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search processesy

xba

Diljith Thonnekottu (2 and Debarati Chatterjee
Many fundamental biophysical processes involving gene regulation and gene editing rely, at the
molecular level, on an intricate methodology of searching and locating the precise target base pair
sequence on the genome by specific binding proteins. A unique mechanism, known as ‘facilitated
diffusion’, which is a combination of 1D sliding along with 3D movement, is considered to be the key
step for such events. This also explains the relatively much shorter timescale of the target searching
process, compared to other diffusion-controlled biophysical processes. In this work, we aim to probe
the modulation of target search dynamics of a protein moiety by estimating the rate of the target search
process, and the statistics of the search rounds and timescales accomplished by the 1D and 3D motions,
based on first passage time (FPT) calculations. This is studied with its characteristics getting influenced
by various given conditions such as, when the DNA is rigid or flexible, and when the target is placed
at different locations on the DNA. The current theoretical framework includes a Brownian dynamics
simulation setup adopting a straightforward coarse-grained model for a diffusing protein on DNA.
Moreover, this theoretical analysis provides insights into the complex target search dynamics by
highlighting the significance of the chain dynamics in the mechanistic details of the facilitated diffusion

rsc.li/pccp process.

1 Introduction

Precise binding of a protein complex at a specific target site
on the genome, out of millions of available base-pair
sequences, is a salient feature governing many fundamental
biophysical events such as translation, transcription, and genetic
regulation.”™ A careful analysis into all these processes, can
pinpoint a common key step, which is, finding the correct location
or a specific target sequence on the DNA or genome by a protein
complex while executing random movements in the cellular
media. Thus, a strategy involving an efficient target search
mechanism®*™*® governed by several non-specific as well as
specific interactions finally leads to the protein binding at the
target location, in spite of the random thermal movement at the
molecular level. Manipulating the target search process thus
obviously provides a preliminary tool to control the overall
dynamics of many fundamental life processes such as genetic
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regulations, protein synthesis, and many other biophysical events
linked to the mechanistic details of these. Even though a large
number of experimental and theoretical studies*®'”* have been
performed to capture the microscopic details of this process, often,
the target-searching process in vivo is found to be more complex.
Also, the outcomes are largely guided by the modulation of the
mechanistic details and the target searching process getting
influenced by the specific nature of the cellular environment or
media for a given condition of the concerned systems.>*>>>73643
As a whole, thus, a unified description and a generalized analysis of
the molecular details of target searching still remains an unresolved
yet important question to address in biophysics,'*!?2%37740:44-47
Theoretically, the target searching events and their associated
dynamics, similar to many other biophysical processes at
the molecular level, can be well rationalized with a ‘Reaction—
Diffusion’ formalism*®™>° where the reaction kinetics is gov-
erned by the slower rate-determining step, ie., the diffusive
motion of the reactive species. Likewise, the target searching
process, which is typically observed for transcription or
gene regulation, is found to be mainly guided by diffusive
dynamics at the microscopic level. However, as a simple diffusive
formalism fails to capture its physically reliable fast timescale for
the same, a facilitated diffusive mechanistic pathway (Fig. 1)
involving 1D motion along with a 3D diffusion has been

This journal is © the Owner Societies 2024


https://orcid.org/0000-0001-5963-4049
https://orcid.org/0000-0002-4482-2108
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp01580k&domain=pdf&date_stamp=2024-06-26
https://doi.org/10.1039/d4cp01580k
https://doi.org/10.1039/d4cp01580k
https://rsc.li/pccp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cp01580k
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026030

Open Access Article. Published on 18 June 2024. Downloaded on 12/19/2025 11:49:22 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Fig. 1 Schematic representation of the current coarse-grained model.
The stochastic target search trajectories of a protein complex have been
depicted as a combination of 1D and 3D movements (facilitated diffusion)
on a rigid, and a flexible DNA, in this figure.

theoretically conceptualized to explain the mechanism success-
fully,>117142428-305156 The gearch strategy based on facilitated
diffusion thus enables to capture the faster and more efficient
target search method and hence seems to provide a reliable general
technique for the target search process. Following the analytical
model for the facilitated diffusion and expressing the 1D and 3D
diffusion timescales with simple scaling arguments based on

dimensional analysis, the target search time, 7. can be derived
12,57-61
as,

14 +BUS

Tt = Ns(Tip + T3D) NAW Dip’
S

1)

where 4, and B are geometry-related constants associated with 1D
2

/.
and 3D diffusion respectively, 7,p ~ DL is the 1D diffusional
D

V
7 is the 3D diffusional search time with V
3D

as the volume for the overall searched space or the cellular volume,
D, and D;p, are the diffusion constants related to the 1D and 3D

search time, 73p ~ D

L
diffusive phases respectively, and Ns = 7 defines the number of

search rounds ie., the number of transitions that have been made
by the protein complex, from 3D to 1D phase, having L as the overall
contour length of the DNA and [ as the sliding length on DNA. The
second set of expressions above simply connects ¢ with other
explicit and relevant parameters, revealing microscopic details,
which, in turn, also provide the tools to probe the target search
dynamics at the molecular level.

The recent in vivo study by Knight et al®® on genome
interrogation by the CRISPR-Cas9 protein complex includes
the mechanistic details of the target search process by the
Cas9 protein complex. Motivated by the key features observed
in the target search process via diffusion through the complex
and crowded chromatin network, we suggested an exact analy-
tical theory®® on the basis of facilitated sub-diffusive dynamics
in the context of genome interrogation and gene editing. The
analytical expressions of survival probability, intensity correla-
tion function, and mean square displacements of the protein
complex which were obtained from our theory seem to agree
well with the data recorded experimentally.®® Nevertheless,
it is important to note here that our previous work provides a
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coarse-grained analytical model, where the target search pro-
cess is investigated considering the target on a rigid rod-like
DNA, which contemplates that the chain dynamics of DNA is
ignored while accounting for the dynamics of the target search
process, for the sake of simplicity. Recent theoretical works by
Brackley et al.,”’® provide detailed Brownian dynamics simu-
lations involving a protein modeled as a spherical particle and a
target located on polymeric DNA. These studies provide a clear
picture of the mechanistic details of the target search process
that mimics cellular events on the microscopic length scale.
Moreover, another recent study by Tyagi and Cherayil®* pro-
vides a detailed calculation where the enhancement in the
target search process has been predicted with an analytical
framework based on the dynamically disordered Brownian
motion of the protein, highlighting the importance of the chain
dynamics synchronous with this stochastic target search event.
Thus, motivated by these studies and with a view to tackling the
limitations of our previous study, and also with a background
of the simulation tools that have been implemented in Brackley
et al.’s work,””*® we construct an MD simulation set up of the
coarse-grained models for the target search process in the
current work, to decode complexities in the mechanistic
details, and to develop a physical intuition of the search events
at the molecular level. Thus, we aim to revisit the target search
process with a computational design while focusing on quanti-
fying the dynamics at various given conditions that have been
incorporated as constraints in the simulation set-up and pre-
sent a comparative study at these conditions. In order to gain
insights into the mechanistic details, we focus on parameters
such as target search rate, 1D and 3D diffusive time scales,
and the number of search rounds in each 1D or 3D phase,
which were obtained directly from our simulation trajectories
following the (FTP) first passage time analysis method.’>®®
Thus, implementing this analysis, the current work probes
the modulation of the target search process in a quantified
manner. The alteration in the characteristic features of the
target search rate profiles is recorded by inducing flexibility in
the polymeric backbone of DNA. The contrasting features
observed in the rate profiles, accounting for the DNA chain
behaving as a rigid rod or as a flexible chain, were drawn in a
quantified manner. Moreover, alterations in the rate profiles
were also recorded by placing the target at different locations
(mainly at the end or at the center) for both rigid and flexible
DNA chains. The modulation in the nature of the rate profiles,
highlights the modulation in the underlying molecular
dynamics of the target search process. Thus, the current study
successfully captures the complex dynamical features of the
target search process at the microscopic level.

In this paper, the following section on the theoretical back-
ground introduces the key equations and formal methodology
to mathematically interpret the physical picture of the target
searching process via MD simulation while also summarizing
the methods to compute the target search rates for various
interactions at different given conditions. The subsequent
section on results provides the immediate quantified output
of the theoretical framework, where we support our results with
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an analysis of various contrasting realistic scenarios. Finally,
the significance of this work and future directions are pre-
sented in the Discussion and conclusions section.

2 Theoretical background

Prior to binding at the target site on a DNA molecule, the
protein molecule executes a random search for the target site.
As mentioned earlier, the combined dynamics involving inter-
mittent three-dimensional (3D) bulk diffusion and one-
dimensional (1D) sliding along the DNA, known as ‘Facilitated
Diffusion’ (Fig. 1) leads to an optimal and efficient search
technique which also leads to the well-suited physiological
timescales for this fundamental biophysical process.>”"*
Here, we probe this mechanism of facilitated diffusion by a
coarse-grained simulation framework and present a quantita-
tive estimation to capture the modulation of the target search
dynamics for varying target locations allied with different
flexibility in the DNA backbone. The current theoretical model
focuses on the target search process via a coarse-grained
Brownian dynamics simulation set up in LAMMPS.®” The
search process of a single protein in DNA has been visualized
by the diffusive search dynamics of a spherical colloidal particle
for a target located on a bead-spring model of a polymeric chain
as DNA (behaving either as a rigid rod or a flexible chain). In the
current work, all parameters are expressed in (reduced)
Lennard-Jones (L]) units where we consider ¢ = 1, ¢ = 1.°

The time evolution of the position g = [x, y, z] of any coarse-
grained particle (either a protein or a monomeric bead in DNA),
is obtained by solving the Langevin equation®®~”" of the form,

7q + &), (2)

where m denotes the mass of the particle, y is the friction
coefficient, kg is the Boltzmann constant, V is the gradient
operator, and &(¢) is an uncorrelated Gaussian noise with first
and second moments given by the following relations:

(&), =0,
(&(N&(1), = 20k To(t — 1')0y.

mg = —VU™ —

3)

where T is the temperature (T is kept constant at 7 = 1). The
average (- --)¢, is the average with respect to the distribution of
the realizations of the stochastic variable £(¢). The dynamics of
the protein particle is expressed with interaction potential U™
as U™ = U". The interactions between the monomeric beads of
the DNA and the protein particle are represented by a truncated
and shifted Lennard-Jones potential:

UM () = 4“‘“%)12—(%)1“ e,

0 r> T

where r is the distance between the protein and the monomeric
bead, and ¢ and ¢ represent the pairwise interaction energy and
bead diameter, respectively. The cut-off distance r. = 2.5¢ has
been used in the L] above for the interaction between DNA and
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protein. In order to capture the target search dynamics for the
target placed on a flexible DNA, the chain dynamics has been
incorporated by the time evolution of the position of the ith
monomeric beads on the DNA, which is obtained by integrating
the same form of the Langevin equation (eqn (2)), but with
Ut = gVt + UTNE] ANl the monomeric beads in the DNA
interact via a truncated and shifted Lennard-Jones potential,
UV (Weeks-Chandler-Anderson (WCA) potential) with the
specific form as:

UV (r) 48“%)127(%)6} +e ;r<2lg
r) =

0 ir > 20

(5)

where r is the inter-particle distance and ¢ and ¢ represent the
pairwise interaction energy and bead diameter, respectively.
In addition, the bonded interactions between the neighboring
beads in the DNA is represented by the finitely extensible
nonlinear elastic (FENE) potential,®® U™, as follows:

- (Rj_oﬂ < fo ©)

o0 ;r > Ry

—%kR02 In

UFENE(},) —

where k is the FENE force constant and R, is the maximum
extension of the bond. We have taken k = 30¢/6* and R, = 1.5¢ in
this study.®® In the case of rigid DNA, in addition to the same
above descriptions of the interactions for the monomeric
beads, all the beads have been kept spatially fixed or immobi-
lized to generate a rigid rod-like configuration.

As the current work focuses on probing the mechanistic
details of the search technique by facilitated diffusion governed
by the various interactions, this was ensured in the simulation
by suitably designing specific and nonspecific interactions that
closely resemble and mimic realistic biophysical events at the
microscopic level. It is also important to note here that inter-
actions between the DNA chain and the protein particle,
whether specific or nonspecific, are determined by eqn (4),
and remain consistent regardless of the rigid or flexible case.
Thus, any such target search events start with the random
movement of the coarse-grained protein particle, while the end
of the event is marked by the binding at the target site on the
DNA. In general, the non-specific interactions among the
protein and all the monomeric beads (except the target bead)
have been incorporated by ¢ = ¢, value in U" (eqn (4)), varying
from 1.0 to 8.0(kgT) in steps of 0.5(kz7) and modulation in
dynamics has been estimated. However, the binding inter-
action or the specific interaction has been ensured in the
simulation, where the interaction between only the specific
target bead and protein has been kept at a much higher value,
ie, e =g = 100(kgT) (eqn (4)). The relevance of this special
choice of non-specific binding interaction energies, &,; and
specific interaction energy, & are explained here in detail:

(a) Non-specific interaction: by construction, this inter-
action, &,s = 1 to 8(kg7T) is acting between the coarse-grained
protein particle, and all the beads on the DNA (except the target

This journal is © the Owner Societies 2024
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bead) and is prevalent up to its LJ cut-off length, r. = 2.50
(a specified radius around each DNA bead). In this study, each
DNA bead has the same cut-off radius for ¢, generating a
cylindrical interaction volume around the chain Fig. 3 and 4.
The nonspecific interaction is designed with a range of values
such that we can probe a search strategy by varying the
interactions arising from all the beads, but at the same time,
the interaction energy is not so high that it can perturb the
essential nature of the facilitated diffusion-driven random
search. For example, the non-specific interaction value should
not be so high that the coarse grain particle becomes sticky to
the DNA, and at the same time, it should not be so low that the
particle only shows bulk diffusion. Thus, non-specific inter-
action is chosen to have a range of optimized values in which
the modulation in the rate profiles can be captured for rigid as
well as flexible DNA. Moreover, these optimized values are
chosen to reproduce the target search as a facilitated diffusion
process driven by a combined 1D and 3D search strategy.

(b) Specific interactions: by construction, this interaction,
& = 100(kgT) acts only between the target site bead and the
coarse-grained protein particle and is prevalent only up to its L]
cut-off length, r. = 2.5¢ (a specified radius around that target
site bead Fig. 3 and 4). Thus, during a typical search process,
if the coarse-grained particle comes inside this cutoff radius
around the target site bead, it spontaneously gets driven to the
target site and continues to remain close to the target bead
(which is the minima of this 100kgT energy well, according to
the ¢ construction), indicating irreversible binding at the target
site. Thus, the interaction arising from the specific target site
or the specific binding energy has been kept sufficiently high
(almost 10 times higher than the nonspecific interactions) to
ensure, (i) the irreversible binding of the protein at the target
site which is distinctly different from the nonspecific inter-
actions, ¢,s and (ii) that the end of all such target search
trajectories is enforced by the irreversible binding at the
specific site.

Each simulation is run until the protein binds to the target
bead on the DNA for the first time, and the target search time,
which is determined using first passage time analysis,’>°® and
the trajectory of the protein is recorded. A time step of 8t =
0.0017 was used in all simulations, where t = (mg?/¢)"/?, and we
have taken m = 1 for all the particles. All the post-processing
of the trajectories, as well as the generation of graphical
representations, have been done using Python’” scripts. For
each simulation, the protein’s initial position is chosen at a
random location inside the simulation box. We considered a
DNA molecule of length L = 101¢, and used a rectangular
simulation box (L, = L, = 500, L, = 1500) with periodic boundary
conditions (Fig. 2). Eqn (2) is integrated numerically using the
velocity-Verlet algorithm,”® for the cases in which the DNA is
either rigid or flexible.®” We have also varied the target location
from the center to one end of the DNA to see the effect of the
target location on the target search dynamics. The variation of
mean target search time,t, including the mean 1D and 3D
search timescales per search round such as (t;p), (t3p), the
profile of average number of search rounds, (Ng), and target
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Fig. 2 A typical setup figure from the current simulation involving coarse-
grained (a) rigid DNA and (b) flexible DNA, with the target (blue monomer)
positioned at the center in both cases. The protein moiety (green coarse-
grained bead) follows a stochastic trajectory to locate the target on the
DNA. Figures (c) and (d) on the right show the simulation setups used in the
current study.

search rate k, are recorded for various non-specific interaction
strengths from 1000 independent simulations including rigid
and flexible backbones of DNA. To characterize the 1D and 3D
diffusion time scales and the number of search rounds Ny
associated with each of these 1D and 3D phases from the
simulation trajectory, we defined a suitable cutoff length scale.
In the case of rigid DNA, we considered a cylindrical volume
around the DNA having a radius of p. = 2.5¢ (Fig. 3) which is
practically the cut-off for the non-specific interaction. At each
time, we monitored the protein’s axial distance, p, from the
DNA. If p < p., i.e. the protein is inside the cylindrical volume,
we consider that the protein is executing one-dimensional
diffusion, being close to the DNA backbone. On the other hand,
if p > p., i.e. the protein is outside the cylindrical volume,
we consider that the protein is executing three-dimensional or
bulk diffusion. Similarly, in the case of a flexible DNA during
the target search process, at any instant of time, if the distance
of the protein from any of the beads is found to be less than
r. = 2.50, it is considered as 1D diffusion, being close to the
DNA contour, whereas, if the distance of the protein from all of
the beads is found to be more than r. = 2.50, it is considered as
bulk or 3D diffusion (Fig. 4). Thus, this construction of the
cutoff length scale is crucial, as it allows us to characterize and

one search round
——

tlD t}D

1D sliding

Fig. 3 Schematic diagram for the target search process by a protein
complex on a rigid DNA. The same figure also depicts the method to
characterize the 1D to 3D or 3D to 1D search rounds, where the 1D and 3D
phases are perceived by computing the distance of the protein from the
axis of the hypothetical cylinder considered, whose radius is equal to the
non-specific interaction cutoff (p. = 2.50). Thus, if the protein is inside
the cylindrical volume it is considered to be in the 1D phase and if the
protein is outside the cylindrical volume, it is considered to be in the bulk
or 3D phase.
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Fig. 4 Schematic diagram of the target searching process by a protein
complex on a flexible DNA. At any instant of time, if the distance of the
protein from any of the beads is found to be less than r. = 250, it is
considered as 1D diffusion and if the distance of the protein from all of the
beads is found to be more than r. = 2.5¢, it is considered as bulk or 3D
diffusion.

differentiate the 1D and 3D phases and their associated time-
scales. The protein’s motion between successive 1D or 3D
diffusional motions has been counted as one search round.
For example, if a protein executes 1D diffusion and consecu-
tively joins to 3D diffusion and then returns to 1D diffusive
phase again, that will be counted as one search round. The
protein executes multiple search rounds before finding and
then binding with its target. Thus, for every such whole target
search run, the average time taken per search round for 1D and
3D motions were recorded along with the number of search
rounds, N;. All the measurements were computed by averaging
over 1000 simulation trajectories.

3 Results

The complex dynamics of the target search process, which are
regulated by a multitude of interactions, have been investigated
in several prior theoretical and experimental studies'>"®>%7*
through the characterization of the target search timescale (7.s)
or rate (k). Specifically, these studies indicated that increased
salt concentrations shield electrostatic interactions between
proteins and DNA, favoring a dominant 3D diffusion search
mode, whereas, conversely, lower salt concentrations promote a
1D sliding motion of the protein along the DNA contour. This
phenomenon has been replicated by adjusting the strength of
non-specific interactions, ¢, in this simulation framework with
the coarse-grained model. This primarily, enables us to observe
the impact of non-specific interactions on the 3D or 1D
diffusive timescales, giving us a better understanding of the
complex search dynamics in a quantified manner. Moreover,
the modulation in rate profiles by manipulating these inter-
actions reflects the change in the dynamical features of the
target search process, highlighting the intricate characteristics
of the target search process relevant to realistic biophysical
scenarios.

In the current study, we analyze the dynamics of the target
search process by implementing the above-described MD
simulation scheme and also probe the mechanistic details of
facilitated diffusion by estimating the target search rate (k) and
the parameters that majorly contribute to the quantification
of k, such as typ (1D diffusive time per search round), t3p
(3D diffusive time per search round), and the profile of the
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Fig. 5 Comparison of the target search rate profiles observed with the

variation of the non-specific interaction strength, ¢, felt by a protein

complex, diffusing on a rigid DNA when the target is kept at two different

locations such as, at the center (blue ‘—e—’, upper) and at the end (orange

‘— M-, lower) respectively. The inset shows the mean target search time

1 ) . ) .
Tmtst | Tmtst = %> with the variations of ¢, for the two different locations.

number of search rounds (N;) with the variation in the . This
approach also highlights the modulation in the target search
dynamics for different target locations and with different
flexibility in the DNA backbone and hence, provides physical
insights into the mechanistic details of the target search
dynamics at various given conditions at the microscopic level.
To probe into the different factors that might influence or
alter the target search dynamics, firstly, we focus on the impact
of different locations of the target on the DNA, as shown in
Fig. 5. With a simplified coarse-grained framework of a rigid
rod-like DNA, the rate of target search (k) by the diffusing
protein moiety is calculated for various &g, acting between
the diffusing protein and the DNA. Considering two different
target locations, such as, (a) in the middle and (b) at the end of
a rigid coarse-grained conformation of DNA, the trends in the
target rate profiles (k) were calculated and are depicted in Fig. 5.
The overall trends in both cases remain qualitatively the
same with common characteristics: (i) at the lower value of
éns (éns < 4.5), k initially increases with &, (ii) at an inter-
mediate value of ¢,, k reaches a maximum, and, (iii) on further
increase in the value of ¢,s (en,s > 5), k decreases. As k varies
1 , k has

Tmtst
been estimated by quantifying 7, from the simulation trajec-

tories. Thus the graphical representation in the inset of Fig. 5
represents the variation in the mean target search time 7,
with the variation of ¢,¢ for two target locations on the rigid
DNA. As we have mentioned earlier, following the concepts
from the facilitated diffusive dynamics, the mean target search
time (times) is computed as,

inversely to the mean target search time, ie. k=

1

% = Tmtst = <Ns(TlD + T}D)> (7)

The above equation shows that 7., is proportional to
a combination of two terms where the second term is the
summation of 7,p, and 73p, and the first term is the number
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Fig. 6 Variation of average one dimensional search time per search
round, (tip) (red line), average three dimensional search time
per search round, (t3p) (blue ‘=¥ —"line) and the corresponding average
number of search rounds, (Ns) (green '—~H-' line) with non-specific
interaction strength, ¢,s, when the target is placed at the end of a rigid
DNA. The inset figure shows the variation of the average of the fractions of
one dimensional search time, (fip) = (t1p/(t1p + T3p)) (red '—e-"line) and
three dimensional search time, (f3p) = (t3p/(t1p + t3p)) (blue ‘=¥ -"line)
with non-specific interaction strength, ¢,s, when the target is placed at the
end of a rigid DNA.

of rounds (Ng) associated with each of the diffusing phases of
1D or 3D. Hence, we pose a question here: how does the relative
proportion of 7;p, 73p and Ny get adjusted at the microscopic
level at different interaction strengths to maintain an efficient
search strategy for two different target locations?

Thus, next, we move on to estimate t,p, 73p and Ny from
the MD simulation trajectory while varying ¢, to rationalize the
rate profiles obtained in the above-mentioned cases. The
estimated variations of averaged t,p, 73p and N with ¢, have
been represented in Fig. 6, for the target located at the end, and
in Fig. 7 for the target located in the middle of a rigid DNA,
respectively. In both cases, irrespective of the two different
target locations, the profiles of (t;p), (13p) and (Ng) show,
qualitatively, a similar trend. Thus in Fig. 6 and in Fig. 7, on
increasing ¢y, (71p) (red ‘—e—’ line) and (t3p) (blue -V’ line)
the plots show overlapping trends, signifying equal contribu-
tions with similar variations up to around ¢,s = 4.5 while (typ)
shows a monotonic increase for &,; > 4 and (t3p) remains
almost unaffected on further increase in the value of ¢,.
Additionally, (N;) (green ‘~ M-’ line) shows a gradual decrease
on increasing ¢,s up to &,s = 6 and decays to very close to 1 after
a further increase in ¢,;. Moreover, the insets in Fig. 6 and 7
show the variation of the average of the fractions of one
dimensional search time, (fip) = (t1p/(t1p * T3p)) (red ‘—e-’ line,
inset) and three dimensional search time, (fsp) = (t3p/(T1p +
73p)) (blue ‘-¥- line, inset) with &,5, depicting the the domi-
nant search mode with the variation of ¢, in both the cases.
Thus, these graphical representations show that for the target
location at the end or the middle of the rigid DNA, Ty iS
dominated by (Ns) up to around &, = 4.5 while, Ty iS
dominated by (71p), in the range of ¢, > 4.5. This justifies
the trend in k in Fig. 5 as k shows an initial increase up to
around ¢,y = 4.5 due to the decrease in Ty having (Ng)
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Fig. 7 Variation of average one dimensional search time per search
round, (tip) (red line), average three dimensional search time
per search round, (t3p) (blue ‘=¥ -’ line) and the corresponding average
number of search rounds, (Ns) (green '—~H-' line) with non-specific
interaction strength, ¢,s, when the target is placed at the center of a rigid
DNA. The inset figure shows the variation of the average of the fractions of
one dimensional search time, (fip) = (11p/(t1p + t3p)) (red ‘—e—"line) and
three dimensional search time, (fsp) = (t3p/(t1p + t3p)) (blue ‘=¥ —'line)
with non-specific interaction strength, ¢,s, when the target is placed at the
center of a rigid DNA.

(or { f3p)) as the determining factor that goes down sharply
with the increase in &,,. Whereas, after ¢, = 4.5, k decreases
due to the increase in 7Ty having (t1p) (or {(fzp)) as the
major contributing factor governing the overall target search
timescale at this range due to the monotonic increase in (7,p)
with &,g.

The significance of the above-observed trend is physically
intuitive. It is important to note that, the lower values of &,
signify a weakly held diffusing protein executing a predomi-
nantly 3D bulk-diffusive search along with an intermittent 1D
motion along the contour, and higher values of the ¢, on the
other hand, correspond to a strongly held diffusing protein
close to the DNA contour, implying a dominant 1D search. As a
consequence, search dynamics with the lower ¢, is realized
with intermittent 3D diffusion, which in turn enhances the
overall target search rate. On the contrary, a low value of the
number of search rounds is caused by higher ¢, suppressing
the chances of intermittent 3D bulk diffusion, and the target
search mechanism in that case is driven by the slower and rate-
limiting 1D diffusing dynamics. Thus, the trend of the rate of
target search with the variation in ¢, in Fig. 5 probes the
variation of the target search rate with a change-over in the
search strategy at the microscopic level from an intermittent
1D-cum-3D diffusive motion to a predominant 1D diffusive
motion. Also, it is important to note here that, the rate of target
search is found to be always higher when the target is placed at
the center. When the target site is spatially close to the starting
position of the diffusing protein, the probability of hitting the
target site by the random effects (majorly by sliding) becomes
higher. This, as a whole, reflects on the higher target search
rate for a protein searching for a centrally located target than
the case of a target located at the end of the DNA. In addition,
the observation that the rate profiles for the center and the end-
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Fig. 8 The target search rate, k, is plotted as a function of non-specific
interaction strength, ¢,s, when the central bead is spatially fixed on a
flexible DNA with the target at the center (red '—e—"line), and at one of the
ends (green '—A —' line).

located targets are similar, indeed confirms the optimized
target strategy as a combination of 3D and 1D search, (known
as ‘Facilitated Diffusion’) irrespective of the spatial location of
the target on DNA.

After these above studies, we move on to our investigations
on the flexible DNA cases. Similar to the rigid DNA situation
observed before, in Fig. 8, we estimate k with ¢, for flexible
DNA with two different placements of the targets, one at the
center and the other at the end. Although the overall k profile
with ¢, is qualitatively different for the flexible case, the higher
rate profile due to the better accessibility during the 1D motion,
when the target is placed at center position is evident here as
well. However, the flexibility of the backbone, allowing the
intersegmental transfers or other complex search strategies
involving facilitated diffusion, tends to mask the impact of
the proximity effect in locating the target, unlike in the rigid
DNA case. Furthermore, to analyze the rate profile with the
flexible DNA case in detail, in Fig. 9 the target search rate (k)
has been quantified with various interactions ¢, when
the target site is located at the middle of the flexible DNA
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Fig. 9 Comparison of the target search rate (k) with non-specific inter-
action strength, &, for a rigid DNA (blue ‘—e—") and flexible DNA (orange’-
W -’), when the target is placed at the center. After ¢,s = 3, unlike k for the
target on a rigid DNA, k for the target on a flexible DNA, saturates at the
maxima value for further increase in the &ns.
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(orange ‘~M-’ line). The rate profile for the centrally located
target on a rigid DNA (blue ‘~e-’ line) has been also shown as a
function of &,s in the same graph, for the sake of comparison.
The trend of k with the target on flexible DNA in Fig. 9 is found
to have higher values for any ¢,,¢ than that of the rigid DNA case.
Hence, the graphical representation clearly indicates that k can
be further manipulated to have a higher value by inducing
flexibility in the DNA backbone in the same range of the g
without altering any other system parameters. In addition, this
graph also depicts that, in the initial and low range of ¢, k in
both the cases, having the target on a rigid and on a flexible
DNA respectively, shows an increase with &,. In particular, for
the flexible DNA case, k reaches a maximum at ¢,5 = 3 while for
the rigid case, k reaches a maximum at ¢,s = 4.5. Thus, the
threshold value of ¢,s at which the maxima of & is achieved is
lower for the flexible DNA case than for the rigid DNA case.
Moreover, k for the flexible DNA case is found to saturate at that
maximum k value even for a further increase in ¢,5, unlike, the
case of rigid DNA where k decreases for further increase in &,
after attaining the maxima. Thus, these observations confirm
that the flexibility in the backbone plays a significant role in
modulating the search strategy driven by facilitated diffusion.

In continuation of our effort to probe the mechanistic
details for the flexible DNA case, we estimate average Tip, T3p
and N; with ¢, involving a protein and a target placed on a
flexible coarse-grained configuration of DNA in Fig. 10. Similar
to what has been observed previously for a rigid DNA case, here,
when the DNA has a flexible backbone, it is found that
the average number of search rounds, (N;) decreases with &y.
However, (Ng) saturates to the minimum value, i.e. close to 1
when ¢, = 2.5 which clearly corresponds to a lower value of ¢,
than that for a rigid DNA case. Also, unlike in the rigid DNA
case, (tip) and (t3p) profiles no longer contribute equally
at early ¢, values, and apparently, they vary following two
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Fig. 10 The average one dimensional search time per search round, (t1p),
(red '—e—"line), the average three dimensional search time per search
round, (t3p), (blue ‘=¥ -"line), and the corresponding average number of
search rounds, (Ns) (green '—M-' dashed line) as a function of non-
specific interaction strength, ¢,s, when the target is at the center of a
flexible DNA. The inset figure shows the variation of the average of the
fractions of one dimensional search time, (fip) = (11p/(t1p + 73p)) (red '—e-'
line) and three dimensional search time, (fzp) = (t3p/(t1p + T3p)) (blue
'~V -"line) with non-specific interaction strength, ¢,s, when the target is
placed at the center of a flexible DNA.
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independent trends, with the variation of ¢,s. While (73p)
saturates to a value after ¢,5 = 2.5, following an initial increase,
the low lying (t;p) shows a monotonic increase with ¢, in the
given range of ¢,,. In addition, the inset of Fig. 10, shows the
variation of the average of the fractions of one dimensional
search time, ( fip) = (t1p/(T1p + T3p)) (red ‘—e—’ line, inset) and
three dimensional search time, (f3p) = (t3p/(t1p *+ T3p)) (blue
‘-¥- line, inset) with ¢,,, depicting the the dominant search
mode with the variation of ¢,4 for the centrally located target on
a flexible DNA case. It is important to note that, unlike in the
case of a rigid backbone, in the case of a flexible backbone, the
profile of (t3p) makes the higher contribution to 7, remain-
ing always above the (t;p) profile and hence contributing
predominantly to the measurements of k as the rate-limiting
slower step. These observations also summarize that the overall
target search rate (k) for a flexible backbone increases as Tpst
initially decreases (with (Ng)) as the most dominant term with a
decreasing trend up to (¢ns = 2.5), and then saturates to the
maxima value with (t3p) remaining as the most contributing
term at the range of ¢,; > 2.5.

To further reconfirm these special characteristics of k that
are attributed to the flexibility in the backbone, having origi-
nated solely from the overall chain dynamics and not from the
position evolution of the target bead alone, we further look into
the details of the simulation by designing three special cases to
study. These are (i) the target position on the backbone is
spatially fixed at a certain location, however, the other beads
follow chain-dynamics (ii) the end-located bead of the flexible
DNA is fixed spatially and the target bead follows the usual
chain dynamics and (iii) where none of the beads including the
target are spatially fixed and hence all the beads including the
target beads are allowed to evolve spatially following the poly-
meric dynamical equation. In all three cases (Fig. 11) the nature
and the trend of the rate profiles look very similar, which
implies that the overall target search process is immensely
impacted by a common feature i.e. the overall chain-dynamics
in the flexible DNA case, and a similar underlying strategy for
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Fig. 11 The target search rate, k, is plotted as a function of non-specific
interaction strength, ¢.s, when the target is at the center for flexible DNA (i)
when the central bead (target) is spatially fixed (red ‘—e—"line), (i) when one
of the end beads is spatially fixed (green '—~A-"line), and (iii) none of the
beads is spatially fixed (blue '~ Bl -" dashed line).
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Fig. 12 The target search rate, k, is plotted as a function of non-specific

interaction strength, ¢,s, when the target is at center and DNA is spatially

fixed at center and protein is free to move (blue '—e~"line), and protein is

spatially fixed and DNA is free to move (orange '— M —' line).

the target search process is operative by non-specific interac-
tions in all these above cases.

Continuing on a similar background, we design another
study to provide evidence for this unique characteristic of the
target search profile arising due to the flexibility of the back-
bone. In Fig. 12 we compute k with ¢,5, obtained by conducting
a comparative study in two situations where, (a) we keep only
the central target bead spatially fixed, allowing the remaining
beads of the DNA chain to spatially evolve as per the flexible
chain dynamics and the protein particle diffuses freely and
searches for the target, and (b) the coarse-grained protein
particle remains spatially fixed, allowing all the DNA beads
including the target to diffuse following the chain dynamics.
The plots signify that the rate profile is lower when the DNA
chain is allowed to evolve spatially keeping the protein particle
spatially fixed, indicating the slower dynamics of the DNA chain
to a protein coarse-grained particle, as expected. This study
depicts the individual and explicit impact of the different
relative dynamics of the protein and the DNA chain on the
target search dynamics for a flexible DNA scenario, while
confirming the commonality in the k profile, and hence, in
the microscopic target search strategy arising due to flexibility.

Along with these quantified results, the snapshots (created
using OVITO visualization software’®) obtained from the
current simulation trajectories also highlight the modulation
in the mechanistic steps of the target search process at various
given conditions. The snapshots obtained from our coarse-
grained simulation at a specified ¢,s (=4.5), indicate that the
target search process involving flexible DNA also shows a
contrasting feature from the target search process involving
rigid DNA. Thus, the time-series snapshots in Fig. 13 during
the target search process involving the coarse-grained protein
and flexible DNA conformation, report a dynamically evolving
loop or trapped structure of the flexible chain of DNA around
the protein once the protein comes close to the DNA contour
unlike the target search process involving rigid DNA (Fig. 14).
Moreover, these snapshots also reveal that this 1D diffusive
motion of the protein along the DNA contour continues until
it merges with the target, being trapped and hence evolving in
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Fig. 13 Time-series snapshots (A)—(D), obtained from the current simulation involving a coarse-grained protein (green spherical particle) and the target
(blue bead) placed at the center of a flexible coarse-grained chain as DNA, at different instants of time.
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Fig. 14 Time-series snapshots (A)-(D), obtained from the current simulation involving a coarse-grained protein (green spherical particle) and the target
(blue bead) placed at the center of a rigid rod-like conformation as DNA, at different instants of time.

the looped structure with the DNA backbone chain dynamics
(Fig. 13).

Therefore, this investigation reveals an optimized target
search strategy for each ¢,,, where, unlike in the case of rigid
DNA where 3D diffusion is predominant only at lower values of
ens and 1D diffusion is at higher values of ¢, for the flexible
DNA case, 3D diffusion prevails as a dominant feature across
the entire given range of ¢,. It is also noteworthy, that the 1D
diffusion timescale of flexible DNA is on one hand impeded by
its confinement within the looped structure of the chain, while
on the other hand, when entrapped within the dynamically
evolving looped structure, the 1D diffusion timescale becomes
faster by intertwining with the chain dynamics and getting
facilitated via the intersegmental transfer or other complex
flexible chain property. Thus, the observed phenomenon
can be explained as a dynamic disorder-driven stochastic
resonance® amplification, specifically involving both the time-
scales such as one-dimensional movement of protein and chain
dynamics, simultaneously in an intricate way.

4 Discussion and conclusions

The current work presents an extensive study of the micro-
scopic details of the target search process with a theoretical
analysis based on Brownian dynamics simulation. With a
straightforward coarse-grained model of a protein and a

20304 | Phys. Chem. Chem. Phys., 2024, 26, 20296-20309

polymeric model of DNA, the molecular insights of the target
search events governed by facilitated diffusion are probed here.
In reality, the molecular interaction originating due to the
electrostatic interaction between the negatively charged DNA
and the positively charged amino acids of proteins is the major
governing factor for this facilitated diffusion-driven target
search mechanism. Replicating that feature, a typical target
search event has been conceptualized by the elementary event
as starting with the diffusive motion driven by the non-specific
interactions on the DNA chain, by the searcher protein particle,
while the end of the event is marked with the binding at a
specific target site placed on the DNA. In addition, following
the previous relevant studies, where a dominant 3D diffusion
search mode has been enhanced by shielding the electrostatic
attraction at higher salt concentrations,">"'®****”* and on the
other hand, the protein’s 1D sliding motion along the DNA
contour has been amplified by lowering salt concentrations,
this probing technique has been theoretically reproduced in
our coarse-grained model by manipulating the non-specific
interaction strength, &,s, and monitoring the impact on the
search rate k. Thus, (Fig. 6 and 7) the target search process
involving the rigid DNA depicts the dominant search modes as
the 3D diffusive phase at lower ¢, and 1D diffusive phase, as
the dominant search modes at higher ¢,,5, which validates and
remain consistent with the previous studies. To faithfully
reproduce this nature the interaction between DNA beads and
protein we have used, UY, represented by Lennard-Jones

This journal is © the Owner Societies 2024
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potential (eqn (3) and (4)), where, the ¢ term is characterized by
two main different types of interactions, such as ¢, (acting
between protein and all DNA beads, except the target bead) and
&s (acting between protein and specific target bead on DNA).
This very fact signifies that ¢, even though is represented here
by a short-range potential,”® can replicate the effect of the long-
range electrostatic potential,">'®*"*® and hence can success-
fully capture the essential observation and impact on the
facilitated diffusion due to the electrostatic interaction. Hence
by varying non-specific interactions, we manipulate the facili-
tated diffusion or the search mode and probe the target search
event by quantifying the k profile with this &ys.

Thus, the search technique, influenced by facilitated diffu-
sion was ensured in the simulation by suitably designing the
specific and nonspecific interactions that closely resemble the
physical realization and intuition at the microscopic level.
Moreover, to capture the realistic details of the facilitated
diffusion by identifying the 3D and 1D phases explicitly, we
consider a cutoff distance from each bead on DNA (rigid, Fig. 3
or flexible, Fig. 4). This construction of the cutoff length scale,
which in turn naturally follows from the specific construction
of the nature of the potential, is the unique and crucial feature
of the current work and hence, it can be concluded that the
quantification of the search strategy obtained following this
framework is a direct method to analyze the protein’s motion
under the effect of various nonspecific and specific inter-
actions. This cutoff value is implemented in such a way that
it can serve as a distinctive boundary between the 3D diffusive
bulk phase and 1D diffusive sliding phase close to the DNA
contour. In the main, therefore, this allows us to see how
various interactions affect the 3D or 1D diffusive timeframe,
which improves our comprehension of the intricate dynamics
of the search in a quantitative way. Thus, during the search
process, the location of the protein moiety and also the
distance from the cutoff length, obtained from the simulation
trajectory can be used to characterize the 3D or 1D diffusive
phases of the protein. After characterizing the diffusive motion
and its associated timescales in these two phases, the overall
modulation in the rate of target search due to the change of
locations of the targets was computed. Moreover, the overall
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study was substantiated by carrying out a comparative analysis
by considering two cases, when the target is placed on a rigid
DNA and on a flexible DNA, respectively. Fig. 15 shows the
graphical representations of the modulation in the (Ng) and (ls)
of the protein moiety for a rigid and flexible DNA, which have
been measured separately from the simulation trajectories
recalling the cutoff length scale design and the 1D diffusive
motion statistics. The inverse relation of (N,) and (Is)*® is
observed in the figure as well, confirming the robustness of
the measurements and hence, once again encompassing the
reliability of the current approach that has been adopted in this
theoretical framework.

To capture the target search dynamics, in the current work,
the dynamics of both, the coarse-grained protein particle and
the beads of the DNA polymeric chain have been ensured by
employing the theoretical dynamical model based on the
Langevin equation (eqn (2) and (3)). Thus, it is important to
note here that, even though, due to the common dynamical
form in both cases, the dynamical evolution of the protein
particle and the polymeric chain of DNA might appear similar
(recalling the effect of individual dynamics of the protein and
DNA as has been captured in Fig. 12), the relative dynamics of
the protein and the monomeric beads of the DNA chain are
characterized by the different form of U™ (eqn (4)-(6)), distin-
guishing the different dynamics for DNA and protein. The
studies revealing the impact of the different dynamics of the
protein and the DNA on the k profile, have been discussed in
detail in the ESI,{ available with this article, SI-A. Moreover, the
average persistence length of DNA is found to be approximately
150 bp (base pairs) (in 0.1 M aqueous NaCl) and the protein
binding site spans approximately 10 bp. In the current theore-
tical framework, where DNA is considered to be a polymeric
chain consisting of 100 monomeric beads with a single bead
representing the target, we can crudely map a coarse-grained
quantification with the realistic situation considering each
bead in the current model as equivalent to 10 bp of the realistic
situation of DNA. In addition, in the current model, consider-
ing the persistence length as approximately 1 to 2 monomers,
a polymeric chain consisting of 100 monomeric beads repre-
sents a fully flexible chain. Thus, comparing with the realistic
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Fig. 15 The average number of search rounds, (Ns) (green ‘'— M —' dashed
function of non-specific interaction strength, s, (a) when the target is at the
(c) when the target is at the center of a flexible DNA.
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line) and the average sliding length (ls) (magenta ‘—e—" dashed line) as a
center of a rigid DNA, (b) when the target is at the end of a rigid DNA and,
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biophysical context, we can infer that if the overall DNA length
is much higher (approximately 10 times) than this 150 bp of
DNA, the overall chain behaves as a fully flexible chain. On the
contrary, if the overall DNA length is less then or similar to the
length of 150 bp, the overall chain would behave as a rigid rod.
Thus, in this current study, as we are interested in highlighting
the modulation in the mechanistic details of the searcher
protein for the process of target search, we have mainly focused
on these two extreme situations considering when DNA is rigid
and in another case where it is fully flexible. Moreover, here,
the coarse-grained flexible DNA has been considered following
a real Kremer-Grest polymeric chain model®® where the persis-
tence length is approximately equal to the diameter of indivi-
dual monomeric beads, which is approximately 1¢. This
ensures the fully flexible characteristics of the DNA backbone
which is a deliberate choice to capture and highlight the
contrasting features in the target search rate profile, concern-
ing a rigid DNA chain. Studies of the target search rate profile
including DNA as a semiflexible chain has also been touched
upon in the ESI,} available with this article, SI-B.

Thus, the main inference that can be drawn from the current
study is that the timescale of facilitated diffusion of the protein
is altered by the additional timescale introduced by the con-
formational transition caused by the flexibility of the DNA
chain. The current theoretical approach captures the signifi-
cant molecular details of facilitated diffusion involved in the
target search process, by emphasizing the effect of DNA chain
flexibility on the rate of the target search process. Moreover, it
is noteworthy that, the complex mechanistic features of the
target search are not artificially implemented as ad hoc condi-
tions in the simulation. Based on this current theoretical
framework, we can recognize and characterize any complex
molecular event involving these 1D and 3D phases and their
associated timescales, that are central to the overall target
search mechanistic steps. The statistics of the timescales in
each phase are measured following the first passage analysis
methods.®>® Here, all the characteristic search events such as
hopping, sliding, or intersegmental transfers*®*® have been
visualized based on a unified description of 3D and 1D diffusive
motions of the protein. Thus, in this work, a typical search
trajectory involves a pure 1D (sliding), and a pure 3D (bulk)
diffusion, while any other kind of complex search technique
such as hopping is mapped by combining these two types (1D
and 3D) of diffusive motions while intersegmental transfers are
captured as a pure 1D motion, as depicted in the time series
snapshots of Fig. 16. Thus, for a hopping motion which is
observed for flexible as well rigid DNA, the trajectory is cap-
tured as, where the protein starts from the 1D phase near the
DNA contour, then goes to 3D bulk, and subsequently again
comes back to 1D phase near DNA contour, but at a different
location on the DNA. The same has been explained in the
schematics and snapshots, obtained from the current simula-
tion trajectory in the representative Fig. 16 highlighting the
rigid and flexible DNA scenario. Furthermore, intersegmental
transfer, a unique property, owing specifically to the flexible
nature of the backbone, can be defined by an event where a
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Fig. 16 (I) Upper panel: (Left) Schematic representation of hopping
motion of protein (sky blue bead) on DNA (green chain) during a target
(red patch) search process (Right) Simulation time series snapshots at
different times showing hopping motion of a protein on a rigid DNA (first
row), and on a flexible DNA (second row) of length, L = 101 with non-
specific interaction strength, ¢.s = 2.0, (the index number of the beads of
DNA) is shown to distinguish the different locations before and after
hopping event. (ll) Lower panel: (Left) Schematic representation of inter-
segmental transfer of protein (sky blue bead) between two segments of
DNA (green chain) when looking for its target (red patch) (Right) Simulation
time series snapshots showing intersegmental transfer of protein (sky blue
bead) from segment-1 (branch with purple colored beads) to segment-2
(branch with yellow colored beads) of a flexible DNA of length, L = 101 with
non-specific interaction strength, ¢,s = 4.0.

searcher moves from one DNA strand directly to another, which
is close in space, but may be distant along the contour, by
transiently binding with both. Moreover, even though it is
mediated by the complex chain dynamics of the DNA chain,
from the point of the searcher protein, it is just a sliding
motion and is associated with its sliding timescale (z,p) along
the DNA contour. Thus, in Fig. 16, we illustrate the features
relevant to intersegmental transfer which is realized from the
current simulation time-series snapshots.

Continuing on a similar observation as above, it can be
concluded that the observations obtained from the current
theory, provide a quantified prediction on how the 1D and
3D diffusion are explicitly adjusted, leading to an optimized
target search strategy. The contrasting features observed in the
dynamics of the search process reveal the underlying micro-
scopic picture at various given conditions. Thus, this study
identifies that with the target placed on a rigid backbone of
DNA for a given variation of ¢, 1D diffusion acts as the rate-
limiting step at higher ¢,,5, while combined and intermittent 3D
diffusion becomes the dominant feature at a lower ¢,5, which
enables the protein to achieve an efficient and optimized
facilitated diffusive target search strategy (Fig. 7 and 8).
On the contrary, for the flexible DNA case, for the entire
scanned range of ¢,5, 3D motion or bulk diffusion remains as
the rate-limiting step and also, 73 values quickly saturate to a
maximum value after initial increase with ¢,¢. Thus, 3D motion
or bulk diffusion, afterward continues to remain at that value
without being affected by a further increase in the non-specific
interaction strength (Fig. 10). At the same time, (tip) even
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though being low lying and hence, not being the dominant
phase, shows a gradual increase with ¢,s due to the searcher
protein getting trapped by the loop-like configurations which
are formed spontaneously by the flexible chain-dynamics.
Hence, the 1D motion or motion along the contour for the
protein, in this case, is especially noteworthy when the DNA has
a flexible backbone. A stronger association between protein and
DNA due to elevated ¢, can lead to a more collapsed state for
he DNA, hindering effective diffusion of the protein along the
DNA contour. A somewhat similar logic holds for the rigid DNA
case as well where a stronger association ¢,s between protein
and DNA, due to elevated ¢, leads to a better alignment of the
searcher protein to the DNA contour, increasing the residing
time at each bead of DNA and hence slowing down the 1D
diffusion (although without the formation of any looped or
trapped structure for protein), and consequently, enabling that
as the dominant diffusive mode or the rate limiting phase.
However, for flexible cases, despite its apparent impact as a
hindrance to 1D diffusion in the looped structure, it is impor-
tant to note that this collapsed state is not a static feature but is
dynamically evolving with the chain dynamics, leading to
events like intersegmental transfer which indirectly helps the
protein moiety to reach near the target location in a faster
manner, making the 1D diffusion timescale less. These two
opposite effects for the flexible DNA case create differential
ranges for t3p and t,;p where 735 has a higher contribution
being a slower timescale than 7,5 in the entire varied range of
éns. Thus 73p as the governing term in the target search time-
scale, dictates the shape of the profile of & at the higher values
of &,s. This intricate interplay of flexibility and molecular
interactions, as it has been visualized in the current work, have
been also captured in many recent intriguing studies. The rapid
long-distance migration of protein on single-stranded DNA
occurring through intersegmental transfer along with multi-
valent interactions mediated by the flexibility of the DNA strand
has been investigated with a single molecule experiment com-
bined with a coarse-grained model in a recent study.”® A coarse-
grained molecular dynamics simulation there has been imple-
mented to measure the size of the intersegmental transfer and
the frequency of such jumps to gain insights into these complex
dynamics. The interplay of electrostatic interactions and intrin-
sic disorder in configurational characteristics modulating
target search processes has been illustrated in another recent
all atom simulation study.”” The importance of the breathing
dynamics by nucleosomes has been highlighted in migrating
the protein to the target site in another recent study by Mondal
et al.”® where it has been shown that DNA forms bulges that
diffuse stochastically and may regulate the target search
dynamics of a protein by nonspecifically interacting with it.
Also, it is noteworthy to mention here that many other theore-
tical frameworks'>3%3841:547% including detailed atomistic
simulations also reveals the importance of configurational
characteristics of the DNA, as it has been visualized with
the current theoretical framework. Thus, the significance of
the current work is also in the fact that the importance of the
flexibility of the DNA chain in the target search strategy,
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is captured by adopting a highly coarse-grained minimal model
with a Brownian dynamics simulation setup here. Thus, as our
simulation snapshots depict (Fig. 13 and 14) that the protein
1D diffusion, in that case, gets synchronized with the chain
dynamics, being trapped in a dynamic looped structure. With
the increase in the specific strength, the protein gets trapped
more effectively in the dynamic looped structure, which
enhances the 1D diffusion rate of the protein by reducing the
tendency to escape further in various directions and hence
moves it effectively towards the target along with the loop
structure as a whole, following the chain-dynamics. A similar
conclusion was also made in a recent theoretical study by Tyagi
and Cherayil®* where the analytical calculation based on the
Brownian motion of the protein on a flexible chain estimated
an enhancement of target location rate reminiscing the phe-
nomena of stochastic resonance. The stochastic resonance
stems from the stochasticity in the conformational flexibility
in the DNA along with the stochastic motion of the protein
involved in the target search process. Moreover, Brackley et al.”’
also monitored the characteristics of the facilitated diffusion by
the protein, creating the configurational trap as a static rosette-
like looped structure along the flexible DNA. The facilitated
diffusion of the protein with sticky interactions was captured
being trapped in the loop, along the DNA flexible chain. It is
important to note that the significance of the chain dynamics
in the target search dynamics has been also indicated and
captured via a different theoretical approach that includes
discrete-state stochastic methods involving the master equa-
tion approach in other theoretical studies involving facilitated
diffusion.”"*"®

Despite the fact that the current minimal coarse-grained
model could effectively map the realistic nature of facilitated
diffusion and can also replicate the insight into the molecular
origin of the salt effect as observed in real biophysical systems,
the current approach suffers from certain limitations that lead
us to future avenues of exploration following a similar theore-
tical approach. The existing challenges from the analysis of the
data could be addressed in the future by suitably modifying the
current set to overcome the shortcomings and hence provide a
better understanding. Primarily, the initial increase in t3p with
&ns in this current work for the flexible case is puzzling and can
be anticipated to originate due to the somewhat mean-field
form of the potential in terms of L] which, as a whole, wraps up
information regarding any attractive or repulsive interaction
from the environment and hence, in some sense captures the
essential details of the electrostatic potential®*®*® in a crude
way. Thus, in the future, it will be interesting to reproduce a
similar computation with a more realistic potential. In addition
to that, a calculation based on gradually changing the flexibility
of the backbone will not only confirm the contrasting features
observed in a fully flexible and rigid case but also provide the
impact of the semiflexible DNA chain resembling the realistic
features of DNA, with better clarity. The impact of the sequence-
specific target search process will also be an interesting issue to
model via this highly coarse-grained model based on colloidal
and polymer dynamics.
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In the current theoretical model, the quantified results on
the modulation in the target search rates provide an easy
handle to gain a deeper insight into the process. The study is
found to be suitable to provide a convenient methodology to
capture the modulation in the target search rate even in a
complex situation such as, in the presence of blocking
agents*®?%%%%7 or in a crowded and rearranging disordered
media. A natural extension of this work will be the application
of a similar theoretical framework to extract testable and
quantified predictions to manipulate the target search techni-
que in a more complicated scenario.
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