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ABSTRACT: Protein searching and binding to specific sites on DNA
DNA is a fundamentally important process that marks the beginning
of all major cellular transformations. While the dynamics of protein—
DNA interactions in in vitro settings is well investigated, the situation

is much more complex for in vivo conditions because the DNA Unloop Target
molecules in live cells are packed into chromosomal structures where —

they are undergoing strong dynamic and conformational fluctua- - Protein
tions. In this work, we present a theoretical investigation on the role Loop ";:.

of DNA looping and DNA conformational fluctuations in the protein
target search. It is based on a discrete-state stochastic analysis that
allows for explicit calculations of dynamic properties, which is also
supplemented by Monte Carlo computer simulations. It is found that .

for stronger nonspecific interactions between DNA and proteins the

search occurs faster on the DNA looped conformation in comparison with the unlooped conformation, and the fastest search is
observed when the loop is formed near the target site. It is also shown that DNA fluctuations between the looped and unlooped
conformations influence the search dynamics, and this depends on the magnitude of conformational transition rates and on which
conformation is more energetically stable. Physical—chemical arguments explaining these observations are presented. Our theoretical
study suggests that the geometry and conformational changes in DNA are additional factors that might efficiently control the gene
regulation processes.

DNA

B INTRODUCTION that due to nonspecific interactions the protein molecules can
be engaged in different searching modes.”” For strong
interactions, the search is mostly one-dimensional (1D) since
once the protein binds to DNA it diffuses along the chain until

DNA is the molecule that contains all the genetic information
to support life. This information is “read” by protein
transcription factors that bind to specific sites on DNA,

initiating cascades of biochemical and biophysical processes. the target is found. For weak interactions, protein can only
All these events together form a complex gene regulation occasionally bind to DNA without sliding, and here the search
system that is specific for each living organism.l In recent can be viewed as a three-dimensional (3D) process. The most
years, significant progress has been achieved in uncovering interesting behavior is observed for intermediate strengths of
dynamic properties of subcellular structures that are relevant nonspecific interactions when the protein is engaged in a
for the flow of genetic information.”” " These experimental combination of 1D+3D search process. In this regime, the
advances support the idea that not only the DNA sequence but protein molecule binds to DNA, slides some distance on the
also its organization inside the living cells might play an DNA chain, dissociates back into the solution, and then

important role in regulation of genetic processes. It was found,
for example, that the DNA spatial configurations influence the
amplitudes of gene expression for both activator and repressor
systems.”~ These observations suggest that it is important to
understand at the microscopic level how the protein search
dynamics is affected by the DNA spatial organization and
conformational dynamics.

Protein search for specific sites on DNA has been extensively
studied using various experimental and theoretical ap-
proaches.g_lé Many aspects of protein—DNA interactions are
now much better understood. It has been argued, for example,

diffuses in the bulk until the search cycle is repeated after
rebinding to DNA. Multiple search cycles might be observed
before the target is located, and it was found that in this regime
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the search could be the fastest, corresponding to a so-called
facilitated diffusion.'>' """

While the protein search dynamics has been considered
before in simplified systems, which are relevant to in vitro
situations, the problem has been extended in multiple ways to
understand the dynamics in more realistic cellular environ-
ment. Several theoretical studies on the role of protein
conformational dynamics, the effect of molecular crowding on
DNA, and the role of the protein intermolecular interactions
have been presented.'” > Moreover, the role of sequence
specificity of the protein—DNA interactions”>*> has been
investigated. Additionally, the role of DNA conformation on
the search dynamics has been studied both experimentally and
theoretically,'**~** which is particularly important as multiple
studies have shown that the genomic organization might
strongly influence the protein search in live cells.”*****37*
DNA loops are frequently found in both prokaryotic and
eukaryotic cells, being formed actively by different proteins
such as CTCF or condensin.’® While these DNA loops might
work as repressors by sterically blocking the protein tran-
scription factors from finding to their target sites’ or just
allowing another repressor molecule to bind easier,”” most of
them are associated with enhancer—promoter activity.® Addi-
tionally, DNA loops may create either a set of static (fixed)
loops or dynamic looping interactions that affect all processes
in the system.”™” It was found that the geometry of DNA
chains in the chromatin configurations affects the dynamics of
interactions with protein transcription factors.’* > However,
the microscopic details of how the topological state of DNA
and its conformational dynamics are influencing the protein
target search remain not well understood.

In this work, we present a theoretical study on the role of the
two most important features of DNA in live cells, formation of
loops and conformational fluctuations, in the protein finding
specific target sites on DNA. Using a discrete-state stochastic
model and Monte Carlo computer simulations, we investigate
how the search process can be facilitated in the looped
configuration in comparison with linear configuration without
loops. Our goal is to consider a relatively simple model of
protein target search in order to clarify the molecular picture of
underlying processes. We found that search dynamics depends
on the strength of nonspecific protein—DNA interactions and
on the distance between the target and the loop intersection
positions. In addition, the effect of conformational transitions
between DNA looped and unlooped states has been
investigated, and we suggest that the most efficient search is
observed for fast DNA looping/unlooping transitions. The
importance of our theoretical findings for understanding the
mechanisms of genetic regulation is also discussed.

B THEORETICAL MODEL

Search on DNA Looped Conformations. Let us start by
investigating a model of the protein search for the target on the
looped DNA chain as illustrated in Figure la. To simplify
theoretical calculations, we consider a single DNA and a single
protein molecule that is searching for the target located inside
the DNA chain. But the real concentrations of protein and
DNA molecules can be easily recovered from our single-
molecule approach. The DNA molecule is viewed as a lattice
segment consisting of L sites. In our theoretical model, one
lattice site corresponds to approximately 10 base pairs (bp),
which is a typical size of the DNA segment covered by the
bound protein molecule, and it is also the average size of the
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Figure 1. (a) Schematic view of the model where the DNA loop is
formed by coupling at the sites [ and L. The green square located at
the site m is the target site. The magenta circle is the searching
protein. Black arrows indicate allowed transitions to different states.
(b) Simplified view of the conformational transitions in the DNA
molecule. The free DNA (left) can form a loop with rate Kioop While
the looped DNA (right) can go back to its linear configuration with a
rate k

unloop*

target sequences on DNA.*” The end of the DNA molecule at
the site L is coupled to the site ], which yields a DNA loop of
size p = L — | + 1 (Figure 1a). For [ = 1, the DNA molecule
becomes circular. The target is located on the site m (1<m<
L).

The protein molecule starts in the bulk solution where it
diffuses until it binds to DNA. It is assumed that the
probability of binding to any site on DNA is the same, and the
association rate per each DNA site is given by k,,: see Figure
la. While on DNA, the protein can slide along the contour
with a rate u in any direction, or it can dissociate back into the
solution with a dissociation rate kg Once the protein molecule
is dissociated, it is assumed that it diffuses fast enough so that
the location of the consecutive binding site is uncorrelated
with the location of the dissociation site. This means that our
approach neglects the spatial correlation effects that lead to the
protein molecule recapturing the DNA chain and that might be
important for real in vivo cellular processes.'**" Additionally,
near the loop intersection with the main DNA chain, the sites [
and L are spatially close, and the protein can hop reversibly
between these sites with a transfer rate k: see Figure la. When
the transfer rate is zero (k, = 0), the DNA is found in the free
linear conformation. For now, we assume that the DNA loop is
very stable and DNA remains in the looped conformation until
the target is found.

To investigate the protein search dynamics for the model
presented in Figure la, we use a method of first-passage
probabilities that has been successfull}l agplied for analyzing
various protein search phenomena.' ****** It is assumed
that the protein can be found in one of L + 1 states that we

https://dx.doi.org/10.1021/acs.jpcb.0c09599
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label as n (0 < n < L). The state n = 0 corresponds to the
protein being in the bulk solution, while the states 1 <n < L
describe the protein on the site n of the DNA chain (Figure
1a). One can define then a probability density function, F,(¢),
of reaching the target site m at time t for the first time given
that, initially, it was an the site n. The temporal evolution of
these first-passage probability functions is controlled by the
following backward master equations,

OE(1)
ot

= koffF()(t) + “[Ez—l(t) + Fn+1(t)]

— (kg + 2u)E(t) (1)

forn=2,3,4,..,L— 1and n # L. For the boundary and special
states (n = 1, [, L), we have

algit) = kgF(t) + uE(t) — (ks + u)E(t) o
aif) = kogfy + ulFi_y(t) + Fiyy (0] + kE(0)

— (kg + 2u + k,)F(t) )
a%t(t) = kgBy(t) + uF,_,(t) + kF(t) — (kg + u + k,)

F (1) (4)

The backward master equation that describes the temporal
evolution of the protein in the bulk (n = 0) is given by

Ot 2
PO g 3R - LR
ot n=1 (5)
Initially, the protein is found in the solution (n = 0 state).
Finally, F,,(t) = 6(t), which means that if the initial position of
the searching protein is already at the target site at t = 0, the
process ends immediately.
It is convenient to analyze this problem using Laplace
transformations of the first-passage probability functions,
E(s) = /Ooo exp(—st)E(t) dt. Then the backward master

equations will be modified as follows,

(S + 2u + koff)ﬁ;(s) = koffﬁ)(s) + u[ﬁ;l—l(s) + EL+1(S)]

(6)

(s + u + ko) F(s) = kygFy(s) + uB(s) (7)
(s + 2u + k, + kg)E, = kB + ulF,_,(s) + E,(s)]

+ kB (s) (8)

(s + u+ k, + ko) E (s) = kogFy(s) + uF,_,(s) + k,F(s)
)

L
(s + Lk, B (s) = ko ) E(5)
n=1 (10)

In the Supporting Information, we show how to solve exactly
these equations to obtain analytical expressions for the Laplace
transforms of the first-passage probability functions. This
allows us to explicitly describe the system’s search dynamics,
including all the moments of the search time. Here we will
focus on the mean search time since it is experimentally the
most relevant quantity of the process. The mean search time to
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find the target when the initial state is n = 0 (starting from the
bulk solution) can be simply obtained as

9Fy(s)

S

Tioop

=To=/ tR(t) dt = —
0

1 L 1 L
=+ —|==-1

kon S(O) koff( S(O) ] (11)
where S(s) is an auxiliary function (given in the Supporting
Information). It can be argued that S(0) corresponds to the
average number of different sites explored by the protein in
each search cycle. This also allows us to understand better the
meaning of eq 11. The first term corresponds to the total time
that the protein is found in the solution during the overall
search process. This is because 1/k,, is the average time to be
in the state not bound to DNA per one search cycle and L/
S(0) is the number of search cycles, that is, the number of
times that the protein comes to DNA. The second term gives
the time for the protein to be found on DNA since 1/kg is the
residence on DNA per cycle, and (L/S(0) — 1) is the number
of dissociations from DNA during the overall search process. It
is less by one than the number of search cycles because the last
association to DNA should be successful (the target will be
found) and there will be no dissociations from DNA.

Search on Conformationally Fluctuating DNA. Now
let us consider a more realistic situation with the DNA
molecule transitioning between the looped and unlooped
conformations as shown in Figure 1b. The linear DNA chain
can transit into the looped configuration with a rate ki, while
the opposite transition is taking place with a rate Kyyo0,r We
assume that the identical loop is always formed at the same
location. If the looping/unlooping transitions are very slow, the
protein search should be effectively described by the search on
the DNA configuration where the system started. This is
because the target will be found before the conformational
transition can happen. The situation is different when the
conformational looping/unlooping dynamics is very fast. In
this case, the system can be viewed as the effective looped
DNA conformation with the rescaled transfer rate, k.4 Then
the protein search will be the same as in the always looped
conformation. The search dynamics for intermediate rates ki,
and ko0 is expected to be more complex.

are related by the free

The transition rates ki, and Kynioop
energy changes in the system due to looping/unlooping, and

they specify the equilibrium constant K_g.m for the
conformational fluctuations,
kloo
P
Kconform = = eXP[_G(P)]
kunloop (12)

where G(p) is the free energy difference (in the unit of thermal
energy, kyT) between the looped conformation with the loop
size p = L — 1 + 1 and the free DNA chain. It can be
approximated using simple polymer physics arguments,
assuming a circular shape for the DNA loop,"’

G(p)=é+alnp+8
p (13)

The first term describes the contribution to the free energy
change due to the bending energy with the parameter A being
proportional to the bending stiffness of DNA. It can be written
as A = 27zzlp, where [, is the bending persistence length of the
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DNA. In our explicit calculations, we will utilize A = 300 in
dimensionless units, which corresponds to I, =~ 150 bp in real
units.”” The second term corresponds to the entropic
contribution to the free energy change. The parameter o is
the scaling factor, which for ideal polymer chains is equal to 3/
2. The last term describes the enthalpy of the loop formation,*’
and for explicit calculations, we take & = —SkgT, unless
otherwise specified. In addition, we assume that the sliding rate
u, association rate k,,, and dissociation rate k. are the same in
both DNA conformations.

In the next section, we present specific calculations of
protein target search dynamics on looped DNA and on the
DNA with looped conformational transitions using realistic
parameters of the system.

B RESULTS AND DISCUSSIONS

Because our theoretical approach could provide analytical
results for dynamic properties of the system, it allows us to
obtain a comprehensive description of the protein target search
processes. We first analyze the search on the always looped
DNA molecule. Figure 2 presents the mean search times as a
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Figure 2. Mean search times as a function of the sliding length 4 for
the always looped DNA molecules. Analytical results are obtained
using eq 11, and they are shown by solid lines. Monte Carlo
simulations data are shown by symbols for three different values of the
association rate k., The following parameters were used for
calculations: L = 500, m = 250, [ = 200, u = 6.0 X 10° s}, and k,
=20 X 10*s7L

function of the scanning length 1 = ,/u/k g, which is defined

as the average distance on DNA that the protein scans every
search cycle. The diffusion rate for the protein to slide along
the DNA chain is known to be 10°—10° bp* s7.,'" and for
specific calculations, we take this parameter to be u = 6.0 X 10°
s~ ! because in our model each lattice site corresponds to 10 bp.
The dissociation is controlled by the protein—DNA
interactions: for stronger (weaker) protein—DNA interactions,
smaller (larger) kg is expected. In our study, the dissociation
rate kg is varied leading to changing 4. Note that the scanning
length A is closely related to the parameter S(0) that describes
the average number of visited sites per cycle, but it is not the
same. It can be shown that 1 < $(0) < L, while the scanning
length can be smaller than one or larger than the length of the
DNA segment L. It is convenient to utilize the scanning length
A because it correlates better with the strength of nonspecific
interactions between the protein and DNA molecules. The
stronger the interaction, the larger the scanning length.

1730

Figure 2 shows that, similarly to other protein target search
systems,' 7 72%*%* there are three dynamic regimes depend-
ing on the strength of nonspecific interactions. When the
scanning length 4 is larger than the total DNA length L (strong
interactions), the protein is mostly involved in 1D search. This
is because after binding to DNA from the solution, the protein
will only diffuse along the DNA chain until the target is found.
This search regime is slow since the protein molecule
redundantly visits the same sites multiple times. In this case,
the overall search times are determined by the residence times
on DNA, and they are essentially independent of the
association rates k,,. More efficient search dynamics is
observed for very small scanning lengths 4 < 1 (weak
interactions). In this regime, the protein is able occasionally
to bind to DNA but it cannot slide and after some time it
dissociates back into the solution. The search times depend
strongly on the association rates because 1/k,, gives the
average time for the protein to be diffusing in the bulk solution
for each search cycle. The faster the protein diffuses in 3D, the
faster it will explore the whole DNA via binding/unbinding
events and locate the target. For the intermediate scanning
lengths, 1 < A < L, which also correspond to the intermediate
strength of interactions, the protein is performing a combined
1D+3D search, and for some range of parameters, this is the
most optimal search regime. In this case, the protein is able to
scan some length on DNA every search cycle without being
trapped on DNA for long periods of time, and the fast diffusion
in the bulk allows it to return quickly to DNA to continue the
scanning. This explains the nonmonotonic behavior of the
mean search times as a function of the scanning length A for
some range of parameters.

We can focus now on the effect of the looped conforma-
tional state on the search time by varying the transfer rate k,
that allows the protein to jump reversibly between the sites |
and L (see Figure la). Figure 3 shows the search time for
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Figure 3. Mean search times as a function of the scanning length A for
different transfer rates, k.. Analytical results are obtained from eq 11,
and they are shown by solid lines. Monte Carlo simulations data are
shown by symbols. The following parameters were used for
calculations: u = 6.0 X 10> s, k,, = 10 s}, L = 500, I = 100, and
m = 450.

several values of k,. It is found that even small values of the
transfer rate (k, << u) can significantly accelerate the search
dynamics in the regimes with intermediate and strong
nonspecific interactions. An order of magnitude acceleration
in the search might be observed (Figure 3). The reason is that
the looped conformation provides an additional channel to

https://dx.doi.org/10.1021/acs.jpcb.0c09599
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transfer between the [ and L sites near the loop intersection
(see Figure la), allowing the protein to scan the DNA
molecule more efficiently and to move faster between distant
parts of the DNA chain. Thus, in these regimes, the search
dynamics is accelerated for any value of the transfer rate k,, and
the search times are effectively independent of k,, as long as k,
# 0.

We note that in ref 25 it has been found that the association
rate of protein to a target site on the circular DNA is lower,
albeit modestly, than that for the linear counterpart. In that
case, the authors consider only a special case where the target
site is located at the center of the DNA chain. The difference in
the association rates originates from the excluded interaction
between the search protein and the ends of the linear DNA,
which will be negligible for a long DNA. For small values of the
protein—DNA interactions, the variation in the transfer rate
does not affect the search dynamics as much. The reason is
that in these situations the protein molecule moves mostly in
the bulk and the additional paths to explore DNA are less
helpful to the search since the protein is not sliding along the
DNA chain. However, we remark here that there could be
another mechanism of enhancing the search efficiency, namely,
“hopping” between spatially close segments of the DNA even
without direct physical connectivity.'****"** Therefore, the
results of our model would describe the lower bound of the
search efficiency.

Our theoretical analysis also suggests that the search
dynamics depends on the relative positions of the target m
and the loop intersection with DNA ], from where the
transitions to the site L might happen (see Figure la). The
corresponding results are presented in Figures 4 and S. From

107730 100 150 200 250 300 350 400 450 300
Target site, m

Figure 4. Mean search times as a function of the target position for
strong nonspecific protein—DNA interactions (large scanning lengths,
A>> L). Analytical result [from eq 11] is shown by solid lines, and the
Monte Carlo simulations data are shown by symbols. The following
parameters were used for calculations: u = 6 X 10%s™", k, = u, k., = 10
s7h, L = 500, I = 250, and A = 10*

Figure 4, one can see that the largest search times are observed
for m = 1 when the target is at the DNA free end. Increasing m
accelerates the search, and the fastest dynamics is observed for
m = 1. Further increase in m first slows down the search, but
then the search starts to become faster again because the target
is approaching the loop intersection (m & L). This observation
can be explained by noting that due to the reversible transfer at
the loop intersection the DNA region around this location is
explored more frequently (see Figure la). This means that
when the target is not far away from the loop intersection the
search will be completed faster.
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Figure S. Mean search times as a function of the scanning length A for
different locations of (a) the DNA loop intersection and (b) the
target. Analytical results are shown in solid lines, and Monte Carlo
simulations data are shown in symbols. The following parameters
were used for calculations: (a) u =6 X 103s™, k, =2 x 10°s7, k, =
157, L=500,andm =225 (b) u=6x10*s7, k, =2 x 10°s7, k,,
=157 L =500, and I = 225.

The effect of the distance between the target and the loop
intersection on the search dynamics is also illustrated in a
slightly different way in Figure 5. For a fixed location of the
target, one can vary the position of the loop intersection I,
which also corresponds to changing the size of the DNA loop.
These calculations are shown in Figure Sa. One can see again
that the changes in the search times are observed for strong
nonspecific interactions (large scanning lengths), and the
fastest dynamics is found when the loop intersection is close to
the target (m = [). Similar results are found if one fixes the size
of the loop and varies the position of the target m as shown in
Figure Sb. The search is the most efficient when the target is
close to the loop intersection.

Our calculations show that, when the target is not far away
from the loop intersection, it might lead to a significant
acceleration in the search dynamics, modifying the search
times by up to 1 order of magnitude. As shown in the Figure 6
for the heat map for the acceleration, the fastest search is
clearly observed when m =~ [ and m &~ L. We can conclude then
that the DNA looped configuration is generally better for the
search dynamics, and the most optimal conditions are found
when the loop intersection is close to the target sequence. This
effect is observed for intermediate and strong nonspecific
protein—DNA interactions.
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Figure 6. Acceleration of the mean search times on the DNA chain
with the loop as compared to the free DNA, T/ Ty, The followmg
parameters were used for calculations: u = 6 X 10% s lp =10s", L
=500, A = 10% and k, = u

A more realistic description of the protein search on DNA
should include the conformational transitions between the
DNA looped and free states, as schematically presented in
Figure 1b. It is clear that search dynamics will be affected by
looping/unlooping transitions for intermediate and strong
protein—DNA interactions when the protein molecule can
slide long distances on DNA. The results of computer
simulations for this situation are presented in Figure 7. For

— Free DNA
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Figure 7. Mean search times as a function of the unlooping rates for
the system when DNA fluctuates between the free and the loop
conformations. Initially, the DNA molecule starts with equal
probability in any of these conformations. The dashed lines
correspond to analytic limiting results for the free and for the looped
conformations, respectively, while the symbols correspond to
computer simulations for the systems with different enthalpic
contributions due to creating the DNA loop &. The following
parameters were used for calculations: u = 6 X 10> s™", k, = 6 X 10°
s k., = 10 s7!, L = 500, m = 450, 1 = 200, and A = 10*.

all situations, the search times are bounded between the results
for the free and those for the looped DNA conformations. This
means that the protein search is always faster on the
conformationally fluctuating DNA in comparison with the
search on the free DNA chain.

When the looping/unlooping transition rates are small, the
search is mostly determined by the initial DNA conformation.
In Figure 7, the system started with equal probability in one of
two conformations, and the search times are essentially given
by T ~ (Tunlooped + Tlaoped) /2. In this case, the target is found
before the conformational equilibrium is established. Increas-
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ing the unlooping rate (and proportionally the looping rate via
eq 12) has a more complex effect on the search times. For very
high unlooping/looping rates, the conformational equilibrium
is quickly reached before the target is located, and the system
behaves like a single looped state with a new effective transfer
rate, k, ¢ In this situation, the search dynamics is also fast and
it is close to the case of the protein search on the always
looped DNA as discussed above. This is because, as we already
argued, the magnitude of the transfer rate is essentially not
affecting the search, but the topological change of having the
loop versus not having the loop is important.

The most interesting behavior is observed for intermediate
kunloop, as shown in Figure 7. When the free conformation state
is energetically more preferred (¢ = —SkgT, K onform = 0.01)
the protein can transfer from the looped into the free state and
it would stay there for significant periods of time. The fraction
of time when the DNA molecule is in the free (unlooped)
state, fg.o can be estimated from the equilibrium constant, fg..
= 1/(Keonform + 1)- In this case, the system is found in the free
state 99% of the time, and for this reason, the search times are
start to increase with ko0, because kynoop > Kioop and the
probability to shift the system into the free state is very large.
Then the search times are approaching closer to Tg.. The
target is typically found before the conformational transition
can happen. In other words, for intermediate k,jo0p, the search
times are faster than the times to establish the conformational
equilibrium. However, when the free state becomes energeti-
cally less favorable (& = =9k T, Koo = 0.58), the fraction of
time the DNA chain is free decreases to 63%. In this case, the
search times do not increase with kyjep (because Kntoop =
kloop) and now they are getting closer to T In all
situations, however, for very fast looping/unlooping tran-
sitions, the equilibrium is reached faster than the typical search
times, and the system can be viewed as the single looped
conformation. As the result, a nonmonotonic dependence of
the search times as a function of the unlooping transition rates
is observed for the cases when the free conformational state is
energetically more stable, but not for the cases when the
looped conformations starting to become more relevant. These
observations show that the DNA conformational dynamics
results in a very nontrivial effect on the protein target search.
But in all cases, importantly, it is always faster to search on the
conformationally fluctuating DNA than on the free DNA.

The presented theoretical approach allows us to explicitly
evaluate the role of DNA geometry and conformational
dynamics on the protein search for specific sequences on DNA.
Our results suggest that tuning the DNA geometry and the
degree of conformational fluctuations might be an additional
efficient method of how the nature might regulate genetic
processes. One could imagine that changing the size of DNA
loops and the location of the loop intersections might activate
or repress the specific genes. Modifying the conformational
dynamics might also lead to nonmonotonic changes in the
search times, allowing for fine-tuning the gene activation
processes. It will be interesting to explore these ideas in more
direct experimental studies.

B SUMMARY AND CONCLUSIONS

In this work, we developed a theoretical approach to evaluate
the role of DNA geometry and conformational dynamics on
protein target search phenomena. By constructing a discrete-
state stochastic model for the underlying processes, the
dynamics of the system is explicitly computed using a method
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of first-passage probabilities. Our theoretical calculations are
also supported by Monte Carlo computer simulations. It is
found that the formation of the DNA looped configuration
might significantly affect the search dynamics, and this depends
on the strength of nonspecific protein—DNA interactions. For
weak interactions, the DNA geometry does not much influence
the protein search, but for stronger interactions it becomes
much more important because in this case the protein
molecule spends most of the time on DNA. In these dynamic
regimes, the effect is stronger depending on how close the
target is to the loop intersection. Taking into account the effect
of conformational transitions between the free and the DNA
looped conformations is also investigated. Here we found that
the conformational fluctuations also modify the search, and the
effect is more complex. When the conformational transitions
are fast, the system behaves like the always looped DNA state
and the search is fast. For intermediate values of the looping/
unlooping rates, the search dynamics to a large degree depends
on what conformational state is energetically more favorable
and how fast the conformational equilibrium is reached. In
addition, it is argued that varying the geometry and the degree
of conformational fluctuations of the DNA molecules might
serve as a very eflicient and sensitive tool in genetic regulations
and manipulations. Our theoretical calculations strongly
suggest that topological features of DNA molecules and
dynamic transformations between different conformational
states are critically important for understanding the molecular
details of protein—DNA interactions. Our main idea is that the
protein target search is always faster on the looped DNA
molecule or on the conformationally fluctuating DNA because
of the appearance of additional channels for finding the target
due to topological changes in the system.

While the presented theoretical approach provides a
reasonable minimal description of DNA geometry and
conformational dynamics, it is important to emphasize its
limitations. Several important features of DNA molecules in
chromatin structures such as DNA supercoiling,* sequence
heterogeneity,”’ and the possibility of multiple DNA loops are
not considered at all. In addition, the description of the free
energy associated with the formation of DNA loops is rather
oversimplified. Furthermore, the protein diffusion rates on the
free and on the looped DNA chains are probably not the same
as was assumed in this work. Spatial correlation effects and
crowding are also not taken into account in our approach.
However, despite these shortcomings our theoretical model
provides some clear physical insights on the complex
mechanisms of protein target search in live cells. Most
importantly, it gives quantitative predictions that can be
probed in experiments. It will be important to extend our
theoretical approach by taking more realistic features of
protein—DNA dynamics in living cells and to compare with
experimental observations.
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