, we note that further clarification is needed
regarding the discrepancies in the TΔS values obtained from
this indirect approach and Schlitter’s method. In the latter, we
assess the net change in entropy of the nonspecifically
associated PU.1-DNA complex compared to the free states
of the molecules. Conversely, in the indirect method, where
the TΔS estimation relies on the free-energy profile of the
PU.1-DNA system calculated from umbrella sampling, we
utilize the distance between the searching PU.1 and the DNA
target site as the reaction coordinate. The furthest distance
considered is 140 Å, which roughly corresponds to ∼40 base
pairs away from the target DNA site. It is important to note
that the reaction coordinate does not constrain the protein to
be 140 Å away from the DNA molecule. PU.1 can still be on
the DNA, performing 1D scanning, while maintaining a 140 Å
distance from the DNA target site. Thus, the initial state is
already a nonspecifically bound complex, resulting in a TΔS
much lower than it could be compared to completely free
states of PU.1 and DNA. Consequently, for a more accurate
comparison between TΔS values obtained from Schlitter’s

Figure 4. Free energy profiles of PU.1-DNA binding with poly-CG (+sp) sequence as a function of the distance between the center of mass of PU.1
and the center of mass of mid base pair of the target site of DNA for the (A) flexible and (B) fixed DNA systems. The error analysis is done by
performing three independent umbrella sampling simulations.

Figure 5. Principal component analysis for the PU.1-DNA system. Patterns of the minor groove width variations corresponding to the top 3
eigenvectors of the dynamics of the free DNA and PU.1-DNA complex.
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method and the indirect approach, a more appropriate reaction
coordinate should be considered. However, this aspect is
currently beyond the scope of the present study. Nevertheless,
our results obtained from two completely different approaches
confirm that the nonspecific recognition of the target site on
DNA in the DNA shape readout mechanism is primarily an
entropy-driven process.
Differences in DNA Configurational Entropy at the
Binding Site and Distal Nonspecific Sites Induces a
Funnel-like Information Transfer Landscape

To comprehend the molecular intricacies of the entropy-
assisted DNA shape readout mechanism, we systematically
investigate the roles played by entropic contributions from
both the DNA and the searching protein. As a semiflexible
polymer, the DNA molecule undergoes fluctuations around a
B-DNA geometry, sampling various microstates. Any se-
quence-specific alteration in shape or deformation induced
by the specific binding of proteins at adjacent sites significantly
skews the conformational ensemble toward the microstates
with constraints in DNA shape, thereby reducing the
configurational entropy of the molecule. One effective way to
estimate this impact is to monitor the fluctuations in minor
groove width, which are highly sensitive to changes in the
shape and conformational dynamics of DNA.67,78 However,
doing so is nontrivial considering the ensemble of DNA
configurations with varying degrees of change in the minor
groove geometry. To address this challenge, principal
component analysis (PCA)79,80 offers a method to transform
the large set of variable DNA groove geometries into a smaller
set that still contains most of the information in the original
set. The eigenvectors obtained from PCA provide a vectorial
representation of each mode of structural deformation, and the
eigenvalues indicate the magnitudes of these modes of
structural deformations. We performed PCA on the trajectories
of both free DNA and protein−DNA complexes (PU.1-DNA,
Fis-DNA, and Fis-Xis-DNA). The details of the PCA
calculation and methodology are provided in the Supporting
Information. Figures 5 and 6 illustrate the variations in minor
groove width associated with the free DNA and protein−DNA
complexes. For the top three eigenvectors, structures of DNA

are generated corresponding to the minimum and maximum
observed eigenvalues, as previously described.56,75 The plotted
minor groove width difference between these structures at the
binding motif, as shown in Figure 5, exhibits a pattern
reminiscent of the modes of vibration of a string, highly
asymmetric and harmonic before protein binding. This offers a
compelling insight into the conformational dynamics of the
DNA molecule, where the information related to DNA shape
deformation traverses between sites. Upon PU.1 reaching its
cognate motif on the DNA, lower harmonics in vibration are
observed. In the case of the Fis-Xis-DNA system, the
differences in groove width associated with the principal
eigenvectors are depicted in Figure 6. In this scenario, the
modes of vibration are highly asymmetric, and higher
harmonics predominate when only Fis is associated with its
binding site to cause significant deformation in DNA shape in
the adjacent sites, including the binding site of Xis. This is
largely restored after Xis reaches its binding site nonspecifi-
cally. The results capture distinctly different dynamics of the
DNA molecule at the binding motifs in the presence and
absence of a nonspecifically bound protein. The associated
signal is captured in the form of differences in the minor
groove widths.

To further understand how the signal originated due to the
deformation in shape of the binding motif influences the search
process of a protein positioned at a distance from the binding
motif, we probe if the signal traverses along the DNA contour.
This is done by estimating the information transfer landscape
of the free systems, PU.1 and DNA, and the PU.1-DNA
complex using the time-delayed conditional probabilities of
time-series data of minor groove width fluctuations, following
Schreiber’s formulation of information entropy transfer.81

Transfer entropy serves as a statistical measure of the directed
transfer of information between the two processes. The
detailed method is outlined in the Supporting Information.
This approach has been tested for various protein−protein and
protein−DNA systems.56,82 The advantage of this method lies
in its ability to pinpoint the entropy source and entropy sink
resulting from DNA shape deformation induced by protein
association or the sequence-specific intrinsic flexibility of the

Figure 6. Principal component analysis for the Fis-Xis-DNA system. Patterns of the minor groove width variations corresponding to the top 3
eigenvectors of the dynamics of the Fis-DNA and Fis-Xis-DNA complexes.
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binding motif. This approach elucidates how information
regarding protein binding is communicated along the DNA
contour.82−85

The results are depicted in Figure 7, where the net
information entropy transfer is plotted relative to the DNA
base pair index. Figure 7A illustrates the net entropy transfer
landscape along the DNA molecule in the absence of PU.1, in
the apo state (poly-CG (+sp), upper panel), and when PU.1 is
nonspecifically bound to its binding motif on DNA (lower
panel), respectively. Likewise, Figure 7B elucidates the net
entropy transfer landscape along the DNA molecule after Fis-
induced shape deformation (upper panel) and when Xis
reaches its target DNA site nonspecifically (lower panel),
respectively. The patterns distinctly show that the shape
deformation resulting either from the intrinsic flexibility of the
binding motif in case of PU.1 or due to specific binding of Fis
at the adjacent site of Xis protein’s binding motif leads to the
formation of an entropic funnel. The net entropy TNET (i → j)
flows toward the target site positioned at the middle of the
DNA stretch from both directions. This observation is further
supported by the absence of such an entropic funnel when the
DNA does not feature the binding motif for PU.1 (Figure
S10A) or Fis is not present to induce shape deformation in
DNA (Figure S10B), indicating the role of the shape of DNA-
binding sites biasing the sampled conformational space for the
DNA molecule.

The observed information propagation is consistent with
previous experimental and theoretical investigations that have
elucidated the role of DNA allostery in facilitating the binding
of a second ligand subsequent to the initial binding of the first
ligand at a distant site.86−88 In these investigations, the ligands’
binding sites are separated by a variable-length spacer of DNA
segments. Kim et al. emphasized that while electrostatic
interactions between the ligands are not the primary origin of
the allosteric phenomenon, allostery is predominantly
influenced by the mechanical characteristics of the linker
DNA.86 They postulated that allostery through DNA mainly
arises from distortion of the groove width induced by protein
binding. These studies have proposed that DNA allostery
engenders an oscillatory phenomenon with periodicity,
facilitating the binding of two or more proteins at distinct
sites through a signal conveyed by the linker DNA. These
investigations have highlighted that DNA-mediated allostery
and signal transmission rely on the mechanical distortions of
DNA over distances. However, investigating the persistence of

signal transfer induced by DNA’s mechanical properties in the
absence of an associating partner falls beyond the scope of
these studies. Our findings provide a quantitative approach to
delineate the signal induced by DNA distortion, highlighting
the importance of indirect readout mechanism in the target
search dynamics of the searching protein.

The width of the funnel encompasses several adjacent
flanking sequences, indicating that the impact of the funnel is
nonlocal due to the elastic nature of the DNA molecule. As the
binding motif assumes a deformed shape due to its intrinsic
flexibility in the specific sequence, the adjacent flanking DNA
bases are compelled to adopt a distinct but less pronounced
deformation in shape to maintain stacking and cross-stacking
interactions of the DNA bases. The impact diminishes with an
increasing distance from the binding motif. However, the
landscape undergoes a complete transformation as PU.1
nonspecifically reaches its binding motif (lower panel, Figure
7A). The entropic funnel represents a flat landscape, indicating
a return of the skewed distribution of the conformational space
of the DNA molecule to normalcy. The associated entropic
gain (10.15 ± 0.98 kcal/mol) favors the protein search toward
its DNA-binding motif. Similarly, the net entropy transfer
ceases to zero (lower panel, Figure 7B) when Xis nonspecifi-
cally reaches its binding motif. The associated entropic gain is
found to be 5.29 ± 0.65 kcal/mol. Additionally, we investigate
the entropy transfer mechanism for the Fis-Xis-DNA system in
the presence of a mixed flanking sequence, and the result is
presented in Figure S11. The result indicates that the influence
of DNA deformation, resulting from the specific binding of Fis,
skews the sampled conformational space of DNA even for a
scrambled sequence of the flanking DNA bases.

To further understand the role of the entropy transfer
mechanism in the target search dynamics of PU.1, we
monitored how the geometry of the entropic funnel altered
with the change in the position of PU.1 on DNA. Figure S12
(and Video S1) presents three instances that vividly portray a
dynamic information transfer landscape of the DNA, where the
change in funnel width strongly correlates (see Figure S13)
with the position of the searching PU.1 protein. The
nonspecific binding of the protein at a DNA site within the
funnel releases the shape constraints of the adjacent DNA
bases at the point of the protein’s probe. The effect shifts the
skewed distribution of DNA conformations to regular
fluctuations around a B-DNA geometry, causing an increase
in the entropy of the DNA bases. Here, B-DNA refers to the

Figure 7. Entropy transfer. Net entropy transfer from individual bases to the entire set of DNA bases is shown for (A) poly-CG (+sp) DNA (for
PU.1 protein) and (B) poly-CG (+sp, + Fis) DNA (for Xis protein). The upper and lower panel in both (A and B) represents the net entropy
transfer before and after the nonspecific association of the proteins (PU.1 and Xis) on their target site, respectively. DNA indexes with a negative
value of net entropy transfer are entropy sinks, whereas those with a positive value acts as the entropy sources. The error bars associated with each
DNA index are defined as the standard error.
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flanking poly-CG segments around the specific target site. To
support our assertion, we examine two scenarios: one where
the protein is positioned on the DNA approximately 30 bps
away from the target site and the other where the protein is
merely 10 bps away from the target site (refer to Figure S14,
upper panel). We analyze the minor groove width distributions
of the flanking poly-CG segment between base pairs of 65−80
in both cases. Our findings, depicted in the lower-left panel of
Figure S14, distinctly indicate that when the protein is distant
from the target DNA site, the inherent deformation induced by
the sequence of the target DNA site causes a significant
alteration in the minor groove width distribution in the 65−80
bps segment of the poly-CG DNA. The distribution noticeably
skews toward a lower minor groove width. However, when the
protein is in close proximity to the target DNA site
(approximately 10 bp away), it obstructs the progression of
DNA deformation at the target site along the DNA contour
beyond the protein. Consequently, the skewed distribution of
the minor groove width within the 65−80 bps segment reverts
back to that of the poly-CG B-DNA conformation.
Considering the fluctuations in minor groove width as an
indicator of the corresponding change in entropy, we observe
higher entropy (greater fluctuations) when the skewed
distribution in the minor groove width is normalized (refer
to the lower-right panel of Figure S14). The entropy of the
DNA bases around the binding motif of the searching protein
thus acts as a driving force in directing the nonspecific search
of the proteins toward their binding sites. As the protein
approaches, the funnel geometry changes accordingly, explain-
ing the directionality of the target search method of proteins in
the DNA shape readout mechanism. The effect of protein−
DNA electrostatic interaction is evidently highly localized and
helps in neutralizing the entropy gradient at the site of the
probe on DNA. In contrast, the entropic funnel centering the
DNA-binding motif exerts a long-range driving force and
serves as an entropic switch that regulates the 1D diffusion of a
protein searching DNA bases in the vicinity of the binding site.
Upon reaching the specific site, the switch is turned off.

In this context, it is important to note that a recent study has
emphasized the influence of DNA mechanical properties on
the binding specificity of PU.1.59 The study revealed that the
local bending stiffness of DNA is elevated when PU.1 binds at
a nonspecific site, while it becomes highly flexible at the
binding motif, facilitating the locking of PU.1 at this site.
Subsequently, they hypothesized the role of DNA configura-
tional entropy in determining the bending stiffness of specific
and nonspecific sites. In this work, we explicitly demonstrate
the role of DNA configurational entropy in regulating the
recognition of the DNA-binding motif through a shape readout
mechanism. Taking this a step further, we employ their
theoretical model to calculate DNA bending stiffness upon
PU.1 association with DNA segments to describe how
semiflexible DNA responds to the association of DNA-binding
proteins. Figure S15 presents the relative DNA bending
stiffness as a function of the DNA index for the PU.1-DNA
system. The results indicate that the bending stiffness is at its
minimum when the protein is at its binding motif and increases
when the protein is at the flanking region. This analysis
underscores that DNA bending stiffness is not uniform at every
nonspecific site, rather it displays a funnel-like pattern, much
like our entropic funnel representation. The impact of the
DNA-binding motif, and thus DNA shape (deformation),
extends beyond the motif itself, propagating to adjacent

flanking DNA bases. This impact diminishes and saturates with
an increase in distance from the binding motif, as explained
above based on the entropy transfer mechanism.
Role of the Searching Protein in the DNA Shape Readout
Mechanism�Origin of Specificity

While the configurational entropy of the DNA explains a rapid
nonspecific recognition of the binding motif by the searching
protein, what promotes specificity in their binding? Numerous
studies have aimed to biophysically characterize how proteins
undergo facilitated diffusion while searching for target DNA
sites.15,57,89−95 The kinetics of protein−DNA recognition
interactions was found to not solely depend on search speed;
rather, it also depends on how efficiently the protein
establishes specific interactions upon reaching its binding
motif. In the search mode (S state), a protein interacts
nonspecifically with DNA through electrostatic interactions
between positively charged protein residues and negatively
charged phosphates on the DNA backbone.96,97 Upon reaching
the target site, the protein switches its conformation to the
recognition mode (R state) to establish sequence-specific
contacts with the DNA, involving hydrogen bonds, hydro-
phobic, and aromatic interactions between the protein residues
and the DNA bases.98 The complete search kinetics, therefore,
involve transitions between the nonspecific binding mode, S,
and the specific binding mode, R.99−103 The existence of S and
R binding modes is argued to be necessary to reconcile the
conflict between speed and stability, commonly referred to as
the speed-stability paradox, where conditions for fast search are
incompatible with stable protein−DNA interactions.2,100

Various experimental techniques, such as X-ray crystallog-
raphy, NMR, and single-molecule approaches, support the
two-state model. These methods reveal that DNA-binding
proteins assume distinct conformations when engaged in
specific interactions with DNA compared to nonspecific
interactions.3,57,100,104−107 Here, our objective is to compre-
hend how the entropic funnel, induced by DNA shape
deformation at the binding site, modulates the transition
between the S and R modes.

We identify the recognition modes for both PU.1 and Xis by
analyzing their experimentally resolved specific complexes with
DNA. Only amino acids within 4 Å of a nucleotide base, as
determined by their side chains, are considered to be part of
the R mode. Any other positively charged amino acids through
which the protein nonspecifically probes the DNA, are
categorized as part of the S mode. The overlap between
these two states can be quantified using the protocol outlined
by Leven et al.,108 where a parameter χi is defined for each
protein residue forming specific contacts with DNA in the
complex, as given below

=
( )

( )
q a

a

exp

exp
i

j j

r

r

j
r

r

ij

ij

c

c (3)

Here, j represents protein residues within a cutoff distance of
rc = 8 Å from residue i. rij is the distance between residues i and
j; qj denotes the point charge on residue j, and a = 5 is an
exponential factor.108 The overall similarity index χ is obtained
by averaging over all χi, ranging from −1 to +1. A higher χ
value indicates a low frustration and greater similarity between
the S and R states. Consequently, the free energy difference
between the two states is low. Alternatively, a low χ value
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signifies high molecular frustration in the protein, where two
states are distinctly different from each other and are separated
by a relatively higher free energy difference. Our analysis
suggests that χ values for PU.1 and Xis proteins are 0.19 and
0.08, respectively. A higher χ value for PU.1 suggests a greater
overlap between the two states. In comparison, a somewhat
lower χ value in Xis represents distinct S and R modes. We
analyze the 1D search modes of the proteins along the DNA
until they reach their binding motifs, estimating the
probabilities of the proteins being in search (pS) and
recognition (pR) modes.

Variations of pS/pR with varying protein position on DNA
are shown in Figure 8A and B for PU.1 and Xis proteins,
respectively. Evidently, pS/pR for PU.1 is relatively smaller
when the protein is far from the binding motif than that of Xis,
indicating greater overlap between the search and recognition
modes in PU.1, consistent with their respective χ values. The
results further suggest relatively constant pS/pR values for both
PU.1 and Xis proteins, irrespective of their positions on DNA
if there is no deformation in the shape at the binding motif
(see Figure 8A,B, red circles). Conversely, in the presence of
sequence-dependent shape deformation in the case of PU.1
and Fis-induced deformation at the binding motif of Xis, pS/pR
exhibits a drastic reduction (see Figure 8A,B, black squares) as
the proteins enter into the entropic funnel and approach closer
toward their specific binding sites. When at the close vicinity of
the target site, pS/pR reduces to ∼1. The results signify that the
proteins predominantly scan the DNA in their search mode
while outside the entropic funnel (see position 1). On the
contrary, inside the funnel (see positions 2 and 3), transitions
between search and recognition mode are easier, allowing the
protein to spend almost equal time in the recognition mode,
thereby significantly enhancing the probability of establishing
specific contacts with the binding motif.

Having observed that the entropic funnel on the DNA,
originating from the shape deformation of the specific binding
sites, promotes proteins to be in recognition mode in the
vicinity of the binding motif, we further probe how the same is
connected with the molecular frustrations χ of the respective
proteins by assessing the ruggedness of the funnel (σEF) from
fluctuations in the TNET values. The results presented in Figure
8C,D represent the ruggedness of the entropic funnel for PU.1
and Xis proteins, respectively. Notably, the PU.1 protein,
which exhibits a higher similarity between the search and
recognition modes (high χ value), displays a less rugged
landscape (Figure 8C). The less rugged entropic funnel fits the
need of the protein to minimally fluctuate to switch between its
overlapped search and recognition modes. In contrast, for a
protein like Xis, which features distinctly different search and
recognition modes (low χ value), a more rugged funnel
landscape (see Figure 8D) befits the larger conformational
fluctuation required to switch between the search and
recognition modes. This observation reveals the fact that a
complementary relationship might exist between the molecular
features of searching proteins (similarity between search and
recognition modes) and the ruggedness on the DNA track
around the binding motifs, which determines the overall
specificity of their binding. To validate our hypothesis, we
simulate the target search dynamics of Xis in the absence of the
Fis protein, where the AT-rich binding motif is positioned in
the middle of poly-CG sequences. Without specifically bound
Fis, the binding motif displays less deformation in shape, and
corresponding fluctuations in the entropic funnel are
substantially lower (see Figure S16). The variation in pS/pR
for Xis under this condition shows lower efficiency in
specifically recognizing the binding site (see Figure S17),
indicating a less conducive environment for forming a specific
complex (lower specificity) as Xis scans the binding motif
primarily in its search mode.

Figure 8. Characterization of protein dynamics. The ratio of probabilities of the proteins being in search (pS) and recognition (pR) modes of (A)
PU.1 protein on poly-CG (red color) and poly-CG (+sp) DNA (black color) and (B) Xis protein on poly-CG (red color) and poly-CG (+sp, +
Fis) DNA (black color) with the position of protein on DNA. The schematics given in the inset of (A) shows the different position of protein. Red
color patch denotes the target site on DNA (shown in white color). Positions 1, 2, and 3 represent the protein position from the funnel with a
distant site, near the funnel, and inside the funnel, respectively. The ruggedness of the transfer entropy landscape (σEF) of (C) poly-CG (+sp) DNA
(PU.1 protein) and (D) poly-CG (+sp, + Fis) DNA (Xis protein).
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■ CONCLUSIONS
In this study, we explored the origin of specificity in the DNA
shape readout mechanism employed by proteins to recognize
DNA-binding motifs. Changes in DNA shape mainly arise
from the inherent sequence-specific flexibility of the binding
motifs or the binding of other proteins to nearby DNA sites. In
both scenarios, we demonstrate that deformation of the DNA
shape at the binding motif creates an entropic funnel around it.
Through an analysis of the time-delayed conditional
probability of minor groove width fluctuations, we observed
a net entropy flow from the adjacent site toward the binding
motif, designating it as an entropy sink. As the protein scans
DNA in the proximity of the binding motif, it senses the
entropy gradient along the DNA contour. The protein’s
movement toward the binding motif relaxes the shape
constraints of the DNA bases, increasing the DNA entropy,
which biases the protein’s 1D search dynamics toward its
binding site. Such biases are absent when the protein is distant
from the binding site, or the binding motif does not feature any
distinct deformation compared to the flanking DNA bases. The
entropy-driven biased 1D scanning of the protein near its
target site thus facilitates the overall recognition process and
enhances the associated kinetics. The funnel’s impact is
significantly long-ranged in transferring information related
to alteration in shape of the binding motif and encompasses
several flanking nucleotide bases. In contrast, the role of
electrostatics is weaker, aiding in releasing the deformed shape-
induced strain of DNA bases locally around the protein probe
on DNA.

The influence of an entropic funnel resulting from DNA
shape deformation is generic and, in principle, could enhance
the search dynamics of any adjacent proteins. However,
specificity in protein−DNA recognition necessitates compat-
ibility between the molecular characteristics of the protein and
DNA. Our study demonstrates that indeed a correspondence
exists between the molecular frustration of the protein
molecule and the ruggedness of the entropic landscape of
DNA. It is well-established that the target search process of a
protein involves search and recognition modes. The molecular
frustration of a protein depends on the similarity of these two
modes. If both modes overlap, then minimal fluctuation in the
protein conformation is sufficient for the transition between
states. In contrast, a protein has higher frustration if its search
and recognition modes are distinctly different, requiring larger
conformational fluctuations to switch between states. Our
analysis suggests that the ruggedness of the entropic landscape
of DNA is well-suited to meet this requirement; higher
molecular frustration in the searching protein corresponds to
greater fluctuation in the entropic funnel, facilitating the
conformational transition of the protein between its two states.
The associated change in the protein’s entropy favors overall
dynamics as it progresses toward the specific target site,
increasing the probability of scanning the DNA through its
recognition mode. This mechanism differs significantly outside
the funnel, where the protein scans the DNA nonspecifically,
mostly through its search mode. We propose this as a generic
mechanism for the DNA shape readout. The discussion
remains incomplete without addressing the significance of the
entropic effect in facilitating protein search on DNA and
maintaining specificity in recognizing the binding motif
through the DNA shape readout mechanism, especially given
the relatively vast genomic background the protein scans

before binding specifically. In this context, we emphasize that a
genome-wide analysis of transcription factor binding sequences
reveals a distinct pattern of AT-rich nucleotide bases around
the binding motif.109 This pattern gradually fades within
approximately 200 bp on each side of the binding motif,
transitioning to a more random DNA sequence. Considering
the propensity of AT-rich sequences to induce deformation in
DNA shape, we hypothesize that a much wider entropic funnel
exists in reality, exerting a more dominant influence on the
DNA shape readout mechanism than is currently anticipated
using poly-CG flanking sequences around the binding motif.
Typically, TF binding sites are AT-rich,109 capable of inducing
sequence-dependent curvature.110,111 However, there may be
cases in which the bending is minimal. For such cases, the
target search process can still be facilitated through DNA-
mediated allostery, particularly upon the association of other
proteins at slightly distant sites.112 In fact, this mechanism is
versatile and adaptable for many transcription regulators.113

This testable hypothesis may provide essential insights into the
role of flanking noncoding DNA sequences in regulating gene
expression.
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