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Base pair mismatches in DNA occur during replication and can result in
mutations and certain types of cancer. The exact mechanism by which mismatch repair
proteins recognize mismatches is still not well understood. Structures of mismatch
recognition proteins bound to a mismatch indicate that the process involves introducing
a sharp bend in the DNA and flipping out the mismatched base. Under external
torsional stress, an elastic rod with a defect would buckle at the defect, provided the
defect reduces the local bending stiffness. /n vivo, if the same energetic scenario
prevails, it could localize (or pin) the mismatch at the plectoneme end loop (plectoneme
refers to a structure formed by the DNA when it buckles, and its helical axis wraps or
writhes around itself in the presence of a critical torsional stress) and make the
mismatched base pair more accessible to the mismatch repair protein. In genomic
DNA, however, the entropic cost associated with plectoneme localization could make
pinning unfavorable. Magnetic-tweezers-based studies of DNA supercoiling,
performed at high salt concentrations, have shown that in DNA harboring a single

mismatch, the plectoneme will always localize at the mismatch. Theoretical studies



have predicted that under physiological salt concentrations, plectoneme localization
becomes probabilistic, i.e., the plectoneme does not always localize at the mismatch.
Plectoneme localization under physiological salt conditions is dependent on the number
of mismatches and tension applied to the DNA. However, both experimental and
theoretical approaches are currently limited to positively supercoiled DNA. In the
current dissertation, we aim to study plectoneme localization, in physiologically
relevant conditions, using state-of-the-art molecular dynamics (MD) simulations and
single molecule magnetics tweezers-based experiments.

In order to simulate plectoneme localization we first develop a framework using
the widely available sequence and salt dependent OxXDNA2 model. We verify that the
OxDNA2 model can quantitively reproduce a reduction in bending rigidity due to the
presence of the mismatch(es), similar to all-atom MD simulations. We then verify that
the current framework can reproduce the experimentally observed plectoneme pinning
(at the location of the mismatches). Next, we simulate plectoneme pinning under
physiologically relevant conditions. We find that the plectoneme pinning (at the
location of the mismatches) becomes probabilistic and this probability of plectoneme
pinning increases with an increase in the number of mismatches. We also simulate a
longer 1010 base pair long DNA to study the influence of entropic effects on
plectoneme pinning.

Next, we extend the simulation framework to simulate a negatively supercoiled,
i.e., under-wound, DNA molecule. In vivo, DNA is maintained in a negatively
supercoiled state. Negative supercoiling can result in local melting at the mismatched

base pairs: this local melting would further reduce the local bending rigidity at the



mismatched base pairs and could enhance plectoneme pinning. We find that negative
supercoiling significantly enhances plectoneme pinning in comparison with equivalent
levels of positive supercoiling. We also find that the mismatched base pairs are locally
melted and the plectoneme end loop is bent significantly more as compared to the
positive supercoiling case. Additionally, we simulate the 1010 base pair long DNA
under two different negative super-helical densities, i.e., two different degrees of
unwinding. We find that the super helical density does not affect the plectoneme
pinning probabilities. We also conduct simulations of DNA under different stretching
forces (0.3 pN, 0.4 pN and 0.6 pN). Negatively supercoiled DNA under relatively high
stretching force (~0.6 pN) absorbs tortional stress by locally melting instead of
supercoiling. Simulations of DNA under different forces allow us to study the effect of
mismatches on the competition between supercoiling and local melting in a negatively
supercoiled DNA. We find that higher stretching forces, up to a maximum set by the
onset of melting, increase plectoneme pinning at the location of mismatch.

Finally, we propose and develop a single molecule assay to validate the
simulations results presented in the previous chapters. Previous single-molecule
magnetic tweezers measurements of mismatch DNA buckling and pinning were limited
to the high force (~2 pN) — high salt (>0.5 M NaCl) regime. We propose to overcome
this limitation by attaching a small gold nano-bead via a di-thiol group close to the
mismatched base pairs, which permits direct observation of transient DNA buckling at
the mismatch. We generate a DNA substrate that can be used to directly observe

plectoneme pinning at the mismatch. We perform single-molecule magnetic tweezers



measurements to verify that the presence of the di-thiol group does not result in

anomalous pinning in an intact DNA molecule.
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Chapter 1: Background and Motivation

1.1. DNA

Deoxyribonucleic acid (DNA) was first discovered by Friedrich Miescher in
1869'. Avery et al.? later observed that DNA was responsible for transfer of traits when
dead bacteria are mixed with a live population, confirming DNA to be the carrier of
genetic information. In 1953, based on the x-ray diffraction data of Rosalind
Franklin®* James Watson and Francis Crick proposed that DNA consists of two
intertwined polynucleotide chains which form a double helix®. The two polynucleotide
chains consist of units that are complementary and linked by hydrogen bonding.

The genetic information stored in DNA is usually propagated to ribonucleic
acid (RNA), through transcription, and then propagated from RNA to proteins and
enzymes. In vivo, DNA is a relatively long and slender molecule. In cells, DNA needs
to be stored in a fashion which allows it to be accessible to various proteins. In
eukaryotic cells, DNA is first wrapped around histones and then further packaged with
proteins into a complex called chromatin. These chromatin complexes are then
condensed into chromosomes, which are stored in the cells’ nuclei.

Interaction of DNA with proteins affects the structure of DNA, which in turn
regulates the protein functions®. The effects of protein on DNA structure have received

a lot of attention”®; however, how the presence of a mismatch affects the DNA structure



and protein interactions is not well understood. In the current thesis we study how the

presence of defects (or mismatches) affects the DNA structure.

1.1.1. DNA structure

DNA consists of two strands, which intertwine to form a right-handed helix.
Each strand is made of polymer consisting of repeating units called nucleotides. A
nucleotide consists of three groups: a phosphate group, a sugar group, and a base. The
phosphate group and sugar group acts as the DNA backbone and connects the
nucleotides to each other. The base group is an aromatic group, which consists of one
of four possible bases. These four bases are Adenine (A), Cytosine (C), Guanine (G)

and Thymine (T). Each base has a specific complementary base (AT and GC).

1.1.2. DNA topology

DNA topology refers to the study of how two strands of DNA are intertwined.
If DNA is topologically constrained, i.e., its ends are not allowed to rotate relative to
each other, a topological invariant called /inking number (Lk) can be defined®!°

Lk =Tw + Wr.

Here Lk refers to the global measure of wrapping of the two DNA strands around each
other. This wrapping can be partitioned between twist, 7w, the degree of intertwining
of the two single strands about a common axis, and writhe, Wr, the degree of self-
wrapping of the DNA helix axis. Torsional stress applied to a piece of linear DNA
under tension, through a change in Lk, results in a change in 7w until a critical
Tw_riticar 18 reached, after which the DNA buckles into a structure in which the helical

axis of DNA wraps around itself forming a writhed structure referred to as a



plectoneme'!2. Tortional stress, if applied in the direction of the helical axis of DNA,
will result in positive supercoiling, i.e., over-winding of DNA (ALk > 0) (Fig 1.1). The
tortional stress when applied in direction opposite to the helical axis of the DNA results
in negative supercoiling, i.e., under-winding of DNA (ALk < 0) (Fig 1.1). Negative

supercoiling of DNA leads to destabilization of individual base pairs.

Underwound DNA

Relaxed DNA VDIDIRS aTw<0
elaxe
ALk <0 /

/ AWr<0

\ Overwound DNA

ALk >0 ww@ ATw>0
\ /

Figure 1.1 Overview of DNA Topology. Relaxed DNA has inherent Tw,. A change in
linking number (ALk) is accommodated by a combination of a change in twist (ATw)
and a change in writhe (AWT). Figure adapted from Seol et al. 3

1.1.3. Mismatched base pairs can affect DNA topology

Defects in duplex DNA can arise from base-pair mismatches'*!3, damaged'® or
modified bases!’, locally melted DNA bubbles'®, or a protein introduced kink in the
DNA'". In the current thesis we focus on a specific type of defect, namely a mismatched
base pair, and study its effect on supercoiled DNA. Mismatches in DNA arise during

the replication process. DNA replication is performed by DNA polymerase. Generally,

3



a DNA polymerase will produce one error for every 107 nucleotides synthesized. Cells
also contain additional proteins that will further reduce this error rate by three orders
of magnitude. These proteins that correct mismatches are referred to as mismatch repair
proteins (MMR). Usually in cells, a mismatch is detected by the MutS protein. MutS
then recruits another repair protein (MutL) in order to start the repair process®. It is not
well understood how MutS recognizes a mismatch , but crystal structures of MutS
bound to DNA have shown that the bound DNA adopts a sharply bent structure with

the mismatched base flipped out? 2(Fig. 1.2 (A)).

A B C

Domain |

Domain IV
A

MutS bound to mismatch containing e Simulation '?f ]JlECtGH?JI.le
DNA shows DNA kinked and Lesion repair proteins bound to P”“'Wd at mlsma.t?h — kinked
mismatch flipped out strongly bent DNA DNA and destabilized

mismatches

Figure 1.2 Repair proteins in complex with DNA. (A) Crystal structure of Taq MutS bound
to DNA containing G:T mismatch. The DNA is kinked, and the T base is flipped out. Adapted
from Obmolova et al.**** (B) DNA glycosylases bound to DNA containing defects. The
defected bases are flipped out. Adapted from Yang et al.** (C) Simulation snapshot from the
current work showing supercoiling can cause kinking and base destabilization at the mismatch
(the mismatch is shown by purple spheres).

An elastic rod with a defect that locally decreases the bending rigidity of the

t>3. However, in a

rod, when subjected to torsional stress, would buckle at the defec
genomic DNA that contains millions of base pairs, it is possible that thermal

fluctuations and entropic effects could mask the influence of the defect. Alternatively,

analogous to the buckling at defect observed in the elastic rod, depending on the type
4



and the size of the defect, the enthalpic gain associated with buckling at the DNA defect
could result in a preferential buckling and plectoneme formation at the defect!*?.
Furthermore, the type and the size of the defect could significantly alter the structure
of the end loop containing the defect; for example, localizing the defect at the sharply
kinked tip of a plectoneme may promote the flipping out of the base at the mismatch?’
. Indeed, simulations indicate that the distal end of a plectoneme in a supercoiled DNA
can adopt a sharply kinked conformation in which the base is flipped out in intact DNA
(Fig. 1.2 (C)). Suggestively, some classes of mismatch recognition proteins (MutS,
glycosylase, etc. See Fig 1.2 (A, B) ) specifically recognize mismatched or damaged
DNA bases through a process in which the DNA is sharply bent and the base is flipped
out at the defect site?’2* (Fig. 1.2 (B)). Recently, a single-molecule FRET study has
shown that in a linear DNA substrate, MutS discriminates between intact and
mismatched bps by a process that involves both bending and unbending of DNA at the
mismatch.

The importance of a sharply bent DNA in mismatch recognition can also be
inferred from a recent simulation study. Sharma et al.?® quantified the effect of a
mismatch on the local rigidity of a DNA molecule via all atom simulations. They found
that for slightly bent DNA, the presence of a mismatch negligibly affects the bending
rigidity (Fig. 2.1). However, when the DNA is strongly bent the decrease in rigidity
due to the mismatch becomes significantly more pronounced (by several ksT or more).
It follows, therefore, that discriminating a mismatch from intact duplex DNA based on
energetic differences associated with DNA bending requires a sharp bend. Given the

similarity in the structure of the distal end of a plectoneme observed in simulations and



the crystal structure of mismatch recognition proteins bound to mismatched DNA
(compare Fig. 1.2 (A) and Fig. 2.3 (¢)), it follows that recognition of DNA defects in
vivo could be enhanced if they were localized at the end of plectonemes due to
facilitated buckling. Whereas this is an attractive model to achieve improved rate and
efficiency of in vivo detection of mismatches, the probability as well as the dynamics
of plectoneme formation at mismatches have not been established. /n vitro studies of
mismatch repair generally focus on studying the repair process downstream of
mismatch recognition by MutS**?°3!, One of the steps in mismatch repair involves
stand discrimination by MutS-MutL complex. The MutS-MutL complex searches for a
methylated d(GATC) site to determine the correct DNA strand to be excised during
mismatch repair. Few studies have shown that supercoiling can aid in the mismatch
repair by bringing the methylated site close to mismatch. In a recent coarse-grained
simulation study, Brackely et al.3? found that protein target search is significantly
shorter if the target sequence is located on a loop of a DNA. Previously, Van den Broek
et al.>* have shown that supercoiling accelerates restriction enzymes’ (EcoRV) target
site search. To the best of our knowledge, no in vitro or in vivo experiments have
studied the effect of supercoiling on the initial mismatch recognition.

In addition to mismatch recognition proteins, many other DNA binding proteins
introduce a bend in DNA3*, or bind two distal binding sites simultaneously to form a
DNA loop, a common motif for transcriptional repression or activation®. Defects could
affect the kinetics and thermodynamics of protein induced bending or looping, which

could in turn affect transcription and DNA processing more generally. Finally,



plectonemes are believed to be able to diffuse along DNA in vivo*®and it is unclear how
the presence of mismatches could impact this process.

Here, we study the effect of a mismatched base pair defect on the supercoiling of
DNA. We provide biological context to our results where appropriate, but the focus of

our study is understanding the effect of mismatches on supercoiled DNA.

1.2. Molecular Dynamics Simulation

Molecular dynamics (MD) simulation can be a very useful tool to study the
physical mechanism underlying atomistic interactions. Generally, MD simulation
involves dividing a system into its constituent atoms and applying Newton’s laws of

motion to the constituent atoms to study the system’s properties.

1.2.1. Simulation studies of DNA

Simulation studies of DNA are usually performed on three length and time
scales. Quantum mechanics simulations are usually performed at a scale that considers
interactions of each electron in the DNA. These simulations can typically simulate a
few base-pairs for a timescale in the order of few pico-seconds. Quantum mechanics
simulations can be used to study interactions between individual nucleotides®’, binding
of ions to DNA?, etc.

To simulate a DNA with a few hundred base pairs, all atom simulations can be
performed. All atom simulations implicitly account for the electron-electron
interactions. This allows the simulations to be performed for a few micro-seconds. Well
known all atom force fields like the CHARMM?** family of force fields and the

AMBER*'™ family of force filed have been extensively tested and compared with



experiments** ¢ All-atom simulations have been used to study the effects of mismatch
on DNA bending?3, effect of mismatch on base flipping?’, interaction between DNA
and DNA binding proteins*, etc.

The simulation of a longer DNA can be performed using coarse-grained
models. Coarse-graining involves eliminating some degrees of freedom of the DNA
molecule, which in turn flattens the free-energy curve and accelerates the dynamics.
Different degrees of coarse-graining can be used to study DNA processes at different
length and time scales. A popular approach to coarse-graining involves using 2-6
molecules to simulate the motions of each base pair. Using this approach a number of
coarse-grained models have been developed to study various expects of DNA
mechanics**~5. Generally, coarse-grained models can be parameterized using either the
“bottom-up” or the “top-down” approach. The “bottom-up” approach uses forces
obtained from all atom or quantum mechanics simulations to parametrize the coarse-
grained force field. The models develop though the “bottoms-up” approach are suitable
to study motions of individual base-pairs because they are parameterized to reproduce
interactions of individual bps*~%37. The “top-down” approach is more ad-hoc and the
coarse-grained models parameterized using this approach aim to reproduce many of the
experimentally relevant properties’'*>*®. The popular OxDNA3 model is
parameterized using this “top-down” approach. Since we use a sequence dependent
version of OXDNA model (OxDNAZ2) in the current thesis, we discuss the limitations
of the OxXDNA model in more detail in section 1.2.2.

In order to simulate DNA molecules longer than 10 kilo-base pairs, a

continuum-level coarse-grained model is needed. In this coarse-graining approach,



motions of multiple bps are combined into one molecule. In the continuum-level
simulations, DNA is modelled as a semi-flexible polymer using the worm-like chain
model. The model can incorporate various experimentally measured DNA properties
like the bending modulus, persistence length, twist modulus, etc. The worm-like chain
allows for simulations of thousands of base pair long DNA for a timescales of the order
of seconds. Worm-like chain model has been used to study plectoneme relaxation®,

plectoneme dynamics®, etc.

1.2.2. OxDNA2 model

The OxDNAZ2 is a coarse-grained model of DNA3%®!. The model approximates
each nucleotide to be a rigid ellipsoid with three interaction sites. The three interaction
sites correspond to the phosphate group, sugar group and base group. The model uses
the Debye-Hiickel approximations (based on the assumption of weak charge density)
to account for the electrostatic interactions at different salt concentrations. The
OxDNAZ2 model incorporates DNA sequence dependence through sequence dependent
stacking interactions and sequence dependent hydrogen bonding interactions.

The aim of current thesis is to understand plectoneme pinning at mismatches in
a supercoiled DNA. Coarse-grained models, like the OxXDNA2 model are needed in
order observe supercoiling in the timescale and length scales relevant to experiments.
Previously, the sequence independent version of OxDNA (OxDNAT1) model has
quantitatively reproduced the response of DNA to tension and torsional stress®?. This
was the primary consideration in selection of the OxXDNA2 model for simulations in
the current thesis. The OXDNA2 model has also been used to study various structural

features of DNASY® Recently, Kriegel et al.®}, used magnetic tweezers, OXDNA2
9



simulations and all atoms simulation to study the effect of temperature on DNA

supercoiling. Kriegel et al.®

showed that OXDNA2 can semi-quantitively reproduce
single molecule magnetic tweezers and all atom observations of temperature
dependence of helical twist in DNA. Although, OxDNA2 could reproduce the
reduction in twist at higher temperatures, the mechanism of this reduction was
completely different than all atom simulations.

Kriegel et al.’s study highlights the advantages and limitayions of using a
coarse-grained model, like the OxDNA2 model, to study DNA mechanics under
extreme stress. The advantage of coarse-graining is that it provides the ability to study
DNA supercoiling in experimentally relevant time scales and length scales. On the
other hand, Kriegel et al. showed that, even when OxDNA2 model can reproduce
experimental observations, the specific mechanism might not be accurate.

Our aim is to use the OxXDNA2 model to study the effect of mismatches on
supercoiled DNA. In chapter 2, we discuss some of the limitations that should be
considered when using coarse-grained simulations to study phenomena that affect
individual nucleotide. Here, we would like to emphasize that, even though we find that
OxDNAZ2 model can reproduce experimentally observed pinning at the mismatch; the
exact mechanism of plectoneme pinning may not be accurately represented by the
OxDNAZ2 model. Specifically, the extent of DNA bending at plectoneme end loop may
not be accurately captured by the OxDNA2 model. To the best of our knowledge, the

effect of multiple mismatches on bending in the plectoneme end loop has not been

quantified by any existing experimental or all atom simulation studies.
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Here, we would like to highlight that the single molecule experiments
developed in chapter 5, can directly test the mechanism of plectoneme pining at the
mismatch. Vologodskii et al.** have previously shown that strong bends in DNA can
result in a reduction in the DNA extension. The single molecule experiments can use
this reduction in DNA extension to precisely measure the extent of bending in the
plectoneme end loop. The single molecule study will allow us to quantitively compare
the mechanism of plectoneme pinning in experiments with the mechanism of pinning

observed in simulation.

1.3. Single-molecule magnetic tweezers based measurements of DNA topology

In the past two decades, various single-molecule techniques have been
developed to study DNA topology®. Single-molecule techniques can be used to
manipulate and study DNA conformational change in real time®® 8, these
conformational changes of DNA can be used to understand mechanisms of DNA
binding proteins®. Although, various single molecule techniques have been developed
to manipulate and study DNA topology®, here we focus on traditional single-molecule
magnetic tweezers.

Typically, in traditional magnetic tweezers (MT), the molecule of interest is
attached to the glass surface of a flow cell at one end and the other end is tethered to a
magnetic bead. Magnets placed above the flow cell can be used to apply force and
toques on the bead. Since the molecule of interest is tethered at both ends, the force and
torque applied to the magnetic bead will stretch and twist the molecule of interest.

Response of the molecule to force and torques can be studied by tracking the motion

of tethered magnetic bead (Fig. 4.6 (A)).
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Conventional magnetic tweezers’®

use permanent magnet to produce a
horizontal magnetic field, under which the rotation angle of the magnetic bead is
strongly controlled’!. Precise forces can be applied to the tethered magnetic bead by
varying the position of the permanent magnets with respect to the tethered beads.
Generally, magnetic tweezers are excellent candidates for constant force experiments,
however they can only manipulate the motion of the magnetic bead in one direction
(the direction of the magnetic force). Traditional magnetic tweezers can apply precise
forces in the range of 10-102 pN 7. The temporal resolution of the magnetic tweezers
are limited to a range of 1072 seconds due to Brownian motion of the tethered magnetic
bead’”. The limited temporal resolution makes traditional magnetic tweezers poor
candidates to study dynamic transitions. This limitation can be partially overcome by
using gold rotor bead tracking (AuRBT)>.

In a AuRBT assay (Similar to Fig. 4.2), in addition to the magnetic bead, a
second smaller gold bead is attached to the molecule of interest. In a Brownian motion
limited regime, the temporal resolution of traditional magnetic tweezers is limited by
the size of the magnetic bead. The magnetic bead is typically 1 um in diameter, using
80-140 nm gold particles as additional probes can improve the temporal resolution of
the magnetic tweezers by several orders of magnitude’®. A critical limitation of the
current AuRBT is the need of relatively high stretching forces (~ 5 pN) to obtain a good
signal to noise ratio for gold bead tracking. In studies requiring supercoiled DNA, the
high stretching force limits the suitability of AuRBT to only studies of positively
supercoiled DNA. Negative supercoiling may play a crucial role in various DNA-

protein interactions. In order to overcome the need of high stretching force, we propose
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an alternative attachment method (using a di-thiol group) in chapter 4. The goal of this
thesis is to propose and develop an experimental approach in order to study plectoneme
pinning in a negatively supercoiled DNA under physiological salt conditions. We plan

to use the modified AuRBT technique to study plectoneme pinning.
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Chapter 2: Coarse-Grained Modelling of DNA Plectoneme

Pinning in the Presence of Base-Pair Mismatches*

2.1 Introduction

The double helical structure of duplex DNA underpins the process of semi-
conservative replication while stabilizing the individual strands of DNA and protecting
the bases against damage. The intertwining of the two DNA strands also imposes
topological constraints that complicate processes involving duplex unwinding’, but

35,75 and

also affords opportunities for long range control of global DNA conformation
accessibility to processes involving singe-stranded DNA. The global degree of
intertwining of the two DNA strands in the duplex, or equivalently over- or under-
winding of the helix is referred to supercoiling' 2. In vivo, the degree of supercoiling

76, enzyme binding’’and genome

affects cellular processes including gene expression
organization’®, Supercoiling is maintained in a state of dynamic homeostasis through
the action of a class of enzymes termed topoisomerases, which control physiological

processes of DNA metabolism such as transcription and replication that alter DNA

topology”’.

Contents of this chapter are published in Nucleic Acids Research, Volume 48, Issue 19,

4 November 2020, Pages 10713—-10725.

14



If dsDNA is topologically constrained, i.e. its ends are not allowed to rotate
relative to each other, a topological invariant called linking number (Lk) can be
defined:*'°

Lk =Tw + Wr

Lk refers to the global measure of wrapping of the two DNA strands around each other.
This wrapping can be partitioned between twist, 7w, the degree of intertwining of the
two single stands about a common axis, and writhe, W7, the degree of self-wrapping of
the dsDNA helix axis.

Torsional stress applied to a piece of linear dsDNA, through a change in Lk,
results in a change in 7w until a critical TW,,jticq; 18 reached, after which the dsDNA
buckles into a structure in which the helical axis of dsDNA wraps around itself forming
a writhed structure referred to as a plectoneme!' "1,

Supercoiling of DNA is affected by both external environmental factors
including the pH 8%8!  tension applied on the DNA®, concentration of multivalent

84,85

ions®3; and intrinsic DNA properties such as DNA sequence®*33, mismatches!'#, or other

structural inhomogeneities . The response of duplex DNA to tension and torsional stress

has been extensively studied using single-molecule approaches, principally magnetic

7

and optical tweezers®’. In conjunction with these experimental measurements,

theoretical models have been developed to describe the mechanics of torsional DNA

buckling and plectoneme formation®®%7,

Computer simulations have also been
invaluable for understanding the dynamics and molecular-level details of plectoneme

formation%6%-6288-2 Degpite these advances, many aspects of DNA supercoiling,
15



particularly the effects of DNA defects on DNA supercoiling, remain poorly
understood.

Here, we study the effect of a mismatched base pair defect on the supercoiling
of DNA. Recent single-molecule magnetic tweezers-based experiments by Dittmore et
al.'* found that for positively supercoiled (overwound) DNA in the limit of high salt
concentration (0.5 M to 1 M NaCl) and high force (>2 pN), a plectoneme forms and
remains localized at the location of a single mismatched base pair. This provides a
possible mechanism for detection of mismatches by mismatch repair enzymes.
However, due to the requirement of a strongly bent end loop to infer plectoneme
pinning, the single-molecule experiments could not measure pinning under
physiological conditions (0.1 M NacCl salt concentration and forces on the order of 1
pN or less). Brahmachari et al.?® developed a statistical-mechanical model describing
the localization of plectonemes under physiologically relevant conditions (0.1 M NaCl
and 1 pN). The results of these calculations indicate that the plectoneme localization at
the mismatch becomes probabilistic (i.e., the plectoneme is not always pinned at the
mismatch) under physiological conditions due largely to entropic effects. This model
used a simple analytical approach in which the mismatch was assumed to result in a
local reduction in the bending energy. This combination of theoretical and experimental
studies gave intuitive explanations for various phenomenological signatures; however,
they do not provide a structural understanding of the microscopic origin of plectoneme
pinning by base-pair mismatches. In addition, the effects of defects on negatively

supercoiled DNA, a prevalent form of DNA topology in vivo, has remained largely
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unexplored. Finally, the dynamics of plectoneme pinning is yet another aspect that
remains unexplored from a theoretical, computational, or experimental standpoint.

In this chapter, we develop a computational framework within the OxDNA2
model’*!?* to study plectoneme localization at mismatches. We verify that results
obtained in this framework are consistent with all atom simulations of the effects of
defects on DNA bending rigidity (Fig. 2.1 (b)) and can reproduce experimentally and
theoretically observed plectoneme localization at high salt and high forces. We use the
computational framework to study the effect of force and salt concentration on the
localization of plectonemes at mismatches. This framework can also be used to study
the effect of defects on the dynamics of the supercoiling process and the effect of
mismatches on negatively supercoiled DNA.

The use of computational modelling provides molecular-level details of the
plectoneme formation process, which are not accessible with existing experimental or
theoretical approaches. We establish a computational approach to model the effects of
mismatches on DNA supercoiling that offers a complementary approach to statistical
mechanical and experimental approaches: the combination of these approaches will

permit a comprehensive understanding of DNA mechanics in the presence of defects.

2.2 Materials and Methods

We perform molecular dynamics (MD) simulations of a DNA molecule using
the OXxDNA2 model’®®!. All the simulations presented in the current paper are
performed using the sequence dependent variation of the OxDNA2 model®!

implemented in the LAMMPS®* simulation software by Henrich et al>. The OXDNA
17



model has previously been shown to reproduce the behavior of DNA under tension and
torsional stress®> and has also been used to study various structural features of
DNAS0639597 "I the following sections the simulation parameters are given in the
reduced Lennard-Jones (LJ) units, we will provide equivalent parameters in SI units
where necessary. The conversion of LJ units to SI units is not always trivial,
specifically because coarse graining eliminates many degrees of freedom, the potential
energy surface is flattened, and hence the dynamics are accelerated. Here, the LJ units

are converted to SI units using the parameters provided on the OxXDNA2 model website.

2.2.1 Modelling of mismatched base-pairs

The OxDNA2 model treats each nucleotide as a rigid body with only three

interaction sites (base, phosphate, and sugar groups)>*®!

and as such eliminates many
degrees of freedom of individual base pairs compared to all atom simulations, but this
coarse-graining approximation is necessary to reach length scales and time scales
relevant to the study of supercoiling dynamics of DNA. The OxDNA2 model uses
sequence dependent stacking and hydrogen bonding interactions; other interactions
between nucleotides are independent of nucleotide type®'. A base pair mismatch in
OxDNAZ? is simulated by removing the hydrogen bond between the bases. Harrison et
al.”” have previously used the sequence independent version of OxXDNA (OxDNA1) to
simulate mismatches in a similar manner. Previous studies have shown that many types
of mismatched base-pairs have hydrogen bonds®®; therefore, approximating a

mismatched base pair without hydrogen bonds is perhaps a crude approximation.

However, as we demonstrate below, such an approximation reproduces the decrease in
18



bending stiffness at the mismatch obtained from all atom simulations. Eliminating these
degrees of freedom may alter the dynamics of individual base-pairs. But here we are
interested in studying the effect of these mismatches on the bending rigidity of the local
structure of duplex and this bending rigidity is not altered due to this approximation (as
shown by the favorable comparison with the all atom simulation result, see Fig. 2.1 (b)
below). Ditmore et al.'* and Brahmachari et al.2® have shown that the reduction in local
bending rigidity due to the presence of mismatched base-pairs promotes plectoneme
pinning.

Our goal is to develop an approach within the oxDNA2 model to accurately
model the buckling of DNA containing mismatched base pairs. To this end we first
measure the free energy required to bend a 15 bp long DNA with different mismatches
parameterized in 0xXDNA2 and compare the results to all atom simulations performed

1.2 We use the same sequence of DNA as used in Sharma et al*®. To

by Sharma et a
calculate the free energy of bending we simulate a 15 bp long DNA with the mismatch
located at the center (8™ base pair). We employ umbrella sampling to efficiently sample
the free energy landscape. The bend angle (0) is the angle defined between the center
of mass of 3 blocks of 5 bp’s (block 1: 2-5 bp, block 2: 6-10 bp, block 3: 11-14 bp), the
mismatched base pair is located at the center of the DNA (base 8/23) (Fig. 2.1 (a)). The

ends of the DNA are unconstrained. We then apply a harmonic constraint, of type
k 2
ue) = E (6 — Brer)

using the COLVARS” module in LAMMPS. Here k = 0.064(ey;/rad?). We carry
out both forward and backward sampling of the free energy landscape by first gradually
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decreasing 6., from 180° to 90° in steps of 5°, and then increasing 6,.¢ from 90° to
180° in steps of 5°. We simulate each step for 104TL] (30.3 ns) of which the first
1027,,;(0.3 ns) are equilibration steps and not considered in subsequent data analysis.
The MD simulations are carried out in the canonical constant number of particles,
constant volume, and constant temperature (NVT) ensemble using the Langevin

thermostat with a damping factor of 0.5 7, ;and 10 7, for the transitional and rotational

degrees of freedom, respectively. The equations of motion are integrated using the
velocity-Verlet algorithm with a timestep of 0.0017,, (3.03 fs). We can then extract
the free energy associated with bending using the weighted histogram analysis method
(WHAM)!? as implemented by Grossfield
(http://membrane.urmc.rochester.edu/?page id=126).

Sharma et al.?® analyzed the results of their all atom simulations using the
definition of angle provided by the COLVARS module and the definition of angle used
in the 3DNA software. Sharma et al.?® also noted that their results are slightly affected
by the definition of bend angle.

We use the bending free energy obtained by Sharma et al.?® using the 3DNA
software to compare the oxDNA2 model with all atom simulation. The 3DNA software
fits a linear helical axis to the two fragments of a bent DNA molecule. The bend angle
is defined as the angle between these two helical axes. This definition of the bend angle
closely resembles the definition of bend angle for a coarse-grained model like
oxDNA2.

We find that for a G:T mismatch the reduction in bending rigidity observed

using the OxDNA2 model (Fig. 2.1 (b)) is similar to the reduction observed by Sharma
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et al.?®

using an all atom model (within an error of ~ 4 kgzT) . We also provide the
bending free energy of an intact G:C base pair using the OxDNA2 model for
comparison (Fig. 2.1 (b)). We find that the bending free energy of G:T mismatch in the
OxDNA2 model is higher than the free energy obtained from all atom simulations. In
the context of the simulation results presented here, this implies a higher bending

rigidity of OxDNA2 model: accordingly, the probabilities of plectoneme pinning will

be underestimated in the simulation work here.
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Figure 2.1 Bending free energy of G:T mismatch. (a) Illustration of the bending angle
constraint applied for umbrella sampling. Bending angle is calculated as the angle between
vectors connecting center of mass of Block 2 to Block 1 and the vector connecting center of
mass of Block 2 to Block 3. Green sphere represent intact bps, purple sphere represents G:T
type mismatched bps. (b) Comparison of free energy versus bend angle for a G:T mismatch
obtained using an all atom model*® (blue) and the OxXDNA2 model (red). Free energy vs bend
angle of a intact G:C bp (yellow curve) obtained using the OXDNA2 model are provided for
reference.

2.2.2 Intrinsic bend of DNA

101

Kim et al."” have shown that DNA sequence can influence plectoneme pinning.

They found that intrinsic bend of a DNA sequence can be a significant factor in
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determining plectoneme pinning. We study the intrinsic bend in the DNA sequence
used, to ensure we do not have a significantly bent section in the simulated DNA.

Previous studies'®! used dinucleotide steps to calculate the intrinsic bend in a
DNA segment. Here instead of using the dinucleotide step method, we explicitly
calculate the bend angle at various bp steps. The dinucleotide step method does not
account for force applied to DNA and how that might affect the intrinsic bend at various
base-pairs. To overcome these limitations, we explicitly calculated the intrinsic bend
at various base pairs.

To calculate the intrinsic bend, we conduct simulations of stretched and
untwisted DNA to calculate the twist stored in a DNA molecule with mismatched base
pairs. We perform simulations for a 610 bp and 1010 bp DNA with either no
mismatched bases, or with 2, 4, or 6 consecutive mismatched bases in the center of the
DNA. We perform a single simulation for each mismatch size under different force and
salt conditions. The procedure used to perform these simulations is similar to the
procedure used for DNA under torsional stress. Simulation for the 610 bp DNA under

the high force-high salt condition is carried out for2.3 x 1077;; (69.69 us).

Simulation for the 610 bp DNA under the low force-low salt condition is carried out

for 1.8 x 1071, 7 (54.54 ps), and simulation for 1010bp DNA under low force-low salt
condition are carried out for 1.6 x1077; (48.48 us).

To calculate the bend angle at a bp, we use the same method used to calculate
the end loop angle as described in the Methods section. Briefly, the bend angle at a

base-pair is defined between the center of mass of 3 blocks of 5 bp. If the bp is at
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position i, the 3 blocks would be block 1:i-12 to i-8 bp, block 2: i-2 to i+2 bp, block 3:
i+8 to i+12 bp.

Fig. 2.2 provides the bend angles at each base pair along the DNA. We find for
intact DNA (0 mismatches) the bend angle is almost constant along the DNA. For a
DNA with mismatches, we find that the bend angle is significantly lower (i.e., the DNA
is highly bent) at the location of mismatch. We also find that the bend angle at the

mismatch decreases with more mismatches.
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Figure 2.2. Intrinsic bend. (a-c) Average angle at each bp along the DNA backbone for
different number of mismatches introduced at the center of the DNA for (a) 610 bp DNA with
F=2 pN and 1 M monovalent salt, (b) 610 bp DNA with F=0.3 pN and 0.2 M monovalent salt,
and (c¢) 1010 bp DNA with F=0.3 pN and 0.2 M monovalent salt. Insets provide a magnified
view of the angle at the location of mismatches.

2.2.3 Effect of number of mismatched base pairs on DNA bending

To calculate the effect of number of mismatches on the free energy of bending,
we simulate a 30 bp long DNA with the mismatch located at the center. We employ
umbrella sampling to efficiently sample the free energy landscape. The method used to
calculate the effect of number of mismatches on DNA bending is similar to the method
used in section 2.2.1. The collective variable (0) is the angle defined between the center

of mass of 3 blocks of 5 base pairs (block 1: 4-8 bp, block 2: 13-17 bp, block 3: 23-27
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bp). The ends of the DNA are unconstrained. We then apply a harmonic constraint, of

type
uo) = 2(9 - Href)za

using the COLVARS® module in LAMMPS. Here k = 0.064(e,,/rad?). We carry
out both forward and backwards sampling of the free energy landscape by first
gradually decreasing 6., from 180° to 30° in steps of 3°, and then increasing 6,.. s from
30° to 180° in steps of 3°. We simulate each step for 3 * 104, ; (90.9 ns) of which the
first 7507, (2.25 ns) are equilibration steps and not considered in subsequent data
analysis. The MD simulations are carried out in the NVT ensemble using the Langevin
thermostat with damping factors of 1 7 ;and 10 7, for the transitional and rotational
degrees of freedom, respectively. The equations of motion are integrated using the
velocity-verlet algorithm with a timestep of 0.0037,,;(9.09 fs). We then extract the free
energy associated with bending using the weighted histogram analysis method
(WHAM)!? as implemented by Grossfield

(http://membrane.urmc.rochester.edu/?page id=126).

2.2.4 Simulation Details

For the supercoiling simulations, we consider a 610 and 1010 bp long DNA
with 50% G-C content and 0, 2, 4, or 6 consecutive mismatches at the center of the
DNA. We constrain the 5 base pairs at the top end of the DNA in the x-y plane and

constrain 5 base pairs of the other end in the x-z plane. This allows the DNA ends to
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freely move in the y and z directions in response to tension and torsional stress while
ensuring that the boundary base pairs do not rotate so that the super-helical density
remains constant during the simulation (Fig. 2.3). To ensure that the nucleotides don’t
pass around the DNA ends, we apply a purely repulsive harmonic potential of type
U(z) = k(z— Zref)z that acts in the x-y plane and repels all but the boundary base
pairs if they move beyond the boundary base pair in the z direction (Fig. 2.3). Here k =

1000(6L]/rad2) and z,.f is 50y jaway from the last base pair at each end.

—
=y

Repulsive Boundary

ST TR

Repulsive Bounda §
P Y @ — Motion in Y direction

Figure 2.3 Simulation boundary condition. Once the tortional stress is applied, one end of
the DNA can freely move in Y direction and the other end of DNA can freely move in Z
direction. A fixed force F is applied to the top end. A repulsive boundary condition applied to

the ends of DNA ensures that no bps pass the DNA ends.
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We define the equilibration time 7,g,;using the autocorrelation function of the

DNA end-to-end distance (Renq). The auto-correlation function of R,,4%, is calculated

as

((Rend(t) - (Rend>)(Rend(0) - <Rend>)>
((Rend2> - (Rend>2)

Cy (t) =
The equilibration time is then given by

tcut
Tequi = f C,(t) dt.
0

Here the upper limit of the integral t.,; is selected as the first time when C,.(t) = 0. It
is necessary to use this limit to eliminate the effect of the noisy tail of C,(t). To collect
data, we discard the first 2 * 7,4,,;timesteps. In the current work, all the simulations
have been carried out for at least 12 * T gy;.

We start each simulation from an equilibrated condition. We apply torsional
stress by rotating the top end of the DNA around the z axis for fixed number of turns (
Niyrns)- To select the value of Nyyng, We first conducted preliminary simulations and
then selected the smallest value of Ny, for which we could obtain a stable
plectoneme within a reasonable simulation time. A larger value of Niy-ns Would
produce a larger plectoneme that would stabilize faster and hence require less
simulation time. On the other hand, a larger plectoneme will restrict the motion of the
plectoneme along the DNA backbone and hence it would require a longer simulation
to accurately capture the entropic effects of plectoneme diffusion along the DNA

backbone.
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To apply tension, we apply a force along the z-axis to the top base-pair. For all
simulations we use the Langevin C'%* thermostat with a timestep of 0.017;, and unless
otherwise specified, damping factors of 5 7,; and 10 7,; for the transitional and
rotational degrees of freedom respectively. The Langevin thermostat models the
interaction of particles with an implicit solvent. The viscosity of implicit solvent can
be controlled by the varying the damping factors.

For simulations at a salt concentration of 1 M, we performed 5 simulations
(using different random numbers as the seed for the Langevin thermostat) of a 610 bp
long DNA for each mismatch value. Simulations were performed for 2.6 X
107t;; (78.78 us) for the case of 0 mismatches; 2.7 X 1077;; (84.08 us) for 2
mismatches, and 2 x 1077;; (60.6 us) for 4 and 6 mismatches. For 4 and 6
mismatches, we used a damping factor of 15 7,; for the rotational degrees of freedom.
For simulations at a salt concentration of 0.2 M, we performed simulations of 610 bp
and 1010 bp DNA molecules. For the 610 bp DNA, we performed 20 distinct
simulations for each mismatch size for approximately 3.5 x 1077, ; (105 us) using a
timestep of 0.01 7;; and a damping factor of 15 7, for the rotational degrees of
freedom.

For the 1010 bp DNA we performed 10 simulations for each mismatch. The
simulations were run with a timestep of 0.0lt,, for approximately 3.7 X
1077;;(112.11us). Combined these simulations required a total of 5.2 X 10¢ CPU

hours. The simulations were performed using NIH high performance computing

system, Biowulf.
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2.2.5 Plectoneme detection algorithm

To detect a plectoneme we used a modified version of the algorithm provided by

Matek et al.®> The plectoneme detection algorithm is as follows:

We typically choose Ne = 80, and d ¢yt 5

Find the center of mass of each base pair (bp) in the DNA.

Start at the bottom bp and loop over all bp.

Find the distance between the current bp (i) and all other base pairs (j) beyond
a cut-off of Nc bp along the DNA backbone, i.e., distance between bp i and
bp j, for all j > M.

If any distance is less than d 055 the bp is identified as the beginning of
plectoneme.

To detect the end of plectoneme we utilize the concept of contact points. Once
the beginning of the plectoneme is detected, we skip the next Ncbp’s along
the backbone and identify the bp closest to the bp identified as the start of the
plectoneme. This bp is defined as the plectoneme end.

The plectoneme center is defined as the mean of the bp indices of the

beginning and the end of the plectoneme.

_ Nx0.34
2

nm. The algorithm allows

us to detect multiple plectonemes, but the size of each plectoneme detected is larger

than Nc. We very rarely observe multiple plectonemes for the conditions simulated

here. If multiple plectonemes are observed, the center of each plectoneme is considered

to calculate the plectoneme pinning probability. We also verified that changing Nc does

not significantly alter the results.
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2.2.6 Calculation of end loop angle

The end loop angle is defined between the center of mass of 3 blocks of 5 bp.
If the center of the plectoneme is considered as base 7, the 3 blocks would be block 1:
i-12 to i-8 bp, block 2: i-2 to i+2 bp, block 3: i+8 to i+12 bp.

We also note that our plectoneme detection algorithm does not always provide
the exact center of the plectoneme. For the case of high force and high salt
concentration, where the plectoneme center is pinned at the location of the mismatch,
the plectoneme detection algorithm calculates the center of the plectoneme with an
error of around + 10 bp. Keeping this in mind, to calculate the angle of the end loop we
vary the center of the plectoneme between i + 15 bp and select the lowest angle as the

angle of the end loop.

2.2.7 Calculation of twist

To calculate the twist between two consecutive base pairs, we use the method

defined by Skoruppa et al. '%;

specifically the definition of Triad II, as defined by
Skoruppa et al., is used for all calculations.

Briefly, the twist for each bp step can be calculated by defining two vectors,

A

one vector connecting the centers of mass of two nucleotide in a bp (b)) and the

second vector connecting two base pairs along the DNA contour(n,,;,). Twist can then

A

be defined as the angle between the two (by,),) for each base pair in the base pair step

along the (ny,). A more detailed description can be found in Skoruppa et al'®.
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2.2.8 Calculation of writhe

To calculate the writhe, we carried out simulations of DNA under tension but
no torsional stress. We analyzed these simulations to obtain Lk, = Tw,, which is the
twist inherent in the DNA with different number of mismatches.

Writhe in DNA is then defined as:
WT = Ntyrns — (Tw — Twy)

where, Tw is the average twist in DNA under tension and torsional stress.

2.2.9 Calculation of diffusivity

To obtain the diffusivity of the plectoneme we first calculate the mean squared

displacement (MSD) of the plectoneme center Py .

otal—A , ) ~
MSD(At) = Zfilt l t((Pcent(l + At) — Peent (1)) * 0.34 % 10 3)2
ttotal — At

We calculate MSD for At € {0,20}frames, where At is the time lag, we select
trajectories that have at least 400 continuous plectoneme centers. We then average all
the MSD curves for a given condition

The diffusion constant can be obtained from the MSD curve using the relation
MSD = 2Dt, we perform linear fitting for the first 8 points on the MSD vs time curve

to obtain the diffusion constant. The MSD curves are provided in Fig. 2.9 (e-g).

2.2.10 Visualization
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Snapshots of the simulation configurations is carried out using the OVITO!%
simulation software. LAMMPS®* provides the center of mass and orientation of each
nucleotide in the form of a quaternion. We post-process this information using
MATLAB to find the location of base interaction sites and the backbone site for all
nucleotides. The process used is similar to the process employed in the visualization

code provided by Oliver Henrich with the OXDNA module in LAMMPS.
2.3 Results and Discussion

2.3.1 Coarse-grained estimates of the effects of DNA defects on bending free

energy

Coarse-grained simulations of DNA, in particular OxDNA2, afford the
requisite trade-offs between molecular-level details and computational speed and
efficiency to permit millisecond-scale simulations of kilobase length DNA®’. OxDNA
has been successfully applied to study DNA supercoiling and has been benchmarked
against single-molecule measurements of DNA supercoiling®?. For these reasons we
decided to develop a mismatch model of DNA in the OxXDNA2 framework. We first
validated the effects of defined mismatches on DNA bending elasticity for OXDNA2.
Fig. 2.4 (a,b) shows the variation of the total Gibbs free energy (AG) of the DNA
molecule as a function of the bend angle imposed at the center of the DNA molecule
containing different numbers of consecutive mismatches at the center of the DNA for
high (Fig. 2.4 (a)) and low (Fig. 2.4 (b)) salt concentrations. A bending angle of
0,=170° corresponding to a nearly straight DNA, is the lowest free energy

configuration of DNA with and without mismatches. Previous studies!'®~'%7 have also
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found the lowest free energy configuration to be at an angle slightly less than 180° (i.e.
a completely straight segment of DNA). Bending at the DNA center reduces this angle.
The presence of mismatches reduces the bending energy of the DNA at the location of
the mismatch?®. Accordingly, AG increases from the minimum at 8,=170° as the
included angle decreases for all DNA molecules, but for a given bend angle the energy
progressively decreases with increasing mismatch size, from a maximum for no
mismatch. This data, establishing the effect of mismatch size on bending energy, is in

142628 and suggests that the

qualitative agreement with results from previous studies
mismatch model is feasible for investigating DNA plectoneme formation in the
presence of mismatches through coarse-grained approaches. It is difficult to
quantitatively compare the effect of multiple mismatches on bending rigidity observed
in OxDNA2 model to existing studies. To the best of our knowledge, the effect of
multiple mismatches on bending free energy has not been quantified in experiments or
all atom simulations.

We next performed simulations of positively supercoiled DNA (610 bp and
1010 bp) containing 0, 2, 4, or 6 G:T mismatches at the center of the DNA molecule
(Fig. 2.4 (c) and 2.4 (d)). To compare the simulation results with experimental and
theoretical results, simulations were run with two different conditions of monovalent
salt and force: high monovalent salt (1 M) and high force (2 pN); and low monovalent
salt (0.2 M) and low force (0.3 pN) (Fig. 2.4 (c) and 2.4 (d)). We refer to the conditions

of 1 M monovalent salt and 2 pN of force as the high force - high salt condition, and

conditions of 0.2 M monovalent salt and 0.3 pN as the low force - low salt condition.
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We have summarized the different simulation condition in Table 2.1. The most
important feature distinguishing the plectonemes formed in these two cases is the angle
of the end-loop (defined in the insets of Fig. 2.4 (c, d) and in the methods section). The
end-loop angle is smaller under the high force and salt condition, indicating a larger
extent of deformation or kinking. For example, in the snapshots shown in Fig. 2.4 (c,
d), this angle is 46.8° and 143.3° for the high and low force and salt conditions,
respectively.

Table 2.1 Details of simulation conditions.

DNA Force MonI(:ifl:ll;:: Salt Turns
Length Applied concentration applied Referred to as
(bp) (pN) (ALk)
610 ) | 346 High force - High
salt
610 0.3 0.2 2.31 Low force - Low salt
1010 0.3 0.2 2.87 Low force - Low salt
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Figure 2.4 DNA mismatches lower bending energy and nucleate plectonemes in
supercoiled DNA. (a, b) Free energy of a 30-bp DNA molecule as a function of the bending
angle ), (in degrees) imposed at the center of the DNA (i.e., the 15" bp) (see also the methods
section). The results are shown for (a) high salt concentration (1 M monovalent salt) and (b)
low salt concentration (0.2 M monovalent salt). For both cases, there is no external stretching
force applied to the DNA and the results are shown for different numbers of consecutive G:T
mismatches, introduced at the center of the DNA. The insets illustrate the DNA configuration
(with 6 consecutive G:T mismatches introduced at the center of the DNA) corresponding to a
bending angle of approximately 95°, indicated by the blue arrows. Here the green spheres
represent the sugar group of the intact base pairs whereas pink spheres represent the sugar
group of the mismatched bases. Red, yellow, white, and blue spheres represent the A, C, G and
T base groups, respectively. (¢, d) Simulation snapshots of DNA plectonemes formed by
positively supercoiling (over-winding) a 610-bp DNA molecule with 6 mismatched bases
under the conditions of (c) High salt (1 M monovalent salt) and high force (F = 2 pN) and (d)
Low salt (0.2 M monovalent salt) and low force (F = 0.3 pN). The DNA is subjected to a
constant force one end, while the other end is fixed. The torque generated in twisted DNA (3.46
and 2.31 turns in (c) and (d), respectively) results in buckling of the DNA to form a plectoneme.
Expanded views of the plectonemes along with the definition of the bend-angle at the mismatch
location (blue arrows) are shown in the insets of (c) and (d). The plectoneme end loop angle
is 46.8° and 143.3° for the high force - high salt and low force - low salt and salt
conditions, respectively. A detailed description of the end loop bend angle can be found in
the methods section.

Kinking the end-loop brings negatively charged segments of the DNA closer to

each other and contributes an additional electrostatic free energy cost to plectoneme
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formation. Under high salt conditions, the electrostatic repulsion is screened over a
much smaller distance leading to a reduced Debye length. This, in turn, reduces the
electrostatic repulsion between the buckled segments and hence reduces the energetic
cost of buckling. Furthermore, the external force imposes a second energetic cost
associated with buckling related to the work done against the force in decreasing the
extension of the DNA by an amount equal to the loop size. As a result, smaller loops
with increased kinking are favored under higher applied forces. Previous theoretical
and experimental studies obtained similar force and salt concentration dependent
increases in the kinking of the end loop!®. Our results demonstrate that kinking is
enhanced in the presence of mismatches, but that the extent of kinking is governed by

the applied force and salt concentration.

2.3.2 Mismatches enhance plectoneme pinning

A key question related to the supercoiling of DNA containing mismatches is
the degree to which the mismatch localizes or pins the plectoneme by stabilizing a sharp
bend at the plectoneme tip. Practically, this is related to both the degree of bending or
kinking at the plectoneme tip and the probability of the mismatch being located at the
tip of the plectoneme. Consistent with previous studies'®®, we observe a decrease in the

end loop angle between the high force - high salt and low force - low salt conditions.

For both the simulation conditions, we observe a decrease in the end loop angle
(when the plectoneme center is pinned at the mismatches) with increasing number of

mismatches (Fig. 2.5 (d-f)). This is consistent with the decrease in the local bending
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energy in proportion to size of the mismatch (Fig. 2.4 (a, b)). Previous experimental
studies °! have shown that the intrinsic bend of a DNA segment can affect plectoneme
pinning. We characterized the intrinsic bend of the DNA sequence used here to ensure
that the specific DNA sequence does not affect the plectoneme pinning probability (see
section 2.2.2).

The probability of the mismatch being localized at the tip of the plectoneme
depends on the DNA length, applied force, monovalent salt concentration, and
mismatch size. Under the high force - high salt condition (Fig. 2.5 (a)), the center of
the plectoneme always coincides with the location of the mismatch for 2, 4, and 6
mismatches. This observation is in agreement with the single molecule magnetic

tweezers experiments conducted by Dittmore et al.'*

and results of previous simulation
study'?”. Furthermore, the DNA is increasingly sharply bent at the mismatch as the
number of mismatched bases increases (Fig. 2.5 (d)). However, for the low salt - low
force condition there is a non-unity (<1) probability that the mismatch is located at the
center of plectoneme, though this probability rapidly increases with the number of
mismatches (Fig. 2.5 (b, ¢)). This result, which has been predicted theoretically®, is
described in detail below. The finite probability of buckling at the mismatch for the
low salt and low force conditions leads to a bifurcation of the end loop angle: the end
loop angle is constant, independent of the mismatch size, when the mismatch is not
located at the tip of the plectoneme but decreases significantly with increasing
mismatch size when the mismatch coincides with the tip of the plectoneme (Fig. 2.5 (e,

f)). In Fig. 2.5 (d-f), we show the effect mismatches on plectoneme end loop angle. We

use standard deviation (SD) to show the variations in plectoneme end loop angle. In
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MD simulations the plectoneme end loop is not fixed. We observe that the plectoneme
end loop angle is highly variable (similar to Fig. 3.6). If the plectoneme is pinned at the
mismatch, the plectoneme end loop angle will vary in accordance with the bending
rigidity at the mismatch. In the low force — low salt condition (Fig. 2.5 (e, f)), we
observe that the variation in plectoneme end loop (as captured by the SD) is lower when
the plectoneme is located away from the mismatch. When the plectoneme is pinned at
the mismatch, the SD in plectoneme end loop angle increases with higher number of
mismatches. Compared to intact DNA, the mismatches are more flexible and hence
more prone to thermal motion. MD simulations can capture these variations in end loop
angle.

Here we note that the standard deviation (SD) is not a good measure of error
in the simulations. The variability of the plectoneme end loop is a feature of the
simulation and this variability in plectoneme end loop structure has also been observed
in previous experiments of supercoiled DNA''". Here, the standard error of mean
(SEM) is a more appropriate measure of the error in calculation of the plectoneme end
loop. SEM provides a measure to ensure that MD simulations have sufficiently
captured the variation in plectoneme end loop angle. In Fig. 2.5 the SEM is smaller

than the symbol size.

37



[ Y]
o
(1]

1

. ! ) "IN=610bp 40 mm . [N=1010bp ~+0mm
2 £ |F=03pN 2 mm s |F=03pN +2mm
8 : [s=o02m 4mm ¢ |s=o02m 4 mm
2 ] -6 mm g

$05 505 S
ar o .

0 0 -
0 200 400 600 0 200 400 600
base pair step base pair step
d e f

>80 —#-at mismatch - 14% =

z 1 T

20 7 b 0

g = 120 g

260 2 =

2 =100 =

= 50 g —i-at mismatch 3 —#-at mismatch

£a) 40 2] 80 —+-away from mismatch = 80 —$-away from mismatch

0 2 4 6 0 2 4 6 0 2 4 6
No. of mismatched bp No. of mismatched bp No. of mismatched bp

Figure 2.5 Plectoneme end loop kink angle and position. (a-c) Probability distribution of the
plectoneme center position. Probability of finding the plectoneme center (Ppiectoneme-center) at @
given DNA base pair for (a) 610 bp DNA with F=2 pN and 1 M monovalent salt, (b) 610 bp
DNA with F=0.3 pN and 0.2 M monovalent salt, and (c) 1010 bp DNA with F=0.3 pN and 0.2
M monovalent salt. The location of the DNA mismatch is denoted by the blue shaded region.
Error bars (standard error of the mean, SEM) are smaller than the symbol size.

(d-f) Average end-loop angle in degrees (see the details of the averaging procedure in the
Methods section) of the DNA plectoneme [this angle is defined by blue arrows in the insets of
Figs. 2.2 ¢ and Figs. 2.2 d] as a function of mismatch size (in base pairs) for (d) 610 bp DNA
with F=2 pN and 1 M monovalent salt, (¢) 610 bp DNA with F=0.3 pN and 0.2 M monovalent
salt, and (f) 1010 bp DNA with F=0.3 pN and 0.2M monovalent salt. The orange line represents
the average end loop angle when the plectoneme center is pinned at the mismatch, whereas the
blue line represents the average end loop angle when the plectoneme center is not pinned at the
mismatch. Error bars represent standard deviation (SD).

The difference in the plectoneme localization between the two conditions (high
salt-high force and low salt-low force) can be explained through a simple free energy
argument.

For the high force - high salt case, bending or kinking at the mismatch is favored
(Fig. 2.4 (a)). Fig. 2.4 (a) indicates that sharper bending requires higher energy. Higher
forces will lead to a stronger bending of the end loop since this minimizes the extent of

the plectoneme loop, which in turn minimizes the change in extension of the DNA and
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the corresponding work against the external force. In this scenario it will be
energetically favorable if the bending occurs at the location of the mismatch where the
bending rigidity is decreased. However, there is an entropic cost of buckling at the
mismatch (equivalent to localizing the plectoneme at the mismatch), which limits the
possible configurations of the plectoneme as compared to the case where the
plectoneme can form at any location on the DNA molecule. Mathematically, we can
write this as:
AG = AGpenaing = DHpending — TASpending (D

where AG, AH, and AS are the changes in the Gibbs free energy, the enthalpy, and the
entropy, respectively.

For the case of a high salt - high force, the plectoneme is pinned at the location
of the mismatches leading to a large loss of entropy. Therefore, we can split the energy
contributions as follow:

(AG)high-sait = AGpending,nigh-sait = Mpending nigh-sait = TASpending nigh-sait
= (Large negative) + (Large positive) (2)

The equilibrium is driven by the competition between a large favorable bending
enthalpy (due to the localization of the bending deformation at segments with lower
bending rigidity) and a large unfavorable bending entropy (due to the pinning of the
plectoneme center at the mismatch). In the current work, we find that for a force of 2
pN applied to a 610 bp DNA with 2, 4 and 6 consecutive mismatched base pairs, the
enthalpic gain due to bending at the mismatch overcomes the entropic loss due to

pinning; hence the plectoneme is always pinned at the mismatch (Fig. 2.5 (a)).
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Next, we consider the free energy for the low salt - low force condition. Here

too, we can write the free energy change as:

(AG)ow-sair ® AGpenaing,iow-sait = DHpenaing,iow—sait = TASpenaing,low-sait

= (Small negative) + (Small positive) (3)

Here both the enthalpy and the entropic components are smaller in magnitude.
The equilibrium is driven by the competition between a weakly favorable bending
enthalpy (due to a higher bending angle of the end loop, the enthalpic difference for
bending at the defect for different numbers of mismatches is lower as compared to the
high force case) and a weakly unfavorable pinning entropy (due to a larger plectoneme
for the low force-low salt case compared to the high force-high salt case, the entropic
cost of pinning is lower for a given length of DNA). In the case of low force - low salt
condition for a 610 bp DNA, we find an increase in probability of plectoneme pinning
with increasing number of mismatches. To probe the effect of the entropic contribution
to the pinning probability, we studied a 1010 bp DNA with 0, 2, 4 and 6 bp mismatches
under the same conditions. Pinning in a longer DNA result in a larger entropic loss due
to the presence of a larger number of configurations arising from plectoneme diffusion.
Consistent with this reasoning, we find that for the 1010 bp DNA, the enthalpic gain
due to bending at the mismatch is only able overcome the entropic loss for the case of
6 mismatches (Fig. 2.5 f). We note that the arguments related to the relative entropic
and enthalpic contributions to the Gibbs free energy of bending are intended to provide
a qualitative explanation of the pinning process. Quantitative calculations of the
entropy and enthalpy have been performed in theoretical treatments of the buckling

process of intact and defect harboring DNA (Brahmachari et al.>’). The process of
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quantifying the entropic contributions to the free energy of bending via simulations is

not immediately obvious.

2.3.3 Simulation results of plectoneme pinning qualitatively agree with statistical

mechanical model
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Figure 2.6 Theoretical predictions of probability of plectoneme pining at the defect site.
Probability of the plectoneme being pinned at the mismatch (blue dashed line) are plotted as a
function of the defect size, using theoretical model of Brahmachari et al.”® The orange crosses
correspond to the probability of buckling at the mismatch obtained from MD simulations for
defect sizes associated with 2, 4, and 6 mismatches (see Table 2.2) . (A) For the high force-
high salt case with a 610 bp DNA, both theory and simulations indicate that 2, 4, or 6
mismatches stably pin the plectoneme. (B) For the low force-low salt case with a 610 bp long
DNA, the theory predicts appreciable pinning only for 4 and 6 mismatches, whereas the 2 bp
mismatch is unable to pin the plectoneme. The overall trend of increasing pinning probability
with increasing mismatch size is recovered from simulations (Fig. 2.5 (a-c)), but there is an
increasing discrepancy between theory and simulations for 4 and 6 mismatches. (C) For the
low force-low salt case with a 1010 bp long DNA, the theory predicts appreciable pinning only
for the 6 bp mismatch. Similar to the results with the 610 bp DNA under the low force and low
salt conditions, the MD simulations agree with the theory for a 2 bp mismatch, but the
probability of pinning the plectoneme at the mismatch increase more slowly with increasing
mismatch size than predicted by theory.

To verify the results of the MD simulations, we compared them with results
obtained from a previously published theoretical model 2¢ that is built upon the
statistical mechanical behavior of dsDNA as a semiflexible polymer. The model

explicitly incorporates various free-energy components, such as the contribution from
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DNA bending associated with the end loop and the plectoneme, the Debye-Hiickel
electrostatic energy associated with the plectoneme wrapping, and the stretching
energy under an external force. The presence of a defect or base-pair mismatch is
theoretically modeled as a mismatch-size dependent reduction in the energy component
corresponding to DNA bending in the end loop. This energy reduction is incorporated
through a defect size parameter, &, which varies from 0, for no mismatches, to a
maximum of 1 as the extent of the mismatch increases. The energy and size of the
plectoneme end loop are rescaled by (1- €). With this simplifying assumption, the
energetic differences associated with a mismatch are lumped together in a single factor,
which is likely an oversimplification of the underlying energetic considerations
associated with mismatches.

MD simulations allow detailed microscopic understanding of the bending
energy reduction associated with mismatches. Comparing the structure of the end loop
and the energy associated with a kinked end loop, we obtain values corresponding to

the defect-size (&) parameter for different mismatch sizes. ¢ is defined as
E+
e=1--+t 4)

Here, E. + is the energy of a kinked end loop and E|, is the measure of energy of a defect

free end loop. In order to compare the theoretical predictions with MD simulations, we
calculate € using the results of the MD simulations. We use Fig. 2.5 (d-f) to obtain the
angle of the plectoneme end loop when the plectoneme is pinned at the mismatch and
when it is not pinned at the mismatch. Fig. 2.4 (a) and Fig. 2.4 (b) can be used to obtain
the energy required to bend a segment of DNA to a given angle. Using equation 4, we

can obtain an approximate estimate of € as a function of the number of mismatches in
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the simulated DNA molecule. We provide the values of the structural parameter &

obtained from the simulations in table 2.2.

Table 2.2 Structural parameters obtained from simulation

N=610bp,F=2 | N=610bp, F=0.3 | N=1010 bp, F=0.3
pN,S=1M pN,S=02M pPN,S=02M
& ALk = 3.46 & ALk = 2.31 & ALk = 2.87
Number of | & obtained from & obtained from & obtained from
mismatches simulations simulations simulations
0 0 0 0
2 0.23 0.06 0.1
4 0.5 0.26 0.32
6 0.75 0.41 0.55

Interestingly, the defect size parameter depends on the force and salt
conditions. This suggests that the thermodynamic size of the defect, which is the
parameter that controls the probability of buckling at the defect site, is not only
dependent on the size of the mismatch but also depends on the force and the salt
conditions. Using these values for the defect size, we find that the theoretical model
predictions are in qualitative agreement with the simulation results. More specifically,
for the high force and high salt conditions the simulations and the theoretical
calculations quantitatively agree, whereas for the low force and low salt conditions
(probabilistic regime) the theoretical probability of plectoneme pinning is over-

estimated compared to the simulation results. The theoretical approach of Brahmachari
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et al.2¢

assumes the mismatches do not cause local torsional softening; however, we
observe a slight torsional softening in the simulations. Although this torsional softening
causes a small change in the critical linking number, it is unlikely to significantly affect
the theoretical predictions. A second simplifying assumption in the theoretical
approach is considering the end loop fixed in size for a given force and defect size. In
simulations, however, we observe variations in the end loop size. These fluctuations in
the end loop may additionally destabilize the pinned plectoneme at lower forces.

An important parameter in the theoretical model for quantitative comparison
with simulation results is the discretization length used to calculate discrete sliding
states of the plectoneme. This discretization affects counting of states that are
accessible via sliding of the plectoneme. A small discretization length leads to a large
number of states resulting in a higher entropic cost to pinning of the plectoneme, and
vice versa. This discretization length becomes significant in determining the stability
of the pinned plectoneme state, especially for short DNA chains, the simulation case at
hand. This characteristic length is expected to be much shorter than the persistence
length of DNA, about 50 nm (the coarse-graining length scale for semiflexible polymer
behavior), longer than the base pair length scale (about 1 nm), and comparable to other
characteristic lengths in the system, such as the force-induced correlation length (about
10-20 nm); however, the exact numerical choice is not clear. We find that using a
discretization length of 5-10 nm results in the best agreement with the simulations. The
data displayed in Fig. 2.6 were obtained using 5 nm as the characteristic length

distinguishing the sliding states of the plectoneme.
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2.3.4 Mismatches absorb twist but do not affect writhe

In addition to providing the location and bending angle of the tip of the
plectoneme, the MD simulation approaches provide detailed information concerning
every base pair in the DNA molecule. An important consideration that has not been
addressed in prior experimental or theoretical studies is the effect of the mismatches on
the torsional compliance of the DNA molecule. To address this, we calculated the
average twist over each base-pair for both the intact and mismatch bases in each
simulation (Fig. 2.7 (a-c)). The presence of mismatched bases is expected to cause a
decrease in the local torsional stiffness. This effect can be seen clearly for the high
force - high salt case (Fig. 2.7 (a)): the twist per bp step at the mismatch is higher than
the twist per bp step at the intact DNA, and it increases with the size of the mismatch
region, whereas the twist per bp step for the intact DNA remains constant. For the low
force - low salt case, there does not appear to be a similar reduction in torsional stiffness
(Fig. 2.7 (b,c)). Curiously, compared to the intact DNA, the twist per bp step at the
mismatch decreases for the case of 2 mismatches for both 610 bp (Fig. 2.7 (b)) and
1010 bp (Fig. 2.7 (c)), but the twist per bp step increases for the 4 and 6-mismatch
cases. We note that the twist at the 2 bp mismatch will be affected more by the flanking
base pairs as compared to the 4 and 6-mismatch cases, which might be responsible for
a lower twist at the mismatch.

To better understand the twist accumulation at the mismatch, we performed
simulations of torsionally free and stretched DNA with the same sequence as the DNA
under torsional stress. In torsionally relaxed DNA, we observed the same decrease in
the twist at the mismatch step for the 2-mismatch case and subsequent increase in twist
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for 4 and 6 mismatches. This would suggest that for the 2-mismatch case, the twist at
the mismatch is lower even when no torsional stress is applied to the DNA. When
torsional stress is applied, we observe a higher twist accumulation at the mismatch as
compared to that at the intact base pairs due to torsional softening. The effect of
torsional softening can be clearly seen for the high salt high force case (Fig. 2.7 (a)):
here the twist at the mismatch is larger than that at the intact bases in the duplex. The
twist at the mismatch for the low salt low force case is similar to the case with no
torsional stress, likely due to the lower applied torsional stress. Previous, all atom
molecular dynamics simulations have quantified the effect of a mismatch on the twist
per bp step distribution in DNA®®!!!, These studies found that for the G:T mismatch
used in the current study, the twist at the mismatch is similar to the twist at the intact
DNA. To the best of our knowledge, there has been no study relating the number of

consecutive mismatches to the twist per bp step distribution in the DNA.
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Figure 2.7 Twist and writhe in a positively supercoiled DNA containing mismatches. (a-
¢) Average twist per bp step in degrees (The details of the averaging procedure are provided in
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the Methods section) of the DNA as a function of the number of consecutive mismatched base
pairs introduced at the DNA center for (a) 610 bp DNA with F=2 pN and 1 M monovalent salt,
(b) 610 bp DNA with F=0.3 pN and 0.2 M monovalent salt, and (c) 1010 bp DNA with F=0.3
pN and 0.2 M monovalent salt. Orange line represents the average twist per bp step at the
mismatch, Blue line represents the twist per bp step averaged over all the intact base pairs.
Error bars show standard deviation of measurement. (d-f) Distribution of excess twist and
writhe as a function of the number of mismatches for (d) 610 bp DNA with F=2 pN and 1 M
monovalent salt, (e¢) 610 bp DNA with F=0.3 pN and 0.2 M monovalent salt, and (f) 1010 bp
DNA with F=0.3 pN and 0.2 M monovalent salt. The details of the averaging procedure can be
found in the Methods section. Error bars show standard deviation of measurement.

We next probed possible global effects of the mismatches on the distribution of
twist and writhe in the supercoiled DNA molecules. For all conditions and mismatch
sizes, we find the twist and writhe stored in the DNA are not significantly altered by
the presence of mismatches (Fig. 2.7 (d-f)). In the current work, the mismatches
comprise a small fraction of the DNA (a maximum of 6 mismatches ina 610 bp DNA),
hence the torsional softening at the mismatches does not significantly affect the twist,
and hence the writhe, stored in the DNA. However, for the low force - low salt
conditions (Fig. 2.7 (e, f)), we see a slight increase in the twist stored in the DNA for
the 4-mismatch case. This increase is consistent for both the 610 bp and 1010 bp case
and may be statistically significant. A future study of how the twist for the 4-mismatch
case varies with increasing torsional stress will be helpful in determining the

significance of this observation.

2.3.5 Mismatches allow DNA to accommodate the same writhe with a smaller

plectoneme
Whereas the degree of bending or kinking at the tip of the plectoneme is an

important determinant of the localization of the plectoneme that depends critically on
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the size of the mismatch in addition to the salt and force conditions, it is not readily
experimentally measurable. In contrast, the extent of the DNA molecule that is in the
plectoneme can be accurately measured experimentally since it corresponds to the
decrease in DNA extension associated with plectoneme formation. Fig. 2.8 provides
the average size of the DNA plectoneme (length of DNA in the plectoneme) as a
function of the number of consecutive bp mismatches introduced at the DNA center for
different combinations of the applied force (F), salt concentration (S), and DNA length
(N). The plectonemes are smaller under the high force - high salt condition as compared
to the low force - low salt condition. This is also evident from the snapshots provided
in Fig. 2.4 (c, d). The writhe in the DNA is not affected by the presence of mismatches
(Fig. 2.7 d-1), yet we see a decrease in the plectoneme size with increasing number of
mismatches. The presence of the mismatch causes a decrease in the end loop angle
(Fig. 2.5 (d-f)) and a tighter plectoneme end loop reduces the plectoneme size while
not affecting the writhe. Although we note that the decrease in plectoneme size is not
universal and seems to disappear for the longer plectoneme.

We find that MD simulations can capture the variation in plectoneme size. In
Fig. 2.8 we provide the standard deviation (SD) in measurements of the plectoneme
size to show the variability of plectoneme size observed in the simulation. The SD of
the plectoneme sizes is generally large. Here, we note that the large variations in the
plectoneme size are not necessarily errors in the simulations. For example, under high
forces (Fig. 2.8 (a)) we expect the plectoneme to be largely stable because any increase
in the plectoneme size will result in a reduction in the DNA extension. A large amount

of energy will be needed to pull against the high force and reduce DNA extension. We
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see a SD of ~10 bps in the high force high salt case (see Fig. 2.8 (a)). Under lower force
and salt concentrations (Fig. 2.8 (b)), we see larger variations in plectoneme sizes.
Under lower forces, it will be easier for the plectoneme to elongate as it will have to
perform less work against a lower force compared to the higher stretching force.
Considering SD as a measure of error would imply that the errors in plectoneme sizes
are lower in the high force- high salt condition compared to the low force — low salt
conditions. We would generally expect a coarse-grained model like the OxXDNA2
model to be more error prone under extreme conditions like the high force — high salt
condition. Here, we provide the SD in plectoneme size to show the variation in

plectoneme sizes and not as a measure of error.
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Figure 2.8 Influence of mismatches on the length of DNA in plectoneme. Average size (in
bp) of the length of DNA in the plectoneme (see Methods section for details of the averaging
procedure) as a function of the number of consecutive mismatched base pairs introduced at the
DNA center for (a) 610 bp DNA with F=2 pN and 1 M monovalent salt, (b) 610 bp DNA with
F=0.3 pN and 0.2 M monovalent salt, and (c) 1010 bp DNA with F=0.3 pN and 0.2 M
monovalent salt. Note the differences in the y-axis scales. Error bars show standard deviation
of measurement.

2.3.6 Mismatches reduce plectoneme diffusivity

While the statistics of plectoneme formation and conformation permit

comparison with experiments, the simulation results provide a wealth of additional
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information concerning plectoneme dynamics (Fig. 2.9 (a-d)). Tracking the position of
the plectoneme along the DNA molecule over time provides a dynamic view of the
motion and the pinning of the plectoneme as a function of the size of the mismatch
region under different force and salt concentration conditions.

For intact DNA, the plectoneme is significantly less mobile under the high force
- high salt condition than the low force — low salt condition (Fig. 2.9 (a) and 2.9 (c)).
For DNA with four mismatches the plectoneme is strongly pinned at the mismatch
location under the high force - high salt conditions (Fig. 2.9 (b)). This is reflected in
the unity probability of the plectoneme being centered at the mismatch location (Fig.
2.5 (a)). Conversely, for DNA containing four mismatches under low force - low salt
conditions, the plectoneme remains highly mobile, indicating a lack of pinning of the
plectoneme at the mismatch. This is reflected in the low, significantly less than unity,
probability of the plectoneme being centered at the mismatch location under low salt
and low force conditions (Fig. 2.5 (b, ¢)).

To compare the mobility of the plectoneme under different conditions, we
calculated the diffusion constant of the plectoneme center (Fig. 2.9 (h-j)). For
plectonemes in both the high force-high salt and the low force-low salt regime, there is
a decrease in the plectoneme mobility with increasing number of mismatches (Fig. 2.9
(h-))). The diffusivity values presented in the current work present the short-time
motion of the plectoneme. In the high force high salt conditions despite the fact that the
plectoneme is pinned at the mismatch we observe slight changes in the plectoneme
center (Fig. 2.9 (b)) and these slight fluctuations lead to the non-zero diffusivity values.

We also observe higher diffusivity of plectoneme for the 1010 bp DNA (Fig. 2.9 (g))
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compared to 610 bp DNA (Fig. 2.9 (f)). The lower diffusivity of the plectoneme in 610
bp DNA is likely due to the plectoneme size being a higher fraction of the DNA length.
For the case of 610 bp DNA, the plectoneme size was half of DNA length in bps (~
300 bp, See Fig. 2.8 (b)). In the case of 1010 bp DNA, the plectoneme is roughly a
third of DNA length in bps (~ 300 bp, See Fig. 2.8 (c)).

The diffusion constant for intact DNA 1is similar to the value obtained by Matek

et al.®?

However, the diffusivity obtained in the current work is 3 orders of magnitude
larger than the experimentally observed diffusion constant. In the experiments
performed by van Loenhout et al.!'?, the diffusion constant is calculated for
plectonemes larger than 4 kb. In the current study, the average plectoneme size is
considerably smaller (Fig. 2.8), a smaller plectoneme will be more mobile. Another
factor that may affect the diffusivity is the use of a coarse-grained model in the current
work. Coarse-graining decreases the degrees of freedom in the system and hence
accelerates the dynamics. Similarly, the use of implicit solvent decreases the effective
viscosity, which further accelerates the conformational dynamics. As a result, the
plectoneme diffusivity data provided here represents the qualitative trend of the effect
of mismatches on plectoneme diffusivity, but the diffusion constants are likely over-
estimated. It is possible to decrease the diffusivity of molecules (viscosity of an implicit
solvent can be varied by changing the random forces applied by Langevin thermostat),
but this would result in inefficient sampling. The simulation time is limited to the order

of micro-seconds, and a higher diffusivity coefficient allows the simulation to sample

phenomenon observed in experiments.
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Figure 2.9 Mismatches slow plectoneme dynamics. (a-d) Time-dependent location of the
beginning (blue line), center (yellow line), and end (red line) of the plectoneme for (a) high salt
and high force with intact DNA (M=0), (b) high salt and high force with 4 consecutive
mismatches (M=4) at the DNA center, (c) low salt and low force with intact DNA (M=0), and
(d) low salt and low force with 4 consecutive mismatches (M=4) at the DNA center.(e-g) Mean
squared displacement of the plectoneme center as a function of the number of consecutive
mismatched base pairs introduced at the DNA center for (¢) 610 bp DNA with F=2 pN and
1 M monovalent salt, (f) 610 bp DNA with F=0.3 pN and 0.2 M monovalent salt, and (g)
1010 bp DNA with F=0.3 pN and 0.2M monovalent salt. Note the change in the y-axis
scaling. (h-j) Diffusivity of plectonemes as a function of the number of mismatches for (h)
610 bp DNA with F=2 pN and 1 M monovalent salt, (i) 610 bp DNA with F=0.3 pN and 0.2

52



M monovalent salt, and (j) 1010 bp DNA with F=0.3 pN and 0.2M monovalent salt. Note the
change in the y-axis scaling.

2.4 Conclusions

To the best of our knowledge these results represent the first simulation-based
evidence of the manner in which the interplay of force, salt concentration, and DNA
size affects the localization of a supercoiled plectoneme in a DNA containing
mismatches. We find that in the physiological regime of monovalent salt concentration
and force, entropy plays an important role in preventing plectoneme pinning. As a
result, under physiological conditions, small mismatch defects position plectonemic
domains probabilistically; larger mismatches lead to gradually more deterministic
positioning. These effects should be taken into account while considering the molecular
enzyme kinetics of base-mismatch-repair proteins. More generally, we provide a
coarse-grained simulation approach to investigate the effects of mismatches on DNA
supercoiling and plectoneme formation that can provide details of the conformations,
structures, and dynamics of the system that are not accessible from analytical theories

or current experimental approaches.
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Chapter 3: Coarse-Grained Simulations of Plectoneme
Pinning in a Negatively Supercoiled DNA containing

Mismatched Base-Pairs

3.1 Introduction

Base-pair mismatches in DNA can arise during the replication process. In vivo,
these mismatched base-pair need to be rapidly repaired to maintain genomic integrity.
The mismatched base-pairs are repaired by mismatch repair proteins (MMR)!'!>114,
Generally, the MutS protein (a canonical example of a MMR protein) will first bind to
the mismatched base-pair. Once bound, the MutS protein will then signal other MMR
proteins to start the mismatch repair process''>. The process by which MutS recognizes
DNA is not well understood. The crystal structure of MutS bound to the mismatched
DNA has shown that the DNA adopts a sharply bent configuration with the mismatched
base flipped out>'~23. In fact, a sharply bent DNA appears to be a common motif in
many crystal structures of DNA bound to other classes of repair proteins?*.

Recently, Dittmore et al.'* performed single molecule magnetic tweezers
measurements to study supercoiling of a DNA molecule with different number of
mismatches. Dittmore et al.'* found that under high force (~2 pN and above) and high
salt (~0.5 M and above) conditions, the plectoneme would localize at the mismatched
base pair. This provides a possible mechanism by which MMR proteins could
recognize the mismatch. The presence of mismatch locally reduces the bending rigidity
of DNA and this reduction makes the plectoneme pinning at the mismatch favorable.

However, plectoneme pinning results in a loss of entropy due to the loss of mobility of
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the plectoneme. The probability of plectoneme pinning is governed by the trade-off
between the enthalpic gain associated with bending at the mismatch and an entropic
loss due to pinning. These experiments however were unable to probe the plectoneme
pinning process under physiological condition (~ 0.5 pN force and ~ 0.2 M salt
concentration). Brahmachari et al. ?° later published a theoretical study which predicted
a reduction in the probability of plectoneme pinning under physiological condition. In
chapter 2 of the current thesis, we presented molecular dynamics (MD) simulation
results which qualitatively agreed with the theoretical prediction of Brahmachari et al.
All of the studies discussed above were limited to studying positively supercoiled, i.e.,
over-wound, DNA molecules. The simulation framework discussed in chapter 2 can be
used to study the plectoneme pinning in a negatively supercoiled, i.e., an under-wound,
DNA. Negative supercoiling may cause local melting at the location of the mismatch.
This local melting can reduce the local rigidity of the DNA molecule even further and
enhance the plectoneme pinning. Local melting can also allow the DNA to absorb the
torsional stress without forming a plectoneme by absorbing the change in linking
number entirely through untwisting (melting) the DNA strands. Generally, supercoiling
is favored at low forces and melting is favored at higher forces. Simulating DNA under
different forces reveals the effect of mismatches on the competition between buckling
and local melting in a negatively supercoiled DNA.

In the current chapter we use the framework, developed and verified in chapter
2, to study the plectoneme pinning process in a negatively supercoiled DNA under
physiological salt conditions. We find that negative supercoiling significantly enhances

plectoneme pinning in comparison to the case with equivalent levels of positive
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supercoiling. We also find that the mismatched base pairs are locally melted for a
significant portion of the simulation and the plectoneme end loop is bent significantly
more as compared to the positive supercoiling case. Additionally, we simulate the 1010
base pair long DNA under two different negative super-helical densities, i.e., two
different degrees of unwinding. We find that the super helical density does not affect
the plectoneme pinning probabilities.

We also conduct simulations of DNA under different stretching forces (0.3 pN,
0.4 pN, and 0.6 pN). Negatively supercoiled DNA under relatively high stretching force
(~0.6 pN) absorb torsional stress by locally melting instead of forming a plectoneme.
Simulations of DNA under different forces allow us to study the effect of mismatches
on the competition between plectoneme formation and local melting in a negatively
supercoiled DNA. We find that higher stretching forces increase the probability of

plectoneme pinning at the location of the mismatch.

3.2 Materials and Methods

To study the effect of the mismatch on a negatively supercoiled DNA, we
simulate a 610 bp and a 1010 bp long DNA with 0, 2, 4 and 6 consecutive mismatches
in the center of the DNA. The sequence of DNA is identical to the DNA in the previous
chapter. The simulations are carried out under physiological conditions of 0.2 M salt
concentration. The force and supercoiling conditions applied are supplied in the table
below. Unless otherwise stated, the method used to analyze plectoneme properties and

structure are similar to the methods described in the previous chapter.
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Table 3.1 Simulation details

DNA Force Implicit Turns
length applied Izzzz:lii::if::t applied
(bp) (®rN) ™) (ALk)
0.3

610 0.4 0.2 -2.31
0.6
0.3

1010 0.4 0.2 -2.87
0.6
0.3

1010 0.4 0.2 -3.82
0.6

3.3 Results and Discussion

3.3.1 Negative supercoiling enhances plectoneme pinning at mismatches

Fig. 3.1 provides representative snapshots of a positively supercoiled and
negatively supercoiled 610 bp long DNAs containing mismatches. The DNA in both
snapshots is subjected to a stretching force of 0.3 pN and an implicit salt concentration

of 0.2 M is used to simulate the physiologically relevant conditions. The simulation
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conditions are identical for the two cases (i.e., the cases of positively and negatively
supercoiled DNAs) with the only difference being in the direction of the torsional
stress, which for the case of the negatively supercoiled DNA underwinds the DNA.
Fig. 3.1 shows a positively supercoiled DNA containing mismatches in the center. In
the snapshot, the plectoneme is pinned at the location of the mismatch. Fig. 3.1(A)

shows a bent end loop and the inset shows the configuration of the mismatches.

Intact
Mismatched bps

>

g Positive X
5 Supercoiling g"% Negative Melted
3 Supercoiling Mismatched

bps

Figure 3.1 MD Simulation Snapshots. Simulation snapshots of (A) positively supercoiled
(over-wound) and (B) negatively supercoiled (under-wound) 610 bp long DNA with 6
mismatched bps. The DNA is subjected to a constant force of 0.3 pN and an instantaneous
torque at one end, while the other end is fixed. An implicit monovalent salt concentration of
0.2 M is used to perform the simulations. Green particles represent the sugar group of the
matched bps and pink particles represent the sugar group of the mismatched bps. Red, yellow,
white, and blue particles represent the A, C, G and T base groups, respectively.

58



We have previously shown that the presence of mismatches can facilitate
plectoneme localization at the mismatch for a positively supercoiled DNA. Negative
supercoiling of a DNA containing mismatches can result in local base pair melting at
the mismatched bps [see the inset of Fig. 3.1(B)] present at the center of the DNA. This
local melting in a negatively supercoiled DNA will result in an even greater reduction
in the local bending rigidity, when compared to the positively supercoiled DNA, and
therefore, will result in a further enhanced pinning. This reduction can be observed by
comparing the average plectoneme end loop angle for a positively (Fig. 2.5 (e, f)) and
negatively supercoiled DNA (Fig. 3.2 (C, D)), under similar force and salt conditions.
In Fig. 3.2 (A, B) we compare the probability of plectoneme pinning at the mismatch
for a positively and negatively supercoiled DNA under identical force and salt
conditions. In Fig 3.2 (A, B), the 0 mismatch case represents the probability of
plectoneme center being in a random location along the DNA. We find that negative
supercoiling significantly enhances plectoneme localization at the mismatch. For the
case of 1010 bp long DNA, we simulate DNA under two different specific supercoiling
densities (which determine the magnitude of the applied torsional stress). We find that
plectoneme localization is not significantly affected by the torsional stress applied (Fig.
3.2 (B)).

We have previously shown that plectoneme localization at the mismatch is
facilitated by the reduction in local bending rigidity at the location of the mismatch. In
Fig. 3.2 (C-E) we show the effect of mismatches on the plectoneme end loop angle. We
find that, compared to positive supercoiling [Fig. 2.3 (D-F)], negative supercoiling

(Fig. 3.2 (C-E)) causes a significantly higher bent plectoneme end loop (i.e., the
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plectoneme end is significantly more kinked). The end loop angle observed here may
depend on the specific parameters of the OxDNA2 model. To the best of our
knowledge, the effect of multiple mismatches on plectoneme end loop angle has not
been quantified in experiment or simulations and hence, it is difficult to make a

quantitative comparison between the simulation data presented here and existing

studies.
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Figure 3.2 Plectoneme position and end loop angle. (A, B) The probability of plectoneme
pinning at the mismatch as a function of the number of mismatches for negatively and
positively supercoiled DNA. Here o is the specific super helical density, positive supercoiling
is defined by + ¢ and negative supercoiling is defined by — o . (A) 610 bp DNA with F=0.3
pN, 0.2 M monovalent salt, (B) 1010 bp DNA with F=0.3 pN, 0.2 M monovalent salt. Error
bars (standard error of the mean, SEM) are smaller than the symbol size. (C-E) Average end-
loop angle, in degrees, of the DNA plectoneme [this angle is defined by blue arrows in the
insets of Figs. 2.2 ¢ and Figs. 2.2 d] as a function of mismatch size (in base pairs) for (C) 610
bp DNA with F=0.3 pN, 0.2 M monovalent salt and ¢ = -0.04, (D) 1010 bp DNA with F=0.3
pN, 0.2 M monovalent salt and ¢ = -0.03 and (E) 1010 bp DNA with F=0.3 pN, 0.2 M
monovalent salt and o = -0.04. The orange line represents the average end loop angle when the
plectoneme center is at the mismatch, whereas the blue line represents the average end loop
angle when the plectoneme center is not pinned at the mismatch. Error bars (SEM) are smaller
than the symbol size.
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In Fig. 3.3, we compare the probability of local base pair melting at the location
of the mismatch. In order to study the effect of mismatches on local base pair melting,
we calculate the probability of a base pair (that is close to the location of the mismatch)
being flipped out. Here we consider a bp to be locally melted if one or both nucleotides
are flipped out. In Fig. 3.3, the center of a sequence of mismatch is considered base
pair step 0, we calculate the base pair melting of the 10 base pairs adjacent to the
mismatch. We find that the presence of mismatch causes an increase in the probability
of local melting for both positively and negatively supercoiled DNA. Negative
supercoiling [Fig. 3.3 (B, D)] enhances the local base pair melting at the mismatches.
We also find that negative supercoiling causes melting of base pairs around the
mismatches resulting in a bigger locally melted region when compared to positively

supercoiled DNA.
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Figure 3.3 Probability of local melting. (A, B) The probability of base flipping as a function
of bp location for 610 bp DNA with F=0.3 pN, 0.2 M salt and (A) o =+ 0.04, (B) 6 = - 0.04.
(C, D) The probability of base flipping as a function of bp location for 1010 bp DNA with
F=0.3 pN, 0.2 M salt and (C) 6 =+ 0.03, (D) 6 = - 0.03. The location of the mismatched bps is
shown by filled symbols. Intact bps are shown as empty symbols. The center of consecutive
mismatches is step 0 and the bp next to the center is shown as =1 and so on. Error bars (SEM)
are smaller than the symbol size.

3.3.2. Effect of stretching forces on plectoneme localization at the mismatch in

negatively supercoiled DNA

In the previous section we have shown that negative supercoiling causes local

base pair melting at the mismatch and hence, causes higher plectoneme localization at
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the mismatches. The local base pair melting at the mismatches can be affected by the
tension applied to the negatively supercoiled DNA. Single molecule measurements
have shown that, even in an intact DNA molecule, negative supercoiling can start
causing some local base pair melting at a tension of ~0.4 pN. Increasing this tension
will result in additional melting and at around 1 pN of tension, the DNA will no longer
form a plectoneme. At stretching forces higher than ~1 pN, the DNA absorbs the
applied negative torsional stress by melting base pairs and no plectoneme formation is
observed. We use the simulation framework developed in the previous chapter to study
the effect of mismatches on the competition between plectoneme formation and local
base pair melting in a negatively supercoiled DNA. We perform simulations of a
negatively supercoiled DNA under three different tensions of 0.3 pN, 0.4 pN and 0.6
pN. We find that for all the stretching forces simulated here, the probability of
plectoneme localization at the mismatch increases with the number of mismatches
present in the DNA. We also find that the effect of stretching force on plectoneme
localization is significant only for the case of 2 consecutive mismatches present at the
center of DNA molecule (Figs. 3.4 (A-C)). For the case of 4 and 6 mismatches, we find
that the mismatches are always locally melted even for the lowest stretching force (Fig.
3.5). Hence, we do not observe an appreciable increase in the probability of plectoneme
localization with increased stretching force, for a DNA containing 4 and 6 mismatches.

In Figs. 3.4 (D-F) we show the end loop angle when the plectoneme is localized
at the mismatches [similar to the orange line in Fig 3.2 (C-E)]. We observe that for all
the simulation conditions, the plectoneme end loop angle decreases with an increase in

the number of consecutive mismatches. We also find that the tension applied doesn’t
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have a significant effect on the plectoneme end loop angle for the case of 4 and 6
consecutive mismatches. For the cases of 4 and 6 consecutive mismatches, the
mismatches are locally melted (Fig. 3.3) for all the applied tensions and hence the
applied tension has negligible effect on the plectoneme end loop kinking. For the case
of 2 consecutive mismatches, we find that the plectoneme end loop kinking increases

(i.e., the end-loop angle decreases) with higher tension.

In Fig 3.5, we show the effect of force on the probability of base flipping (i.e.,
local melting). We find that for all simulated conditions, a DNA with 4 and 6
consecutive mismatches is always locally melted (i.e., the bases are flipped out) at the
location of the mismatch. However, higher tensions applied to the DNA increase the
size of the locally melted region by increasing the probability of base flipping in base
pairs close to the mismatches. For the case of 2 consecutive mismatches, we find that
the increased tension leads to an increase in the probability of base flipping of the
mismatched base pairs. We also find that an increase in the applied tension leads to a
bigger locally melted region around the mismatched base pairs. In Fig. 3.5, we observe
an asymmetry in the probability of local melting around the mismatches. This
asymmetry is likely due to the presence of A:T type bps, which are generally torsionally

weaker than G:C type bps.

64



N =610 bp; S=0.2 M;

A o=-0.04
1
S
©
£
L
Eos
©
8 -@-0.3 pN
¥ -804 pN
0.6 pN
0
0 2 4 6
No. of mismatched bps
N=610bp; S=0.2 M;
D o=-0.04
14
! @-0.3 pN
4-0.4 pN
12 0.6 pN

End loop angle(o)
=
o

0 2 4
No. of mismatched bps

N =1010 bp; S =0.2 M;

B o=-0.03
1
_e
[
£ |
L
Eos
(]
8 @0.3pN
o 0.4 pN
o
g 0.6 pN
0 2 4 6
No. of mismatched bps
N=1010 bp; S=0.2 M;
E o=-0.03
14
< @-0.3pN
T -0.4 pN
e 120 0.6 pN
<
2,100
Qo
<
=~ 80 D
3
60
0 2 4 6

No. of mismatched bps

N =1010 bp; S=0.2 M;
o=-0.04

Z/ @03 pN
‘ -0.4 pN
o O{g 0.6 pN
0 2 4 6
No. of mismatched bps
N =1010 bp; S=0.2 M;
F og=-0.04
> 140X @-0.3pN
T -0.4 pN
5 120 0.6 pN
<
o, 100
Qo
2
5 80 ———
2 ]
60
0 2 4 6

No. of mismatched bps

Figure 3.4 Effect of tension on plectoneme position and end loop angle. (A-C) The
probability of plectoneme pinning at the mismatch as a function of the number of mismatches
for negatively supercoiled DNA under different tension (A) 610 bp DNA, 0.2 M monovalent
salt and ¢ = —0.04, (B) 1010 bp DNA, 0.2 M monovalent salt and o = —0.03 (C) 1010 bp
DNA, 0.2 M monovalent salt and ¢ = —0.04. (D-F) Average end-loop angle, in degrees, of
the DNA plectoneme when the plectoneme is pinned at the mismatch as a function of mismatch
size (in base pairs) for different tensions (D) 610 bp DNA, 0.2 M monovalent salt and o =
—0.04, (E) 1010 bp DNA, 0.2 M monovalent salt and ¢ = —0.03 (F) 1010 bp DNA, 0.2 M
monovalent salt and ¢ = —0.04. Error bars (SEM) are smaller than the symbol size.
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Figure 3.5 Effect of tension on base flipping. The probability of base flipping as a function
of bp location for (A-C) 610 bp DNA in 0.2 M salt, 6 = —0.04 and (A) F=0.3 pN, (B) F =
0.4 pN, (D) F = 0.6 pN. (D-F) The probability of base flipping as a function of bp location for
1010 bp DNA in 0.2 M salt and ¢ = —0.03, and (D) F=0.3 pN, (E) F=0.4 pN, (F) F=0.6
pN. (G-I) The probability of base flipping as a function of bp location for 1010 bp DNA in 0.2
M salt and 0 = —0.04, and and (G) F = 0.3 pN, (H) F = 0.4 pN, (I) F = 0.6 pN. The location
of the mismatched bps is shown by filled symbols. Intact bps are shown as empty symbols. The
center of consecutive mismatches is step 0 and the bp next to the center is shown as +1 and so
on. Error bars (SEM) are smaller than the symbol size.
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3.3.3. Molecular dynamics simulations capture fluctuations in plectoneme end

loop caused by base flipping

MD simulations allow us to study the plectoneme localization and the effects
of localization in granular detail. One example of the significance of garnering such
details is as follows: some DNA binding proteins efficiently bind to a DNA that is bent
at a specific angle and hence, the end loop angle of the plectoneme (precisely
quantifiable from simulations) could affect the binding of mismatch repair proteins to
the mismatch. Some proteins can actively bend DNA to a desired bend angle'!®!!7,
Crystal structure of mismatch repair protein (MutS) bound to a DNA containing G:T
mismatched base pair®?, shows the DNA is bent at an angle of ~120°. Previous all atom
simulations have shown that ~15 kT of free energy is required to bend a DNA
containing G:T mismatch (Fig. 2.1) to an angle of ~120°. In addition to the free energy
needed to bend the DNA, crystal structures of MutS bound to mismatch containing
DNA show that mismatched base is flipped out. In absence of MutS, previous all atom
studies have shown that ~ 10 kgT free energy is required to flip out a mismatched G:T
bp. When MutS is bound to the mismatch containing DNA, ~5 kzT of free energy is

required to flip out the mismatched nucleotide!'®

. Here, it is important to note that the
protein MutS locates mismatches in DNA without the consumption of ATP; MutS
consumes ATP once it has located the mismatch'!? and starts the downstream mismatch
correction process. Actively bending DNA and flipping out the mismatched base would
require significant work by MutS, without consuming ATP. Negative supercoiling

could potentially aid mismatch recognition by bending the DNA at mismatch and

flipping out the mismatched base.
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Fig. 3.6 shows the probability distribution of the plectoneme end loop angle for
a DNA containing 2,4 and 6 mismatches at the center of the DNA. We find that for a
DNA containing 4 and 6 mismatches, the end loop angle distribution has a single peak
and a broad distribution. Such a single peak at similar values correspond to the fact that
the bases are entirely flipped out for the cases of 4 and 6 mismatches. Interestingly, for
the case of DNA containing 2 mismatches, we find that generally, the end loop angle
distribution has two peaks. For the case of a DNA containing 2 mismatches, the
mismatched base pairs have only a finite probability of being flipped out (Fig. 3.5).
This is commensurate with these two peaks in the end loop angle distribution: one peak
corresponds to the case of completely flipped out bases (hence the peak occurs at
similar angle as the single peaks for the cases of 4 and 6 mismatches), while the second

peak corresponds to the case of the intact (non-flipped out) bases.
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Figure 3.6 Distribution of plectoneme end loop angle. Probability distribution of the
plectoneme end loop angle when the plectoneme is pinned to the mismatch for (A-C) 610 bp
DNA in 0.2 M salt, 0 = —0.04 and (A) F = 0.3 pN, (B) F = 0.4 pN, (C) F = 0.6 pN. (D-F)
1010 bp DNA in 0.2 M salt and ¢ = —0.03, and (D) F=0.3 pN, (E) F=0.4 pN, (F) F=0.6
pN. (G-1) 1010 bp DNA in 0.2 M salt and 0 = —0.04, and (G) F=0.3 pN, (H) F =0.4 pN, (I)

F=0.6 pN.

In Fig. 3.7, we plot the probability of the mismatched bp being flipped out as a
function of the end loop angle. We find that for a DNA containing 4 and 6 mismatches,

the mismatched base pairs are always flipped out for all end loop angle. This results in
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a unimodal distribution (Fig. 3.6) of the end loop angle for a DNA containing 4 and 6
mismatches. For the case of a DNA containing 2 mismatched bps, we find that the
probability of base flipping is not uniform. When the plectoneme end loop is strongly
kinked (small end loop angle), the mismatched bps are flipped out. This corresponds to
the first peak for the case of the 2 mismatched bp case. The presence of the base flipping
is invariably associated with a smaller end-loop angle, stemming from the fact that the
presence of the base flipping reduces the local bending rigidity of the DNA and hence
make it easier to bend the DNA leading to a smaller end loop angle. By the same
argument, a reduced presence of the base flipping should be associated with a larger
end-loop angle. In other words, as evident from Fig. 3.7, for the case of 2 mismatched
bps, a progressive increase in the end-loop angle leads to a progressive decrease in the
value of Pbase open. MoOst remarkably, this monotonic variation of Pbase open With the end
loop angle ceases at around an end loop angle of 150-160°. Ppase open plateaus around

that angle and then decreases sharply to zero as the end loop is increased further.
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Figure 3.7 Effect of base flipping on plectoneme end loop. The probability of the
mismatched base pair being flipped-out as a function of end loop angle for (A-C) 610
bp DNA in 0.2 M salt, 0 = —0.04 and (A) F = 0.3 pN, (B) F = 0.4 pN, (C) F = 0.6 pN. (D-F)
1010 bp DNA in 0.2 M salt and ¢ = —0.03, and (D) F=0.3 pN, (E) F=0.4 pN, (F) F=0.6
pN. (G-I) 1010 bp DNA in 0.2 M salt and ¢ = —0.04, and (G) F=0.3 pN, (H) F = 0.4 pN, (I)

F=0.6 pN.
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3.4 Conclusion

Plectoneme pinning could play a vital role in mismatch recognition. Single
molecule experiments, MD simulations, and theoretical studies have recently shown
that the presence of mismatches can cause plectoneme localization at the mismatch.
These studies, however, were limited to a positively supercoiled DNA. Negative
supercoiling can cause local melting at the location of the mismatch: this would result
in a significant reduction in local bending rigidity at the location of the mismatch. This
reduced bending rigidity can enhance the plectoneme localization at the mismatch. In
the current chapter we have used the framework developed in previous chapters to
study the effect of mismatches on plectoneme localization in a negatively supercoiled
DNA. We find that compared to a positive supercoiling, negative supercoiling enhances
the plectoneme pinning at the mismatch. We also find that plectoneme localization is
not affected by the torsional stress applied to the DNA. We then study DNA under
different applied tensions and find that higher applied tensions can cause an
enhancement in plectoneme pinning for the case of 2 consecutive mismatches. We also
find a direct correlation between the extent of end loop bending and base flipping in a
mismatched base pair.

To the best of our knowledge, the simulation study presented here shows the
first direct evidence of plectoneme pinning in a negatively supercoiled DNA containing

mismatches.
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Chapter 4: Observing Plectoneme Pinning in a DNA
containing Mismatches Using Single Molecule Rotor Bead

Magnetic Tweezer Assay

4.1 Introduction

In the previous chapters of this thesis, we have studied the effect of mismatched
base pairs on DNA plectoneme using molecular dynamics simulations. The use of
molecular dynamics was partially motivated by the limitation of traditional magnetic
tweezer experiments. In this chapter we propose a rotor bead magnetic tweezer assay
to overcome the limitations of traditional magnetic tweezer assays and verify the results
provided in chapters 2 and 3.

In traditional magnetic tweezer assays, a magnetic bead is attached to one end
of the DNA and the other end of DNA is attached to a glass slide®’. Magnets can then
be used apply tension and torque to the DNA through the tethered magnetic bead.
Rotating the magnetic bead results in torsional stress being applied to the DNA. The
application of torsional stress will result in a change in the twist of the DNA. Once a
critical twist is attained, the DNA will buckle into a writhed structure, called a
plectoneme. Additional turns applied to the bead will result in the elongation of the
plectoneme. The formation of plectoneme results in a decrease of the DNA extension
and the elongation of the plectoneme results in additional decrease of the DNA
extension'""'2. Magnetic tweezers have been used to study the plectoneme formation
process®!. Magnetic tweezer studies have also been used to study interactions of DNA

with proteins!20-122,
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A significant limitation of traditional single molecule magnetic tweezer assays
is that the DNA extension provides limited information, so it is not possible to observe
the location of the plectoneme. To overcome this limitation Dittmore et al. * introduced
mismatched base pair approximately 8% of the DNA length from one end of the DNA.
When supercoiled, the plectoneme that is pinned at the mismatch can absorb 8% of the
DNA length from below the mismatch and the same amount from above the mismatch.
Therefore, when the plectoneme is pinned at the mismatch and the plectonemes length
has become 16% of the DNA length, the DNA can no longer elongate due to the
plectoneme impinging on the surface. Additional turns applied to the DNA, under such
circumstances, will result in a second buckling transition. A second buckling transition
will only be observed if the plectoneme remains pinned at the mismatch. Therefore, the
occurrence of this second buckling transition can be used to infer plectoneme pinning
at the mismatch. Dittmore et al. '* only observed pinning in the high force (> 2 pN) and
high salt (> 0.5 M) regime. In the low force- low salt regime, it is possible that multiple

t 123124 and even when a there is a single plectoneme it

plectonemes are already presen
may not always be pinned at the mismatch 2. This would lead to plectoneme pinning
not being observed in the low force -low salt regime. Furthermore, since experiments
performed by Dittmore et al. ' required high forces to observe plectoneme pinning,
they were not suitable to study plectoneme pinning in a negatively supercoiled DNA.
Under high forces (> 1 pN) a negatively supercoiled DNA locally melts instead of
forming a plectoneme.

In this thesis, we outline a strategy for extending magnetic tweezer assays to be

able to measure the location of plectonemes. This strategy consists of attaching a non-
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magnetic gold nanoparticle near the mismatched base pair via a di-thiol group. By
simultaneously tracking the magnetic bead and gold nanoparticle, it is possible to
determine whether the plectoneme is located at the mismatch or elsewhere along the
DNA (Fig. 4.2). In order to track both the magnetic bead and gold nanoparticle, the
magnetic tweezer instrument is combined with a total internal reflection microscope.
A schematic of the instrument that will be used to simultaneously track the magnetic
bead and the gold nano-bead is shown in Fig. 4.1. In Fig. 4.2, we provide an illustration

to help the reader visualize the experiment.

Magnetic Tweezer Illumination
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Figure 4.1. Schematic of combined magnetic tweezer and total internal reflection
microscope. A magnetic bead tethered DNA substrate is added to the sample chamber.
Permanent magnets located above the sample chamber can be used to apply force and rotate
the magnetic bead. The magnetic bead is illuminated by a 660 nm LED. Motion of the magnetic
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bead is captured by a CMOS camera. A 520 nm laser is used to create an evanescent field. The
location of gold nano-bead can be captured using the evanescent field””.
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Figure 4.2 Illustration of the proposed experiment. The figure provides a schematic
of the proposed substrate and the expected data to be collected. Mismatches (red dot) are
introduced close to the surface. A gold nano-bead (gold dot) is attached next to the mismatches
(red dot). In the illustration, turns are applied to the magnetic bead until initial plectoneme
formation occurs. The formation of plectoneme results in a reduction in the vertical position of
the magnetic bead. When the plectoneme is located below the gold nano-bead, we will observe
a reduction in the vertical position of the gold nano-bead. If the plectoneme is located above
the gold nano-bead, the vertical position of the gold nano-bead remains unchanged. Since the
mismatches and gold nano-bead are located close to the surface, we can assume that when the
plectoneme is located below the gold bead, the plectoneme center is localized at the
mismatches. Simultaneous tracking of magnetic bead and gold nano-bead allows us to study
plectoneme localization in conditions when plectoneme is not always pinned at the mismatch.
Blue regions are shown to identify the magnetic and gold nano-bead vertical position when
plectoneme formation has not occurred, when plectoneme is located at the mismatch, and when
plectoneme is away from the mismatch.

In the experiment proposed here, we plan to simultaneously track the location
of the magnetic bead (attached to one end of DNA) and the gold nano-bead (attached
next to mismatch) (Fig. 4.2). DNA absorbs the applied tortional stress by change in
twist. The change in twist does not significantly change the vertical position of the
DNA tethered magnetic bead. Once a critical amount of torsional stress has been

absorbed through twist, the DNA buckles and forms a plectoneme. The formation of
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plectoneme leads to a reduction in the vertical position of the DNA tethered magnetic
bead. The plectoneme, once formed, can translocate along the DNA backbone. The
vertical position of the DNA tethered magnetic bead does not provide any information
on the location of the plectoneme.

We introduce the mismatches close to where one end of the DNA is attached to
the surface. The gold nano-bead is attached close to the mismatch. The location of the
gold-nanoparticle can provide a direct signal if the plectoneme is present at the
mismatch. If the plectoneme is located below the gold nano-bead, we expect the gold-
nanoparticle to move close to the surface. Since the mismatches and gold nano-bead
are located close to the surface, we can infer that when the plectoneme is located below
the gold nano-bead, the plectoneme center is localized at the mismatch. The presence
of plectoneme away from the mismatch (plectoneme is located above the gold nano-
bead) will not result in a change in the vertical position of the gold nanoparticle. In
short, the presence of plectoneme at the mismatch will result in a change in the vertical
position of both the magnetic bead and the gold nano-bead. When the plectoneme is
not located at the mismatch, we will observe a change in the vertical location of the
magnetic bead, but the vertical position of the gold nanoparticle will be unchanged.
This method will allow us to study plectoneme localization even if multiple
plectonemes are present and the plectoneme doesn’t stay pinned at the mismatch. Most
importantly the method can be used to study plectoneme pinning in a negatively
supercoiled DNA.

In traditional magnetic tweezers experiment, plectoneme pinning could be

observed only if the plectoneme remained pinned at the mismatch. High forces and
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high salt concentrations were needed to ensure plectoneme pinning at the mismatch.
Under high forces, plectoneme formation does not occur in a negatively supercoiled
DNA, instead the DNA locally melts. Hence, traditional magnetic tweezers
experiments could not be used to observe the plectoneme pinning in a negatively
supercoiled DNA. The experiment outlined here can be used to study plectoneme
pinning under low forces (when the plectoneme does not always stay pinned at the
mismatch) and hence can be used to study plectoneme pinning in a negatively
supercoiled DNA.

In the remainder of this chapter, we describe the procedure to generate the DNA
substrate used in a rotor bead assay. We use agarose gel electrophoresis to verify that
the generated substrate is of the accurate length. We also verify that our protocol can
be used to add mismatches to DNA. Finally, we also perform extensive single-molecule
magnetic tweezers assay to verify that the presence of the dithiol group does not cause
plectoneme pinning in an intact DNA.

4.2 Materials and Methods

4.2.1 Description of DNA substrate

In order to perform the single-molecule rotor bead assay we generate an
approximately 4.5 kilo-base long DNA molecule. The substrate is designed to be a
modular assembly which can be easily modified to induce mismatches or modify the

DNA length.
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Figure 4.3 Schematic of DNA substrate. (A) Figure shows the schematic of the modular DNA
substrate generated in this thesis. The muti-digoxigenin and multi-biotin handle attach to the
flow cell surface and the magnetic bead, respectively. The 439bp DNA segment contains two
Nt.Bbvcl (New England Biolabs) nicking sites that can be used to add mismatches to the DNA
substrate. The 43bp DNA contains the di-thiol group needed to attach the gold nanoparticle.
Each segment is individually digested to produce unique 4 bp overhangs. The unique overhangs
are used to guide ligation of segments. (B) Illustration of the final assembled substrate. The
multi-biotin handles attached to a streptavidin coated magnetic bead (blue bead). Multi-
digoxigenin handles attach to an anti-digoxigenin coated flow cell surface.

The muti-digoxigenin and multi-biotin handles are 500 bp long and attach to
the flow cell surface and the magnetic bead, respectively. The 439 bp DNA segment
contained two specific nicking sites. The two nicking sites are specifically nicked by
the Nt.Bbvcl enzyme (New England Biolabs). This nicking will produce a 37
nucleotide (nt) gap in one strand of the DNA. We can then add a single DNA strand
that contains the mismatch and anneal it to the 439 bp DNA segment (see section 4.2.3).
The 43 bp DNA segment contains a di-thiol group that can be used to attach the gold
nanoparticle to the DNA. The protocol to attach the gold particle has been previously
developed and validated by our collaborator, Dr. Haksung Jung (NIH, Bethesda). The
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3 kilo-base pair (kbp) DNA is designed to be easily swappable with a DNA segment of
different length. The simulations results presented previously have shown that DNA

length can affect the plectoneme pinning at the mismatch.

4.2.2 DNA substrate preparation

The 3 kbp were generated using PCR amplification of the pET-28b plasmid
(EMD4Biosciences). The 439 bp DNA was generated using PCR amplification the
pkz2x plasmid. The pkz2x plasmid is similar to the pET-28b plasmid, except it
contains an additional 48bp DNA segment at the BamHI site in the pET28b plasmid.
This segment contains two Nt.Bbvcl recognition sequences that are separated by 37 nt
and also Pstl restriction recognition sequence between these two nicking sequences.
The nicking sites are used to introduce mismatches in DNA (see section 4.2.3). The
multi-digoxigenin and multi-biotin handles were generated using PCR amplification of
the pBluescript II KS(+) plasmid (Stratagene). Digoxigenin-11-dUTP (Roche) and
Biotin-16-dUTP (Roche) were added to the PCR reaction mixtures for multi-
digoxigenin and multi-biotin handles, respectively. The PCR product was purified
using the QAquick PCR purification kit (QIAGEN). The purified product was then
digested with Bsal-HF (New England Biolabs). The digestion produces specific 4 bp
overhangs that can be used to ligate the individual segment of the DNA (the specific 4

bp overhangs of each segment are shown in Fig. 4.3 (A)).

The segments are ligated together using the T4 DNA ligase (Promega). The

ligation of DNA substrate is carried out in multiple steps (Fig. 4.4 (A)). First, the 439
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bp, multi-digoxigenin and 43 bp DNA (containing di-thiol group) segments are ligated
together. In Fig. 4.4 (B), we verify that the expected ligation occurred using a 1%
Agarose gel. Separately, we ligate the 3 kbp segment and multi-biotin segments. In Fig.
4.4 (C) we show the ligation product of this step in the third column. We observe lower
ligation efficiency for this step. Finally, we ligate the two separate parts together. The
ligation efficiency of the final step is low, and we extract the completed DNA substrate
using gel extraction (QIAquick Gel Extraction Kit, Qiagen). Each segment of the DNA
substrate is designed to have a unique 4 bp overhang (Fig. 4.3 (A)). The multi-step
ligation process ensure that we only obtain a supercoilable DNA substrate if all the

DNA segments have ligated as expected.

The protocols and materials used to perform the reactions are similar to the Seol
et al.!? and are also provided in appendix A. The gel electrophoresis data shown in the
thesis is collected using precast 1% Agarose E-gel (Thermo Fisher) stained with SYBR
gold. Invitrogen E-Gel Power Snap Electrophoresis device is used to perform and

record gel electrophoresis.
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Figure 4.4 Ligation of DNA substrate. (A) Schematic showing the multi-step ligation
process. The multistep ligation process ensures that we only obtain a supercoilable DNA
substrate if all segments have correctly ligated. First, we ligate multi-digoxigenin handle, 439
bp segment and 43 bp segment together. Separately, we ligate multi-biotin handle with the 3
kbp segment. Finally, we ligate the two separate segments together. (B, C) 1% agarose gel
showing the ligation product. (B) Ligation 1, The individual DNA segments to be ligated are
shown along with the ligated product. Here, “Dig” refers to multi-digoxigenin handle. The
expected length of ligated segment is shown in brackets. Samples are run for 10 min. (C)
Ligation 2 (3 kbp and multi-biotin handle) is shown in Lane 3. Finally, ligation 3 is shown in
Lane 4. We observe multiple ligation products for ligation 3. Since each DNA segments ends
in a specific 4 bp overhang, we can account for all the different DNA ligation products. Gel
extraction is used to obtain the correct ligated substrate. Here, “Bio” refers to the multi-biotin
handle. Samples are run for 20 min.



4.2.3 Introduction of mismatched base pairs to DNA.

Gap
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Figure 4.5 Addition of mismatch to DNA. (A) Schematic of the mismatch addition process.
The mismatches are introduced in the 439 bp segment. The 439 bp segment contains two
specific nicking sites. A specific sequence cleaved by Pstl enzyme exists between the nicking
sites. Nicking produces a 37 nucleotide (nt) gap in the substrate. A 37 bp single stranded DNA
containing mismatches is added to the mixture. The 37 bp segment is otherwise complementary
to the gapped substrate. Addition of mismatch removed the Pstl cleavage site. Mismatch
addition is confirmed if addition of Pstl enzyme does not result in cleavage. (B) 1% Agarose
gel showing cleavage reaction of 439 bp segment with Pstl enzyme. Cleavage is observed with
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the 439 bp segment with intact DNA sequence. Addition of mismatches removes the cleavage
site. No cleavage is observed in a 439 bp segment containing mismatch.

The mismatched bps are introduced in the 439 bp DNA segment. Nt.Bbvcl
enzyme (New England Biolabs) is used to nick two specific sites in the 439 bp DNA

segment (Fig. 4.5 (A)).

We first nick the 439 bp DNA segment using Nt.Bbvcl enzyme. Nicking
produces a 37 nucleotide (nt) gap in the DNA (Fig. 4.5 (A)). Next, we ligate a mismatch
containing single stranded DNA to the nicked 439 bp DNA segment. In order to
confirm the mismatch incorporation, the 439 bp DNA segment is designed to contain
a specific sequence cleaved by the Pstl (New England Biolabs) enzyme. We then cleave
the mismatch containing 439 bp DNA with Pstl enzyme. Addition of the mismatch
removes the Pstl cleavage site and the mismatch containing 439 bp DNA segment is
no longer cleaved (Fig. 4.5 (B)). This procedure allows us to verify that the mismatch
is inserted in the DNA molecule. The protocols used for nicking and cleavage are

provided in Appendix A.

4.3 Results and Discussion

4.3.1 Calibration of conventional single-molecule magnetic tweezers

Here, we briefly describe the procedure used to calibrate a conventional single-
molecule magnetic tweezers. In this thesis, we plan to observe supercoiling of a DNA
molecule containing a di-thiol group. This measurement will allow us to ensure that the

presence of the di-thiol group does not cause plectoneme pinning at the thiol group. In
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order to accurately capture the force applied to the magnetic bead, we first calibrate the

forces in a traditional magnetic tweezers instrument using a 11 kb long DNA.

The procedure to calibrate the magnetic tweezers instrument is similar to the
procedure used previously by Dittmore et al.'*. Briefly, we first attach approximately
500 bp long muti-digoxigenin and multi-biotin handles to the 11 kb DNA segment. We
then assemble a flow cell using double sided parafilm sticky tape to glue two cover
slips together. Next, we flow in polystyrene beads and incubate the flow cell at room
temperature for 30 minutes. We use a microscope to verify that we have a good
distribution of poly-styrene beads in the flow cell. We then press the flow cell against
a hot plate, at approximately 100 °C, for around a minute. The heat firmly localizes the
polystyrene bead to the cover slip. The localized polystyrene beads are used as a

reference for drift correction.

Next, we flow in a 45 pl mixture containing, 3 pul of anti-digoxigenin solution
(0.2 mg/ml in 1x PBS), 2 ul of 0.1 nM 11 kbp DNA and 40 pl 10X PBS buffer. The
mixture is incubated in the flow cell overnight to allow the formation of a stable bond
between the anti-digoxigenin coated surface and the multi-digoxigenin handles of the
11 kb DNA. We then flow through 1 um diameter magnetic beads (Invitrogen). Once
incubated for 10 mins, we use wash buffer (1X PBS, 0.1% w/v BSA, 0.01% v/v Tween-
20) buffer to flow out the unbound magnetic beads. We then use this flow cell to

calibrate magnetic tweezers instrument.

Similar to a simple pendulum, the force applied to the DNA tethered magnetic

bead can be calculated using the Brownian motion of the magnetic bead about its

85



equilibrium position. The force on the magnetic bead can be approximated using the

expression”’

_ kpT(2)
(6y?)

4.1)

where, kj, is the Boltzmann constant, T is the absolute temperature, (z) is the average
DNA extension, and (§y?) is the standard variation in bead position in Y- direction
(Fig. 4.6 (A)). We start the measurement with the magnet approximately 10 mm away
from the flow cell. The position of DNA tethered magnetic bead provides a reference
of the surface of the flow cell. We then move the magnet close to the flow cell. We
refer to this position as the zero position of the magnet. Next, we incrementally move
the magnets upwards in steps of 0.15 mm. We generally, repeat the measurement for 5
different DNA-tethered magnetic beads and use the average force at each magnet

position to calibrate the force.

A B
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Magnet Position relative to flow cell (mm)
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Motion 20 |—Fit ()]

Figure 4.6 Force calibration of Magnetic tweezers. (A) Schematic of magnetic tweezers
instrument. Force is calculated from the motion of DNA-tethered bead. The magnets apply the
maximum force when it is closest to the DNA (position zero). Magnet is moved away from the
flow surface (in Z direction) to capture change in force. (B) Variation of the force applied to
the magnetic bead as a function of the relative Z-position of magnet with respect to cover glass.
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The relative distance is measured in millimeters (mm). The force applied to the magnetic bead
is calculated using the variance in Y-direction movement of a magnetic bead. A
phenomenological double exponential is fit to the data to allow interpolation of force between
the calibrated magnet positions.

Figure 4.6 (B) shows a typical force calibration curve for a single magnetic
bead. Fy is the force obtained using the variance in bead position in the Y — direction
(using Eq. 4.1 shown above). The position of the magnet is calculated relative to the
cover glass. The magnet position closest to the flow cell is assigned a value of 0. Each
force measure is performed by moving the magnet a distance of -0.15 millimeters (mm)

in Z- direction (Fig. 4.6 (A)).

The forces obtained are fit to a double exponential equation, which can be used
to interpolate the forces applied to the magnetic bead. The double exponential is a
phenomenological fit, but it has previously been shown to accurately capture the

variation of force with magnet position'?®.
4.3.2 Presence of di-thiol group does not cause plectoneme localization

We plan to use the DNA substrate, generated here, to study plectoneme pinning
at the mismatch in a supercoiled DNA molecule. We have previously shown that
plectoneme pinning at the mismatch is caused by the reduction in local bending rigidity
at the mismatch. Here, we verify that, under the force (< 2 pN) and salt concentrations
(<1 M NaCl) we plan to use in the rotor bead experiment, the presence of di-thiol group
does not result in plectoneme pinning (Fig. 4.7 (A)). We generate a 4.5 kb DNA

containing the di-thiol group using the procedure outlined in section 4.2.2 (Fig. 4.4
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(A)). We then assemble a flow cell containing the 4.5 kb DNA using a procedure

similar to the procedure outlined in section 4.3.1.

Fig. 4.7 (A) shows the response of the di-thiol containing generated DNA
substrate to positive supercoiling. A single run is shown in Fig. 4.7 (A). A force of 2
pN is applied to the DNA. A 1 M NacCl buffer is used to observe the supercoiling. We
have previously shown that high force and high salt concentrations increase the
probability of pinning. The data shown in Fig. 4.7 (A) is for the highest force and salt
concentration that will be used in the rotor bead assay. We induce supercoiling by
rotating the magnetic bead tethered to the DNA. A torsionally constrained DNA
absorbs the applied turns through a change in the DNA twist, until a critical twist is
reached. The DNA molecule buckles and forms a plectoneme once this critical twist is
reached. The buckling results in a reduction in DNA extension (Fig. 4.7 (A)), which
can be observed by recording the vertical location of DNA-tethered magnetic bead.
Additional turns applied to the DNA results in elongation of the plectoneme and results
in additional continuous reduction in DNA length. In Fig. 4.7 (A) we apply turns at a
rate of 1 turn every 10 seconds. Data acquisition is performed at 100 Hertz (Hz). The
raw-timeseries data of DNA extension is shown with blue dots in Fig. 4.7 (A). The
black curve shows average extension at each turn. In the DNA substrate generated here,
we observe a continuous and uniform decrease in DNA extension once the initial
buckling occurs (first gray bar in Fig. 4.7 (A)). This continuous and uniform decrease
is expected when plectoneme pinning has not occurred. In Fig. 4.7 (A), we overlay the
red curve to show the expected DNA extension data if plectoneme pinning was

observed at the di-thiol group. If the plectoneme pinning occurs at the di-thiol group,
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we will observe a second buckling transition (red curve (Fig. 4.7 (A))) once around
30% of DNA length has been absorbed by the plectoneme. Generally, we carry out
multiple supercoiling experiments (> 30 DNA extension curves). We never observe a
second buckling indicating that the plectoneme pinning unlikely occur at the di-
thiolated DNA site under relatively high force (~ 2pN) and high salt (~ 1M MaCl)..
The rotor bead experiment proposed here, will be performed at lower force (< 2 pN)
and salt concentrations (< 1 M NaCl). Hence, we do not expect the di-thiol group to

cause plectoneme pinning in the rotor bead experiments.

A 2 pN force and 1 M NaCl Buffer
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Figure 4.7 Supercoiling of DNA substrate containing a di-thiol group. (A) Data of DNA
extension vs turns (excess linking number). DNA is in a 1 M NaCl buffer and 2 pN force is
applied to the magnetic bead tethered to the DNA. Blue dots show the raw time series when
turns are applied at a rate of 1 turn every 10 seconds. Black curves show the average DNA
extension at each turn. A single buckling transition is observed for the DNA substrate
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generated here (first gray bar). Plectoneme pinning at the di-thiol group would have caused a
second buckling transition (second gray bar). The red curve is simulated data to help the reader
visualize a hypothetical second buckling transition." (B) Averaged DNA extension vs turns
data for the DNA in two different buffers (~ 0.15 M NaCl buffer and 1 M NaCl salt buffer).

In Fig4.7 (B), we show the average DNA extension change of supercoiled DNA
containing di-thiol group. We use two different buffers (a ~0.15 M NaCl buffer and a
1 M NacCl buffer) to observe supercoiling of a 4.5 kb DNA containing di-thiol group.
We also use three different tensions (0.2 pN, 0.7 pN and 2 pN). We typically start from
a positively supercoiled DNA where the DNA tethered magnetic bead is very close to
the surface. We then apply 1 turn every 10 seconds and cycle between positive and
negative supercoiling. Generally, we use around 5 different DNA tethered magnetic
bead and average the results. The DNA extension curves (Fig. 4.7 (B)) show that,
similar to intact DNA, positive and negative supercoiling results in similar reductions
in DNA extensions when relatively low forces (~ 0.2 pN, blue curve in Fig. 4.7 (B))
are applied to the DNA. DNA, stretched by intermediate force (~ 0.7 pN, red curve in
Fig. 4.7 (B)), shows slight asymmetry in the extension curve. Intermediate forces result
in slight local melting when DNA is negatively supercoiled. The local melting can
absorb some of the tortional stress applied to the DNA and result in formation of a
smaller plectoneme. The smaller plectoneme will cause a smaller reduction in DNA
extension, and we will observe the DNA extension to be longer for a negatively
supercoiled DNA compared to a positively supercoiled DNA. Application of high
stretching forces (~ 2 pN, green curve in Fig. 4.7 (B)) will cause significant melting in
a negatively supercoiled DNA. The melting will absorb the applied tortional stress in a

negatively supercoiled DNA and we will observe no plectoneme formation.
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The magnetic tweezers assays show that the presence of di-thiol group does not

result in double buckling in DNA molecule (Fig. 4.7 (A)).

4.4 Conclusions

In this chapter of the thesis, we have provided a detailed procedure to perform
single molecule rotor bead assays to provide direct experimental validation of the
simulation results presented here (Fig. 4.1, Fig. 4.2 and Fig. 4.3). We have successfully
generated the DNA substrate that can be used in the rotor bead assays (Fig 4.4). We
have also verified that the procedure outlined in the thesis can be used to successfully
add mismatches to the DNA substrate (Fig 4.5). We have used single-molecule
magnetic tweezers assay to verify that the presence of di-thiol group does not result in
plectoneme pinning (Fig 4.7). The results outlined in this chapter should form the basis
of immediate future studies (not to be conducted as a part of this dissertation) that
would enable first direct quantification of the localization of the plectoneme at
mismatches for negatively supercoiled DNA in low-force and low-salt regime and in

the process help to validate the predictions of our simulation results.
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Chapter 5: Conclusions and Outlook

In this dissertation we have used MD simulations and single molecule magnetic
tweezers assay to understand the effect of mismatches on supercoiled DNA. In vivo,
mismatches need to be rapidly corrected. The mechanism used by mismatch repair
proteins to find the mismatch is not well understood. The goal of this dissertation was
to study the effect of mismatches on supercoiled DNA.

We first created a simulation framework using the OxDNA2 model to study
plectoneme pinning in a DNA containing mismatches. To the best of our knowledge,
we have for the first time shown that the OXDNA2 model can reproduce all atom
simulations results on the effect of mismatches on local bending rigidity of DNA (Fig.
2.1). We then used the OxXDNA2 model to study plectoneme localization in a positively
supercoiled DNA containing mismatches. We found that the simulation framework
used here can quantitively reproduce the plectoneme pinning observed in single
molecule experiments at relatively high force (~2 pN) and relatively high salt
concentrations (~1 M NaCl) (Fig. 2.5 (a)). We also find that in the high force-high salt
condition, the simulation framework presented here can quantitatively reproduce
theoretical predictions of plectoneme localization in the presence of mismatches (Fig.
2.6 (a)). Next, we use the simulation framework to observe plectoneme localization in
a positively supercoiled DNA in lower force (~0.3 pN) and more physiologically
relevant salt concentration (~ 0.2 M NaCl). We find that the under these conditions, the
probability of plectoneme localization is lower compared to the high force- high salt
conditions (Fig. 2.5 (b, c¢)). We also find that under low force (~0.3 pN) and low salt

(0.2 M NaCl) conditions, the MD simulation results no longer quantitively agree with
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the theoretical predictions of plectoneme pinning at the mismatches (Fig. 2.6 (b, ¢)). In
the low force-low salt case, we also simulate DNA molecule of two different lengths.
The entropic cost associated with plectoneme localization will be higher in a longer
DNA. We find that, under similar conditions, the probability of plectoneme localization
at the mismatch is lower for a longer DNA (Fig. 2.5 (c)). To the best of our knowledge,
the simulations presented here are the first to show that plectoneme pinning can be
observed in timescales reached by coarse-grained simulations.

We then use the simulation framework developed here, to study the effects of
mismatches on a negatively supercoiled DNA. The presence of mismatches would
promote local melting at the mismatches and this local melting could reduce the
bending rigidity at the mismatch and this would promote plectoneme localization at the
mismatch. Alternatively, instead of forming a plectoneme, the local melting at
mismatches could absorb the negative tortional stress. We find that the presence of
mismatches enhances plectoneme localization at the mismatch (Fig. 3.2 (A)). We also
find that plectoneme pinning is not dependent on the amount of torsional stress applied
to a negatively supercoiled DNA (Fig. 3.2 (B)). In order to investigate the competition
between plectoneme pinning and local melting in a mismatch containing negatively
supercoiled DNA, we also simulate a negatively supercoiled DNA under three different
forces. We find that higher forces enhance plectoneme pinning in negatively
supercoiled DNA containing 2 mismatches (Fig. 3.4 (A - C)). We don’t observe a
significant effect of tension on plectoneme pinning in a negatively supercoiled DNA
containing 4 or 6 mismatches (Fig. 3.4 (A - C)). We also directly calculate the effect of

tension on base flipping, i.e., local melting, in a negatively supercoiled DNA. We find
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that tension enhances local melting at the mismatches (Fig. 3.5). We also observe that,
under similar conditions, the size of the melted region is bigger in a negatively
supercoiled DNA compared to a positively supercoiled DNA (Fig. 3.3). To the best of
our knowledge, the simulation results presented here are the first direct evidence of
plectoneme pinning in a negatively supercoiled DNA. The simulations of negatively
supercoiled DNA containing mismatches can be used to define a phase space (range of
tension and salt concentration) to observe plectoneme localization in vitro.

Finally, we outline a detailed framework to experimentally verify the
simulation results presented here. We outline the procedure to perform a single-
molecule rotor bead assay (Fig. 4.1). In the rotor bead assay, a small gold nanoparticle
is attached to the DNA molecule. The gold nanoparticle is attached close to the
mismatched base pairs; therefore, monitoring the motion of the gold nanoparticle
allows us to directly observe plectoneme localization (Fig. 4.2). We generate a 4.5 kilo-
base long DNA molecule containing a di-thiol group (Fig. 4.4 (C)). We also perform
extensive single-molecule magnetic tweezers experiments to verify that the presence
of di-thiol group does not result in pinning in an intact DNA molecule (Fig. 4.7 (A)).
We also verify that the protocol suggested here can be used to create mismatched base
pairs in a DNA molecule (Fig. 4.5).

This thesis highlights the advances that can be obtained by combining
theoretical, simulation and experimental techniques to study a problem. In future, it
would be beneficial to use the results of the rotor bead study to improve the simulation
and theoretical models. The theoretical model developed by Brahmachari et al.¢

should generally apply to any DNA defect that can reduce the local bending rigidity of
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the DNA. Improving the theoretical model, using the simulation and experimental
results provided here, will provide an excellent tool to study the plectoneme pinning
caused by other DNA defects. The rotor bead assay outlined here can be used to study
plectoneme pinning in a DNA under different multivalent salt conditions. Generally,
presence of multivalent ions reduces the local bending rigidity of DNA. This reduced
rigidity could enhance plectoneme localization. The experimental framework outlined
here, can for the first time, provide direct evidence of the effect of multivalent ions on
plectoneme pinning in a DNA containing mismatches.

Another exciting application of our experimental framework would be to study
the effect of protein binding on supercoiled DNA containing mismatches. The
mechanism of MutS binding to DNA with mismatches is not well understood. The
method proposed here can be used to study the mechanism of MutS. The magnetic
tweezers instrument is combined with single-molecule fluorescence TIRF microscopy
that can be used to measure the localization of fluorescently labeled MutS to
mismatched DNA. The time to bind and lifetime of MutS binding to the mismatch can
be directly probed as a function of supercoiling in this assay. This will shed light on
the question that in part motivated this work — can supercoiling facilitate mismatch

detection by MutS and related mismatch repair proteins?

95



Appendix A: DNA substrate generation

A.1 Materials

pET28b plasmid (EMD4Biosciences)

e pBluescript plasmid (Stratagene)

e Phusion DNA polymerase (M0530, New England Biolabs) and buffer

e Taq DNA polymerase (M0273, New England Biolabs) and Taq pol standard buffer

e Bsal-HF (R3535, New England Biolabs)

e Nt.Bbvcl (R0632L, New England Biolabs)

e T4 DNA ligase (M1804, Promega) and supplied buffer

e dNTP solution set (N0446, New England Biolabs) to prepare a low dTTP-dNTP mixture
containing 10 mM dATP, dCTP, dGTP, and 6 mM of dTTP (N0447, New England
Biolabs).

e Biotin-16-dUTP (11093070910, Roche)

e Digoxigenin -11-dUTP (11093088910, Roche)

e PCR Purification Kit (28104, Qiagen)

A.2 PCR amplification to produce DNA segments
A.2.1 Primers needed to perform PCR amplification:

e 3kb segment

Template: pET28b
Forward primer: 5' GCTGGGTCTCGGTGTCGCCCTGCACCATTATGTTCCGGATCTG 3'
Reverse primer: 5' GCTGGGTCTCGCAAC CCGCTCCTTTCGCTTTCTTC 3'

e 439 bp segment

Template: pkz2x
Forward primer:5'GCTGGGTCTCGACCA CGGATATAGTTCCTCCTTTC 3'
Reverse primer: 5’GCTGGGTCTCGCAGC TTGTGAGCGGATAACAATTC 3'

e Multi-biotin handles

Template: pBluecript 11 KS (+)
Forward primer: 5' GCTGGGTCTCGGTTG TTCCCTTTAGTGAGGGTTAATTG 3'
Reverse primer: 5' TATAGTCCTGTCGGGTTTCG 3'

e Multi-Digoxigenin handles
Template: pBluecript I KS (+)
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Forward primer: 5' GCTGGGTCTCGTGGT TTCCCTTTAGTGAGGGTTAATTG 3'
Reverse primer: 5' TATAGTCCTGTCGGGTTTCG 3'

A.2.2 Protocol for PCR amplification of segments
A.2.2.1 PCR amplification of 3kb and 439 bp segment

1. Prepare 1x 1.5 ml eppendorf tube and 6x 200 ul PCR tubes on ice.

2. Add the following dependent on the reaction volume to 1.5 ml tube and mix well.
Substitute the appropriate forward primer, reverse primer and template for 3kb and 439
bp segments

Component 50 pl 300 pl Final
Reaction Reaction Concentration
Nuclease-free water to 50 ul to 300 pl
5X Phusion HF Buffer 10 pl 60 pl 1X
100 uM Forward Primer 0.25 ul 1.5 ul 0.5 uM
100 uM Reverse Primer 0.25 pl 1.5 pl 0.5 uM
Template S5ng 30 ng <5 ng/pl
10 mM dNTPs 1l 6 ul 200 uM
Phusion DNA 0.5 ul 3ul 1.0 units/50 pl
Polymerase PCR

3. Transfer 50 pl of the reaction mixture to each PCR tube.
4. PCR condition

STEP TEMP TIME
Initial 98°C 30s
Denaturation
98°C 10s
30 Cycles 63°C 15s
72°C 20 s *x kb
Final 72°C 30 min
Extension
Hold 4°C

5. Check the size of PCR products on a 1% DNA agarose gel.
6. After PCR reaction, purify DNA using Qiagen PCR purification kit.
7. Quantify DNA product and its purity.

A.2.2.2 PCR amplification of multi-biotin and multi-digoxigenin handle

1. Prepare 2x 1.5 ml eppendorf tubes and 12 x 200 ul PCR tubes on ice.
2. Add the following to 1.5 ml tube, dependent on the reaction volume and labeling type
(one for biotin and the other for digoxigenin) and mix:

Component 50 pl 300 ul Final
Reaction Reaction Concentration
Nuclease-free water to 50 ul to 300 pl
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10 X standard Taq Buffer Sul 30 ul 1X

100 uM Forward Primer 0.25 ul 1.5 ul 0.5 uM

(Either bio or dig)

100 uM Reverse Primer 0.25 pl 1.5 pl 0.5 uM

pBluescript 11 KS 1 ng 6 ng

low dTTP-dANTP mixture 1 ul 6 ul 200 uM except for

(10 mM of dATP, dCTP, dTTP
dGTT and 7.0 mM of (140 uM)
dTTP)

Either Biotin-16-dUTP or 3ul 12 pl 60 uM

Digoxigenin -11-dUTP*

Taq DNA pol 0.5 ul 3ul 1.0 units/50 pl

PCR

3. Transfer 50 pl of the reaction mixture to each PCR tube.

PCR condition
STEP TEMP TIME
Initial o .
Denaturation 94°C 2 min

94°C 20 seconds

33 Cycles 60°C 30 seconds
68°C 2 minute

Final Extension 68°C 30 minutes

Hold 4-10°C

4. Check the size of PCR products on a 1% DNA agarose gel.
5. After PCR reaction, purify DNA using PCR purification kit.
6. Quantify DNA product and calculate in terms of molar scale.

A.3 Restriction Digestion to produce 4 bp overhangs

1. Add the mixture of following components into a 200 pl PCR tube:

Component 50 pl Reaction
Nuclease-free water to 50 ul
10x Buffer 4 Sul
PCR product <l ug
Bsal-HF 3ul
2. Restriction digestion condition
STEP TEMP TIME
Incubation 37°C 6 hrs
Add additional o
2 ul Bsal-HF 37°C
Incubation 37°C 6 hrs
Add additional o
2 ul Bsal-HF 37°C
Incubation 37°C Overnight
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Stop reaction 80°C

20 min

Hold 4°C

3. Purify the digestion product using Qiagen PCR product purification kit.

4. Quantify the purified DNA in molar scale.

A.4 Ligation of segments with T4 DNA ligase

1. Use the digested DNA segments
- Add appropriate substrate. Example shown for ligation of 3 kb and multi-biotin segments

the mixture of following components into a 200 ul PCR tube:

Component 50 ul Reaction | Final concentration

Nuclease-free water to 50 ul

10x T4 DNA ligase Buffer 5ul 1x

3 kb segment ~0.10 pmol ~2 oM

Biotinylated DNA handle ~0.10 pmol ~2nM

T4 DNA ligase 1l 1 unit
3. T4 DNA ligation condition

STEP TEMP TIME

Incubation 25°C 3 hrs

Incubation 16°C 15 hrs

Hold 4°C

4. Purify DNA using PCR purification kit
5. Run the ligated product on 1% DNA agarose gel to check the ligation efficiency.

A.S Incorporation of mismatch to DNA
A.5.1 Materials required to introduce mismatches in 439 bp segment

Digested 439 bp segment

Nt.BbvClI enzyme and buffer (R0632S, New England Biolabs)

Pstl-HF enzyme and buffer (R3140S, New England Biolabs)

“Top oligo” (complementary oligo for lift-off single-stranded DNA region for gapping)
Mismatch containing oligonucleotide

A.5.2 Nicking the 439 bp segment

1. Add the mixture of following components into a 200 ul PCR tube:

Component 50 pl Reaction
Nuclease-free water to 50 ul

10x Buffer 4 Sul

Digested 439 bp segment ~50 nM
Nt.BbvCI 3pul
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2. Nicking condition

STEP TEMP TIME
Incubation 37°C | 6 hrs
Add additional o
2 ul Nt.BbvCI 37°C
Incubation 37°C | Overnight
add “Top
oligos”. Add 3x
amount of 439 bp
segment
Stop reaction 80°C 20 min
Hold 4°C

3. Purify the digestion product using Qiagen PCR product purification kit.

A.5.3 Introduce mismatch to nicked 439 bp segment

1. Add the mixture of following components into a 200 ul PCR tube:

Upto 20 ul
Nicked 439 bp DNA ~20 nM
Mismatch containing .
Oligonucleotide 3x Nicked Gap DNA
Anneal buffer 4ul

2. Heat mixture to 75 °C then cool to 4 °C at 1 °C/10 sec
3. Add 5 ul ligase buffer, 1 ul ligase and 24 ul water to mixture.
4. Cleave with Pstl to verify addition of mismatch

A.7 Single molecule magnetic tweezers instrument

Detailed protocol to perform single molecule magnetic tweezers experiments can be

found in Seol et al.'??
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