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Abstract

The idea that non-specific DNA-binding proteins are capable of finding their cognate sites
on DNA much faster than the time calculated via three-dimensional diffusion theory has
been proposed in recent years as an important mechanism for the activity of DNA enzymes
and transcription factors. The goal of this study was to investigate, using Brownian dynam-
ics simulation methods, the fundamental mechanisms involved in facilitated diffusion of
DNA-binding proteins near and on DNA chains, and the relative roles these mechanisms
play in determining the mean time proteins require to find their specific targets on a DNA
chain. Two different scenarios were investigated. In the first scenario, the DNA was an
extended chain aligned on a surface with a cognate site located at one end of the DNA,
exposed to a homogenous solution of proteins with attractive interactions for the DNA
monomers. The dynamics of these proteins were characterized and mean time required for
proteins to find their specific target DNA monomer was studied as a function of protein
concentration in the bulk and the strength of the non-specific binding energy between DNA
and proteins. An optimal binding energy was identified corresponding to the most efficient
search process. In the second scenario, the DNA also had a coiled conformation. The
effect of DNA conformation on protein transport and the mean first passage time was stud-
ied. Here, it was discovered that proteins found their target on a coiled DNA much faster
that on partially extended DNA chains. The occurrence of inter-segmental transfers, where
proteins moved a large distance in sequence space by short hops across loops, was con-
firmed and correlated with the enhanced target search efficiency observed in coiled DNA.

The results of this simulation study reproduced some of the previous predictions of kinetic



models and experimental observations, and extended the knowledge about the target search
process of DNA-binding proteins to aspects not easily studied using available theoretical

and experimental methods.
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Chapter 1

Introduction

1.1 DNA

Deoxyribonucleic acid (DNA) is a molecule that contains the genetic instructions used in
the development and functioning of all known living organisms[1]. DNA usually exists
as a double-stranded structure, with both strands coiled together to form the characteristic
double-helix. The main role of DNA molecules is the long-term storage of information
needed to construct other components of cells, such as proteins and RNA molecules, and
to make copies of itself (replication) [2]. Replication is a critical role of DNA in that when
a cell divides, each new cell should have an exact copy of the DNA present in the old
cell. The DNA segments that carry this information are called genes (specific sites), but
other DNA sequences have structural purposes, or are involved in regulating the use of this
genetic information. [3].

Special proteins are key participants in DNA transcription and regulation processes.
For instance, Helicase is an enzyme that binds to a specific sequence on a DNA helix
and initiates the unzipping of double stranded DNA into single stranded DNA [4]. This
process is the first step of replication of DNA. Transcription factors or DNA polymerases
are examples of proteins that bind to a specific sequence on the DNA and thereby play
a role in the transcription process [5, 6]. Although DNA has two anti-parallel strands

only one of the strands is used as a template during the transcription stage. During DNA
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synthesis the new strand may include some errors; in order to repair mismatched sequences
on the DNA, some proteins are able to distinguish the template strand from the synthesized
strand. After the recognition of the error site, they scan the DNA strand and replace the
mismatch sequence with the correct sequences|[7].

These examples show that while different proteins have particular interactions with
DNA in the cell, their functions depend on the ability of the proteins to recognize spe-
cific sequences on DNA to start a biological process. Therefore, it is very important to
understand how specific segments are targeted by specific-binding proteins. At the onset,
proteins are diffusing randomly in the cell environment in their search for the specific bind-
ing sequence on DNA to start their special duties. In Eukaryote cells, the DNA is packed
in the nucleus, however in Prokaryote cells the DNA is totally available in solution for pro-
teins. Therefore one might expect ordinary 3-D diffusion to play a key role in the target
search process in Prokaryote cells. Three-dimensional diffusion coefficients of proteins can
be estimated from Smoluchowski’s equation [8], which assumes every collision is produc-
tive and proteins have to undergo many separate collisions with the DNA before finding the
target. In 1970, Riggs et al. [9] performed an experiment where the Escherichia coli lac
-repressor protein binds to A — DNA in vitro. Their studies found that this protein discov-
ers its specific target site on the DNA with a reaction rate of approximately v = 7 x 109
M~1s71. A Smoluchowski analysis for diffusive transport in the lac-repressor system gives
an upper bound on association rate and the diffusion coefficient of v = 10® M~!s~! and
D =5x10"" cm 257!, respectively. The Smoluchowski estimate for the maximum as-
sociation rate for a diffusion-controlled reaction is more than an order of magnitude smaller
than the observed rates reported in Ref.[9]. Riggs et al. proposed that the extremely fast
reaction rate was due to electrostatic binding between the positively charged DNA and neg-

atively charged lac-repressor [9], an effect not included in the passive diffusion analysis.

Later additional mechanisms for DNA-protein interactions were proposed by Berg, Von

Hippel and co-workers [10, 11]. In particular, they hypothesized that proteins are most
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likely to initially bind to random DNA sites via non-specific interactions, and then execute
a diffusive search for the specific target by sliding along the DNA. This mechanism requires
that the activation barrier for translocation of the protein along the DNA in the nonspecif-
ically bound state to be sufficiently small compared with the thermal energy scale. It is
possible that non-specific screened electrostatic interactions between DNA and proteins
could satisfy this criterion. This proposed process, which reduces the regions of the cell
volume needed to be explored by diffusing proteins via three-dimensional diffusion, is
called a facilitated diffusion process. Berg, Von Hippel, and co-workers [10] further hy-
pothesized three fundamental search mechanisms are involved in the targeting process (see

Figure 1.1):

1. Three-dimensional diffusion, in which the protein detaches from the DNA site,
explores the fluid around the DNA, and later rebinds at another site near to (local

hopping) or far from where it last detached;

2. One-dimensional diffusion (sliding) along the DNA, in which the protein can ran-

domly transfer to adjacent sites without dissociation;

3. Inter-segment transfer or direct transfer between DNA segments, in which pro-
teins execute micro- or macro-hops between two DNA sites that are quite far apart
along the DNA contour but are transiently in close spatial proximity due to fluctua-

tions of the DNA conformation.

1.2 Single molecule experiments

To observe the facilitated diffusion of proteins searching for their specific targets on the
DNA, several experimental studies have been performed. However, since such measure-
ments are extremely difficult in a real cell environment, Experiments have focused on single

molecule measurements in controlled in vitro settings. Single molecule measurements are
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Figure 1.1: Fundamental mechanisms of facilitated diffuion of protein along DNA [10].

a class of experiments in which individual molecules (e.g. DNA and DNA-binding pro-
teins) are isolated and individually manipulated in vitro. In such situations, it is possible
to study and measure several different properties of isolated, interacting macromolecules
that cannot be observed otherwise. One of the most important techniques used in single
molecule experiments to manipulate individual macromolecules like DNA is the optical
tweezers method [12, 13], alone or in combination with microfluidic environments, which

are briefly discussed in the following.

1.2.1 Optical tweezers

Laser optical tweezers are instruments that use focussed laser light to trap small particles
in a medium of higher dielectric constant (e.g. water). Such optical tweezers are used
to manipulate and measure tension forces of macromolecules that have been tethered to
colloidal particle “handles” [14]. Figure 1.2 shows a schematic of the optical trapping
mechanism. Light exerts a force on objects that reflect or refract the light. However, in

macroscopic objects this force is so much smaller than other forces acting on it that its effect
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is not noticeable [15]. Since the objects manipulated by optical tweezers are microscopic

BEAM

Figure 1.2: Physics of optical tweezers.

particles, they can be manipulated by the light from a very modest laser source. The object
that usually is trapped by laser beam in single molecule experiments are the polystyrene
or silica spheres with a size in the range of 1-3 pm. The momentum applied to such a
polystyrene bead is proportional to the difference between the momentum flux entering the
object and that leaving the object [16]. The single molecule experiments to stretch the DNA
is carried out inside an aqueous fluid chamber consisting of two glass surfaces separated
by a narrow gap, typically of order 1 um wide. The DNA to be studied is attached at
each end to a colloidal particle. Typically, one particle is immobilized on a surface or by a
micropipette, while the other is captured by the optical tweezer. The DNA chain may then
be elongated by moving the position of the optical trap with respect to the immobilized
DNA end, as shown in Figure 1.3. Fluorescently-labeled DNA-binding proteins are then
introduced into the chamber and their interaction with the DNA chain is monitored optically

using a microscope, a fast digital camera, and a digital frame grabber board.

1.2.2 Shear Flow

As an alternative to using optical tweezers, another common method for manipulation of
DNA chains is the use of microfluidic flow fields to stretch and align DNA in a sample

chamber [14, 17]. Such experiments usually involve a simple shear flow between two
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Laser beam
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Figure 1.3: Optical tweezers used in single molecule experiments.

closely-spaced parallel plates, as shown schematically in Figure 1.4. In such a parallel plate
geometry, with an upper plate moving with respect to a fixed lower plate, the fluid velocity
is parallel to the plates and is a linear function of the distance y from the lower plate, as
shown in Figure 1.5. DNA chains tethered by one end to the lower surface experience a
drag force due to this shear flow that tends to elongate the chains in the flow direction [18,
19, 20]. The extent of elongation is governed by a dimensionless quantity, the Weissenberg
number W;, given in this case by W; = 7, where 7 is the longest relaxation time of the
polymer in the fluid and ¥ = ‘g—z (Figure 1.5) is the fluid shear rate [20, 21]. The force f
applied to the polymer in the Z-direction scales with W; as f ~ W,-Q/ % for the case of for
the worm-like DNA chains. A sufficiently strong shear flow is required to overcome the
inherent entropic preference for a coiled chain conformation and obtain a fully extended

steady-state chain conformation [20].

Afer flow

L

—p
.__‘,/\\ e,
i

cover glass DNA molecule

Figure 1.4: Shear flow is used to align DNA molecule on a surface.

Typically, one finds that fully extended chains can be prepared in flows with W; >
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Figure 1.5: Stretching a DNA coil by shear flow.

O(10). In experiments on DNA target searches, fluorescently-labeled DNA-binding pro-
teins are circulated through the flow cell at fixed concentration, where their interaction with

the extended DNA chains is monitored optically.

1.2.3 Total internal reflection fluorescence microscopy (TIRFM)

Single molecule studies of target search by DNA-binding proteins require methods to pre-
cisely visualize single molecules (proteins and DNA) and their relative positions as a func-
tion of time. For the case of DNA chains localized near a surface (e.g. by laser tweezers or
shear flow), Total Internal Reflection Florescent Microscopy (TIRFM) has proved to be

one such useful method.

In TIREFM, a laser beam is guided from below through a glass cover surface at an angle
greater than the critical angle for total internal reflection (see e.g. Figure 1.6). Although
the light is totally reflected at this angle, the reflected beam generates an evanescent elec-
tromagnetic field adjacent to the interface. This evanescent wave decays exponentially into
the optically less dense medium (e.g., water) with a characteristic penetration depth of 100

nm from the interface [22, 23]. Because the evanescent field is restricted to the region of the
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Figure 1.6: Total internal reflection fluorescence microscopy set-up.

interface, fluorescently labeled molecules (DNA and proteins in this case) will be excited
only if they reside in this region. This provides a natural method for monitoring protein
diffusion in the neighborhood of DNA chains that are confined to the chamber surface, as

sketched in Figure 1.6.

1.3 Recent single molecule experiments

Several recent single molecule experiments using total internal florescence microscopy to
visualize and methods to stretch DNA (optical tweezers and shear flow) have been em-
ployed to test the prospective mechanisms impacting the target search process. To date,
direct confirmation of the Von-Hippel facilitated diffusion hypothesis has proved elusive,
presumably due in part to the difficulty of direct visualization of inter-segmental transfer
events in single molecule experiments. One such attempt investigated the interaction of an
enzyme (EcoRI) with nine linear fragments that varied in the number of base pairs between
34 and 6200 [24]. If the key inter-segmental transfer events associated with facilitated
diffusion were essential, the binding rate would not be a monotonic function of the length
of the DNA fragments. However, this experiment indicated that the EcoRI target discovery
time was inversely correlated with the length of the DNA fragment, suggesting a pure slid-
ing mode of target search. In the following, we briefly outline some of the other key single

molecule studies and their findings.
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1.3.1 Hopping versus Sliding

Many single molecule experiments have been conducted that were able to distinguish be-
tween sliding and hopping modes of protein motion on and around DNA substrates. Here
we list a few examples:

(1) One experiment visualized the diffusion of Human oxoguanine DNA glycosylase 1
(hOggl) on double stranded A-DNA stretched to an extended state 16 um in length via
shear flow [25]. The net displacement of individual molecules indicated, that despite the
buffer flow, the diffusion was not biased in the flow direction. Using proteins that do not
consume biochemical energy for their diffusion, this study found that the target search
along the DNA was due to thermal motion and was a directionally unbiased process. (We
note that some other studies reported convective motion of DNA binding proteins [26, 27],
presumably the result of excessive drag forces due to solvent flow dominating over thermal
forces in these experiments ). A linear relationship between the mean square displacement
versus time was verified, with a one-dimensional diffusion coefficient D4 = 4.8 x 10°
bp?/s, a value consistent with sliding motion that also involves protein rotation around the
DNA helix. The data also predicted an activation barrier for translocation along DNA to
be about 1 k7T, consistent with theoretical predictions [28]. Increasing salt concentration
in this system had the effect of increasing the non-specific binding affinity of hOggl for
DNA. Interestingly, such an increase in salt concentration did not affect the measured target
search time, strongly suggesting that sliding rather than hopping dominated the process.
(2) Gorman et al. used TIRFM to visualize the diffusion of Mismatch repair complex Msh2-
Msh6 on A-DNA [29]. This experiment relied on biotinylated A-DNA (with 48,502 bp)
that was tethered by both ends on a sample chamber surface otherwise coated with a lipid
bilayer (see Figure 1.6 above). Inter-segmental transfer was unlikely in this case because
the DNA was maintained in a physically extended configuration. Hoping and sliding could
be distinguished from one another by analyzing the change in the behavior of the effective
diffusion coefficient with different concentrations of salt. The life time of the bound Msh2-

Msh6 decreased with increasing concentration of salt, but there were no significant changes
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observed in the mean diffusion coefficients. This result suggests that proteins are very
unlikely to experience large hops as they travel on the DNA. The data from 125 protein
trajectories revealed a broad distribution of diffusion coefficients with a mean value of
1.2 x 102 pm?/s and a range of values from 2 x 107* um?/s to 9 x 1072 um?%s. Such a
broad range may indicate that there are transiently trapped proteins.

(3) In several studies, hopping motion was found to be a dominant process. For instance,
Halford et al. used DNA substrates with two cleavage sites for the BbvCl enzyme separated
by different sequence lengths and with varying orientations relative to one another [30].
Such an approach is designed to reveal whether the protein maintains contact with the
DNA as it transfers from one site to another by sliding or whether it loses and subsequently
regains contact by a dissociation/re-association step. In the study of Ref. [30], two different
orientations of DNA molecules were examined: (i) repeated sites and (ii) inverted sites. If
the translocation of an enzyme from one site to another happens only by sliding, then the
enzyme could cleave the DNA in both repeated sites, but it should not cleave both sites if the
sites were inverted. However, if the translocation involves a dissociation step, the probabil-
ity of DNA cleavage on repeated sites will equal that on inverted sites. Results for reactions
at low salt concentration indicated that the test protein stayed on the DNA as it traveled be-
tween sites provided the sites were <50 bp apart. On the other hand, transfers of >30 bp in
physiological salt conditions, or over distances of >50 bp at any salt concentration, always
included dissociation steps. Hence, for this enzyme 3-D detachment/attachment is its main
mode of translocation.

(4) Another selective cleavage experiment utilized an enzyme that can bind and cleave at
two distinct recognition sites on double stranded DNA [31]. In this experiment, these two
specific recognition sites were separated by n base pairs in the middle of a double stranded
DNA fragment. If the primary transport mechanism of the enzyme is hopping via three-
dimensional diffusion, then binding and cleaving at the two sites would be independent
processes occurring with roughly equal probabilities. On the other hand, If sliding via 1-D

diffusion was primary transport mechanism of the enzyme, cleavage at the two binding
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sites would be a correlated process. The two mechanisms would yield different fragment
distributions. These were characterized by a processivity factor that was defined as the
number of the reactions in which the enzyme cleaves both sites before departing from the
domain of the DNA relative to the total number of reactions. The experiment with the same
enzyme was tested on 4 pairs of DNA substrates containing two sites separated by various
distances. The processivity factor was found to decline as the length n of DNA between the

sites was increased, indicating that hopping was the dominant mechanism for this system.

1.3.2 Movement of protein along DNA chains

A number of measurements have focused on characterizing the nature of the motion of
proteins along the DNA. The local details of this motion can strongly impact measured
transport properties. For some very tightly bound proteins, sliding diffusion involves ro-
tation around the DNA chain axis, in order to remain in a major or minor groove. Other
proteins that are less strongly bound avoid this constraint by making short micro-hops.
Theoretical studies [8] have suggested that for a typical protein size there may be up to
a 1000 fold difference between the effective diffusion coefficients for such rotating and
hopping modes transport. Several single molecules experiments conducted to obtain 1-D
diffusion coefficients for proteins moving along DNA chains are described below:

(1) One-dimensional diffusion of the T7 RNA polymerase along stretched DNA molecules
was visualized in a single molecule experiment using TIRFM on aligned DNA [32]. The
DNA combing method, in which a polystyrene-coated cover glass was dipped into a DNA
solution for a short period of time and then pulled out at a constant rate, was used to stretch
and anchor the DNA on a substrate. A protein initially bound to the DNA diffused freely
for as long as several minutes, providing sufficient data to observe diffusive motion of
the proteins. The resulting 1-D diffusion coefficient of proteins varied from molecule to
molecule over a large range of values from 6.1 x 10711 em™2s7 ! t04.3 x 107 cm~2s7%,

values consistent with rotational diffusion coefficients estimated by theory [8].
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(2) Another single molecule experiment on mismatched proteins visualized the diffusion
of human Rad51 on double-stranded DNA [27]. The double-stranded DNA molecule was
tethered to the lipid bilayer surface by one end, extended along the surface using hydro-
dynamic drag, and finally attached by the distal end to the surface. The observed motion
of Radl on the extended DNA in the absence of flow was unbiased, bidirectional 1-D dif-
fusion, with the proteins moving freely on the DNA for a long period of time. The mean
square displacement of the proteins was found to be a linear function of time interval, as ex-
pected for 1-D diffusion. The inferred average 1-D diffusion coefficient was 0.042 + 0.054
pm?/s during a period of 124 seconds, in which the sliding length ranged from 50-150 zm.
(3) A recent single molecule experiment by Wang et al. confirmed that Lac repressor could
locate its target via the sliding mechanism and provided a direct experimental explanation
for the observation of Riggs, et al. discussed previously. In this work, 1-D Brownian
motion of Lacl repressor proteins on a DNA contour was visualized on a single molecule
using the TIRFM method[33]. Hydrodynamic flow was used to stretch the DNA to 90% of
its total contour length. The diffusive motion of subsequently bound GFP-Lacl covered a
length of the DNA contour from 120 nm to 2920 nm, leading to a range of calculated 1-D
diffusion coefficients from 2.3 x 107!2 cm?/s to 1.3 x 10™° cm?/s. In this experiment, there
was an apparent lack of correlation between one-dimensional diffusion coefficients and
sliding lengths, which could have been due to conformational distributions in the protein,

but which could not have been directly visualized in the experiment.

1.3.3 Inter-segmental transfer

One of the proposed facilitated diffusion mechanisms is inter-segmental transfer or direct
transfer of proteins between DNA segments that are far apart in sequence space, but tran-
siently brought into close spatial proximity by a fluctuation of the DNA conformation [11],
as sketched below in Figure 1.7. This process was not dominant in the previous experi-
ments reviewed because extended DNA coils do not have distant parts of the sequence in

close proximity. Intersegmental transfer processes are most likely to occur for coiled DNA
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and proteins with specific affinity for two or more target sites in the DNA sequence, such

as the lac repressor, human Hox-D9 homeodomain, and gluocorticoid receptor proteins.

Inmersegrent
Transier

Figure 1.7: Intersegmental transfer of protein on DNA [10].

The existence of intersegmental transfer has been confirmed by several experiments.
The experiment of Iwahara et al. [34] used human Hox-D9 homo-domain proteins that have
two distinct DNA binding sites and that can transfer directly between DNA segments. The
NMR Exchange spectroscopy method was used to detect inter-segmental transfer events.
The study reported indirect yet unambiguous evidence for protein transfer events between
distinct binding domains in solutions of DNA and enzyme. A recent single molecule exper-
iment has studied the impact of DNA conformation on the specific protein-DNA association
rate of proteins thought to be involved in inter-segmental transfers [35]. In this study, the
conformation of a 6500bp length DNA with a central target recognition site for the EcoRv
enzyme and colloidal particles attached to the termini was manipulated by optical tweezers.
The association rate of EcoRv enzyme on single DNA molecules, as determined by DNA
cleavage events, was computed from 385 cleavage reactions as a function of DNA exten-
sion. Three levels of extension (straight, random coil and a squeezed coil) were created by
changing the distance between optical tweezers beads at the DNA chain termini. The max-

imal association rate was found in a random coil configuration, while the association rates
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for both extended and squeezed DNA were found to be very low. The difference between
association rates for the different DNA configurations were related to the suppression of
inter-segmental jumping in extended DNA [35, 36). Since non-specific binding of proteins
to DNA is mostly due to electrostatic interactions, the concentration of salt was expected
to modify the association rates at different DNA extensions. At very low and very high salt
concentrations, there was no significant difference in the association rates for either coiled
or extended DNA, but an intermediate salt concentration (~ 60 mM) yielded an optimal
difference between the association rates for coiled vs extended DNA, an effect attributed to

favorable conditions for inter-segmental transfer.

1.4 Theory of facilitated diffusion

As experimental single molecule experiments of the facilitated diffusion progressed, other
research groups have used different theoretical and computational methods to investigate
the facilitated diffusion process. While limited in scope and molecular detail, such theo-
retical methods can provide insight into the various potential mechanisms involved in this

process. Below a few key theoretical studies are summarized.

1.4.1 Target recognition on a stretched DNA chain

A number of computational and theoretical studies have been made of the facilitated diffu-
sion of proteins on stretched DNA. These studies treated the proteins and DNA subunits as
structureless or coarse-grained entities.

(1) In a study of protein diffusion in 1-D, Sokolov et al. [37] considered the dependence
of the target search process on the concentration of proteins. Whereas in pure three-
dimensional diffusion the specific binding rate is directly proportional to the concentra-
tion of proteins in a solution (C), this work predicted that the rate of specific binding was
proportional to C? for a pure one-dimensional diffusion process with excluded volume. A

scaling method was employed to explain the observed dependence of the mean first passage
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time (MFPT) on C. The MFPT is the mean time needed for a protein to initially find its
target sequence on a DNA molecule. In this study N particles were initially placed ran-
domly on a straight line of length L and allowed to fluctuate in position under the constraint
that two particles may not occupy the same position. The target was located at one end of
the line and the MFPT to reach this target was obtained as a function of N in studies of
10° single events. The MFPT was found to scale with protein concentration C ~ N/L as
MFPT~ C~2, in agreement with one of the single molecule experiments [38]. However,
in realistic experiments it is not possible to have pure-one dimensional diffusion, since
thermal fluctuations will always generate protein hops off the DNA chain. However, bio-
chemical conditions can often be imposed that minimize the rate of unbinding, leading to
quasi 1-D diffusion of proteins occurring within a thin shell around the DNA chain.

(2) Computational tools were used to explore the facilitated diffusion of three helical bind-
ing proteins (Engrailed Home domain HoxD9, Sap! and Skn1) and one non-DNA binding
protein (SH3) along stretched DNA [39]. In this method, a 100bp-B DNA was modeled by
three beads per nucleotide and the proteins were represented by one bead for each amino
acid residue. Non-specific protein-DNA interactions were modeled by electrostatic interac-
tions between negatively charged DNA phosphate beads and the positive charges of protein
residues. Inter-segmental transfer could not be studied using this model because of the
straight conformation of the DNA chain. The trajectories of both binding and non-binding
proteins were studied at low salt concentration. In these conditions, the binding proteins
remained close to the DNA main axis, indicating that translocation was mainly one di-
mensional. In contrast, the non-binding SH3 showed no attraction to DNA and therefore
executed random 3-D diffusive motion around it. The fractions of sliding, hopping and
three-dimensional diffusion during the specific target search was studied at different salt
concentrations for two different temperatures, 7' = 0.57y and T' = 0.97%, where T} is
the protein’s folding temperature. As salt concentration increased, the affinity of the bind-
ing proteins for the model DNA decreased, thereby decreasing the fraction of sliding and

increasing the fraction of 3-D diffusion. Interestingly, the fraction of hopping exhibited
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a non-monotonic dependence on salt concentration, with a sharp peak at about 0.06 M at
T = 0.5Tf and 0.04 M at T = 0.97%. This verified the expectation that an intermediate
binding strength is required for hopping transport to occur. As a conclusion, these authors
found that optimal search efficiency was achieved when sliding constitutes 20% of the total

search process.

1.4.2 MFPT and non-specific binding energy

Previously discussed experimental studies clearly showed that non-specific binding plays
an important role in controlling the balance between one-dimensional diffusion and three-
dimensional diffusion processes. Numerous theoretical studies have investigated the de-
pendence of the search process on the non-specific binding energy and the interplay be-
tween 1-D and 3-D diffusive processes. These studies typically involve continuum kinetics
calculations that treat the dimensionality of the problem (a 1-D curvilinear chain contour
embedded in 3-D) in an implicit fashion. two such models are reviewed below:

(1). A kinetics-based approach was used by Slutsky and Mirny to study the facilitated dif-
fusion of proteins on a DNA contour with different sequence-dependent potentials [28].
This model estimated the optimal time of a search process, including a combination of
both one-dimensional and three-dimensional diffusion. The calculated optimal time cor-
responded to trajectories for which a protein spent approximately half of its time sliding
along the DNA and the other half diffusing in three dimensions. It was also revealed that
the non-specific binding energy plays an important role in controlling the balance between
the two processes. For a sufficiently rough free energy landscape, diffusion proceeds too
slowly to efficiently scan the available binding sites on the DNA in a realistic period of
time. In contrast, if the landscape is very smooth, only three-dimensional diffusion would
occur, pre-empting the facilitated diffusion mechanism. An optimal non-specific binding
energy of € >~ 2k_T was suggested by this work, representing an optimally rough free en-
ergy landscape for facilitated diffusion. On the other hand it was claimed that after a protein

finds its target, it needs to have enough time for a change in the protein conformation to
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achieve its function, which requires quite stable DNA-protein binding. Paradoxically, re-
alistic energy functions cannot provide both rapid search at intermediate binding strength
and strong binding of a protein. Thus, it was suggested that two modes of protein-DNA
binding co-exist: the search mode and the recognition mode. A protein in the non-specific
binding search mode is not aware of the details of the DNA sequence it is transiently bound
to. Therefore, at each site it must switch to a specific binding recognition mode that probes
the visited sites for its level of specificity and undergoes a change in conformation when
the target site is discovered.

(2) Another kinetics-based approach argued that the target search process of proteins on
DNA involves three mechanisms: three-dimensional diffusive motion, one-dimensional
diffusive motion, and the correlation of the two [40]. The goal of this work was to develop
a qualitative picture of the search and detection of targets on DNA. A key result of the

analysis was an expression for the search time 7, as a function of these three processes:

z? pX: N A
2D3 2D1 Dlyeff

(1.1)

The first two terms correspond to the time spent by the protein in 3-D and 1-D diffu-
sion, with diffusion constants D3 and D;, respectively. The last term is a correlation term
accounting for the contributions of trajectories for which a protein goes froma3-Dtoa 1-D
transport state but unbinds from the DNA before it travels a full sliding length A. The two
characteristic distances, z and A, are the average distance of a protein in solution from the
DNA chain (related to the concentration of proteins) and the average sliding length along
the chain, respectively. The dimensionless parameter y.s is a measure of the non-specific
binding energy between proteins and DNA. The last term in Eq.1.1 partially accounts for
fluctuations in the length of the 3-D and 1-D trajectories. Further analysis uncovered a
reduction in the search time achieved at some intermediate strength of the protein-DNA
binding energy and concentration of free proteins. If the concentration of free proteins in

solution was very low, the correlation term dominates and the relative search time becomes
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very long. This means that the protein molecule spends a small fraction of its time on the
DNA, frequently binding and rebinding during the scanning process. In the opposite limit,
where the concentration of protein is large, there is no need to slide along the DNA, as

there is always a protein near enough to find the target via 3-D diffusion.

1.4.3 Mean first passage time and DNA conformation

A number of theoretical studies have derived estimates for the mean first passage time of
proteins searching for a target on a DNA coil. Generally, these studies have considered a
combination of at least two different searching mechanisms, 1-D diffusion and 3-D diffu-
sion. Two examples are briefly discussed below.

(1) Halford et al. [30] derived a phenomenological kinetics equation providing a quanti-
tative estimate for the reaction time of a protein that is moving under the control of two
competitive transport mechanisms in a crowded environment. The resulting reaction rate &k

per unit protein concentration C' = N/V had the form:
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a D
— + —=—aLlyC) ! 1.2
Dlsl + D1V + a lC) ( )

k=
( lsl Dl

)" = Da(

where N is the total number of proteins per DNA, V is the total volume of the DNA coil, a
is a local molecular volume, L is the contour length of the DNA, [ is the sliding length, D
is the effective 3-D diffusion constant, and D, is the effective 1-D diffusion constant. The
first term accounts for the 3-D diffusion-limited rate (Da) and the final factor represents
the acceleration of the reaction. As sliding length increases, this expression predicts that
the 3-D diffusion term decreases and the total time spent executing 1-D sliding diffusion
increases. By balancing the two terms in Eq. 1.2 with respect to sliding length, one obtains

a maximum reaction rate at an optimal value of sliding length:

DV LV
* d ™ =2 1.3
«=\V oL ™7 ~“\' DD, (1.3)




Introduction 19

(2) Kleinin et al. [41] presented a complementary quantitative model, also based on consid-
eration of both 3-D diffusion and 1-D sliding along DNA. This analytical model provided
predictions for the mean first passage time, verified by numerical simulations. Their pre-
diction for the reaction time resulting from the combined effects of 1-D and 3-D diffusion

is given by:
1% m L€

- + 1.4
8D3p&  4D1p (14)

T

where V is the confinement volume, L is the DNA chain length, D;p and Dsp are the 1-D
and 3-D diffusion constants, respectively and £ is a characteristic distance where 1-D and
3-D diffusive processes are in balance. The non-monotonic dependence of 7 on £ confirms
that non-specific binding of protein to DNA can reduce the reaction times significantly. In
particular, a minimum search time 7y can be found at an optimal value of £ for a variety
of conditions. Note that Eq. 1.4 is very similar to an expression reported by Halford and

Marko [30], if ¢ is identified with the sliding length [;.

1.5 Thesis Overview

This thesis presents a simulation study of the target search process described in the experi-
mental, computational, and theoretical studies reviewed above. Unlike some of the previous
theoretical and computational studies, this work explicitly considers the behavior of diffus-
ing protein molecules interacting with fluctuating DNA chains in three dimensions. Chapter
2 describes the coarse-grained model representing the DNA chain, the protein molecules
and the Brownian dynamics method used to simulate the system. Chapter 3 presents simu-
lation studies of stretched DNA chains interacting with diffusing proteins, and characterizes
the 1-D and 3-D aspects of protein transport and their effect on the target search process

for extended DNA chains. Finally, Chapter 4 presents comparative simulation studies of
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stretched and coiled DNA chains, with a focus on the effects of inter-segmental transfers

on the protein dynamics and the target search process.



Chapter 2

Model and Simulation Methods

In the following chapter, we describe the methods used in the simulation studies of facil-
itated diffusion of proteins along a DNA chain. We first briefly describe the LAMMPS
simulation package and the Brownian dynamics method used to simulate the behavior of
a model interacting DNA-protein system. We then describe the coarse-grained model of
the DNA chain as a bead-spring polymer and the proteins as coarse-grained single beads or
aggregates of beads, and give some details about the simulation protocols used for protein

searches of specific targets on DNA.

2.1 Brownian Dynamics Simulation

Brownian Dynamics (BD) simulation is a mesoscopic simulation method for molecular
species in solvent which avoids treating the solvent molecules explicitly by implicitly incor-
porating their effects on solute particles in the equation of motion of particles [42, 43, 44].
In a system with a relatively low concentration of solutes, this method allows for simulation
of the slow dynamics of solutes over much longer time scales than in a simulation of all
molecules by replacing the the effects of rapid collisions on the solvent molecules by ran-
dom thermal forces and an associated viscous damping force. In essence, BD corresponds

to the standard Langevin dynamics method in the overdamped limit where no average ac-

21



Methods 22

celeration takes place during the simulation and the total force on each solute molecule is

always approximately zero.

2.1.1 Interparticle Interactions

Total force acting on a particle in a BD simulation is composed of four different forces:
ﬁtot = F’; + ﬁf + 15’; + qu1. In the overdamped limit, we take F’mt = (as agiven. F’;x is the
total external force acting on the particle. F. = —VU is the conservative force computed
from the total inter-particle interaction potential, in principle a function of all particle coor-
dinates {7, 7%, ...7v } (to be discussed below). In addition to these standard forces encoun-
tered in any classical molecular simulation, there are two additional interrelated forces that
are particular to BD. E:—fyﬁ ,1s a viscous damping force which is proportional to the instan-
taneous solute particle velocity, where v is a phenomenological damping coefficient related
to the thermal energy scale £,7" and the solute self diffusion coefficient D via the Einstein
relation: v=k,_T'/D. F; is a stochastic force due to collisions of the solvent molecules with
the solute particles. This stochastic force is taken from a random distribution satisfying
the fluctuation-dissipation theorem: (F.(t)) = 0 and (F,(t)F.(t')) = 2k, T~8(t — t))1,
where I is the unit tensor. This leads to forces applied in random directions of RMS mag-
nitude F,=4/2k,T~/At, where At is a characteristic microscopic collision time, which we
take as a fundamental time-step for the simulation. The damping coefficient (v) is always
positive, thus the temperature of the system will decrease during the simulation due to the
viscous damping force. This is balanced by the random force term, which is controlled in

the simulation using a Langevin thermostat.

2.1.2 Dynamics Algorithm

Brownian dynamics simulation is implemented using the LAMMPS package [45] in an
NVT ensemble. The NVT ensemble is a canonical ensemble in which the number of par-
ticles, the volume of the simulation region and the temperature is fixed to specified values.

LAMMPS is a classical molecular dynamics code developed at Sandia National Labs in
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the United States that is optimized for use on massively parallel computer clusters using
the MPI parallelization scheme. It is distributed as open source code under the terms of
the GPL and can be freely downloaded from lammps.sandia.gov. LAMMPS is a flexible
package compatible with a variety of force fields for classical simulations at the atomic,
molecular, and coarse-grained mesoscopic scales. We use the standard LAMMPS imple-
mentation of BD without hydrodynamic interactions between particles. In this case, the

position of each particle ¢ is updated using an explicit forward-time Euler scheme:
7i(t + At) = 73 (t) + 0 (t) At (2.1)

where ¥;(t), the velocity of particle , is determined at time ¢ by global force balance using
the known positions of all particles {7 (t), 72(t), ...7n } at time ¢ via:

— 1 =, — — — = — -4 —

a(t) = - [-ViU{A®), B, Fv®)}) + Fu(75(1) + B(F(1)] 22)
To insure stability of the explicit time integration scheme, we use a small timestep of At =

0.0057 where 7 is the natural time unit of the BD simulation.

2.1.3 LJ reduced units

Typically, physical quantities measured in BD simulations are represented by dimension-
less, or reduced, units defined by the characteristic particle size o, particle mass m, and the
simulation energy scale e (determined by the interparticle potential). Using these character-
istic values, we may obtain dimensionless quantities for time ( 1/mo?2/e), pressure (¢/03),
and density (m/c®). From these characteristic quantities, we define non-dimensional sys-

tem variable constructed from:

dimensionless length: 7 =r/c
dimensionless energy: £ = F/e
dimensionless time: t=t/ W
dimensionless pressure:  p = p/(¢/c?

dimensionless density: g = p/(m/o


http://lammps.sandia.gov
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2.1.4 Periodic Boundary Conditions

We employ periodic boundary conditions [46] throughout this study. In the periodic bound-
ary scheme, the unit cell is replicated infinitely in one or more directions. Whenever a parti-
cle leaves the unit cell simulation region by passing though one boundary, it automatically
re-enters the region through the opposite boundary, thereby creating a periodic image of
itself and keeping the concentration of particles in the unit cell constant. Periodic boundary
conditions are utilized in situations where we wish to avoid molecular interactions with a
wall or avoid restricting the degree of translational freedom of the particles. In Chapter
3, we discuss DNA chains stretched and pinned to a wall (as in the case of a microfluidic
cell). In this case, we had an upper/lower wall pair and periodic boundary conditions in the
two transverse directions. In Chapter 4, DNA chains were located in the central region of

the simulation cell and periodic boundary conditions were applied in all three directions.

2.2 DNA Model

The DNA chain molecule is modeled as a bead-spring polymer with N coarse-grained
beads of the size o interconnected by NV — 1 springs. The spring models the entropic
restoring force associated with stretching a subsection of the chain, as indicated in Figure
2.1. In addition to bonded interactions between neighboring beads, each DNA monomer
bead interacts with other non-neighbor beads (and also with the protein species described

below) via the standard Lennard-Jones (LJ) potential:

o 12 o 6
Voona(ri;) = 4e [(r) - (T—> ] (2.3)
ij ij

where ¢ is the depth of the potential wall, ¢ is the (finite) distance at which the inter-particle
potential is zero, and r is the distance between the particles. The r~12 term describes Pauli
repulsion at short ranges due to overlapping electron orbitals, and the ~% term describes

attraction at long range due to van der Waals or dispersion-like forces. Lennard-Jones
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potential is plotted for 0 = 1 and € = 1 in Figure 2.2. Note that the minimum value of the

LJ potential occurs at r = 260.

Figure 2.2: Lennard Jones (LJ) potential.

The bonding between DNA monomers is described by a hybrid potential which includes
a FENE (Finitely Extended Nonlinear Elastic) bond potential plus a shifted LJ (Lennard-

Jones) potential:
, ri\? o\ 12 o \°
%ond(rij) = —05/£R0ln I:]. — (ﬁ()) ] + 4de (a) — (E)

Ry in the first term of the hybrid potential is the maximum extent of the Fene bond, ;;

+e€ (2.4)

is the distance between ¢ and 7 monomers, and & is the FENE spring constant. Excluded
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volume interactions are introduced via a pure short-ranged repulsive L] potential with a
cutoff radius of 7 = 25 ¢ and an additive energy shift e. In addition to a bonding potential,
we also utilize a harmonic bending potential to modulate the intrinsic stiffness of the DNA

chain. This potential has the standard form:
V:zngle (0 - 90) = Kp (0 - 00)2 2.5)

where 0 is an equilibrium value of the angle between subsequent bonds and &, is a bending
constant. Note that the usual factor of 1/2 in the harmonic bending potential is included
in k,. Figure 2.3 illustrates the bending associated with finite angular deformation of the

DNA chain.

Vi k

Figure 2.3: Angular deformation and bending potential.

2.3 Protein Models

Facilitated diffusion of proteins along a DNA chain is investigated via two different protein
molecular models. For studies of extended DNA chains (Chapter 3) it is sufficient to use a
simple spherical bead model of the protein molecules with attractive LJ interactions with
the DNA monomers and repulsive LJ interactions between protein molecules. For studies
of coiled DNA chains (Chapter 4), a more elaborate multi-bead protein model is required,
consisting of an attractive LJ head bead partially surrounded by a shell of repulsive LJ
beads. Figure 2.4 shows depictions of these two types of protein beads. Their detailed

features are described separately below.
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Figure 2.4: protein as a multi-bead shell (left),Protein as a single bead (right).

2.3.1 Proteins as single beads

In Chapter 3, studies of the target search process are presented for a DNA molecule that was
stretched into an extended, linear conformation. For these studies, the searching proteins
were considered as spherical beads of size 20, i.e. twice the size of DNA monomers.
The protein bead size was chosen to be larger than the DNA monomers to facilitate the
sliding diffusive motion of a bound protein along the DNA chain. This choice also reflects
the size asymmetry for DNA binding proteins and their DNA substrates. The interaction
between protein molecules was a purely repulsive LJ interaction with a cutoff radius of
r.=2% x 20, while the interaction between protein beads and DNA monomers was attractive
with a cutoff radius at r.= 2.5 x 1.50. For this choice of parameters, the average distance R

between a bound protein molecule of size 20 and a DNA monomer of size o was R = 1.50.

2.3.2 Proteins as compact shells

In Chapter 4, studies of the target search process are presented for a coiled DNA molecule.
In such a fluctuating random coil, distant monomers along the chain are occasionally in
close proximity (e.g. when a transient loop forms). Since the LJ interaction is not a direc-
tional one, in this case one attractive L] particle may simultaneously bind to two or more
DNA monomers, leading to transient intra-molecular cross-linking of the DNA chains by
the proteins. In order to favor exclusive binary interactions between protein molecules and
DNA monomers and to avoid unphysical cross-linking events, a different protein model

was developed. In this case, the protein molecule was chosen to be a compact shell-like
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arrangement of 6 coarse-grained LJ beads, each of of size ¢. One of the beads (the gray
bead in the left panel of Figure 2.4) was attractive for the DNA monomers, while the others
were repulsive for the DNA monomers and each other. All six beads were strongly bound
to each other by a harmonic potential, u(r;;)=0.5x(r;; — ro)?, with a large spring constant
k = 500¢/0? and an equilibrium separation rq = 0.920, in order to minimize fluctuations

in the protein conformation during the simulations.

2.4 Length and time scales

In the simulations described in this thesis, the size of the proteins (20) can be compared
with the typical size of a protein (about 10 nm) to establish a connection between computa-
tional and experimental length scales. Specifically, each bead corresponds to about o=5nm.
For DNA , 3 base pairs is about 1nm, implying that a 5Snm bead size is about 15 base pairs.
A protein of size 10 nm with a three-dimensional diffusion coefficient of Dsz=4 x 107
% requires about 4.5x 1077 to move a distance of its own size. In the simulations to
be discussed in this thesis, it takes about 11350 time steps for such a model protein to

move a distance of 2s (10 nm). Therefore, one time step of the simulation corresponds to

approximately 4 x 10~19%,

2.5 Simulation Procedure and Analysis Programs

Running a simulation using the LAMMPS package requires several input files with infor-
mation about the initial particle coordinates and the simulation parameters. Two samples
of LAMMPS input scripts are given in Appendix A: one for the bead-like proteins with a
stretched DNA chain, and the second for shell-like proteins with a coiled DNA chain. A
new code was written to create files of initial protein and DNA bead coordinates and veloc-
ities needed to initialize the BD simulations described in the following chapters. a sample
of these initialization programs are given in Appendix B. During simulations runs, parti-

cle coordinates at selected time points were written to files for subsequent analysis using
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the LAMMPS “dump” command. Analysis programs were written that use such data to
characterize the protein dynamics and interactions with the DNA monomers. Samples of
these are included in Appendix C. One of the most important quantities obtained in these
simulations was the mean first passage time (MFPT), the mean time required for the first
discovery of a target DNA monomer by a diffusing protein particle. The method for calcu-
lating this quantity involved the averaging of results for a very large number of independent
simulation runs (about several thousand) using the programs included in Appendix D and

as described in the following chapters.



Chapter 3

Proteins and Stretched DNA |

As almost all single molecule experiments have used a stretched DNA to visualize the one-
dimensional diffusion of binding proteins, in this chapter we study the diffusion of proteins
along a stretched DNA aligned on a two-dimensional surface. After characterization of
the association of the model protein elements with the DNA chain and their motion along
the DNA chain, this study focused on determination of the mean time needed for the first
incidence of a protein initially in solution to find a specific target on the DNA (the so-
called Mean First Passage Time) as a function of bulk solution protein concentration and

the binding energy between DNA and proteins.

3.1 Model

In the spirit of a coarse-grain representation, the target DNA molecule was modeled as
a bead spring polymer comprised of N = 100 beads of size o(i.e. a total of 1500 base
pairs) joined together by a modified FENE bond potential of the form given in Eq. 2.4 with
spring constant K = 1000 /e2. The strong spring constant restricted the inter-bead bond
length to R < Ry = 1.220. The repulsive part of the bond potential had cutoff radius of

r. = 1.12240 to prevent particle overlap.

30
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The diffusion of protein molecules was first studied on an extended DNA chain, which
was prepared by applying a force of magnitude f = 10¢/o in the +Z-directions to the
two end beads of an initially relaxed DNA coil. In order to assist the stretching process,
a bending potential with spring constant K, = 100 and an equilibrium angle of =7 was
also used until the DNA is stretched to 90% of its total contour length, after which it was
switched off. Figure 3.1 depicts a portion of the bead-spring DNA chain used in our simu-

lation.

PO assgsan

Figure 3.1: Snapshot of a section of extended bead-spring DNA polymer.

To mimic the single molecule experiments discussed in Chapter 1, the stretched DNA
was aligned in the z-direction along a two-dimensional surface. Specifically, the target
DNA chain was located just above the x —y plane defining the bottom wall of the simula-
tion box with dimensions x—y—z = 1000 X 120 x 150. The DNA ends were immobilized
on the surface, while the other beads of the DNA chain were free to fluctuate due to ther-
mal forces. Periodic boundary condition were imposed in the = and y directions, while the

upper and lower walls perpendicular to the 2 direction were repulsive.

The diffusing protein molecules were spherical beads of size D = 2o that interact with
the DNA beads via a Lennard-Jones potential of the form given in Eq. 2.3 withe > k£, T

and an inter-bead cutoff radius 7. = 2.504yerage = 3.750, where 0gyerqge = 1.50 is the
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Figure 3.2: Beads of size 20 and a bead spring polymer with beads of size o represent the

protein molecules and DNA, respectively.

average of the DNA monomer size ¢ and the protein molecule size 2¢. Figure 3.2 shows a
sample of a short section of DNA chain with several associated protein beads. A repulsive
pair interaction between protein beads was imposed using the Lennard-Jones potential with
€ = 4k, T and an inter-bead cutoff radius r, = 2.2448¢. These parameters were chosen to
insure active excluded volume interactions between protein beads. Prior to each simulation,
a collection of N proteins were initially positioned randomly in the simulation box but
outside of an exclusion zone of radius 30 from the DNA chain, and a short simulation run
using a soft potential was then used to push off any initially overlapping proteins and create

an initial particle configuration file.

3.2 Results

3.2.1 Trajectories of proteins

Protein diffusion along the DNA chain

We first investigated the quasi 1-D Brownian motion of N = 10 proteins of size 20 af-

ter they had bound strongly to the stretched DNA. In single molecule experiments, such
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one-dimensional diffusion can occur in protein solutions with sufficiently low salt concen-
tration, for which the affinity of proteins for DNA chains is relatively high. We have found
in our simulations that a binding energy of ¢ = 3k, T is sufficient to achieve protein con-
finement to the DNA chains for this model system. Figure 3.3 shows the displacements of
three of the proteins plotted as function of time. In these conditions, proteins which ini-
tially bound to a free segment of the DNA diffused along the chain for a long period of time
without dissociation. Notice that, due to the high repulsive interaction between proteins,
there are instances of collisions between proteins that restrict their trajectories. Figure 3.4
displays the z, y, and z components of the trajectory of one protein particle diffusing along
the DNA chain. Evidently, the protein motion is predominantly along the DNA chain, as

indicated by the relatively restricted motion in the transverse (y and z) directions.

60 . T T .
— particle 1
v —— particle 2
= 40r —— particle 3 ||
S
5 .
= 20 .
: Ve
g 0 | ; “l" ¥ vm&{ i
8 .
(=% _ ~
=207
0 1 2 3 4 5
time steps X 104

Figure 3.3: Trajectories of three proteins diffusing along a straight DNA by € = 3k, T

Figure 3.5 provides a histogram plot of the net displacements of proteins after 5000
time steps, showing that the displacement is distributed symmetrically around zero, as ex-

pected for one-dimensional random walk behaviour.

The data shown in Figures 3.3-3.5 for the trajectories of bound proteins along a DNA

are qualitatively similar to that reported in several single molecule experiments [25, 47].
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Figure 3.4: Trajectory of a protein molecule along x(red line), y(green line), z(blue line)

directions as a function of time steps.
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Figure 3.5: Histogram of net displacement after 5000 time steps with the mean value of
0.05200.

In order to quantify this behavior and its dependence on binding strength, simulation data
were analyzed for protein mean square displacement, the time-course of protein residence
on the chain, and the temporal auto-correlation of the protein binding state, as described in

the following.
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Mean Square Displacement

The 1-D Mean Square Displacement (MSD) of proteins as a function of time was calculated

as a time-average over the reference time ¢y from time-series data using

(Ar¥(t)) = ([e(t + to) - (to)]”) 3.1)

to

This expression assumes motion exclusively along the z-direction, a limit only valid for
sufficiently large e. Later in the thesis this will be properly generalized to 3-D behaviuor.
In principle, one expects asymptotic behavior of the form (Ar?(t)) = 2Dy4t fort > 1.
Figure 3.6 shows (Ar?(t)) for three bound protein particles with e = 3k,7T in a log-log
representation. The total number of time steps of the simulation run was 2 x 107, but the
mean square displacement was calculated every 50 timesteps ( with 1 time step=0.005 7).
Note that the MSD for the particles are virtually indistinguishable. Each MSD exhibits a
sub-diffusive regime at early times as a result of the crossover from ballistic to diffusive
dynamics with increasing time delay. Figure 3.7 shows a fit of the MSD at long time delays
to a power law, (Ar?(t)) ~ t* with o = 0.97. Note that the data in the figure indicates that
the protein translates by half of its size (¢) within about 4000 time-steps.

Protein residence history

The efficiency of the DNA target search by a protein, which can be measured by the num-
ber of new sites visited during a certain search time, is expected to strongly depend on
the strength of the DNA-protein binding energy through the combined effects of protein
sliding, hopping, and 3-D diffusion. One simple means of characterizing these processes
is through an analysis of the time history of bound and unbound states. For such a study,
simulations were conducted as a function of binding energy e for NV = 5 protein particles
and 2 x 107 time steps. Every 10 time-steps, the distance d,, of each protein relative to
the DNA was determined and the result was tabulated as either a bound (1) or unbound (0)
state according to an ad hoc distance cut-off, chosen to be dyy = 20. Thus, if dp,, < dpg, the

protein was recorded as bound (on=1) to the DNA at that timestep, otherwise an unbound
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Figure 3.6: Log-Log plot of mean square displacement of three proteins along the DNA

axis as a function of time.
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Figure 3.7: Log-Log plot of mean square displacement of a protein along DNA axis as a

function of time, along with a power law fit, (Ar?(¢)) ~ t* with a ~ 0.97, at long times.

state was recorded (off=0). The precise choice of cut-off distance dp; did not qualitatively
change the results. Intuitively, one might expect that weakly interacting proteins (with
small €) are rarely found in the bound state, while strongly interacting proteins (with large

€) remain primarily in the bound state once they have first encountered the DNA chain.
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Figure 3.8 shows a time-series plot of bound (occupation state=1) and unbound (oc-
cupation state=0) proteins for the case of € = 3k,T', a relatively strong binding energy.
The figure indicates that proteins with ¢ = 3k,T spend the majority of time bound to the
DNA (executing sliding motion) and make short excursions off the DNA chain (hops), in

agreement with expectation.
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Figure 3.8: Protein occupation on the DNA chain at different time-steps for e = 3k, 7.

On the other hand, Figure 3.9 shows an analogous time-series plot of bound and un-
bound proteins for the case of ¢ = 1k_T, a relatively weak binding energy. The figure
indicates such proteins spend the majority of time unbound to the DNA (executing 3-D
diffusion) and make only temporary visits to the DNA chain, also as expected.

At intermediate binding energies, proteins exhibited a balance of 1-D sliding, hopping,
and 3-D diffusion. Figure 3.10 shows a time-series plot of bound and unbound proteins for
the case of € = 2k, T'. Note that in this case there are fewer of the small scale hops observed
in stronger binding conditions (so called micro-hops) and more larger-scale macro-hops.

The above results are consistent with the work presented in Ref. [39], which advocated
a scenario with a shifting balance between DNA sliding, hopping and 3-D dissociation that
depends on the salt concentration conditions (a known modulator of protein binding). As

will be discussed below, the intermediate binding energy conditions are most conductive to
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Figure 3.9: Protein occupation on the DNA chain at different time-steps for e = 1k, T.
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Figure 3.10: Protein occupation on the DNA chain at different time-steps for € = 2k, T
efficient DNA target discovery by proteins, as these conditions lead to a balance between

1-D and 3-D diffusive motions [28, 40, 41].

Correlation of protein binding

Using the above time-series data for bound and unbound protein states, the temporal au-
tocorrelation between states was studied. Here we focus on the case of the autocorre-

lation function g(t) for bound states with different binding energies, defined by g(¢)=<
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on(t + to) - on(tg) >4, With a time-average over reference times to. This represents the
probability of finding a protein on the chain at time ¢ + ¢, if it was on the chain at an earlier
time ¢o. The times were chosen in increments of 10 time steps and thus g(t) was averaged
over 2 x 10° events. The un-normalized correlation between bound protein events is plotted

versus time in Figure 3.11 for different binding energies, e = 1,2, 3k, T
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Figure 3.11: Temporal autocorrelation function of bound protein fore = 1,2, 3k, T

Normalized g(t) were then obtained by dividing the autocorrelation function by the total
fraction of on states (given by total number of time steps that the protein is on the chain
over the total number of protein states (i.e. time steps)). Table 3.1 provides normalization

data for the cases studied.

Binding Energy e =1k, T | e =2k, T | e =3k, T
Total number of on states | 300076 1250107 | 1948280
Total number of states 2 x 108 2x 108 | 2x 106
Normalization factor 0.1500 0.6250 0.9741

Table 3.1: g(t) normalization data for three different binding energies.

Figure 3.12 shows that while bound states for high binding energies exhibit long-time
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Figure 3.12: Normalized temporal autocorrelation function fore = 1,2, 3k, T.

correlation (indicative of 1-D sliding motion), as the binding energy decreases the bound
states become more rapidly decorrelated in time, as expected for proteins that execute 3-D
diffusive excursions off the DNA chain. For instance, normalized g(t) decays to 50% of its

value after 10,000 time stepsfor ¢ = 1k,7T,where for large € it is much slower.

3.2.2 Mean First Passage Time (MFPT)

The mean first passage time (MFPT) is the average time required for a protein to find its
specific target on a DNA contour. This is the most important quantity for characteriz-
ing target search processes for DNA-protein interactions. A series of simulation studies
were performed to elucidate the dependence of bulk protein concentration and protein-
DNA binding affinity on the MFPT. First, the MFPT was investigated in the case of pure
1-D motion of a strongly bound protein on an extended DNA chain. For the studies of
extended DNA systems, the end bead on one end of the DNA chain was designated as the
specific target site and a collection of N proteins ( /N = 5, 10, 20 ) are randomly placed on
an extended DNA chain. The simulations involved many repetitions of a basic first-passage
time (FPT) simulation, as follows. For a given number of bound proteins, a simulation was

run for a total time sufficient for target discovery by at least one of the proteins. This basic
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FPT simulation was repeated at least 10,000 times, each starting with a new set of initial
protein configurations on the chain. In post-simulation analysis, the first instance of a pro-
tein finding the target DNA site was identified for each run and the elapsed time from the
start of the simulation to this target discovery event was recorded as the FPT. The MFPT

was obtained from the mean value of the FPT from the entire sequence of runs.
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Figure 3.13: Log-log plot of the MFPT vs. protein number N on the chain for 10,000
events at € = 3k,T (blue diamonds). Error bars shown are the standard deviations. The
red line is a fit to the data, giving MFPT~ N~185 For comparison, the inverse-squared
dependency predicted by theory, MFPT~ N~2, is shown in green squares connected by
black line.

Figure 3.13 shows the dependence of the MFPT on the number of bound proteins for
this high binding energy study. In this case, the MFPT required for a protein to find its
target by pure sliding was found to decrease as a power-law of the number of bound pro-
teins MFPT~ N ~185 this is consistent with other experimental and computational studies
[35,19]. For instance, the simulation is in close agreement with the theoretical result for
pure 1-D diffusion of self-avoiding proteins predicted by Ref. [37] that MFPT~ C—2,
where C o< N is the one-dimensional protein concentration on a structureless, linear DNA

chain. The discrepancy between the simulation and theoretical exponents may be due to the
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different consequences of self-avoidance in these two studies. While the self-avoidance in
the 1-D theoretical model strictly rules out the displacement of one protein passed another,
the repulsive interactions between proteins do not prohibit such relative motion in the 3-D
embedding environment of simulation, since two proteins may pass each other on opposite
sides of the chain. This would act to soften the dependence of the MFPT on N.

In all experimental studies, the stretched DNA chain with a target site is exposed to
proteins in a bulk 3-D solution. Thus, the target search is usually a sequential process in
which proteins must first diffuse in 3-D to find the DNA substrate before executing a 1-D
sliding diffusive search for the target site. Therefore to conduct a more realistic simula-
tion, we next randomly positioned the proteins inside the simulation box and simulated the
combined 3-D diffusion and 1-D sliding processes involved in the target search. The pro-
tocol for conducting MFPT simulations in 3-D was similar to the quasi-1-D case described
above. A series of many short simulations were conducted to obtain independent estimates
of the FPT for different initial conditions (in this case, the initial position of the proteins in
the simulation cell). In this case, the FPT includes the initial time to find the DNA chain
by 3-D diffusion. These FPTs were then averaged to obtain the MFPT. Histograms of the
FPT are plotted for 6000 events in Figure 3.14 for two analogous systems with N = 20 and
e = 3k, T. Here the difference between the two was just in the initial position of proteins.
For the 1-D data, the proteins were initially placed randomly on the DNA chain; while for
the 3-D + 1-D data, the initial positions were in the bulk. The histogram data clearly shows
that for search processes involving a combination of 1-D and 3-D diffusion of proteins, the
FPTs are more widely distributed and posses a larger MFPT than in the case of pure 1-D

diffusion.

MFPT and Binding Energy

In this section, the impact of adsorption energy on mean first passage time is presented.
For these studies, the protein number (V) and the protein-DNA interaction energy (e) were
independently varied in a set of simulations. The proteins were randomly positioned in

the simulation box (bulk 3-D scenario) with the protein-DNA interaction energy chosen
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Figure 3.14: Histograms of first passage time (FPT) for 20 proteins diffusing on DNA
chains with two different initial conditions: (i) proteins initially placed on the chain (red)

and (ii) proteins are initially positioned in the bulk (blue).

from a value in a range from ¢ = 15,7 to 5k, T in increments of 0.5k, T. As before, FPT
simulations were repeated 10 000 times, with different initial protein configuration for each
simulation, and the results were used to obtain the MFPT as a function of N and e.

Figure 3.15b shows the MFPT for two protein concentrations (N = 10 and N = 20)
as a function of € . The error bar shown is the standard error of the mean. Note the non-
monotonic nature of the MFPT for a constant number of proteins: as the binding energy
increased, the MFPT first decreased with €, reaching a minimum value, and finally in-
creased with €. For N = 10, the minimum value of the MFPT occured somewhere between
e = 2k, T and 3k, T, after which there is a pronounced increase in MFPT with increasing
€. On the other hand, for N = 20 the apparent minimum near ¢ = 3k,T was quite a bit
more shallow and the rise in MFPT at higher € was negligible (the error bars makes it hard
to pinpoint the precise location of the minimum binding energy). This is presumably due

to crowding effects at linear high protein density dominating the sliding behavior [30, 11].

Interestingly, Slutsky and Mirny [28] also noted that the energy landscape of diffusion
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along DNA plays an important role in controling the balance between sliding and three
dimensional diffusion. They predicted that the protein-DNA binding energy landscape
has an optimal value of approximately 2k,7" that maximizes the DNA target search rate.
Another point of view [41] relates sliding length to target search time. In this picture, as
sliding length increases, the target search time decreases until it reaches its minimum

value at an optimum sliding length (or binding energy), beyond which it grows again. These
feature were captured quantitatively in a stochastic theory given in Ref. [40], which deter-
mined the relative search time 7 /7, where 7, is the ordinary diffusion time given by Smolu-

chowski theory [8], as a function of the dimensionless parameter, y = exp(Faqs/k;T),

a 1 Npr/Y 2
_a + + (3.2)
r ( VNadsyd nfds\/g . /npyd)

T
Ts

where E4, is the non-specific protein-DNA binding energy, a is the target site size, n, is
the number of proteins in the solution, n,4s is the number of adsorbed proteins on DNA,
and d is the ratio of 1-D and 3-D diffusion coefficients d = D, /Dj. According to Eq.3.2,
the relative search time has a complex dependency on non-specific binding energy, which
is plotted in Figure 3.16 for a set of specified parameter values. However, we note the
qualitative agreement of the plots shown in Figures 3.15 and 3.16. As depicted in the
figure, the search time is initially a decreasing function of the adsorption energy, reaching
the optimal value (at about 4k,T" ) before increasing with adsorption energy beyond the
optimal value.

We note here that the standard deviation of the MFPT, shown for instance in Figure
3.13, is always rather large, although the mean value itself does not change significantly
and the standard deviation of the mean is always a small value. There is some theoretical
justification for the inherent noise observed in our simulation data. Refs. [48] and [49]
argue that the MFPT is an inherently noisy quantity due to its dependence on the random
motion of a finite collection proteins in space, with some possible reduction of noise for

cases of enhanced one dimensional diffusion (sliding). This is consistent with what we
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Figure 3.15: MFPT versus binding energy for N = 20 (red circles) and N = 10 (blue circles).
In a, the error bar shown is the standard deviation of the data; in b, the error bar is the

standard error of the mean.

have seen in our results: large standard deviations of the MFPT with very modest reduction

at high binding energies which favor sliding processes.

Histogram of FPTs
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Figure 3.16: Relative search time as a function of the dimensionless adsorption strength for

a = 1nm, r = 30 nm, nggs = 1000, n, = 1, and d = 0.001.

The inherent noisy behavior of the target search process is most evident in the distribution
of FPTs. Figure 3.17 shows a sample histogram of FPTs for the case of diffusing 20
proteins for three different binding energies (¢ = 1, 2,3k,T"). Note the noisy data and, in

particular, the gaps that occur for low binding energies.
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Figure 3.17: Histograms of mean first passage time of 20 diffusing proteins with different

binding energies.
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This noisy behaviour is especially prominent at low volume fraction of proteins in the
bulk, a limit often relevant to experiment. The effective protein volume fraction for the
configuration of Figure 3.17 is ¢ ~ 3.7%. Additional simulations on more concentrated
systems were conducted to explicitly demonstrate the effect of concentration on the noisy
behavior of the FPTs. Figure 3.18 and 3.19 show a histogram constructed for the case of
100 diffusing proteins (corresponding to an effective volume fraction of ¢ = 16%) with a
weak affinity for the DNA chain (¢ = 1,7 and at a high binding energy (¢ = 3k,T),
respectively. Clearly in this case the noise was substantially reduced. However, such large
protein volume fractions are not experimentally relevant and may also result in saturation
of the DNA with proteins at high e, a different physical scenario than what we had chosen

as the focus of this study.
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Figure 3.18: Histogram of mean first passage time for n, = 100 and e = 1k,7T".
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Figure 3.19: Histogram of mean first passage time for n, = 100 and € = 3k, 7.
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3.3 Conclusion

In this chapter we used brownian dynamics simulation to characterize the process of pro-
teins searching to recognize a specific target on a DNA chain. The protein molecules were
simply modeled as single beads of size 20 and the DNA was represented as an extended
bead-spring polymer. The interactions between proteins and DNA monomers were defined
through the attractive Lennard-Jones potential with the energy depth e. The efficiency of
DNA target search by proteins highly depended on the strength of DNA-protein binding.
For high binding energy, ¢ = 3k,T, the proteins spent most of their time sliding on DNA
without dissociation. Through this quasi 1-D diffusive process, the proteins were able to
scan the sites on DNA to find the specific cognate site. As the binding energy decreased,
the hopping mechanism (micro- and macro-hops), whereby the proteins executed limited
3-D diffusive excursions off the DNA chain, was seen to play a more significant role in the
search process. However, at sufficiently low binding energy ( € = k.7 ) the proteins were
found to be most frequently detached from the DNA and undertaking a three-dimensional
diffusive search of the bulk. The mean first passage time (MFPT), the mean time required
for first discovery of the DNA target site, was found to depend on both protein concentra-
tion and the binding energy between proteins and DNA. Interestingly, the dependence of
the MFPT on binding energy was not monotonic. With increasing binding energy, one di-
mensional diffusion became increasingly dominant over three dimensional diffusion, with
proteins increasingly confined to the immediate vicinity of chain for extended periods of
time. The time required for a given protein to find its specific target on the DNA ini-
tially decreased when the binding energy increased. However, once this binding energy
was sufficiently large, the proteins spent more of their time oversampling small regions of
DNA, thereby slowing the sliding process. Thus, the existence of an optimal binding en-
ergy was verified for minimizing the target search time, in accord with previous theoretical
predictions[28, 40, 41]. In this study, the long-range inter-segmental transfer of proteins
was absent due to the extended nature of the DNA chains. Therefore, the search process

was limited to three mechanisms: 1-D sliding, 3-D bulk diffusion, and local hopping. Each
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of these were shown to be operative in the protein dynamics and the target search process.
The optimal binding energy was found to be near e = 3k, 7T, for which the proteins rarely
detached from the chain. Thus, the most efficient target search process was dominated by
1-D sliding mode diffusion. This result differs from the studies of Ref.[39], for which opti-
mal search efficincy was predicted to occur when sliding was only 20% of the total search.
This difference could easily arise from the difference in the models for the DNA (helical
vs linear bead-spring) and its interactions with the proteins (LJ vs electrostatic).

Protein concentration was also found to be an important parameter in controlling the
target search process. For high protein concentration, there were always proteins in the
solution close to the target that could efficiently reach it through ordinary three dimensional
diffusion. In contrast, for low protein concentration, the diffusing proteins first explored
the bulk (for a long time ) to find the DNA chain and subsequently executed a sliding
search along a finite length of the DNA to find the target. Such behavior was observed
experimentally (e.g. see Figure 4 of Ref. [26] ) and the protein concentration effect on
the specific target rate was also studied in Ref. [40]. In this theoretical model, at low
protein concentration the protein molecule is predicted to spent most of its time on binding
and unbinding events, limiting the sliding length along the DNA between pairs of binding
and unbinding events, and thereby increasing the total search time. In our simulations
at low protein concentrations, long sliding runs occurred at high binding energy after the
protein found the DNA chain, facilitating the target search process. Our simulation studies
of coase-grained models were seen to reproduce many of the salient features of previous
experimental and theoretical studies, and provided comple- mentary information not yet
available from other approaches. In particular, we have shown that a simulation study
can provide insight into the detailed nature of protein motion on and in the vicinity of
a DNA chain, and the potential correlated motion of proteins. Such information is not
easily obtained from theoretical kinetics models and single molecule ex- periments. In
the next chapter of this thesis the constraint of extended DNA chain confor-Results 49

mation is relaxed, allowing studies of the effects of DNA conformation on DNA-facilitated
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protein transport and the target search process In this chapter we used Brownian dynamics
simulation to charactrize the process of proteins searching to recognize a specific target
on a DNA chain. The protein molecules were simply modeled as a single beads of size
20 and the DNA was represented as an extended bead-spring polymer. The interactions
between proteins and DNA monomers were defined through the attractive Lennard-Jones
potential with the energy depth €. The efficiency of DNA target search by proteins highly
depended on the strength of DNA-protein binding. For high binding energy, e = 3k, T, the
proteins spent most of their time sliding on DNA without dissociation. Through this quasi
1-D diffusive process, the proteins were able to scan the sites on DNA to find the specific
cognate site. As the binding energy decreased, the hopping mechanism (micro- and macro-
hops), whereby the proteins executed limited 3-D diffusive excursions off the DNA chain,
was seen to play a more significant role in the search process. However, at sufficiently low
binding energy ( ¢ = k,T ) the proteins were found to be most frequently detached from
the DNA and undertaking a three-dimensional diffusive search of the bulk.

The mean first passage time (MFPT), the mean time required for first discovery of
the DNA target site, was found to depend on both protein concentration and the binding
energy between proteins and DNA. Interestingly, the dependence of the MFPT on binding
energy was not monotonic. With increasing binding energy, one dimensional diffusion
became increasingly dominant over three-dimensional diffusion, with proteins increasingly
confined to the immediate vicinity of chain for extended periods of time. The time required
for a given protein to find its specific target on the DNA initially decreased when the binding
energy increased. However, once this binding energy was sufficiently large, the proteins
spent more of their time oversampling small regions of DNA, thereby slowing the sliding
process. Thus, the existence of an optimal binding energy was verified for minimizing the
target search time, in accord with previous theoretical predictions[28, 40, 41]. In this study,
the long-range inter-segmental transfer of proteins was absent due to the extended nature
of the DNA chains. Therefore, the search process was limited to three mechanisms: 1-D

sliding, 3-D bulk diffusion, and local hopping. Each of these were shown to be operative in
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the protein dynamics and the target search process. The optimal binding energy was found
to be near € = 3k, T, for which the proteins rarely detached from the chain. Thus, the most
efficient target search process was dominated by 1-D sliding mode diffusion. This result
differs from the studies of Ref.[39], for which optimal search efficincy was predicted to
occur when sliding was only 20% of the total search. This difference could easily arise from
the difference in the models for the DNA (helical vs linear bead-spring) and its interactions
with the proteins (LJ vs electrostatic).

Protein concentration was also found to be an important parameter in controlling the
target search process. For high protein concentration, there were always proteins in the
solution close to the target that could efficiently find it through ordinary three-dimensional
diffusion. In contrast, for low protein concentration, the diffusing proteins first explored
the bulk (for a long time ) to find the DNA chain and subsequently executed a sliding
search along a finite length of the DNA to find the target. Such behaviour was observed
experimentally (e.g. see Figure 4 of Ref. [26] ) and the protein concentration effect on the
specific target rate was also studied in Ref. [40]. In this theoritical model, at low protein
concentration the protein molecule is predicted to spent most of its time on binding and
unbinidng events, limiting the sliding length along the DNA between pairs of binding and
unbinding events, and thereby increasing the total search time. Whereas, in our simulations
at low protein concentrations, long sliding runs occurred at high binding energy after the
protein found the DNA chain, facilitating the target search process.

Our simulation studies of coase-grained models were seen to reproduce many of the
salient features of previous experimental and theoretical studies, and provided complemen-
tary information not yet available from other approaches. In particular, we have shown
that a simulation study can provide insight into the detailed nature of protein motion on
and in the vacinity of a DNA chain, and the potential correlated motion of proteins. Such
information is not easily obtained from theoretical kinetics models and single molecule ex-
periments. In the next chapter of this thesis the constraint of extended DNA chain confor-

mation is relaxed, allowing studies of the effects of DNA conformation on DNA-facilitated



Results

protein transport and the target search process.
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Chapter 4

Proteins and Coiled DNA

DNA molecules found in vivo are almost always sufficiently long that they adopt coil-
like conformations. In the coiled state, distant base pairs in the sequence can be found
temporarily in close spatial proximity, providing opportunities for rapid transport of non-
specifically bound protein to distant sections of the chain through inter-segmental transfer
events. Such events are distinct from the 1-D sliding, local hopping, and 3-D diffusive
motion considered in the last chapter for extended DNA chains, for which inter-segmental
transfer is not relevant. For coiled DNA, inter-segmental transfer has been proposed as an
important mechanism for more efficient target searching by DNA-associated proteins [11,
35]. However, experimental single molecule studies of the effects of DNA conformation
on inter-segmental transfer of proteins are especially challenging, due to the difficulty in
visualization of small-scale protein motion. An attractive alternative is the use of computer
simulation to characterize these phenomena. This chapter presents studies of the diffusion
of proteins along and within a coiled DNA chain using Brownian dynamics simulation.
After characterization of the association of diffusing proteins with the DNA coil and their
subsequent motion along the DNA contour, this study focused on determination of the
MFPT for a protein initially in solution to find a specific target on the DNA, and the role of

inter-segmental transfer in this process.
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4.1 Model

As in the previous chapter, the DNA molecule was modeled as a linear bead spring polymer
comprised of N beads of size o joined together by a modified FENE bond potential of the
form given in Eq.2.4 with spring constant K = 100¢/02. The strong spring constant
restricted the inter-bead bond length to R < Ry = 1.220. The repulsive part of the bond
potential had cutoff radius of . = 1.1224¢ to prevent particle overlap. In order to allow for
a sufficiently coiled conformation, a relatively large polymerization index, N = 500, was
chosen. (i.e. a total of 7500 base pairs). The DNA chain was inserted into a simulation box
of size L, x L, x L, = 50 x 30 x 3202 with periodic boundary condition imposed on all
dimensions of the simulation box. The coiled state of the DNA was obtained by relaxing
the initial chain configuration during a prolonged simulation at finite temperature. Once
the radius of gyration of the coil reached a steady state, the end monomers were fixed in
position (with end-to-end separation of 50 ). This coil configuration served as the initial
state for the first set of DNA-protein simulations. Analysis of the coil conformation shows
the coil persistent length is 6 beads equals to 90 base pairs.

In order to prevent protein-mediated bridging of distal monomers of the DNA chain
(by shared bonding of DNA monomers to a common protein), a new coarse-grained model
protein was utilized. This model protein is composed of compact aggregates of 6 bonded
beads, each of size o. Only one of these beads (the head) possessed an attractive LJ poten-
tial for DNA monomers (with an interaction parameter € in the range £, T < € < 4k, T and
a cutoff radius between DNA monomers and the protein head of r. = 30). The remain-
ing 5 beads served to prevent the head bead from interacting simultaneously with more
than one DNA monomer. They were connected to the head bead and to each other by a
strong harmonic potential with spring constant x = 500¢/0? and equilibrium bond length
ro = 0.920.

The non-head beads also were given a short-range repulsive interaction with the DNA

monomers of € = kT and cutoff radius r. = 1.12240 as well as repulsive interactions
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between proteins. Figure 4.1 shows a snapshot of these proteins interacting with a coiled

DNA molecule.

Figure 4.1: Snapshot of a 500-monomer DNA coil (red and blue beads) in the presence of
globular proteins (orange molecules with grey head beads). The central target bead and end

monomers of the DNA chain are blue.

4.2 Results

4.2.1 Trajectories of proteins

Protein Mean Square Displacement

As in the previous chapter, we first investigated diffusion of tightly bound proteins along
the DNA chain. To do so, we placed a single protein randomly on one of the DNA sites
with a binding energy of ¢ = 4k,T and simulated its motion along the DNA coil for
3 x 107 time steps, recording particle coordinates every 20 time steps . The 3-D mean

square displacement of the protein was calculated as a time-average over the reference
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time ¢ from this time-series data using

(Ar2 (1)) = ([F(t + to) — 7(to)]) @.1)

to

where ¥ = (z, y, 2) is the 3-D position vector of the center of the protein head monomer. As
with the case of strong binding of proteins to extended chains studied in the last chapter, the
protein motion is confined to the vicinity of the DNA chain and therefore the protein exe-
cutes long-lived, quasi 1-D (curvilinear) Brownian motion along the DNA chain. However,
since the DNA chain trajectory is that of a coil embedded in three dimensions, the protein
MSD also has a 3-D character, albeit with a sub-diffusive exponent that is determined by
the coil geometry. Figure 4.2 shows a log-log plot of the protein MSD vs. time for this
strongly bound case of € = 4k, T. Here (Ar?(t)) ~ t* at long times, with a ~ 0.85. If the
coil was a true Gaussian coil, we would expect o ~ 0.5. However, our finite length DNA
coil is significantly more swollen than a Gaussian coil. Moreover, subsequent analysis of
time series data showed that the proteins make macro-hops between distant sections of the
DNA chain when these are in close proximity. Such hopping also modifies the nature of

the protein transport, as will be discussed below.
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Figure 4.2: Mean square displacement of a protein molecule along DNA coil as a function

of time for ¢ = 4KT, along with a power law fit, (Ar%(¢)) ~ t* with a ~ 0.85
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At sufficiently low binding energies, pure 3-D diffusive motion of the protein should
be observed. Figure 4.3 shows a log-log plot of the protein MSD vs. time for the case of
e = k,T, a weak binding energy that allows proteins easy escape from the DNA chain.
As expected, simple diffusive behaviour of proteins is observed for time delays beyond
approximately ¢ = 207. Note, however, that the effective 3-D diffusion constant is for the
protein model used in the chapter, composed of 6 bound LJ beads of size o, and this is dif-
ferent from that of the single bead model in the previous chapter. As will be demonstrated

later, the binding affinities of the two beads are also different.
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Figure 4.3: Mean square displacement of a protein molecule along DNA coil as a function
of time for ¢ = 1KT, along with a power law fit, (Ar%(t)) ~ ¢* with @ ~ 1.0 at long

times.

Protein residence history

In general, we expect a transition from curvilinear diffusion of proteins along the DNA
chain to simple 3-D diffusion of proteins in the box as the binding energy is decreased from
high to low levels. Next we investigated the dependence of the relative fraction of sliding,
hopping and 3-D diffusion search mechanisms on protein-DNA binding energy. To do
so, we used the time analysis methods described in the previous chapter to characterize the

history of bound and unbound states for a collection of 10 protein molecules as a function of
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binding energy in the range ¢ = 1-3k,T'. These proteins were positioned randomly within
the simulation box but outside an exclusion zone of distance 20 from all DNA monomers,
and short simulations with a soft repulsive potential were used to push off any initially
overlapped proteins. Using the resulting configuration as an initial state, simulations were
conducted at a given binding energy for 2 x 107 time steps. As before, after 10 time-step
intervals, the distance d,, of each protein from the DNA was determined and the result was
tabulated as either a bound (1) or unbound (0) state according to whether d,,, was less than
or greater than an ad hoc distance cut-off, chosen to be dyy = 1.50.

Figure 4.4 shows a time-series plot of bound and unbound proteins for the case of
e = 1k,T, arelatively weak binding energy. As with the case of an extended DNA chain
studied in the last chapter, the figure demonstrates that weakly-bound proteins spend the
majority of time unbound to the DNA (executing 3-D diffusion) and make only intermittent
visits to the DNA chain. These intermittent bound states are somewhat more clustered in
nature than those observed for extended chains, perhaps due to transient caging of protein
particles in locally crowded regions of the DNA coil. In this scenario, correlated rebinding
of proteins may occur via hopping to proximal DNA chain elements before escape from the
coil region. At high binding energy, sliding via curvilinear diffusion along the coiled DNA
chain was the dominant mode of protein motion, as in the case of extended DNA chains
studied in the last chapter. Figure 4.5 shows a time-series plot of bound and unbound
proteins for the case of € = 3k_,T, a relatively strong binding energy. The figure clearly
shows that these proteins spend the majority of time bound to the DNA (executing sliding
diffusive motion), with occasional short-lived hops off the chain. Figures 4.4 and 4.5,
together with Figures 3.9 and 3.8 from the previous chapter suggest that for the extremes
of low and high binding energy, the qualitative behaviour for protein diffusion in the pres-
ence of extended and coiled DNA is very similar.

At intermediate values of binding energy, mixed 1-D and 3-D diffusion characterized
by periods of sliding, hopping and three-dimensional diffusion is expected. Figure 4.6

shows a time-series plot of bound and unbound proteins for the case of ¢ = 2k.,7'. The
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Figure 4.5: Protein occupation on the coiled DNA chain at different time-steps for € =
3k, T.

figure indicates that these proteins spend both short and long periods on the DNA chain,
supporting the hypothesis of mixed 1-D and 3-D diffusion punctuated by micro- and macro-
hops. While this behaviour was also observed for extended DNA chains (see Figure 3.10
from the previous chapter), the coiled conformation of the DNA in this case may lead

to inter-segmental transfer of proteins between sequence-distant DNA segments, a feature
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that has previously been suggested to facilitate the target search process [28, 40, 41] and is

supported by simulations described later in this chapter.
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Figure 4.6: Protein occupation on the coiled DNA chain at different time-steps for ¢ =
2k, T.

Correlation of protein binding

Correlations between bound states at different time-steps provide information about the
nature of the hopping process (e.g. short-lived hops(micro) vs macro-hops). Using the
time-series data for bound and unbound protein states, the temporal autocorrelation be-
tween states was studied using the method described in the previous chapter. As before,
the autocorrelation function g(¢) for bound states with different binding energies, defined
by g(t)=< on(t + to) - on(ty) >4, was calculated using times taken in increments of 10
time steps, giving g(¢) as an average over 2 x 10° events. The resulting un-normalized
correlation between bound protein events is plotted versus time in Figure 4.7 for different
binding energies, ¢ = 1,2, 3k,T. Normalized g(¢) were then obtained by dividing the au-
tocorrelation function by the ratio of the total number of time steps that protein is on the
chain and the total number of protein states (time steps). Table 4.1 provides normalization

data for the cases studied, and Figure 4.8 shows the normalized autocorrelation functions.
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Figure 4.7: Correlation between on and off modes for proteins on coiled DNA with different

binding energies, € = 1,2,3k,T.

Binding Energy e=1KT | e =2KT | e =3KT
Total number of on states | 115800 770422 | 1856200
Total number of states 2 x 10° 2x10%| 2x10°
Normalization factor 0.059 0.3852 0.9741

Table 4.1: g(¢) normalization data for three different binding energies.

Figure 4.8 shows that while bound states for high binding energies exhibit long-time
correlation (indicative of 1-D sliding motion), as the binding energy decreases the bound
states become more rapidly decorrelated in time, as expected for proteins that execute 3-D
diffusive excursions off the coiled DNA chain. At the intermediate binding energy, g(t)
exhibits a rapid partial decay, followed by a long lived plateau after about 150000 time
steps, presumably indicating the existence of inter-segmental transfer processes (which
were not observed for the the case of extended DNA chains; As shown in Figure 3.12,
where the decay occured continully).

The nature of these inter-segmental transfer processes will be clarified below in studies

of the effect of DNA chain conformation on the target search time.
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Figure 4.8: Normalized temporal autocorrelation function for proteins on coiled DNA with
e=1,2,3k,T

4.2.2 Mean First Passage Time

Effects of DNA Conformation

The impact of DNA conformation on the protein target search process has not been studied
in single molecule experiments, partly due to difficulties in spatial resolution of proteins
in a coiled DNA chain. Simulation methods are therefore a potentially useful tool for
investigating this issue. In this section we present a comparative study of protein target
search for coiled and partially stretched DNA, with an emphasis on the mean first passage
time (MFPT) and role inter-segmental jumps between two different segments of DNA plays
in facilitated target localization. As before, a DNA chain of 500 monomers is chosen to
allow for significant numbers of DNA loops in the relaxed coil state.

The coiled state is that shown in Figure 4.1, with the DNA centered in a simulation box
of size L, x L, x L, = 50 x 30 x 320 with periodic boundary conditions, and the target
located in the middle of the coil (blue bead). Studies of the dependence of the MFPT on the
binding energy ¢ were conducted for a collection of N = 10 randomly distributed proteins
in a series of simulations, following the basic protocol of the previous chapter. The initial

conditions for each run were prepared by randomly adding the proteins to the simulation
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box and equilibrating the system in an initial run of 50000 time steps with repulsive interac-
tions between protein molecules and DNA monomers. With the resulting configuration as
an initial condition, each simulation was conducted with a particular attractive interaction
between protein head monomers and DNA monomers (¢ = 15,7 to 4k, T') for a minimum
of 6 x 106 time steps. This process was repeated 5000 times, each with a different initial
condition. The time history of the protein coordinates was used to calculate the first pas-
sage time (FPT), the first instance of a protein finding the target DNA site. The mean first
passage time (MFPT) was then obtained from the average over the runs of the FPT.

For comparison, analogous studies were conducted on partially extended DNA chains,
which lack loop structures for inter-segmental transfer. The extended DNA chain was
prepared from the coiled state shown in Figure 4.1 by increasing the end-to-end distance to
40% of its total contour length. This was achieved by applying a force of f = 20¢/o to its
end monomers during an equilibration simulation. The simulation box was also extended
to L, x L, x L, =200 x 30 x 3203, in order to accommodate the partially extended DNA
chain. In order to match the concentration of proteins studied in the coiled configuration, 40
proteins were needed in the simulation box. Following the protocol using in the coiled case,
MFPTs were obtained in the partially extended case for e = 1k,T to 4k,T by averaging
FPTs over the 5000 independent runs.

Figure 4.9 shows the dependence of the MFPT on binding energy ¢ for both coiled and
extended DNA chains. In both cases, the MFPT exhibited a non-monotonic dependence
on e: as the binding energy increased, the MFPT first decreased, reaching an apparent
minimum at an intermediate value around 3k,7", followed by a shallow increase (coiled
case) or perhaps a plateau (extended case). This behaviour is qualitatively similar to the
MFPT results of the previous chapter and the theoretical predictions of Refs [28, 40, 41]
discussed previously (see Figure 3.16). Interestingly, while the MFPT values for the coiled
and extended DNA conformations agree at low and high binding energy, the MFPTs for
the coiled case are systematically smaller at intermediate binding energy. This behaviour is

consistent with differences in the time-series data for bound and unbound states presented
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earlier in this chapter. At low binding energies, we expect a regime of pure 3-D diffusion,
independent of DNA chain conformation. At high binding energies, once bound proteins
do not escape the DNA chain and are constrained to move by curvilinear diffusion (sliding)
along the chain, which becomes progressively slower as the binding energy increases. Such
sliding motion is also insensitive to the global chain conformation. At intermediate binding
energies, we attribute the gap in MFPT between extended and coiled DNA to the effects
of inter-segmental transfer that are operative in this regime. In the coiled state, such inter-
segmental transfer between distant monomers in the sequence allows for a more efficient
search of the DNA chain for its target, whereas inter-segmental transfer in the extended

state is replaced by local hopping events.
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Figure 4.9: MFPT versus binding energy for proteins on coiled (black crosses) and ex-

tended (red stars) DNA chains. Error bars shown are the standard errors of the mean.

Inter-segmental transfer on a DNA loop

In this section, studies of the inter-segmental transfer of a protein molecule between two
sites of DNA are presented. As discussed in the previous section, the binding energy be-
tween proteins and DNA is an important factor in controlling the inter-segmental transfer

process in the case of coiled DNA. The frequency of inter-segmental transfer events is ex-
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pected to depend on both the distance of two cognate sites and the binding strength of the
protein with DNA. To investigate this dependence, a loop structure (comprised of 100 DNA
monomers) was extracted from the DNA coil shown in Figure 4.1. Two DNA monomers

in close proximity were chosen as the reference cognates, shown in blue in Figure 4.10.

Figure 4.10: loop consisting of 100 monomers.two middle loops are shown by blue beads.

This loop was placed in a simulation box of size L, x Ly x L, = 50 x 25 x 1403 with
periodic boundary conditions. In order to investigate the effect of distance between cognate
sites on the inter-segmental transfer process, a series of loop structures were prepared with
blue cognate sites fixed in position with different separations from r = o to r = 50. Sim-
ulations were then performed on loops with a given cognate separation 7 in the presence
of a single binding protein with ¢ = 1k,T to 4k, T as follows. The protein molecule was
randomly placed within the simulation box and a long simulation was performed at fixed
7 and € for 5 x 107 time-steps. The protein and DNA monomer coordinates were recorded
and used to analyze the interaction of the protein with the DNA loop. The focus of the time-
series analysis was on the events involving diffusive dynamics near the cognate sites. For

each instance of the protein binding to one of the cognate sites, the elapsed time required
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to bind to the other cognate site was tabulated. If this elapsed time is sufficiently short, the
event may be identified as a direct inter-segmental hop. On the other hand, if this elapsed
time is sufficiently long, the process is likely to be one involving either sliding diffusion
along the loop (for large €), large-scale 3-D diffusion (for small €), or some combination of
the two. In our analysis, we chose a cut-off time of . = 300 time steps, and assigned those
events involving sequential visitation of the two cognate sites by the protein in a elapsed
time less than £, as inter-segmental transfers. The number of inter-segmental transfers that
occurred during a simulation was used to calculate a hopping fraction, f, defined as the
ratio of the number of times direct transfer between cognates occurs after a protein encoun-
ters one cognate to the number of times the protein encounters the initial cognate monomer.
Figure 4.11 show a plot of the hopping fraction f as a function of the binding energy e for

two values of the cognate separation, r = 30 and 5o0.
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Figure 4.11: Inter-segmental transfer fraction of proteins between two cognate sites as a

function of binding energy and the distance between the specific sites.

At the lowest binding energy, e = 1k T, f is essentially zero. Weakly binding proteins
execute predominantly 3-D diffusion in the vicinity of the loop, rarely associating with the
DNA, and thus precluding inter-segmental transfer events. This behaviour should be inde-

pendent of the DNA cognate site separation, as verified by the simulation results. As the
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binding energy increases, proteins eventually spend an increasing fraction of their time as-
sociated with the DNA and executing sliding diffusive motion and have fewer opportunities
for performing hops off the DNA. Thus, as the binding energy increases from € = 2k, T to
e = 4k, T, the probability of inter-segmental transfer decreases, as reflected in the figure.
As expected, proteins with intermediate binding energy have the highest f, as these condi-
tions support the balance between sliding 1-D diffusion along the DNA chain and transient
hops off the chain. The data in Figure 4.11 shows that the most efficient inter-segmental
transfer occurs € = 2k, T, in agreement with the results of Figure 4.9, in which the gap

between MFPT for the coiled vs extended DNA chains was largest at e = 2k T'.

4.3 Conclusion

In this chapter, the effects of protein conformation on DNA-facilitated protein transport and
the target search process were investigated by Brownian dynamics simulation of a model
coiled DNA chain in the presence of multi-particle protein molecules with selective binary
interactions with DNA monomers. The loop structures present in this coiled DNA chain
were shown to facilitate inter-segmental transfer of proteins between distant parts of the
DNA sequence. Such inter-segmental transfer has been observed experimentally [34] and
is thought to be one of the three main mechanisms governing the proteins target search
process [11, 35].

At low and high values of the binding energy ¢, the nature of protein dynamics in the
presence of the DNA chain was remarkably similar for the cases of extended and coiled
DNA. This similarity in behaviour was expected. For the case of low binding energy, the
time series data showed that the proteins executed a 3-D diffusive search of the bulk that
involved only transient interaction with the DNA chains. Thus, the conformation of the
DNA in this limit was irrelevant. As a result there were no significant differences at low
e between the MFPT for target discovery on extended and coiled DNA chains. On the

other hand, for high binding energy the time series data indicated that, after a protein first
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binds to the DNA chain, it seldom unbinds but instead executes quasi 1-D sliding diffusion
along the contour of the chain. This sliding process is only weakly dependent on the chain
conformation, leading to very similar values of MFPT for coiled and extended DNA. One
caveat here is the observation that the existence of loops with very narrow gaps can lead
to more rapid sequence search due to contact-based transfer of proteins between distant
monomers of the DNA sequence.

At intermediate binding energies, a clear difference in the behaviour of protein dynam-
ics in the presence of the extended and coiled DNA chains was observed. At these energy
scales, protein motion included a combination of 1-D sliding, bulk 3-D diffusion and small-
to-medium scale hops between separated DNA monomers. The effect of these hops was
different for extended and coiled DNA. In the former case, hops were local events involving
modest jumps between monomers. Such events had relatively little impact on the search
process. In the latter case, short-scale hops can occur across a loop gap resulting in an ef-
fectively long-range jump in the DNA monomer sequence. These so-called inter-segmental
transfers were demonstrated explicitly in simulations of a DNA loop model, which showed
that they may occur over a range of loop gaps.

The MFPT was found to be a non-monotonic function of binding energy for both ex-
tended and coiled DNA chains. At the lowest binding energy, ¢ = 1k,T’, the search process
was essentially a 3-D diffusive search for a single monomer target, a relatively slow process.
With increasing binding energy, one-dimensional diffusion became increasingly dominant
over three-dimensional diffusion, leading to a more efficient search as proteins became in-
creasingly confined to the immediate vicinity of the DNA chain during the search, with
occasional hops between close and distant monomers. However, once this binding energy
was sufficiently large, the proteins became essentially confined to the chain. In this limit,
hops and inter-segmental transfers were inhibited and the proteins spent more of their time
oversampling small regions of DNA, thereby slowing the search process. Thus, an optimal
binding energy, near ¢ = 3k, T, for minimizing the target search time was observed for both

the cases of extended and coiled DNA, in qualitative agreement with theoretical expecta-
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tions [28, 40, 41]. Moreover, in the intermediate binding energy range, 2k, T < e < 3k, T,
the MFPT was found to be systematically smaller for coiled DNA. As the primary differ-
ence in the protein dynamics between the two DNA conformations in this energy range is
the emergence of inter-segmental transfers in the coiled DNA case, it seems likely that the
inter-segmental transfer mechanism plays a role in facilitating the target search process,
as suggested long ago in Ref. [10]. However, further experimental and theoretical studies
are required to uncover the essential effects of inter-segmental transfer on the protein-DNA

target search process.



Chapter 5

Discussion and Conclusion

In this thesis work, a relatively simple coarse-grained model of protein-DNA systems was
utilized to investigate several essential features of DNA target searches that lead to facil-
itated diffusion. The proteins could sample the DNA contour through three fundamental
search mechanisms including sliding, hopping/inter-segmental transfer, and 3-D diffusion.
The interplay between the search mechanisms is controlled by the binding energy strength
between the DNA and the proteins. For the case of extended DNA and single proteins,
the most efficient search is when the sliding process dominates over two other mecha-
nisms (3-D and hopping), whereas in the random coil DNA, the combination of 1-D slid-
ing and 3-D motion leads to faster DNA sampling than either pure 1-D or 3-D motion. The
MFPT dependency on binding energy was non-monatomic with an optimum value of about
e = 3K T for both the cases of extended and random coil DNA, in a qualitative agreement
with theoretical results [40].

For the case of stretched DNA, the proposed model leads to a 1-D diffusion coefficient
which was somewhat larger than typical experimental values. We obtained 5 x 10~7 cm?/s,
while the experimental mean value for the one-dimensional diffusion coefficient for a pro-
tein of size 10 nm is approximately D;;=1.3107° cm?/s [33]. The discrepancy between
these two values may be due to the fact that, in addition to binding interactions between
DNA and proteins, real proteins can interact with the DNA through coordinated hydrogen

bonds and electrostatic interactions when the protein is sufficiently close (but not actually

70
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bound) to the DNA. The simulation model for a stretched DNA also leads to predictions
different from those of other kinetic models. For instance, the MFPT required for a protein
to find its specific cognate site on DNA by pure 1-D diffusion was found to decrease as a
power law of the number of bound proteins N~18°, whereas a 1-D theoretical study [37]
predicted a N2 scaling. The difference may be due to the fact that in our model the pro-
teins, which have repulsive interactions with other proteins, are embedded in 3-D and thus
are able to pass each other by moving around the DNA chain axis, thereby softening the
dependency of MFPT on protein concentration. Another computational model predicted
non-monatonic behaviour of relative search time as a function of the protein the binding
energy and concentration [40]. At low protein concentration, a protein could spend its
time executing a rapid series of binding and un-binding events, thereby increasing the total
search time, whereas our simulation shows that at low protein concentration, high binding
energies make the protein slide along the DNA for a long period of time, facilitating the
search process. A simulation approach such as ours also provides access to molecular level
processes at a level of detail and resolution unavailable in current experimental approaches.
For example, in a single molecule experiment [50], where the cumulative distribution of the
jump lengths for different salt concentrations was investigated, only the translocations of
the proteins larger than 200 nm were able to be visualized. Our simple model is able to
measure very small jump lengths (about 0.05 o) for a protein of size 2¢, which could more
clearly specify the mechanisms involved in a search process.

Chapter 4 of the thesis treats the DNA chain as a coil fluctuating in three-dimensional
space and interacting with multiple model protein molecules with tunable binding affinities.
For random coil DNA, the DNA conformation or spatial organization has an important
impact on facilitating the diffusion of proteins along a DNA coil, as found by previous
experimental studies. At an intermediate binding energy ¢ = 2K _T, there is a balance
between three fundamental search mechanisms that leads to inter-segmental transfers of
proteins between two distant DNA segments; whereas at very high and low binding energy

strengths, due to the low frequency of inter-segmental transfers, the DNA conformation
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shows little effect on the search process, in accord with the experimental results in Ref. [35].

The standard deviation of the MFPT is always rather large, although the mean value
itself did not change significantly. There is some theoretical justification for the inherent
noise observed in our simulation data. Refs. [48, 49] argue that any quantity like the MFPT
which depends on the random diffusion of a small collection of molecules in space, is
inherently noisy. Even with the reduction of dimensionality characteristic of the sliding
mechanism, the noisy behaviour of the MFPT is not noticeably reduced.

Although the results of the simulations of this model largely supported existing notions
about the nature of the target search process and provided quantitative estimates not pre-
viously available in some cases, many questions still remain to be answered. This simple
model provides no insight into how the protein recognizes and fixes to its specific target
during 1-D sliding. Incorporating target recognition and specificity into the model will
certainly require a finer and more realistic description of the DNA sequences and protein
molecules. In future work we will focus on protein sliding along an extended double heli-
cal DNA chain with major and minor grooves, and re-investigate the MFPT as a function
of protein binding affinity and concentration. Our current model is for DNA coils in free
solution, for which all base pairs are uniformly accessible for protein binding (a case most
relevant to Prokaryotes). However, native DNA in Eukaryotes is highly compacted into
chromatin structures, in which portions of the DNA are already strongly bound to immo-
bile protein complexes, making some regions of the DNA inaccessible for binding by other
free proteins in solution. Therefore, it would be very interesting to model a compact DNA
coil and investigate the effect of such initially bound proteins (obstacles) on the MFPT of

soluble proteins [51].
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Appendix A

Lammps input script for proteins as single beads
#3d simulation

# General parameters for the system

units 13
atom_style bond
boundary ppf
dimension 3

# Neighbor list parameters

neighbor 0.3 bin

neigh_modify delay 1

FEHRHHH AR AR A S H BB BH AR HAAF SRR SR F SRS EHE SR AR A ST A4

# Selected parameters

FHERHHHFHHABH SR H SRR B SR A RS H S S S H S R B S b

# Loop over index of data file on multiple partitions

# Using a universe variable

variable i universe 1 2 345 6 78 9 10 11 12 13 14 15 16
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58
59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79
80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100

# Reading data file

read_data data-$1i

# Group of atoms

group chain type 1
group endl type 2
group endZ2 type 3
group protein type 4

# Bond potential parameters

bond_style fene

bond_coeff 1 100.0 1.2 1.0 1.0

# to push off the overlapped particles
pair_style soft 1.5

pair_coeff * » 1.0 30.0 1.5

# Timestep
timestep 0.005
#Create initial velocities

velocity all create 1.0 2349852

79



# Fix both ends of DNA

velocity endl set 0.0 0.0 0.0 units box
velocity end2 set 0.0 0.0 0.0 units box

fix 2 endl setforce 0.0 0.0 0.0

fix 3 end2 setforce 0.0 0.0 0.0

# Run the simulation in the NVT ensemble

fix 1 all nve

fix 4 all langevin 1.0 1.0 0.1 135786

# reflective walls in z direction

fix 5 all wall/reflect zlo zhi
# Run a few steps to prepare the system
run 5000

# Pairwise potential parameters

pair_style 1j/cut 3.75

pair_coeff * % 1.0 1.0 1.12246
pair_coeff 143 1.5 3.75

pair_coeff 2 43 1.5 3.75

pair_coeff 3431.5 3.75

pair_coeff 4 4 4.0 2.0 2.22448

# Dump system config every 50 steps

dump 1 protein xyz 50 protein-$i.xyz
dump 2 all dcd 10000 all-$i.dcd
dump 3 chain xyz 50 chain-$i.xyz
dump 4 endl xyz 50 endl-$i.xyz

# Run simulation
run 5000000
#End of loop over data files

clear
next i
jump /home/nazanin/Documents/mean-bead

Lammps input script for proteins medeled as shells
#3d simulation

# General parameters for the system

units 13
atom_style bond
dimension 3

special_bonds 011

FHEFHHHHHAA A B R R R R R
# Selected parameters
FHAFHHHHHHHHHAFAAH A S R R R R R R R R R R
# Loop over index of data file on multiple partitions

# Using a universe variable

variable i universe 1 2 345 6 7 8 9 10 11 12 13 14 15 16
17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37
38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58
59 60 61 62 63 64 65 66 67 68 6% 70 71 72 73 74 75 76 77 78 79
80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100
# Reading data file



read_data data-random-coil-$i

# Group of atoms

group chain type 1

group endl type 2

group end2 type 3

group head type 5

group target type 6

group tail type 7

# Bond potential parameters
bond_style hybrid fene harmonic
bond_coeff 1 fene 100.0 1.2 1.0 1.0
bond_coeff 2 harmonic 500 0.92
bond_coeff 3 harmonic 500 0.92

# Pairwise potential parameters
pair_style 1j/cut 1.12254
pair_coeff * » 1.0 1.0 1.12246

# Timestep

timestep 0.005

#Create initial velocity

velocity all create 1.0 2349852
# Fix both ends of DNA

velocity endl set 0.0 0.0 0.0 units box
velocity end2 set 0.0 0.0 0.0 units box
fix 2 endl setforce 0.0 0.0 0.0
fix 3 end2 setforce 0.0 0.0 0.0

# Run the simulation in the NVT ensemble

fix 1 all nve

fix 4 all langevin 1.0 1.0 0.1 135786
# Run a few steps to prepare the system

run 50000

# Pairwise potential parameters

pair_style lj/cut 3.0

pair_coeff * + 1.0 1.0 1.12246

pair_coeff 154.01.0 3.0

pair_coeff 25 4.0 1.0 3.0

pair_coeff 354.0 1.0 3.0

pair_coeff 56 4.0 1.0 3.0

# Dump system config every 50 steps

dump 1 shell xyz 50 head-$i.xyz

dump 2 endl xyz 50 target-$i.xyz
dump 2 endl xyz 50 chain-$i.xyz

dump 3 all decd 50 random-coil-$i.decd

# Run simulation

run 5000000

#End of loop over data files
clear

next i

jump /home/nazanin/Documents/mean—-random-coil
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Appendix B

A sample of the initialization programs (create-data)

#!/usr/bin/perl -w

$xstart = -240;

Systart=8;

$zstart=16;

$minR = 4.5;

for ($i=0;$i<10;S$i++) {
Sxpos[$1i] = S$xstart + rand()*40;
Sypos[$i] = $ystart + rand()=*20;

$zpos[$i] = $zstart ;

for ($3=0;$3<81i;$3++) |
if (sqrt (($xpos[$i]~-Sxpos[$i])*($xpos[$i]-Sxpos[$]])+
($ypos[$i]-$Sypos[$]]) « (Sypos[$i]-$ypos($j])+
($zpos[$i]-$zpos($3]) « ($zpos[$i]l-$zpos[$3]))<$ minR)

$i-—;

$3 = $8i;

$x[$i]=$xpos[$1i]+1;
Sy[$i]=$Sypos[$i]+1;
$z[$i]=8zpos[$il+1;
$x1[$il=$xpos[$i)-1;
$yl[$il=Sypos[$il-1;

print "

560 atoms
629 bonds

6 atom types
3 bond types

-245 -195 xlo xhi
1 30 ylo yhi

~12 20 =zlo zhi

Masses
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o e W N e
e

1

o o O O O

.0

#Chain coordinates

Atoms

[ e e e S

250
251
252
253
254
255
256
257
258
259
260

480
481
482
483
484
485
486
487
488
489
490
491
492
493

2
1
1

1
1
1
1
1
1

T e T T e e o T S e e SR =Y

e T T e T o T T = Y S Sy S SN Sy

82276
9644
0le6l
33923
91988
4575

-211.269 19.2102 -9.
-211.369 19.2744 -8.
~210.497 19.1437 -9.
-209.799 18.6624 -9.
-209.012 18.5823 -8.
-209.312 17.8615 -8.
—-208.76 17.4428 -7.95438
-208.374 17.4159 -7.17025
-208.17 18.2852 -7.24164

e e e = T T o T S S S S S R S S S Rt

011 -207.857 19.087 ~6.93513

-220.193 17.1144 7.32854
~219.8 16.3235 7.34137

-219.485
-218.889
-218.196
-218.678
-218.314
-218.834
-219.261
-219.106
-219.832

-228.707
-228.267
-227.845
-227.436
-226.718
-226.017
-226.436
-226.065
-225.973
-226.356

15.
15.
16.
16.
15.
15.
16.
15.
14.

26.
25.
25.
25.
.9987
26.
267 -
27.

25

27

27

6077
964 8
3596
0718
4968
8655
1068
4004
9145

0597
3506
1701
9492

5179

9494

L7295
27.

0416

7.73344
.28711
8.695
9.37395
9.91855
10.5176
11.2234
11.7171
11.8681

-10.8105
-10.5194
-11.2411
-11.4235
-11.9075
-11.6932
11.5062

-11.1742
-10.3215
-9.93684

-225.79 26.429 -9.69492

-226.328 25.7088 -9.81134
-226.206 24.8489 -9.67426
-226.222 24.0997 -9.22107
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494
495
496
497
498
499
500

e T e e

[ R T e

-225.
-225.
-225.
-225.
-225.
-224.
-225.

668 24.2585 -8.54556
373 25.0788 -8.40131
02 25.7586 -7.89692
348 26.4119 -8.42099
605 27.191 -8.14919
878 27.5889 -7.9027
065 28.2293 -7.32667

# Proteins coordinates

501
502
503
504
505
506
507
508
509
510
511
512

555
556
557
558
559
560
Bonds

W N o U W N
e e
W O N Yy W N

11
12
13
14
15
16
17
18
19

R e e e S e S S Sy W

0 ~ o bW N

10
11
12
13
14
15
16
17
18
19

1

L S S Y O S N

I T Y N N L.

11
12
13
14
15
16
17
18
19
20

5 $xpos[0]
$x[0]
$xpos[0]
$x1[0]
$xpos[0]
$xpos[0]
$xpos[1]
$x{1]
$xpos[1]
$x1(1)
$xpos[1l]

L S S e O 1 I Y Y S S N

$xpos[1]

Sxpos[9]
$x[9)
$xpos[9]
$x1(9]
$xpos[9]

= R o1

$xpos[9]

$ypos[0]
$ypos (0]
SyI[0])
$ypos [0]
Syl([0]
Sypos[0]
$ypos[1]
$ypos (1]
$y (1)
$ypos[1]
$y1[1]
Sypos|[1]

$ypos [9]
$ypos[9]
$y 9]
$ypos[9]
$y1[9]
Sypos[9]

Szpos[0]
$zpos[0]
$zpos[0]
$zpos[0]
$zpos[0]
$z (0]

Szpos[1]
Szpos[1]
Szpos[1l]
$zpos[1]
$zpos[1]
$z[1)

Szpos[9]
$zpos[9]
$zpos[9]
Szpos[9]
$zpos[9]
$z[9]
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481 1 481 482
482 1 482 483
483 1 483 484
484 1 484 485
485 1 485 486
486 1 486 487
487 1 487 488
488 1 488 489
489 1 489 490
490 1 490 491
491 1 491 492
492 1 492 493
493 1 493 494
494 1 494 495
495 1 495 496
496 1 496 497
497 1 497 498
498 1 498 499
499 1 499 500
# Head-Tail bonds
500 2 501 502
501 2 501 503
502 2 501 504
503 2 501 505
504 2 502 503
505 2 503 504
506 2 504 505
507 2 505 502
508 3 501 506
509 2 502 506
510 2 503 506
511 2 504 506
512 2 505 506
617 2 555 556
618 2 555 557
619 2 555 558
620 2 555 559
621 2 556 557
622 2 557 558
623 2 558 559
624 2 559 556
625 3 555 560
626 2 556 560
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627 2 557 560
628 2 558 560
629 2 559 560

".
’

exit;
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Appendix-C

to find proteins positions relative to DNA

#include <string.h>

#include <stdio.h>

#include <stdlib.h>

#include <math.h>

#include <time.h>

FILE *fp, xfq, «fz;

int main () {

float pos, x,wl, y,z,x1,yl,zl,posl;

char str{l10],strl(10];

int m=0,n=2,1,3j,b,k,w,c,d, f,r=3,a=500,o0n=0,0f£=0;
float x_pos(al, y_pos(lal,xl_pos(r],
yl_pos[r],z_pos[al,zl_pos[r],wl_pos(r],w_pos[al;

if ((fp = fopen("chain.xyz","r")) != NULL )
if ((fqg = fopen("head.xyz","r")) != NULL )

for(k=1;k<=2000000; k++) {
m=0;

# read head coordinates from head.xyz

for (J=1; j<=1; j++)
{

fscanf (fq, "Sf",&posl);
fscanf (fq, "%s",&strl);
fscanf (fq, "%f", &wl);
wl_pos[jl= wl;

fscanf (fq, "Sf", &x1);
x1l_pos[jl= x1;

fscanf (fq, "%f/n", &yl);
vl _pos[jl= yl;

fscanf (fq, "$f£/n", &zl);
zl_pos[jl= z1;

}

# read chain coordinates from chain.xyz
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fscanf (fp, "%f", &pos);
fscanf (fp, "%s",&str);
for(i=1l;i<=a;i++)
{
fscanf (fp, "%f",&w);
w_pos[i]= w;
fscanf (fp, "%f", &x);
x_posfi]l= x;
fscanf (fp, "%f/n", &y);
y_pos[i]= y;
fscanf (fp, "$f/n", &z);
z_pos[il= z;
}
#open a file relative.xyz to append the data

if ((fz = fopen("relative.xyz", "a")) != NULL ) {
for(i=1;i<=a;i++) {
if (sqrt ((x_pos([i]l-x1_pos{l])*(x_pos[i]-xl_pos[l]}+
(y_pos{il-yl_pos[1l])*(y_pos[i]l-yl pos[l])+
(z_pos(il-zl_pos[l])}*(z_pos[i]-zl_pos{l]))<=1.5)
{
# print that protein is on the chain

fprintf (fz,"1\n");
on++;
m=1;

break;

1f(m!=1){
# protein is off the chain

fprintf (fz, "0\n");
}

}

fclose(fz);

}

printf ("$i\n",on);
fclose (fq);

fclose (fp);

}

Calculate mean square displacement of a protein (MSD)

#include <string.h>
#include <stdio.h>
#include <stdlib.h>

#include <math.h>



#include <time.h>

#include <unistd.h>

FILE xfq, »fp;

main {} {

int j,i,k;

double *x,*p, *w, xy, *z,*f;

float m,sum,wl,x1l,yl,zl1l,£fl, frame;

# read the unwraped protein coordinates from unwrap-head.xyz

if ((fg = fopen{"unwrap-head.xyz","r")) !'= NULL )
X=(double+)calloc (10000000, sizeof (double));
p=(doublex*)calloc (10000000, sizeof (double));
y={doublex)calloc (10000000, sizeof (double));
z=(doublex)calloc (10000000, sizeof (double)});
w= (doublex)calloc (10000000, sizeof (double)};
f=(double*)calloc (10000000, sizeof (double));

for(i=1;1i<=1500000;1i++)
{
fscanf (fq, "%f", &wl);
w(il= wl;
fscanf (fq, "%f", &xl);

fscanf (fq, "%$f/n", &yl);
ylil= y1;
fscanf (fq, "%f/n", &zl);
z[1i]= zl1;
fscanf (fq, "%f/n", &fl);
fli]= £1;
}
p(1]=0;
k=1;
for (j=1; j<1500000; ++3)
{
for(i=1;1<1500000; ++1)
{
if (3j+i=1500000) {
break;
}
m=(x[i+j]-x[1]) » (x[i+J]-x[1])+ (y[i+]J]-y[1]) * (y[i+3]-y[i])+
(z[i+])-z[1i]) *(z[i+3)-2(1i]);
pl3l=p(]j]+m;
}

# append mean square displacement to msd-head.xyz
if ((fp=fopen("msd-head.xyz", "a")) !=NULL)
fprintf (fp, "% $f \n",3 , pl(3)]1/(i-1));
fclose (fp);
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Appendix-D

for((j=1; j<=50000; j++)) {

#loop over 120 independant simulation

for((i=1;i<=120;1i4++)){

#create initial data (Appendix B)

./create-data >> data-random-coil-$i

mkdir 110-3-$3

#run 120 lammps jobs

mpirun -np 120 /home/nazanin/Documents/lmp_mvapich<mean-random-coil>
out-bead -partition 120x1 -in /home/nazanin/Documents/mean-random-coil
for((i=1;i<=120;1i++)){

mv chain-$i.xyz 110-3-$3j

mv head-$i.xyz 110-3-%j

mv target~$i.xyz 110-3-$53

rm data-$i

}

}

Calculate mean first passage time (MFPT.c)

#include <string.h>
#include <stdio.h>
#include <stdlib.h>
#include <math.h>
#include <time.h>
FILE «fp, »fq, xfz;
int main () {
float pos, x,wl, y,z,x1,yl,zl,posl;
char str[10],strl([10];
int n=2,1i,3j,b,k,w,c,d, f;
float x_poslal, y_poslal,xl_pos(rl, yl_pos(r],z_posla)

,2zl_posr],wl_pos([r],w_posl[a]l;
#open files bead.xyz and target.xyz to read

if ((fp = fopen("Head.xyz","r")) != NULL )
i1f ((fq = fopen{("target.xyz","r")) != NULL ) {

for (k=1;k<=50000;k++) {

#read target coordinates in each time step

for (j=1; j<=1;j++)
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{
fscanf (fq, "%f",é&posl);
fscanf (fq, "%s",&strl);
fscanf (fq, "%f", &wl);
wl_pos[jl= wl;
fscanf (fq, "S%f", &xl);
x1l_pos[j]l= x1;
fscanf (fq, "$f/n", &ayl);
yl_pos{jl= yl;
fscanf (fq, "%f/n", s&zl);
z1l_pos[jl= zl;
}

fread all of the proteins coordinates in each time step
fscanf (fp, "%f", &pos);
fscanf (fp, "%s", &str);
for (i=1;i<=a;i++)
{
fscanf (fp, "%f",&w);
w_pos[i]l= w;
fscanf (fp, "S%f", &x);
x_pos[i]= x;
fscanf (fp, "%f/n", &y);
y_pos([i]= y;
fscanf (fp, "%f/n", &z);
z_pos{i]l= z;
}

# open a file MFPT.xyz to append the data

if ((fz = fopen("MFPT.xyz", "a")) != NULL ){
for (i=1l;i<=a;i++){
if (sqrt((y_posl[il-yl_pos[l]})*{(y_pos[i]-yl_pos[l])+
(x_pos[i]-x1_pos[l])*(x_pos[i]-x1_pos[l])+
(z_pos[i]-zl_pos[l])*{z_pos[i]l-zl_pos([l]))<=1.5)
{
fprintf (fz, "%i\n",k);
break;

}

fclose(fz);

}

}

fclose (fq);

fclose (fp);

}

#!/bin/sh

for ((i=1;i<=120;1i++)){
mv head-$i.xyz head.xyz

mv target-$i.xyz target.xyz



#compile C file called MFPT.C

cc -g -lm MFPT.c -o MFPT

./MFPT

#write the output file in MFPT.xyz
mv MFPT.xyz MFPT-§i

head -1 MFPT-$i >> MFPT-3KT.Xyz

rm MFPT-$i1

}
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