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Abstract

Molecular biophysics of strong DNA bending and the RecQ DNA helicase
Ryan M Harrison
Wolfson College, University of Oxford
Submitted for the degree of Doctor of Philosophy in Physical & Theoretical Chemistry
Trinity 2014

Molecular biophysics is a rapidly evolving field aimed at the physics-based investigation of
the biomolecular processes that enable life. In this thesis, we explore two such processes: the
thermodynamics of DNA bending, and the mechanism of the RecQ DNA helicase. A computational
approach using a coarse-grained model of DNA is employed for the former; an experimental
approach relying heavily on single-molecule fluorescence for the latter.

There is much interest in understanding the physics of DNA bending, due to both its biological
role in genome regulation and its relevance to nanotechnology. Small DNA bending fluctuations
are well described by existing models; however, there is less consensus on what happens
at larger bending fluctuations. A coarse-grained simulation is used to fully characterize the
thermodynamics and mechanics of duplex DNA bending. We then use this newfound insight
to harmonize experimental results between four distinct experimental systems: a ‘molecular
vise’, DNA cyclization, DNA minicircles and a ‘strained duplex’. We find that a specific structural
defect present at large bending fluctuations, a ‘kink’, is responsible for the deviation from
existing theory at lengths below about 80 base pairs.

The RecQ DNA helicase is also of much biological and clinical interest, owing to its essential role
in genome integrity via replication, recombination and repair. In humans, heritable defects in
the RecQ helicases manifest clinically as premature aging and a greatly elevated cancer risk,
in disorders such as Werner and Bloom syndromes. Unfortunately, the mechanism by which
the RecQ helicase processes DNA remains poorly understood. Although several models have
been proposed to describe the mechanics of helicases based on biochemical and structural data,
ensemble experiments have been unable to address some of the more nuanced questions of
helicase function. We prepare novel substrates to probe the mechanism of the RecQ helicase via
single-molecule fluorescence, exploring DNA binding, translocation and unwinding. Using this
insight, we propose a model for RecQ helicase activity.
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1 Preface

Molecular biophysics is an interdisciplinary approach to addressing biomolecular questions.

In this thesis, we will explore two distinct classes of biomolecules, DNA in Part I and proteins,

specifically DNA helicases, in Part II. The approaches used span the gamut of modern biophysical

techniques, bridging both simulation and experiment.

In Part I, we explore DNA bending using a coarse-grained simulation of DNA. First, we characterize

the thermodynamic and structural properties of DNA bending (Chapter 4). Next, we apply

our newfound understanding to four distinct experimental model systems, harmonizing often

apparently conflicting experimental results for a ‘molecular vise’ (Chapter 5), DNA cyclization

(Chapter 6), DNA minicircles (Chapter 7) and a ‘strained duplex’ (Chapter 8). Taken together, this

part highlights how simulation is a valuable tool for helping to elucidate experiment, directly

observing states that may only be indirectly probed via experiment, and explaining a great

diversity of observed phenomena in terms of a few physical principles.

In Part II, we probe the behavior of the RecQ DNA helicase via experiment. First, we develop novel

substrates to investigate the helicase in both ensemble and single-molecule assays (Chapter 11).

Next, we apply our substrates to resolve key questions about the structure and function of RecQ,

ultimately proposing a mechanism for RecQ DNA helicase activity (Chapter 12).

The applications and techniques employed in the separate parts are quite distinct, highlighting

the breadth of biophysics-based inquiry.





Part I Coarse-grainedmodellingofstrong
DNA bending





2 Introduction

Strong bending of double-stranded DNA (dsDNA) plays an important biological role in genome

maintenance and regulation, most famously evident in DNA-protein complexes such as

those formed in conjunction with the Lac repressor,2 the TATA binding protein3 and the

nucleosome.4, 5 In worm-like chain (WLC) models, large bending fluctuations have concomitantly

large free-energy penalties to formation; however, large bending fluctuations, that are not

an artifact of DNA-protein co-crystallization, have been observed in a variety of sensitive

solution-phase assays.6, 7

Although WLC models8–11 are sufficient to describe the thermodynamics of DNA bending found in

many experiments,12, 13 deviations from WLC behavior have been reported via cyclization,14–16

multimerization,17 DNA minicircles,18 a stressed ring system19–21 and a molecular vise,22 calling

for further investigation of the strong bending regime.

The presence of structural defects may resolve the mystery of non-WLC behavior. For example.

a structural defect that may appear under conditions of high stress is a ‘kink’,23–25 whereby

stacking and/or base pairs are disrupted in a localized region. Kinking would in principle allow

excess twist and bend to localize in the disrupted region, thereby allowing the remainder of the

molecule to explore highly bent and/or twisted states at a lower free-energy cost. Although

there is strong experimental evidence for kinking (reviewed in Vologodskii et al.26), as of yet

there is no consensus on the precise nature and characteristic onset of kinking: many claims

remain controversial. For example, in DNA cyclization assays, cyclized molecules at ∼100 base

pairs (bp)14, 15 were reported to be orders of magnitude more likely than predicted by a WLC

model.8 However, these results have been disputed, with others suggesting that non-WLC

behavior only begins at shorter lengths.13, 16 Similarly, apparent evidence of high flexibility

of DNA at short length scales obtained via atomic force microscopy (AFM)27 has since been
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attributed to artefacts of the curve-fitting algorithms.28

Given the uncertainty surrounding kinking, and the range of systems with which kinking has

been associated, it is important to develop a sound theoretical underpinning for such a structural

transition. Doing so would enable comparison between distinct systems, to establish whether

results were consistent; for example, can a generally applicable free-energy cost of kinking be

found? Further, if kinking is attributable to the disruption of base-pairing and stacking in the

duplex, the observed behaviour should be explicable in terms of the basic thermodynamic and

mechanical properties of DNA – establishing whether this is indeed true would be a substantial

step in understanding the nature of kinking.

In this chapter, we outline the principles of DNA structural deformations, such as kinking,

outline a few essential WLC models and highlight our specific aims for Part I.

2.1 DNA structural deformation

2.1.1 Continuous bending

In the continuously bent regime, bending energy is relatively uniformly distributed along the

chain. WLC models have proven themselves successful in describing the free-energy landscape

of continuously bent DNA. Modified WLC models that deviate from a harmonic potential at large

bend angles have also been proposed.29 Models of anharmonic bending are non-quadratic for

large bending angles, softening the potential. The non-quadratic function used by Mazur et

al.29 was dependent on both sequence and applied torque; however, the structural basis for

an anharmonic potential could be attributable to a variety of sources, and remains somewhat

unclear.

2.1.2 Kinking

A kink is an area of extreme DNA curvature localized to a small segment instead of being

continuously distributed along the chain. Kinks are thought to play an important role in DNA

flexibility at length scales below the persistence length. The concept of DNA kinking is not a

new idea, being first proposed by Crick and Klug in 1975.23
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Non-WLC localized bending at a defect occurs when bending energy is concentrated at a

structural defect, the ‘kink’. Kinking allows the system to relieve bending energy in the duplex

at the cost of disrupting hydrogen bonding and stacking at the defect. Since the free-energy

penalty of kinking may be approximated as fixed by the cost of disrupting hydrogen bonding

and stacking, while the free-energy cost of continuous bending grows rapidly as the curvature

increases, a transition between continuous bending and kinking may be expected as the

bending stress becomes more extreme. To address the potential for kinking at large bending

stress, kinkable worm-like chain (KWLC) models24, 26, 30 have been developed. These are briefly

explored in Section 2.2.1.

Structural defects, such as kinking, do not have a standard quantitative definition. Some define

the strong bending regime structurally, seeking explanations in terms of defects such as kinks

and bubbles,19 or in the subtleties of anisotropic DNA bending,31, 32 characteristic curvature,26

or nonstandard stacking arrangements.25 The effect of the introduction of a ‘bulge’ site, where

one of the two strands is longer and has unpaired bases in an otherwise complementary duplex,

has also been explored, with kinking observed for 120 bp duplexes with a 3–8 nucleotide (nt)

bulge.33

2.2 Worm-like chain (WLC) models

WLC models, which represent DNA bending, and somtimes twisting, as continuously distributed

along the DNA chain, accurately describe the free-energy landscape for small bending

fluctuations;9–11 however, deviations have been observed for large bending fluctuations in

several model systems. The WLC model has been widely used to model DNA flexibility at small

bending fluctuations since 1972.34, 35 It has proven itself valuable in accurately describing many

DNA behaviors, including force-extension of dsDNA, linking number variation, and various

mechanical parameters such as persistence length.8–11

The discrete WLC model takes DNA as a set of nodes, usually representing individual base

pairs, connected by harmonic springs (Figure 2.1). The angle 𝑗i,i+1 between two adjacent nodes

determines the magnitude of the harmonic potential. In the absence of intrinsic curvature,

deviations of 𝑗i,i+1 from zero increase the energy quadratically. Both small and large bending
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Figure 2.1 Diagram of a worm-like chain (WLC) model
Representation of a discrete WLC model. Each node experiences a quadratic bending potential in angle 𝑗.

perturbations are described by

Ei =
1
2
𝑘𝑗2

i,i+1 (2.1)

EWLC =
n∑︁

i=1

Ei, (2.2)

where 𝑘 is the harmonic spring constant.

An exponential decay is observed in the decorrelation of 𝑗i,i+ℓ along the chain, with a

characteristic length scale. This persistence length is defined as

⟨cos 𝑗i,i+ℓ⟩ = exp
(︂
− ℓ

LP

)︂
, (2.3)

where ⟨cos 𝑗i,i+ℓ⟩ is the ensemble average value of cos 𝑗i,i+ℓ, ℓ is the segment length of interest,

and LP is the persistence length (the length scale over which the polymer becomes flexible).

Note that, assuming WLC behavior, the spring constant 𝑘 from Equation (2.2) can be determined

empirically via fitting persistence length.

Alternatively, cos 𝑗, and thereby the persistence length, may be described in terms of orientation

vectors, where the total angle 𝑗i,j between the two orientation vectors would be

cos 𝑗i,j =
ai · aj

‖ai‖‖aj‖
= âi · âj, (2.4)

where ai and aj are the base pair orientation of base pair indices i and j respectively.
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Note that polymers are often characterized in terms of the bending modulus Bs, related to LP via

LP =
Bs

kBT
. (2.5)

For dsDNA, the persistence length has been characterized experimentally by a variety of

methods, generally yielding values of ∼40–50 nm (120–150 bp) at physiological salt conditions.

While the WLC model is an excellent descriptor of long duplex DNA (>LP) with small to moderate

bending, DNA flexibility has been observed to diverge from that predicted by the WLC model at

large bending.13–16, 18, 22, 36Several models have been put forward to explain this discrepancy,

all centering around the role of either localized DNA structural deformations or anharmonic

bending. Later, we will show that a WLC model works well for a 30 bp duplex for fluctuations

below ≈ 18 kBT (Chapter 4).

2.2.1 Kinkable worm-like chain (KWLC) model

The WLC model has been extended to account for the presence of localized bending in the DNA

duplex,24, 26, 30, 37 a kink (Section 2.1.2). A simple functional form for this kinkable worm-like

chain (KWLC) is given by26

Ei = min
(︂

1
2
𝑘𝑗2

i,i+1, kBT
(︀
𝑗i,i+1 − b

)︀6 + h
)︂

, (2.6)

where akin to Equation (2.2), 𝑘 is the harmonic spring constant and 𝑗i,i+1 the bend angle.

Additionally, h is the enthalpic energy barrier of kink formation, and b specifies the typical

bending angle at the kink.

In conjunction with an unlooping-based FRET assay,16 the KWLC expression has been used to

predict the free-energy cost of kink formation, which is sensitive to the salt concentration,

with a low-salt ([Na+] = 50 mM) value of 18 kBT (h = 22 kBT, b = 0.3 rad) and a high-salt

([Mg+] = 10 mM) value of 12 kBT (h = 17 kBT, b = 0.7 rad).
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2.2.2 End-to-end distance (EED)

In practice, applying a WLC model relies on a number of system-specific assumptions.

Importantly, the free energy of the WLC model is usually reported as a function of the end-to-end

distance (EED), the separation between the two ends of a duplex.

Becker et al.11 have developed expressions for the probability distribution of the end-to-end

distance that harmonize between several physical regimes, the rigid rod (very stiff chain),

semiflexible (moderately stiff chain, DNA is in this regime) and flexible (not stiff, approaches

freely-jointed chain). Note that when we compare to such distributions in Chapter 4, there will

be deviations because the WLC model of Becker et al.11 takes into account neither the finite

thickness of the duplex (relevant at short EED), nor the extensibility of dsDNA (relevant at

extensions greater than the contour length).

2.2.3 DNA cyclization: Shimada & Yamakawa j-factor

One application of the WLC model that will be particularly important to this thesis will be the

estimation of ‘j-factor’ in Chapter 6, where we will consider DNA cyclization. In particular, we

will make frequent comparisons to a form for the j-factor developed by Shimada & Yamakawa

(S&Y).8 Their j-factor is effectively the local concentration of one end of a duplex at the other

end, when the two ends are ‘on-register’.

The S&Y WLC model, in accounting for chain end orientation, approximates the lowest

free-energy contour for an elastic twisted worm-like chain with no intrinsic curvature. There

are two conceptual terms, one for bending potential energy, the other for torsional potential

energy. The free energy, and thereby the j-factor, are found by taking the partition function over

contour space. Bend potential energy is length dependent, and is governed by the persistence

length. Torsional potential energy is imposed by the requirement that chain ends be in an

appropriate orientation. This requirement superimposes a periodic oscillation on the bending

potential energy, with a period of the pitch length: maxima occur (on-register) when the duplex

length is an integer number of pitch lengths, and so the duplex does not require twisting to

bring the ends into register; minima occur (off-register) at half-integer pitch lengths where the
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requirement to twist is most pronounced. The magnitude of the oscillations is governed by the

torsional stiffness.

Later, we will show that our results deviate from S&Y due to either a breakdown of the

assumption of the chain ends being on-register, or the assumptions of the WLC model itself,

namely continuous bending rather than kinking. (Chapter 6).

2.3 Coarse-grainedmodels of DNA

In addition to WLC models (also known as polymer models, see Section 2.2), other approaches

such as quantum mechanical, all-atom and coarse-grained models have been applied to

examining DNA,38 and other biomolecules.39

Quantum mechanical simulations do not address time- and length-scales relevant to bulk DNA

flexibility. All-atom simulations are, albeit to a lesser degree, limited to short time scales and

small system sizes.i Here, we discuss coarse-grained models that cover time- (µs – ms) and

length-scales (nm – µm) appropriate for the investigation of DNA flexibility (reviewed with

respect to DNA nanotechnology in reference 41).

The transition from all-atom simulations to coarse-grained models is a continuum; models

that may be used to directly address questions of DNA flexibility are a subset with certain

characteristics. Thermodynamic models, such as the Peyrard–Bishop family42 and SantaLucia

models,43, 44 while reproducing dsDNA melting temperatures with impressive accuracy (generally

a deviation of less than 3 K), take no account of structure, and are therefore oblivious to

structural defects, which may play an important role in sub-persistence-length flexibility.

‘‘Beads on a string’’ models that take a structural representation of multiple45 or single46, 47

base-pairs as opposed to nucleotides have a similar limitation. While they do capture structure

at or above the persistence length, it is unclear whether their structural representation could

account for base-specific defects that may occur at high curvature in sub-persistence length

fragments. Additionally, the lack of a representation of single-stranded DNA (ssDNA) flexibility

limits their applicability to some experimental systems (Chapter 6, Chapter 8).

iAdvances in force-fields and much greater computational power do lead to some exceptions, such as the 100 ns
simulation of a DNA origami (3 million atoms) demonstrated in reference 40.
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Those that include explicit solvent, like their all-atom cousins, are very computationally

demanding.48 If biasing were implemented, they may hold promise for investigating relatively

small systems (Chapter 4); however, their application to larger, experimentally relevant systems,

would still be computationally limited.

Despite these limitations, coarse-grained models have been used to investigate DNA flexibility

in specific systems; for example, supercoiling in DNA minicircles.49 While not yet used to

directly simulate an experimental system, the de Pablo model49, 50 reproduces the kinetics

of DNA denaturation/rehybridization and the dsDNA persistence length. Further, with

some reparameterization, mechanical denaturation (force-extension) is captured.51 These

accomplishments suggest that it may be applicable to probing experimental systems directly.

2.4 Specific aims

In the following chapters, using a coarse-grained model of DNA, we will fully characterize the

structure and thermodynamics of strong DNA bending (Chapter 4). Specifically, there is thought

to be an expectation of a crossover from WLC to non-WLC behavior for sufficiently strong

bending. A recent review of the field by Vologodskii et al.26 highlighted two open questions: (i)

the nature of strong bending and (ii) the characteristic curvature required for strong bending.

We address both of these question, in addition to revealing the microscopic properties of the

non-WLC state.

As our model (Section 3.1) describes the general behavior of DNA, this insight can be applied

to a variety of systems. To demonstrate the validity of our predictions, we probe four distinct

experimental systems without reparameterization, considering a ‘molecular vise’22 (Chapter 5),

DNA cyclization (Chapter 6), minicircles (Chapter 7) and a strained-duplex (Chapter 8). The

general behavior of these disparate systems is elucidated in terms of a basic set of structural

defects.



3 Simulationmethods

Simulation methods have been developed to simulate the behavior of a diverse array of

physical systems. We will restrict the discussion to a high-level overview to refresh the reader,

highlighting only those technical nuances that will be of importance to the particular model

systems under study. Complete methods are available in Appendix A.

The oxDNA simulation software,i a reduction to practice of the oxDNA model developed by

Ouldridge et al.,52, 53 encapsulates sampling, scoring and biasing into a convenient open-source

software package, which will be used to run our simulations.

3.1 oxDNA: A coarse-grained DNAmodel

OxDNA is a powerful coarse-grained model and simulation package for nucleic acids. The

model was developed by Thomas Ouldridge while working as a graduate student in the group

of Ard Louis at the University of Oxford. His seminal work has spawned a series of papers

detailing the subtle interplay of the physical effects that drive DNA assembly, structure and

thermodynamics.41, 52, 54–57 Although the model’s thermodynamic, structural and dynamic

properties are fully characterized elsewhere,52, 53 we will nonetheless give a brief introduction.

OxDNA is designed to bridge the gaps between all-atom simulations, coarse-grained methods

that do not represent individual nucleotides and analytic expressions. As a coarse-grained

model, it is able to probe length and time scales inaccessible to traditional all-atom simulations.

It has been employed successfully for a plethora of systems, reviewed in reference 41, beginning

with the thermodynamic and structural characterization of DNA nanotweezers.58

ioxDNA available from: https://dna.physics.ox.ac.uk/

https://dna.physics.ox.ac.uk/
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The model consists of a rigid body with three sites per nucleotide, with two representing the

base (i.e. adenine, cytosine, guanine or thymine), and one representing the backbone (i.e. sugar

and phosphate). The model takes the classical approximation, and does not account for quantum

effects. The sites interact via a complex set of anisotropic potentials,53 including terms for

hydrogen bonding and base-base stacking. The backbone connectivity is modeled as a finitely

extensible nonlinear elastic (FENE) spring, and an excluded volume interaction is applied to all

three sites. Simulations are run in a box of defined size, but with periodic boundary conditions

to minimize boundary effects.

The model is parameterized to reproduce the thermodynamics of duplex melting in high salt

conditions ([Na+] = 500 mM), where electrostatic repulsion is short-ranged due to counter-ion

screening. Non-Watson–Crick base pairing arrangements, such as Hoogsteen base pairing, are

not included. The model includes two parameterizations for representing bases, average-base

and sequence-dependent (Section 3.1.1).

The success of the oxDNA model is underpinned by its robust description of both single-

and double-stranded DNA, including hybridization thermodynamics, persistence length and

torsional modulus. DNA geometry (e.g. finite thickness, excluded volume, helicity) is also

taken into account. Thus, DNA behavior arises naturally from the oxDNA model, without

additional parameterization. This allows oxDNA to harmonize results between experimental

systems, elucidating a basic set of thermodynamics which inform the varied behaviors observed

experimentally.

Importantly, oxDNA is not designed to reproduce a particular experiment, but rather to serve

as a guide for sound thermodynamic and structural reasoning, elucidating the basic physics

underlying observations from desperate sources.

3.1.1 Parameterization: Average-base and sequence-dependent

The oxDNA model includes both average-base and sequence-dependent parameterizations, both

of which are tuned to reproduce the thermodynamics of double-stranded DNA (dsDNA) via

the melting temperature. In the average-base parameterization, the base pairing and stacking

interactions of each base are identical, whereas in the sequence-dependent parameterization,55



Molecular dynamics (MD) 15

interactions vary by base identity (e.g. AT base pairs are weaker than GC base pairs).

Given that an inherently more detailed parameterization is available, the careful reader may

wonder why the average-base parameterization is ever employed. Note however, that the

two parameterizations are complementary: the average-base parameterization allows for the

examination of generic effects, unmodulated by sequence. For example, in Chapter 6, we will

show that the average-base parameterization is sufficient to explain the generic phenomena of

interest, namely the characteristic length at which a deviation from worm-like chain (WLC)

occurs. Sequence-dependence is a relatively minor modulation.

Indeed, as a coarse-grained model, many known physical effects are purposefully omitted, even

from the sequence-dependent parameterization: base-pair rise, the width of the major/minor

groove (the grooves are identical), twist (and thereby Lk0; see Section 7.1.1), etc. , are all

perturbed by sequence-dependence. That oxDNA reproduces experimental observations without

accounting for these effects implies that they are either i) implicitly parameterized into the

model, or ii) not critical to the specific effects investigated. For both the average-base and

sequence-dependent parameterizations, coarse-graining demonstrates its utility by reducing

numerous complex interactions to a minimal set that conforms to experiment.

3.1.2 Molecular dynamics (MD)

Molecular dynamics (MD) is a simulation technique, that starting with a model system (a

potential function or Hamiltonian) and a specification of initial conditions (starting configuration

and momenta), follows the time-evolution of a system by numerical integration of Newton’s

equations of motion. In the ergodic limit, this algorithm samples the equilibrated distribution

in the NVE ensemble. A thermostat and/or barostat may be applied to approximate other

ensembles.

In oxDNA, we are interested in the NVT ensemble.ii We do not treat the solvent explicitly, but

rather diffusive dynamics are achieved by an Andersen-like thermostat59 (Appendix A.4). Typical

simulation parameters are summarized in Table 3.1. A brief description of application-specific

simulation methods is given in each chapter. Complete details, again by chapter, are available in

iiSince the partial pressure of DNA is assumed to be negligible, 𝐷G = 𝐷A. For convenience and ease of comparison
with experiment, we choose to report 𝐷G
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Parameter Value

Ensemble NVT

Temperature T 298 K

Number of MD steps Nsteps 1 × 108

Simulation time step 𝑑t 15 fs

Diffusion coefficient D 600 nm2 ns−1

Table 3.1 Default simulation parameters, molecular dynamics (MD)
Default MD simulation parameters.

Parameter Value

Ensemble NVT

Temperature T 298 K

Number of VMMC steps per particle Nsteps 1 × 107

Rotational seed move 𝑑xrot 0.21 nm

Translational seed move 𝑑xtrans 0.21 nm

Table 3.2 Default simulation parameters, virtual-move Monte Carlo (VMMC)
Default VMMC simulation parameters.

Appendix A.

3.1.3 Virtual-moveMonte Carlo (VMMC)

In oxDNA, MD is typically used to examine fluctuations, such as transient structural defects. We

employ Monte Carlo (MC) methods because for certain systems, their sampling may be more

efficient. With MC, the system is evolved in configuration-space instead of time, by proposing

trial moves, and then accepting or rejecting these moves with respect to an acceptance criterion

designed to reproduce a distribution, usually the Boltzmann distribution.

Virtual-move Monte Carlo (VMMC) is one such MC method, proposing cluster trial moves instead

of single-particle trial moves. This approach is computationally efficient for sparse systems with

strong local interactions, and systems that rely on cooperative motion as a primary relaxation

mode, such as DNA. Typical parameters are summarized in Table 3.2. Application-specific

simulation methods are available in Appendix A.
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3.1.4 Umbrella sampling

MD and VMMC simulations excel at capturing very short-time scale phenomena with rapid

interconversion; for example, structural deformations such as kinking and fraying. Where

time scales are longer, or interconversion between states slow, rare event techniques may be

employed to more efficiently sample the relevant states of the system of interest.

In Part I we will frequently use umbrella sampling with VMMC to efficiently sample rare states,

and the equilibrium between two states separated by significant free-energy barriers. Umbrella

sampling involves biased sampling to explore these rare or transition states; this bias is removed

at the analysis stage. Without the bias, rare and transition states would be probed infrequently.

The free-energy profile that we obtain with simulation can also provide information about

dynamics, assuming that variations in rates are dominated by changes in the magnitude of the

relevant free-energy barrier, as is elaborated in Chapter 6.

To further speed-up simulations, windowing may also be employed, usually with two windowed

simulations, overlapping in a single well-defined transition region. This obviates the need for

more advanced window stitching techniques, such as weighted histogram analysis method

(WHAM).60, 61

3.2 Definitions

Our study investigates the role of several structural defects, the detection and reporting of

which rely on practical definitions. Namely, we require definitions of fraying, bubble formation

and kinking.

3.2.1 Base pair, bubble and fray

The identification of bubbles and fraying first requires a definition of a formed base pair.

Following previous work,52 we define a base pair as formed if the hydrogen-bonding interaction

between the two complementary bases is stronger than 4.142 × 10−21 J (∼1 kBT at T = 298 K).

We define fraying as the loss of base pairs at the duplex ends, while bubbles are defined as the
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opening of base pairs in otherwise continuous stretches away from the duplex ends.

3.2.2 Kink

A practical definition of a kink is less straightforward. Qualitatively, a kink is an area of

pronounced curvature localized to a small region (Section 2.1.2). There is some diversity of

opinion on the quantitative description and classification of kinks;25 however, they have in

common the breaking of base pairs and/or stacking.iii Other requirements may include a change

in the relative orientation of nucleotides. Due to the ambiguity in the definition of a kink, we

explore both structural and energetic criteria for kinking.

Throughout Part I, we rely primarily on the structural criterion. The similarities and differences

between the two criteria are discussed in-depth in Section 4.4.1; though, in general, the

structural detector can be considered a lower bound for kinking, while the energetic detector is

an upper bound for kinking.

3.2.2.1 Structural kink criterion

Structurally, we define a kink using the relative orientation of consecutive nucleotides. In

oxDNA, the orientation of each nucleotide is unequivocally determined by two orthogonal

unit vectors, the base-backbone vector and the base-normal vector. The base-backbone vector

connects the backbone and base interaction sites of each nucleotide. The model is designed such

that, in a relaxed duplex, the base-normal vector at base i, âi, and at the next base i + 1, âi+1, are

approximately parallel; that is, âi · âi+1 ≈ 1. A kink is defined to be present if âi · âi+1 < 0, a

condition implying the antiparallel orientation of consecutive nucleotides along one strand.iv

Naturally, for duplex regions, we consider kinking along either strand; although, if a kink is

present in the duplex, both strands are usually kinked. To limit false positives due to fraying,

iiiThe diligent reader may wonder how exactly bubble formation is distinguished from kinking. While kinks and
bubbles are often contemporaneous, this is not always the case (Section 4.4.3).

ivWe have considered slight modifications to the aforementioned scheme to address the issue of potential
underreporting. While structures may indeed appear qualitatively kinked, they may not satisfy the rather stringent
âi · âi+1 < 0 criteria; this is especially true for kinks at a nick. Considering partially parallel orientations
(e.g. âi · âi+1 < 0.5) leads to the opposite problem, potential overreporting. In an alternative, albeit unphysical
approach, we treat the nicked strand as contiguous for the purposes of kink detection. Unsurprisingly, this approach
yields a higher estimate for kinking. The qualitative, and in most cases quantitative, interpretation of our data is
robust to these changes in the kink criteria.
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we do not include the first and last 3 pairs of nucleotides in the duplex region in our analysis.

Further, frays are explicitly detected and ignored as kink locations.

Kinks in nicked regions are treated slightly differently, as our criterion is only well defined

along an intact strand. A kink at a nick is detected on the opposite strand. As kinks at a nick may

diffuse slightly, we define a region of 3 base pairs on either side of the nick on the intact strand.

If the intact strand is kinked in this 6 base−pair region, then the molecule is considered kinked

at that nick. In the case of a strand with two nicks (e.g. Chapter 6), kinking at a nick is monitored

for both strands.

3.2.2.2 Energetic kink criterion

Energetically, a kink can be defined as a disruption in stacking between adjacent base pairs,

where the stacking potential energy is less than one-tenth its typical value in a duplex. For the

oxDNA model, the structural and energetic criteria for kinks are very similar when kinks are

reasonably probable due to strong bending of the duplex. In this regime, definition of a kink is

reasonably unambiguous and straightforward as favorable kinks are necessarily strongly bent,

and both criteria do a reasonable job of identifying them.

However, at small bending fluctuations where kinked states are unlikely, the two criteria can

give results that are qualitatively consistent but differ quantitatively. Caution should be used

when interpreting the data; a fuller discussion is provided in Section 4.4.1.





4 Thermodynamics of DNA bending

There is much interest in understanding the physics of DNA bending, due to both its biological

role in genome regulation and its relevance to nanotechnology. For small bending fluctuations,

worm-like chain models give a satisfactory description of DNA bending, predicting continuously

bent configurations as expected from a semi-flexible rod. However, there is less consensus

on what happens at larger bending fluctuations, with experimental evidence pointing to a

transition from continuously bent configurations to a state with strongly localized bending.

Here, we use a coarse-grained model of DNA to explore both regimes and fully characterize the

thermodynamics and mechanics of duplex DNA bending. We find that DNA can form a kinked

state in which the stress is localized at the expense of disrupting a small number of base-pairing

and stacking interactions.

4.1 Introduction

In this chapter, we use oxDNA (Section 3.1) to investigate the thermodynamics of DNA bending,

systematically addressing questions such as the characteristic length and energy scale of kink

formation (Section 2.4). OxDNA is particularly well-suited to this study because of its physical

description of single- and double-stranded DNA, including the thermodynamics of hybridization

and mechanical properties such as persistence length and torsional modulus.52, 53 As such, it is

an ideal model for exploring kinking, and is capable of highlighting general properties as well as

providing evidence as to whether the reported observations of kinking are consistent with the

known thermodynamic and mechanical properties of DNA.
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4.2 Simulationmethods

In order to probe the free-energy cost of bending, simulations were performed with the

virtual-move Monte Carlo (VMMC) algorithm62 (Section 3.1.3) in an NVT ensemble at 298 K.

As the entire DNA bending regime is of interest, including strongly bent states that are not

thermally accessible, umbrella sampling63 (Section 3.1.4) was employed to efficiently sample

the free-energy landscape of DNA bending. The end-to-end distance (EED) R′ee, defined as

the distance between the base interaction sites of the first and last bases along a strand

was, used as an order parameter for the umbrella sampling procedure. For clarity, we use

the average-base parameterization to elucidate the fundamental thermodynamics of DNA

bending. Additionally, sequence-dependent thermodynamics are used to elucidate sequence

effects in bending free-energy profiles. Further details of simulation procedure are given in

Appendix A.1.1.

To simplify interpretation of our results, base pairing is enforced through the umbrella potential

at the ends of the duplex to explicitly disallow ‘fraying’ of duplexes. Fraying is a possible

mechanism for relaxation of stress in bent systems;22 however, we do not consider it here as we

are primarily concerned with the response of the duplex to stress, rather than with end effects.

Also, when we consider the ‘molecular vise’ in Chapter 5, the system is explicitly designed to

minimize fraying, as discussed by Fields et al.22

We opted to constrain the end base pairs (one pair on either end of the duplex). Imposing such a

constraint allows us to sensibly define and measure the EED between the centre of the helical

axes, Ree, as the first and last base pairs are guaranteed to be formed. Error bars represent the

standard error of the mean from 5 independent simulations. Results are essentially identical for

a condition where 1–5 nucleotides at either end of the duplex are constrained to be base paired

(Appendix A.1.2, Figure A.1).

4.3 Free energy of bending

We start our discussion by characterizing the basic thermodynamics of DNA bending in oxDNA.

We simulate a 30 bp DNA duplex (Figure 4.1 (a)), and report the free-energy profile 𝐷G(Ree) as a
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(a) (b)

Figure 4.1 OxDNA representations of the kink/unkink equilibrium in intact and nicked
duplexes
Representative oxDNA illustrations of kinking in a 30 bp DNA duplex. (a) The kinking transition of an
intact 30 bp DNA duplex at Ree = 4 nm. Kinking intact DNA induces the formation of an 1–3 bp bubble,
as well as disrupting stacking (arrow). (b) The kinking transition of a nicked 30 bp DNA duplex at
Ree = 8 nm. Only disruption of stacking is required to kink nicked DNA (arrow).

function of the end-to-end distance Ree. The free energy of duplex bending has two distinct

regimes, as is indicated by a change in slope at Rtrans
ee ≈ 5.5 nm (Figure 4.2 (a)). The obvious

interpretation of this change in slope is that it is attributable to the appearance of a specific

structural defect, a kink (Section 2.1.2). To verify, we decompose the overall free-energy profile

into contributions from continuously bent and kinked macrostates, revealing with clarity that

the change in slope is indeed the crossover between the regimes.

The probability of kinking is similar for the energetic and structural criteria (see Section 3.2.2

for definitions), suggesting that both stacking and base pairing disruptions are usually required

to form a kink in the duplex (Figure 4.1 (b)). Indeed, representative oxDNA structures for the

continuously bent and kinked 30 bp duplex (Figure 4.1 (a)) reveal that duplex kinking typically

induces a 1–3 bp bubble at the kink location (Section 4.4.3), and that this kink is located near the

centre of the duplex (Section 4.4.2).

4.3.1 Comparison to worm-like chain (WLC) model

In Figure 4.2 (a) we compare the predictions of oxDNA to those of a WLC model (Section 2.2). We

compare specifically to the approximations to the WLC EED distribution developed by Becker,

Rosa & Everaers11 (Section 2.2.2), hereafter referred to as the Becker model. As expected, when

using the base pair rise and persistence length appropriate to oxDNA, agreement between the

Becker model and oxDNA is excellent for intermediate Ree.

Deviations arise between oxDNA and the Becker model at shorter Ree due to kinking. Deviations
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Figure 4.2 Free energy of bending an intact duplex
(a) Free-energy of bending 𝐷G(Ree) for oxDNA (black), with the decomposed free energies of the
continuously bent (light green dashed) and kinked (light blue dashed) regimes overlaid. OxDNA is
compared to the worm-like chain (WLC) model approximation of Becker et al.11 (red dotted). The
comparison is fit-free, using known oxDNA parameters for persistence length (41.82 nm) and rise per
base pair along the helical axis (0.34 nm).53 To perform the fairest comparison between the Becker
model and oxDNA, rather than setting the minimum 𝐷G(Ree) to be zero as elsewhere in the text, we
normalise 𝐷G(Ree) so that exp

(︀
−𝐷G/kBT

)︀
= P (Ree) in both cases. (b) Probability of kinking Pkink using

energetic (black) and structural (gray) criteria for a kink. Inset figures are oxDNA representations for
a 30 bp duplex, depicting the kinked (arrow) and continuously bent configurations at Ree = 4 nm and
Ree = 8 nm respectively.
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also occur at longer Ree, where Ree is less than the duplex DNA contour length Rcontour

(Ree . Rcontour), due to the Becker model neglecting the finite intrinsic extensibility of DNA.

Additionally, the Becker model does not account for the finite thickness of DNA, which causes

excluded volume effects at very short Ree. In oxDNA, a sharp rise in 𝐷G is present at Ree ≈ 2 nm.

4.3.2 Length dependence

According to the WLC model, the enthalpic cost of bending a duplex to some fraction of

its contour length decreases with duplex length. By contrast, there is no obvious reason

why the free-energy cost of forming a kink at the centre of the duplex should be strongly

length-dependent. We might therefore expect that, as duplex length is increased, the location

of the kink transition should shift to smaller values of Ree/Rcontour.

For sufficiently long DNA, we expect to see unkinked duplexes even for small Ree/Rcontour. These

expectations are confirmed in Figure 4.3; long duplexes (≥ 73 bp) do not preferentially kink at

any Ree, and for shorter duplexes the length-dependence of the kink transition is as expected.

The re-entrant behavior at extremely small Ree/Rcontour arises from a change in geometry that

is enforced by excluded volume effects (Section 4.4.4).

It seems natural to define a free-energy cost 𝐷Gtrans = 𝐷G(Rtrans
ee ) = 18.1 kBT for the 30 bp

duplex. This is essentially a measure of work that must be done on the duplex by pulling its ends

together before kink formation occurs. This numerical value is comparable to the estimate of

‘𝐷Gcollapse’ made by Fields et al.,22 the bending stress released upon kinking for a similar system.

However, free energies must be carefully defined if quantitative comparisons are to be made.

In particular, 𝐷Gtrans is not a generic free-energy cost of kink formation that can be directly

compared with other systems in which kink transitions may occur.

For clarity, we present the bending free energy and end-to-end separation at the mid-point of

the kink transition for all simulations in Table 4.1.i

iIt is important to note that 𝐷Gtrans is a function of duplex length, even in the context of systems in which kink
formation is driven by pulling two ends of a duplex together, because kinking occurs at smaller Ree/Rcontour as
duplex length is increased.



26 Chapter 4: Thermodynamics of DNA bending

(a)

0

10

20

30

40

50

60

𝐷G
ee

/k
B

T

20 bp 30 bp
41 bp 52 bp
62 bp 73 bp
83 bp 93 bp

(b)

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

Ree/Rcontour

P ki
nk

Figure 4.3 Free energy of bending, length dependence
(a) Length dependence of 𝐷G(Ree), the duplex DNA bending free energy, as a function of reduced
end-to-end distance Ree/Rcontour. Error bars are comparable to the line thickness.
(b) Length dependence of duplex DNA kinking. The structural criterion for kinking is shown; results
using the energetic criterion are very similar in the kink transition region (Section 4.4.1).



Length dependence 27

𝐷Gtrans / kBT Rtrans
ee / nm

Length / bp⇁

20 15.9 4.7

30 18.1 5.5
n30 6.8 7.8

41 19.7 5.3

52 21.4 4.3

Sequence (28 bp)

poly(GC) 21.1 5.1

Avg-base 18.0 5.4

poly(AT) 14.8 5.8

Mismatch (28 bp)

Intact 16.1 5.7
mGG 13.0 6.0
mGT 13.3 6.0
mAA 12.8 6.1
mCC 13.5 5.9

Nicked (28 bp)

npoly(GC) 7.9 7.2
nAvg-base 6.7 7.3
npoly(AT) 4.8 7.6

Table 4.1 Free energy of bending and end-to-end distance at kink transition mid-point
The bending free energy at the mid-point of the kink transition 𝐷Gtrans, indicated by the crossover
between continuously bent and kinked regimes, occurs at the end-to-end separation, Rtrans

ee . Error bars
are ±0.1 for both 𝐷Gtrans and Rtrans

ee .
n Nick at the mid-point of the duplex.
m Mismatch in the duplex from Fields et al.22

⇁ Lengths of 62 bp and 73 bp not shown because their kink transition free-energies are not well defined.
While kinked microstates do occur, their probability never reaches 1⁄2, our definition of the kink
transition mid-point.
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4.3.3 Comparison to free energy of kink formation

One might define a quantity 𝐷Gkink through the probability of spontaneous kink formation

at a specific location in the duplex, in the absence of stress. Although in principle 𝐷Gkink

would be expected to be a generic (sequence-dependent) quantity, in practice its value strongly

dependents on the criteria used to identify kinks (Section 4.4.1). This is in sharp contrast to

𝐷Gtrans, which is almost identical for both criteria used to identify kinking in this work. In

the presence of sharp bending, the overwhelming majority of disruptions to the basic duplex

structure are sharply bent regions with broken stacking interactions, which are unambiguously

‘kinks’. In an unstressed system, however, the most common deviations from the canonical

duplex are not unambiguously identifiable as kinks, making the definition of a meaningful

𝐷Gkink problematic.

Even with well-defined criteria for identifying kinks, 𝐷Gkink is not directly relatable to 𝐷Gtrans.

Two reasons for this difference are particularly evident in the context of bending duplexes.

Firstly, to be a generic quantity, 𝐷Gkink must be defined through the probability that a kink

occurs that is centred on a specific base pair (or base-pair step) in a duplex. In the context of

duplex bending, however, kink formation can occur over a range of locations (Section 4.4.2),

and this fact is reflected in 𝐷Gtrans. Secondly, in pulling the ends of the duplex together to

Rtrans
ee , we do work on both the unkinked and the kinked state. Although kinks are more flexible

than unkinked duplexes, due to entropic effects and the need to strain the kink itself, kinks

posses a finite resistance to bending. This is evidenced by the post-kinking slope in 𝐷G(Ree) in

Figure 4.2 (a). To compensate, we must apply even more stress to the system to reach the point

at which kinks become favourable relative to unkinked duplexes, tending to increase 𝐷Gtrans.

That the bending stress at which kinking occurs in a specific system (𝐷Gtrans) is not immediately

related to the intrinsic cost of kink formation (𝐷Gkink) emphasizes the difficulty in comparing

between distinct experimental setups, in which the factors contributing to 𝐷Gtrans may well

be different. For example, in some systems, it may be possible to relieve stress by kinking at

one of a number of positions, as observed in simulations of short minicircles (Section 7.4.3,

Section 7.4.4). In others, such as the ‘molecular vise’ system,22 the kinking location may be

constrained to be near the mid-point of a duplex. The free-energy cost of bending the kinked
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state may also be distinct in different systems.

Unless care is taken, such differences will hamper quantitative comparison of free energies.

Analytic models22, 36 used to extract free energies from data must therefore be carefully chosen

if quantitative comparisons are to be drawn. Indeed, one of the advantages of simulations

employing coarse-graining is that direct comparisons can be made between distinct systems at

the level of physical observables, rather than indirectly via free energies derived from analytic

models. In this work, we will only make direct comparisons of 𝐷Gtrans for systems that are

nearly identical, probing the impact of a specific change, such as sequence or the presence of a

mismatch. Thus, deviations will largely reflect differences in 𝐷Gkink and not system-specific

effects.

4.3.4 Specific effects

4.3.4.1 Sequence dependence

Given that the relative free energies of bending and kinking can also be perturbed with sequence

variation,64 we investigated how sequence variation affects the kink transition. We report

sequence dependence in the free energy 𝐷G(Ree) of bending for a 28 bp duplex (Figure 4.4 (a,d)).

It is clear from this data that the poly(AT) sequence undergoes kinking more easily than the

poly(GC) sequence; 𝐷Gtrans is lower, presumably due to the weaker base-pairing in the poly(AT)

sequence. A secondary observation is that the poly(AT) sequence is slightly more flexible

prior to the kink transition in oxDNA. These two effects should, in principle, have opposing

consequences for Rtrans
ee , tending to increase and decrease Rtrans

ee respectively, i.e. its persistence

length is smaller. It is clear from Figure 4.4 (d), however, that the ease of kinking dominates and

poly(AT) has a longer Rtrans
ee and smaller 𝐷Gtrans compared to poly(GC).

We also observe that a 65 % GC sequence has a slightly lower 𝐷Gtrans than the average-base

model (Table 4.1). This behavior is expected since the duplex will kink and bend preferentially

in AT-rich regions. Due to the lack of easily kinkable regions, the average-base model is harder

to kink than would be naïvely expected from an ensemble of 50 % GC-content sequences.
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Figure 4.4 Effects of sequence-dependence, nicks and mismatches on the free energy of
bending
(a) Sequence dependence of bending for a 28 bp intact DNA duplex, comparing the sequence-dependent
and average-base oxDNA parameterizations. Error bars are comparable to the line thickness. (b)
Impact of mismatches on the bending of a 28 bp DNA duplex, compared to intact DNA, using the oxDNA
sequence-dependent parameterization. Mismatches, ordered by increasing free-energy cost, are as
follows: GG, GT, AA and CC. Sequences from Fields et al.22 (c) Impact of a nick on the bending of a
28 bp duplex for oxDNA average-base parameterization (black), with the decomposed free energies
of the continuously bent (light green dashed) and kinked (light blue dashed) regimes overlaid. (d)
Sequence-dependence of kinking using the structural criterion for a kink; results using the energetic
criterion are very similar. (e) Impact of mismatches on kinking. (f) Impact of a nick on the kinking, via
energetic (black) and structural (gray) criterions. OxDNA representation of a kink (arrow) in the nicked
duplex at Ree = 4 nm.
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4.3.4.2 Mismatches

Having investigated sequence variation, we now turn our attention to a system in which we

introduce a mismatch, i.e. a structural motif that substitutes a base pair with a non-Watson–Crick

pair. It is reasonable to expect that kinking will localize to the mismatch, provided it is

conveniently positioned, and 𝐷Gtrans will be reduced. Following Fields et al.,22 a mismatch was

introduced at the mid-point of an otherwise intact duplex. We investigated GG, GT, AA and CC

mismatches.

As expected, oxDNA reports that mismatched sequences have a lower 𝐷Gtrans and undergo the

kink transition at longer Rtrans
ee (Figure 4.4 (b,e)). The change in 𝐷Gtrans is consistent with typical

free-energy costs associated with mismatches:44 oxDNA reports 16.1 kBT for the perfectly-

matched duplex versus 12.8–13.5 kBT for the mismatches, a deviation of∼3 kBT (Table 4.1). Fields

et al. also found evidence that the ease of kinking was correlated with the sequence-dependent

mismatch cost predicted by the SantaLucia model of DNA thermodynamics.22 OxDNA’s treatment

of mismatches is extremely simple, neglecting any residual interactions or possible steric clashes

between geometrically incompatible bases. Consequently, it does not strongly distinguish

between different mismatches, and does not reproduce sequence-dependent mismatch variation.

4.3.4.3 Nicks

Like a mismatch, a nick, which is a break in an otherwise contiguous stretch of DNA whereby

the backbone phosphodiester bond is severed, is expected to impact DNA bending.ii In the

relaxed state, base pairing is preserved and coaxial stacking may occur between the adjacent,

but now non-covalently bonded, nucleotides. It is relatively easy for a nicked system to

sharply kink while only disrupting stacking and not hydrogen-bonding (Figure 4.1 (b)). We

observe, unsurprisingly, that the presence of a nick dramatically reduces the bending free

energy at the kink transition (Figure 4.4 (c)). In accordance with this lower bending free energy

(𝐷Gtrans = 6.7 kBT), the crossover from continuously bent to kinked regimes, and therefore

the kink transition mid-point, is shifted from Rtrans
ee = 5.4 nm to Rtrans

ee = 7.3 nm for the 28 bp

iiAs oxDNA is a coarse-grained model, there does not exist a 1:1 relationship between an oxDNA nick and a
physical nick, i.e. the precise disruption to the phosphodiester bond is ambiguous, and beyond relieving torsional
stress, structural details and rearrangements due to the presence of a nick should not be inferred.
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systems (Table 4.1).

It is also worth noting that DNA with a nick is far easier to bend then normal duplex DNA after

the kink transition: the post-kinking slope at Ree ≈ 2–5 nm for the nicked system (Figure 4.4 (c))

is much shallower than for the intact duplex (Figure 4.4 (b)). The absence of the constraint

of the additional backbone bond in the nicked system makes extremely sharp bending very

easy once coaxial stacking has been broken; this contrast highlights the work that must be

done to strongly bend a kinked duplex without a nick. We note that for the nicked system,

a more substantial difference between energetic and structural criteria for kinks is evident

(Figure 4.4 (f)). This distinction arises because nicked systems undergo significant kinking at

relatively large Ree, when it is less advantageous for kinked sections to bend extremely sharply;

hence, because the structural criterion implies an effective angle > 90° between consecutive

bases, it can underestimate the prevalence of kinks. We refer the reader to Section 4.4.1 for

further details.iii

4.3.5 Angular dependence

While we usually choose to report our bending free energy results as a function of EED Ree

(Section 4.3), it may be instructive to instead examine the free-energy profiles as a function of

the bending angle 𝑗, formed in-between the two duplex sections that meet at the kink. We show

bending free energy versus the bending angle 𝑗 using the same simulations as Figure 4.2 (1 × 108

VMMC steps per particle per simulation for each of 5 independent simulations, outputting

configurations every 1 × 104 VMMC steps per particle).

Qualitatively, the bending angle 𝑗 is the total angle between the relatively straight duplex

sections at the location of the kink. Small 𝑗 (𝑗 → 0°) roughly corresponds to large Ree

(Ree → Rcontour, the contour length of DNA), and large 𝑗 (𝑗→ 180°) to small Ree (Ree → 0 nm).

iiiThe careful reader may note that the bending free-energy appears dominated by hydrogen-bonding as opposed
to stacking. For intact systems, this observation is consistent with the oxDNA sequence-dependent parameterization
and the structural definition of a kink (Section 3.2.2.1). Base pairing varies by 50 % (2 for A-T versus 3 for G-C base
pairs), whereas stacking interactions vary by only 6 %. Further, the structural definition of kinking implicitly requires
the breaking of base pairs. While the detector is unimportant for kinking in intact duplexes, because kinking at a
nick does not require the breaking of base pairs, the structural and energetic criteria of a kink differ for nicked
systems Section 4.3.4.3. As we do not directly probe the sequence-dependence of kinking at a nick, and the impact of
stacking interactions versus fraying at the nick is ambiguous, for nicked systems, we suggest against attributing
sequence-dependent variation in the free-energy of bending to either hydrogen-bonding or stacking.
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Figure 4.5 Free energy of bending, bending angle 𝑗
(a) Free energy of bending and (b) probability of kinking for a 28 base pair intact and nicked duplex as a
function of the bending angle 𝑗. Data extracted from Figure 4.2.
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Figure 4.6 Free energy of bending, length dependence
(a) Length dependence of 𝐷G(𝑗), the duplex DNA bending free energy as a function of bending angle 𝑗.
With the exception of Nbp = 20, error bars are comparable to line thickness.
(b) Length dependence of duplex DNA kinking. The structural criterion for kinking is shown; results
using the energetic criterion are very similar in the kink transition region (Figure 4.5).
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A qualitative definition of 𝑗 is fairly straight-forward, but a robust quantitative definition is

somewhat more troublesome. For our quantitative definition, we exploit the facts that (i) for

bent duplexes kinking generally occurs near the middle of the duplex and (ii) that we disallow

non-native base pairing and fraying. First we determine the helical axis vectors along the first

and last 5 base pairs of the duplex. At each base pair index, we take the midpoint between bases,

then define a local helical axis as the normalized vector from midpoint i to midpoint i + 1. The

resulting 4 unit vectors are then normalized to determine the average helical axis for each of

the two sections. Finally, we take the inverse cosine of the dot product of the two segment’s

average helical axis vectors, yielding a proxy for the bending angle 𝑗.

For the intact duplex, unlike the EED case, there is no clear partitioning between kinked and

unkinked states. The bending free energy is also highly angle dependent, with non-negligible

angular dependence for a kink in the duplex. For the nicked duplex, there is clear partitioning

between the kinked and unkinked states, with an angle-dependent bending free energy for the

unkinked states, and negligible angle-dependence for the kinked states.

For completeness, and comparison with EED (Figure 4.3), the length dependence of intact

duplexes as a function of bending angle 𝑗 is shown in Figure 4.6.

4.4 Structure and thermodynamics of kinking

4.4.1 Energetic versus structural kink criteria

In Figure 4.2 we showed that the energetic and structural kink criteria were in good agreement

for the kink transition region; however, far from Rtrans
ee , this agreement can be much worse.

The basic problem is that kinked states are likely to be bent; however, at EEDs Ree close to

the contour length Rcontour, the duplex is straight. At Ree ≈ Rcontour, our structural criterion,

which relies upon the duplex being sufficiently bent (a local bend angle of > 90°), is probably

inappropriate. In principle, the energetic detector could work when duplex is straight, but

kinked states typically involve a variety of disruptions (Section 4.4.1.2), normally involving the

breaking of stacking, but also often broken base pairs (Section 4.4.3). The latter is not included

in the energetic criterion, so states at Ree ≈ Rcontour will only include the stacking disruption
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Figure 4.7 Free energy of bending, kinking near the contour length
Free energies as a function of Ree for a 30 bp duplex constrained to kink by either the energetic
or structural criteria. The free energy is normalized by manually matching to the data reported in
Figure 4.2 (a) for kinked states at small Ree. Error bars are comparable to line thickness.

associated with kinks. Additionally, unlike at Ree ≈ Rcontour where a structural disruption can

occur anywhere along the duplex, at small Ree, the kink is localized to the midpoint along the

duplex.

4.4.1.1 Sampling kinked states near the contour length

We performed additional simulations for a 30 bp duplex in which an additional umbrella bias

was used to forbid unkinked states (separate simulations were performed for each kink criterion.

In Figure 4.7, we plot the free energy of bending as a function of the EED Ree) obtained from

these simulations. Curves were normalized by manually matching to the data obtained for small

Ree in the original system – the zero of free energy is then the same as in Figure 4.2 (a).

Although both energetic and structural criteria identify disruptions of the typical duplex

structure, it is clear that the free energy of the kinked state at larger values of Ree is strongly

dependent on the criteria used to identify kinking. At small Ree, disruptions that are clearly

strongly bent kinks are prevalent, far more so than disruptions which do not involve strongly

bent kinks. At larger values of Ree, disruptions to the helix that are not unambiguously

identifiable as qualitative kinks become more important, explaining the discrepancy.

The energetic criterion gives an upper bound on the amount of kinking. It is difficult to imagine

a structure which could reasonably be described as ‘kinked’ without breaking stacking; however,
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stacking may also be disrupted without substantial bending of the duplex through a relatively

small structural rearrangement. Such configurations dominate the states which satisfy the

energetic criterion at larger Ree.

The structural criterion is more stringent, and might be expected to give a lower bound on the

amount of kinking – satisfying the structural criterion certainly requires substantial disruption

of the duplex state. It is also possible for the duplex to be substantially disrupted and for

significant bending to occur without meeting the criterion. That the structural criterion can

underestimate kinking is particularly evident from the data for nicked systems (Figure 4.4 (c,f)).

Due to the ease of kinking, kinks become prevalent at large Ree at which point the system,

although obviously kinked, can be insufficiently bent to trigger the structural detector. Albeit a

minor effect, note that in the nicked system, the kink criteria are only well defined along the

continuous strand, and that in the intact system, reporting kinking along only one intact strand

slightly under reports the probability of kinking, i.e. a kink on either strand.

4.4.1.2 Type-I versus type-II kinks in oxDNA

Despite our expectation that the structural criterion should be a lower bound on kinking, we find

that at large Ree there is a substantial contribution to the structurally-kinked macrostate from

configurations with ‘flipped-out’ bases, or other perturbations to the duplex structure that are

substantial but are not typical of the kinks that facilitate strong bending. It is not immediately

clear whether such states should be classified as kinks. Overall, this ambiguity makes the

definition of an intrinsic free energy of kinking extremely problematic. Any numerical value

given would be strongly dependent on the criteria used to identify kinking, and a universally

appropriate definition of kinked states is not obvious.

Nomenclature has been developed in all-atom molecular dynamics (MD) simulations25, 65, 66 to

distinguish between type-I (no disruption of hydrogen bonds, only stacking) and type-II kinks

(disruption of both hydrogen bonds and stacking). Due to its coarse-grained nature, we have less

confidence that oxDNA has sufficient molecular detail to contribute reliably to this discussion,

e.g. oxDNA does not account for sugar puckering or other base-specific structural deviations

from canonical double-stranded DNA (dsDNA) (Section 3.1.1).
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(a) Type-I like (b) Type-II like

Figure 4.8 Type-I versus type-II kinks
OxDNA representations of type-I like and type-II like kinks in 30 bp duplex. Front view at top, top view at
bottom. (a) Type-I like kinks have disrupted stacking with preserved base pairing, while (b) type-II like
kinks disrupt both stacking and base pairing.

Furthermore, the distinction between type-I and type-II kinks are of less direct relevance to this

study. We therefore do not use the type-I/type-II classification system of kinks, although we

note that we see configurations which could be assigned to both types (Figure 4.8).

While the energetic and structural detectors yield very similar results for intact duplexes in the

kink transition region, their behavior differs as Ree/Rcontour → 1, with the structural detector

saturating to Pkink = 0 and the energetic detector saturating to Pkink ≈ 0.01 (Figure 4.7). This

difference is attributable to spontaneous unstacking, and is not reflective of either type-I or

type-II like kinks.

4.4.2 Localization

When the ends of a duplex are pulled together, it would be expected that kinking occurs near the

midpoint of the duplex. Kinks far from the midpoint would result in incommensurate relaxed

duplex sections, which are then less likely to have their ends in close proximity. Analysis of the

kink probability distribution confirms that kinks are localized near the midpoint (Figure 4.9).

For the intact duplexes the distribution is quite wide, ∼10 base pairs, suggesting that entropic

effects are quite prevalent and some degree of incommensurately can be tolerated. The

distribution also appears to become slightly broader for longer duplexes. Importantly, the

preference for localization about the midpoint of the duplex is due to bending: in relaxed duplex
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Figure 4.9 Kink localization
Normalized histogram for the probability distribution of kink localization for the (a) energetic and (b)
structural criteria for intact (Nbp = 20, 30, 41, 52) and nicked (Nbp = 30) duplexes. We sample all duplexes
at constant end-to-end distance from the umbrella potential bin R′ee = 4.26–4.69 nm, which corresponds
to ⟨Ree⟩ ≈ 4.5 nm.

DNA, or in DNA minicircles, one would not necessarily expect a preferred site for kinking with

the average-base parameterization of oxDNA.

For the nicked duplex at Nbp = 30, the distribution is quite narrow, ∼2 base pairs, reflecting

the strong preference for localization of kinking at the nick (Figure 4.9). Contrary to the intact

duplexes, the preference for kinking at a nick is not due to the bending stress imposed on the

system. Because only the cost of disrupting coaxial stacking must be incurred, and not that of

breaking base pairing, nicked sites have a lower free-energy cost of kinking.

Since structural and energetic kinks are a property defined between consecutive bases

(Section 3.2.2), we report the kink probability distribution in base steps, where base step i refers

to a kink between base index i and i + 1. To define the location of a kink, all base steps along one

strand that satisfy either the structural or energetic kink criteria are included in the histogram.

To normalize, we divide by the total number of detected kinks along both strands. Kinks are

considered distinct if they are separated by more than 6 base steps. Thus, the normalized kink

distribution will sum to the average number of base steps satisfying the kink criterion rather

than to 1. To compare multiple lengths, we report the probability of kinking versus the adjusted

base pair index, centered around the mid-point of the duplex, (Nbp − 2)/2. The −2 offset accounts

for zero-based numbering and indexing the base step to base index i instead of i + 1.
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Figure 4.10 Bubble size distribution
Normalized histogram for the probability distribution Pbubble, the total bubble size in base pairs (Nbubble)
given the presence of a kink via either the energetic (black) or structural (gray) criteria for Nbp = 30
at ⟨Ree⟩ ≈ 4.5 nm from the umbrella potential bin R′ee = 4.26–4.69 nm. Error bars are smaller than the
points.

4.4.3 Relationship to bubble nucleation

The distribution of bubble sizes reveals the frequent presence of a 1–3 bp bubble in kinked

duplexes (Figure 4.10). Briefly, bubbles are defined as disruption of base pairs away from

the duplex ends, while disruption at duplex ends is classified as fraying (Section 3.2.2).

Unsurprisingly, bubbles are almost always co-localized with kinks, so we take total bubble size

along the duplex as a proxy for bubbles at a kink. Results for total bubble size given the energetic

and structural criteria for a kink are very similar.

4.4.4 Relationship to re-entrant continuous bending

As Ree/Rcontour → 0, kinking appears to be less effective at relieving bending stress; for all but

the shortest duplexes, there is re-entrant behavior from kinking back to continuous bending

(Figure 4.3 (b)). A typical kinked structure is shown in Figure 4.11 (a); it consists of two long

(relatively relaxed) duplex sections and a highly bent kink region. However, such a configuration

cannot bring the ends into extremely close proximity (Ree < 2 nm) due to steric effects. Instead,

the blunt ends of the duplex must bend to face each other. This bending of the duplex ends

fundamentally changes the constraints placed on the rest of the system, and makes kinking

opposite the blunt ends less effective at relieving the stress (the system cannot localize the

majority of bending stress into a single kink).
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(a) Ree/Rcontour ≈ 0.1 (b) Ree/Rcontour ≈ 0

Figure 4.11 Re-entrant continuous bending at short end-to-end distance
OxDNA representations of a 52 bp duplex at small Ree/Rcontour. (a) Kinking helps alleviate bending stress
by allowing for two more or less relaxed segment separated by an area of strong localized bending. (b)
However, as Ree/Rcontour → 0, due to excluded volume effects and the finite thickness of DNA relaxed
segments may not overlap; therefore, the only way to satisfy the very small end-to-end separation is by
bringing the duplex ends together, akin to a DNA minicircle. With this constraint, a single kink cannot
relax the majority of the bending stress, unlike in case (a).

DNA adopts minicircle-like configurations for extremely small values of Ree, as shown in

Figure 4.11 (b). Minicircles can, of course, undergo kinking – however, the geometrical

constraints mean that it is impossible to localize the majority of bending stress into a single

kink,24 unlike in systems with a slightly larger separation of the blunt ends. Thus we obtain the

seemingly paradoxical result that kinking is more likely for systems that have some flexibility

in their ends than for systems, such as minicircles, where the ends are constrained to be in

extremely close proximity.

4.5 Conclusion

We have reported a full characterization of the thermodynamics of DNA bending in a coarse-

grained model of DNA. A sequence-dependent transition from continuous bending to localized

bending is observed.

Sequence-dependence is a generic property of kinking, which is manifest in this system as

AT-rich sequences exhibiting localized bending at longer EED than GC-rich sequences (which are

more difficult to kink). The transition from continuous to localized bending is due to a specific

structural defect, a kink. Kinks are associated with the disruption of stacking and base-pairing

interactions in the duplex.

Analysis of kinking reveals that one must be extremely careful in inferring free-energies of
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kinking from specific systems. For example, unlike sequence-dependence, the reported length

dependence of kinking is not a generic property of kinking, rather it is specific manifestation

of the model system, which owing to the EED constraint preferentially kinks at the mid-point

along the duplex. Thus, for the model system, short duplexes exhibit localized bending at longer

EED than long duplexes, when normalized to the contour length. At sufficiently long duplex

lengths (& 70 bp) there is no transition to localized bending.

A natural definition of 𝐷Gkink would be through the probability of spontaneous kink formation

in relaxed DNA at a specific site. This should be a generic property depending on the local

sequence, and would be the quantity measurable if relaxed duplexes were examined for kinking.

If kinking is enforced through external bending of duplex DNA, however, the amount of work

that must be done on the duplex state to enforce a transition, 𝐷Gtrans, is potentially quite distinct

from 𝐷Gkink. Reasons include the fact that work may also be done in bending the kinked state

to reach the point of transition, and the fact that specific experimental systems (such as the

molecular vise22 in Chapter 5) may favour kink formation at certain locations whereas other

systems, such as DNA minicircles (Section 7.4.4), may allow kinks anywhere along the strand.

These considerations make direct comparisons of free-energies of kinking as inferred through

simple analytic models difficult, hindering the comparison of kinking in distinct experimental

systems.

Computational models such as oxDNA, in principle, allow comparison between distinct systems

in which kinking is hypothesized, as they can be directly simulated with the same model

and experimentally comparable observables can be recorded – factors such as the work done

in bending a kink should be naturally incorporated, at least at a semi-quantitative level.

Coarse-grained models parameterized to reproduce basic DNA mechanics and thermodynamics

therefore offer a valuable tool for establishing whether proposed observations of kinking are

consistent with each other and our current knowledge of DNA, as will be explored in subsequent

chapters.
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DNA bending is an important structural and thermodynamic property of DNA, and is non-trivial

to experimentally probe. Using insight from a coarse grained model of DNA, we corroborate the

results of recent ‘molecular vise’ experiments,22 which provide one of the most direct probes of

strong DNA bending currently available. Specifically, we reproduce the experimental high-salt

buckling transition and approximate buckling length. We then directly probe the microscopic

configurations responsible for this transition, validating the experimental interpretation of a

kink-induced buckling transition.

5.1 Introduction

Fields et al. have developed a ‘molecular vise’ to probe the strong bending regime of DNA,

providing evidence of a buckling transitioni that cannot be explained by a worm-like chain

(WLC) model.22 Importantly, they infer kinking as the physical mechanism underlying this

transition, a structural property that we can directly visualize. Having previously characterized

DNA bending (Chapter 4), we are in a strong position to probe their system with simulation, and

test whether their conclusions are reasonable given the known thermodynamic and mechanical

properties of DNA, as encapsulated by our course-grained model.

The system they devise consists of a DNA hairpin and complement strand (Figure 5.1). The

hairpin has two regions, a loop composed of Nloop nucleotides and a predominantly poly(AT)

stem composed of 49 base pairs (39 AT base pairs adjacent to the loop and 10 terminal GC base

pairs). Complement strands of different lengths are hybridized to the hairpin loop to form a

iFields et al. have termed this a ‘critical’ buckling transition, but we find that this terminology may be ambiguous
in the context of our work. They observe a thermodynamically smooth transition between (presumably) continuously
bent and kinked states, which is not ‘critical’ in the classical thermodynamic sense, which refers to a second order
transition of a bulk system.
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+

Nloop
Ndup

Figure 5.1 Schematic of molecular vise
OxDNA representation of the ‘molecular vise’ studied by Fields et al.22 A duplex of Ndup base pairs is
formed by hybridizing the Nloop nucleotide hairpin loop with a variable-length complementary strand.
The duplex may be kinked (arrow) or unkinked, in which case there is an equilibrium between continuous
bending in the duplex and unzipping in the stem. Stem-end thymines are used for fluorophore attachment
and reporting hairpin separation (yellow). For the representative system shown, the hairpin stem is 49
base pairs, Nloop = 36 and Ndup = 30.

duplex of Ndup < Nloop base pairs. The hairpin acts as a force clamp, imposing external bending

stress on the duplex. Formation of a duplex within the loop may require opening part of the

hairpin stem, which requires work via a salt-dependent unzipping force.ii Stem unzipping is

monitored via Förster resonance energy transfer (FRET), reporting the separation between the

fluorophores attached to the first and last bases of the hairpin loop (Figure 5.1).

This setup is powerful because it allows the observation of stem unzipping as a function of both

the length of the complement strand and loop size. For example, at short Ndup, there is minimal

stress on the system – it is necessary neither for the duplex to bend nor the stem of the hairpin

to unzip. At long Ndup (comparable to Nloop), the system cannot maintain full base-pairing

without bending the duplex. While at low-salt their data is in agreement with a WLC model, at

high-salt their data suggests hairpin re-zipping at a shorter buckling length (of length Ndup)

than implied by a WLC model.11 Fields et al. infer that this discrepancy is due to the formation of

a sharp kink, and not fraying, unzipping or continuous bending.

ii∼9 pN at 23 ∘C and 200 mM monovalent salt for a 0 % GC-content sequence. For comparison, the value for a
100 % GC-content sequence is ∼21 pN.67
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5.1.1 Specific aims

Having rigorously explored the thermodynamics of DNA bending in Chapter 4, we turn to

the characterization of the ‘molecular vise’ of Fields et al.,22 which provides an exquisite

experimental probe of the behavior of duplex DNA under bending stress. We use oxDNA to

explore the microscopic configurations that underlie their experimental observations. Our

findings are compatible with the observations of Fields et al. at high salt concentrations.

5.2 Simulationmethods

Simulations were conducted with the sequence-dependent parameterization of oxDNA using

the virtual-move Monte Carlo (VMMC) algorithm62 (Section 3.1.3) at T = 25 ∘C. Error bars

represent the standard error of the mean from 6 independent simulations. These simulations

were performed without any biasing through the use of umbrella potentials. Further details of

simulation procedure are given in Appendix A.2.

In our simulations, the thymines located at the first and last bases of the loop were chosen as

the reporter for hairpin separation since they are the closest analogues to the experimental

setup. The separation between these bases’ centers of mass is reported as Rhairpin
ee .

5.3 Probing themolecular vise with oxDNA

We begin our discussion by considering the system with a loop length of Nloop = 36 nucleotides

and a variable length duplex of Ndup base pairs (Figure 5.2). OxDNA reveals distinct behavior

for small, medium and large values of Ndup. These behaviors are related to the most prevalent

deformation modes from the canonical relaxed duplex DNA structure at each given Ndup length.

Possible deformations to consider involve unzipping of the hairpin stem, fraying, and bending

or kinking of the duplex.

For short duplexes (Ndup < 20) relative to the loop length Nloop = 36, the hairpin separation

Rhairpin
ee is comparable to that of a hairpin without an annealed complement strand (Figure 5.2 (b)).

Figure 5.2 (c) and Figure 5.2 (d) show that kinking and fraying of the duplex, and hairpin
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Figure 5.2 Properties of molecular vise, 36 bp
OxDNA structural properties of the duplex and hairpin stem for Nloop = 36 and variable Ndup. Points at
Ndup = 0 are for the hairpin without an annealed complement strand. (a)(i-iv) oxDNA representations
for Ndup = 0, 10, 28, 34, respectively. Stem-end thymines are used for fluorophore attachment and

reporting hairpin separation (yellow). The kink in (a)(iv) is highlighted (arrow). (b) Rhairpin
ee is the

hairpin separation of end thymines, at the interface between the hairpin stem and loop. (c) Pkink is the
probability of kinking in the duplex via the structural criterion. (d) Nfray and Nunzip are the number of
disrupted base pairs via fraying in the duplex (light green circles) and unzipping the hairpin stem (dark
green squares), respectively.
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unzipping, are small, and simulation snapshots such as the ones shown in Figure 5.2 (a)(ii) do not

show significantly bent duplexes. In this regime, the duplexes are too short to exert significant

stress on the system.

For intermediate-length duplexes (Ndup = 20–28), Rhairpin
ee increases due to stem unzipping

(Figure 5.2 (b)). The duplex is sufficiently long that the system cannot maintain full base-pairing

without experiencing considerable mechanical stress. The system must either bend the duplex,

or suffer a reduction in base pairing (either via unzipping the stem or fraying at the ends of the

duplex). In fact, the system adopts configurations in which the deformation is shared between

continuous bending of the duplex and unzipping, as can be seen from Figure 5.2 (a)(iii). The

bending energy released for each base pair unzipped decreases as the duplex relaxes, whereas

the cost of unzipping each base pair in the stem is approximately constant. The system can

therefore minimize its free energy by adopting a state which combines unzipping with moderate

bending. Unzipping the hairpin stem is favoured over fraying the duplex for two reasons. Firstly,

stem unzipping contributes two nucleotides worth of single-stranded DNA to the hairpin loop,

thereby reducing the tension, versus a single base for fraying the duplex. Secondly, the weaker

poly(AT) stem melts easier than the more strongly bound GC-rich regions at both ends of the

duplex. This was a deliberate design choice of Fields et al..

For long duplexes (28 < Ndup ∼ Nloop), Rhairpin
ee decreases by re-zipping the stem and kinking, as

reported in Figure 5.2 (b–d). A typical kinked structure is shown in Figure 5.2 (a)(iv). Increasing

Ndup increases the bending stress in the system, which peaks at Ndup = 28, leading to stronger

unzipping and bending costs if the duplex does not kink. The cost of kinking, however, is

more weakly dependent on Ndup, as was discussed in the general analysis of bending. Thus at

sufficiently large Ndup, it is favourable to form a kink in the centre of the duplex, relieving the

bending stress elsewhere and reducing the need to unzip.

5.3.1 Length dependence

As well as considering the behaviour at fixed Nloop, it is instructive to analyse the system as Nloop

is varied. We focus our attention on the highly stressed regime of Ndup ∼ Nloop (Figure 5.3 (a)

and Figure 5.3 (b)). We observe three regimes: For small Nloop < 30, only fraying and continuous
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bending are observed, with no signal for kinking in Rhairpin
ee . For 30 < Nloop < 60, we see a sharp

kink transition in which kinked states become dominant as Ndup → Nloop. For larger Nloop, this

transition is less pronounced, eventually fading away. Additional simulations at Nloop = 66–90

(Section 5.3.3), with Ndup = Nloop − 2, show the kinking probability decaying from ∼30 % to

∼2 %.

Why does a kink transition occur only for a finite range of Ndup? Unzipping of hairpin base pairs

is extremely effective at relaxing stress for short duplexes: each unzipped base pair opened

allows the duplex to straighten substantially. Thus at short lengths, stress is primarily relaxed by

unzipping and duplex bending is small. Kinking does not play a role. As the duplex gets longer,

each unzipped base pair relaxes the duplex less and less, as each disrupted base pair provides a

smaller contribution relative to the overall length discrepancy between the intrinsic length

of the duplex and the end-to-end distance enforced by the vise. Consequently, the bending

of the duplex is enhanced, and eventually a kink transition is observed when this bending is

sufficiently severe. For longer duplexes, the enthalpic cost of continuously bending to satisfy

the separation imposed by the vise drops with duplex length (this can be shown directly using

the Becker model11), whereas kink formation does not get easier. Thus the driving force for

kinking is reduced, and kinking is absent at sufficiently long loop lengths.

Another notable point is that the maximum in Rhairpin
ee prior to the kink transition (indicated

by black dots in Figure 5.2 (b)) decreases with increasing Nloop at values of Nloop for which

kinking is observable. Why should this be? As mentioned above, unzipping of stem base pairs

is increasingly ineffective for larger systems, and bending of the duplex becomes increasingly

easy. Therefore the degree to which the system unzips as Ndup → Nloop is reduced for larger

systems, and Rhairpin
ee does not grow as significantly prior to kinking.

5.3.2 Fraying in themolecular vise

Fraying involves melting base pairs at the ends of the duplex. Melted base pairs incur the

free-energy cost of disrupting hydrogen bonding and stacking, but effectively increase the

available loop length. To further the aim of experimentally probing DNA bending, the molecular

iiiThe molecular vise at Nbp = 20 is indeed shown in Figure 5.3 (a), but may not be visible because it does not kink
for any Ndup.
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Figure 5.3 Properties of molecular vise, length-dependence
Structural properties for variable Nloop. (a) Kinking probability Pkink via structural criterion.iii(b) Hairpin

separation Rhairpin
ee . Buckling lengths are highlighted (black marks). (c) The FRET efficiency EFRET

reproduced from molecular vise experiments. Available data for Nloop = 30, 36, 40, 46, 50.22
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vise is designed to minimize fraying. It is assumed that fraying will not be prevalent since

the loop duplex ends are entirely GC base pairs, while the hairpin stem is poly(AT). Since the

enthalpic cost of fraying depends on the number of base pairs melted, while the entropic gain

depends on the length of the frayed segments, the free-energy cost of fraying is maximized by

having fewer, longer stretches of single stranded DNA. For example, four frayed bases at one

end of the duplex has a lower free energy than two bases frays at either end of the duplex. Both

the relative ease of fraying the poly(AT) hairpin stem compared to the GC loop duplex, and the

entropic benefit of maximizing fraying at one location, work in favour of selective unzipping in

the stem.

5.3.3 Long length limit

In Figure 5.3 we showed the structural properties for variable loop length (Nloop) and duplex

length (Ndup). The decay in the probability of kinking Pkink and the short-length plateau

in hairpin separation Rhairpin
ee both suggest the existence of a transition from kinking to

continuous bending at long Nloop. Such a transition is indeed observed in our investigation of

length-dependence in the free-energy of bending of intact duplexes (Figure 4.3), and would

therefore be expected for the ‘molecular vise’.

In Figure 5.4, by profiling the longest Ndup at a range of Nloop lengths, we examine the

length-dependence of kinking, hairpin separation, fraying and stem unzipping. A transition

from kinked to continuously bent states is observed at long Ndup (and therefore long Nloop), with

the kink transition midpoint at Ndup = 58–64. By Ndup = 88, duplexes are almost exclusively

continuously bent (Pkink < 2 %). Unsurprisingly, the length of the kink transition midpoint is

consistent with our bending simulations (Figure 4.3).
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5.4 Comparison to experiment

5.4.1 FRET experiments

We now compare the oxDNA results to those of Fields et al.22 Unlike oxDNA, Fields et al. could

not directly observe kinked macrostates. Instead, they inferred kinking from non-monotonic

behavior of the FRET signal between dyes attached to the first two bases of the loop (a proxy for

fraying - Figure 5.2 (c)). They defined a buckling length at high-salt, which they interpreted as

the onset of localized bending via kinking, as a local minimum in the FRET signal (Figure 5.3 (c).

We can define an analogous quantity in oxDNA, the maximum in Rhairpin
ee for a given Nloop, to

compare with the FRET results.

In their higher salt experiments, Fields et al. saw evidence of fraying and no kinking for Nloop = 30,

identified non-monotonic behavior of FRET for Nloop = 36, 40, and saw no substantial change in

the FRET signal with Ndup for larger values of Nloop. Broadly speaking, these three regimes are

consistent with our observations: kink transitions occur for intermediate values of Nloop, with

only fraying at smaller values and no fraying or kinking at larger values. Quantitatively, we

observe the beginning of a kink transition for Nloop = 30, slightly earlier than Fields et al., and

see evidence of kinking at larger values of Nloop. The Ndup values at which kink transitions occur

for Nloop = 36 and Nloop = 40 in oxDNA are within two base pairs of those inferred by Fields et

al., as can be seen in Figure 5.2 (c). Clearly, however, inferring the ‘exact’ onset of kinking is not

trivial from the experimental data.

The quantitative consistency of results may be even stronger than immediately apparent. OxDNA

is parameterized at [Na+] = 500 mM , meaning that the stem of the vise should be somewhat

more resistant to fraying than in the experiments, which were performed at [Na+] = 250 mM ,

perhaps explaining the evidence of kinking for Nloop = 30 that is absent in the work of Fields et

al. Consistent with this argument, Fields et al. do not find evidence for kinking at all at much

lower salt concentrations, when the stem of the vise is less stable. Slightly smaller values of

Ndup at which buckling occurs for a given Nloop in oxDNA may also be explicable in this way.

Our results for larger values of Nloop also suggest that although kinking occurs, it does so

following an increasingly small amount of unzipping. This is actually consistent with the
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observations of Fields et al. – compare the drop in FRET prior to kinking for Nloop = 36 and

Nloop = 40.iv

5.4.2 Limitations of FRET with respect to themolecular vise

We posit that unzipping prior to kinking may be undetectable through the methodology of

Fields et al. for Nloop & 40, who use gel-based ensemble FRET. One advantage of their method is

that, based on differences in electrophoresis mobility with respect to a known DNA-ladder, they

have access to a quality internal control for complement-loop hybridization in the formation of

the loop duplex. Additionally, gel-based assays, as opposed to single-molecule assays, report

on the ensemble, which is useful for making qualitative observations on thermodynamically

smooth transitions.

Unfortunately, there is a highly non-linear relationship between FRET signal and fluorophore

separation (Section 10.4.1.1), which is roughly equivalent to Rhairpin
ee . FRET efficiency scales as

1/r6 with fluorophore separation, and by definition, the FRET efficiency E is in the range E = 0–1

with a mid-point of E = 0.5 at the Förster radius, R0. Due to this non-linearity, FRET is sensitive

to distance changes at fluorophore separation close to the R0; however, it also quickly saturates

to its maximum and minimum at E = 1 and E = 0 respectively. Given that the Cy3B/Alexa647

fluorophore pair used to probe hairpin unzipping has an R0 = 5.7–6.7 nm, FRET reporting is

most sensitive at r ≈ 4–9 nm (E = 0.10–0.90). Changes in FRET efficiency outside of this region

will be difficult to distinguish experimentally with these fluorophores (Cy3B/Alexa647).

While Fields et al. observe constant high FRET at high-salt for Nloop = 46 and Nloop = 50,

these lengths may indeed have undetected hairpin unzipping at a difficult to detect distance

of Rhairpin
ee < 4 nm. As at Nloop = 36, there may exist a transition to the kinked state at these

lengths. While Fields et al. make strong claims about the high-salt unbent to kink transition, they

are silent on the kinked to continuously bent transition, possibly in respect to this experimental

limitation.

OxDNA reports Rhairpin
ee < 3 nm for Nloop ≥ 46, suggesting that it is possible that kinking occurs

ivFields et al. suggest that kinking occurs for both Nloop = 36 and Nloop = 40, yet the FRET signal is stronger for
Nloop = 36. It is plausible that this trend continues, with kinking present for the longer Nloop = 46 and Nloop = 50
lengths – kinked, but not detected by FRET with their flourophores, as we will argue in Section 5.4.2.
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Figure 5.5 Properties of molecular vise, temperature-dependence
Temperature-dependent structural properties (a) hairpin separation and (b) kinking for Nloop = 30 at
T = 25 ∘C (black circle) and T = 45 ∘C (gray square). The C:C mismatch at T = 25 ∘C is also shown (blue
triangle).

in experiment at larger values of Nloop without sufficient change in FRET signal for it to be

observable. OxDNA does suggest, however, that kinking is never observed for Nloop large enough

that Ndup ∼ Nloop duplexes undergo continuous bending with sufficient ease.

5.4.3 Temperature-dependence andmismatches

We note that temperature is not well controlled in the Fields et al. gel-based experiments due

to electrophoresis-induced heating of the gel running buffer. To explore the implications of

electrophoretically-induced buffer heating, temperature-dependence was also explored with

additional simulations at 35 ∘C (data not shown) and 45 ∘C (Figure 5.5). Increasing temperature,

which increases the entropic cost of base pairing, reduces the unzipping force associated with

the hairpin.68 Unsurprisingly, we find negligible kinking at T = 45 ∘C for Nloop = 30, consistent

with the reasoning that weakened base pairing in the stem leads to easier unzipping. The

absence of a kink transition is reflected by a monotonically increasing Rhairpin
ee .

We also briefly explored the role of a C:C mismatch in the Nloop = 30 system (Figure 5.5). Since

the kink transition is incomplete for Nloop = 30, the presence of a mismatch only slightly

increases kinking. We would expect that a mismatch in a system with a complete kink transition

(Nloop = 36–60) would lower the free-energy barrier to the kinked state, thereby decreasing the

buckling length.
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5.4.4 Summary

As with all experiments, the methods of Fields et al. are not without limitations. Temperature, an

important determinant of DNA behavior, is not well controlled in gel based experiments due to

electrophoresis-induced heating of the buffer. Due to this heating, evaporation increases the ion

concentration over time. this effect can be mitigated by buffer addition to maintain a constant

run buffer volume. Mapping from a qualitative to quantitative measure of FRET is non-trivial,

requiring a number of assumptions and controls. While FRET efficiency is proportional to

fluorophore separation, a quantitative mapping to distance is usually not possible.

The molecular vise of Fields et al. is a sensitive experimental measure of the duplex DNA buckling

transition. While the evidence supporting their claim of a kinking transition at high-salt at the

buckling length of 30 bp is strong, unbent (hairpin stem unzipping), kinked and continuously

bent structures cannot be directly observed. Indeed, observed FRET efficiency reports on an

ensemble of presumably unbent and kinked structures, reaching saturation at short and long

complement lengths, respectively.

In addition to FRET experiments with the molecular vise, Fields et al. offer simulation and further

biochemical probes to support their claims of a low-salt continuous bending transition and a

high-salt kink transition, these include:

(i) Simulation at known DNA persistence lengths of 40–50 nm do not support a continuous

bending transition at 30 bp: an implausibly low DNA persistence length of 25 nm would be

required.

(ii) A single stranded DNA specific endonuclease cleaves the putative kinked molecules but

not the continuously bent molecules.

(iii) Putative kinked molecules are more electrophoretically mobile than their continuously

bent counterparts, reflecting the expected smaller effective size of the kinked molecules.

OxDNA is also not without limitation. For example, as oxDNA is parameterization to high-salt,

we compare only to the Fields et al.22 high-salt condition; their low-salt limit is not investigated.

To redress this short-coming, a salt-dependent version of oxDNA using the Debye–Hückel

approximation is under development. Additionally, specific sequence-dependent motifs are not
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represented by oxDNA (Section 3.1.1). This is less of a concern since pathological sequences

were explicitly avoided by Fields et al. to aid interpretability.

Taken together, the evidence for kinking is convincing, particularly when examined in

light of other studies more indirectly examining DNA in the extreme bending regime, such

as cyclization,12–15 multimerization,17 AFM,27, 28 and cryo-EM.18 Even in model systems

specifically designed to probe the presence of a buckling transition, such as the strained-duplex

(Chapter 8),19–21 the Field et al. molecular vise is methodologically superior.

5.5 Conclusion

We have simulated the ‘molecular vise’ of Fields et al.,22 a direct probe of DNA bending. Our

results are consistent with experiment, supporting their interpretation of non-WLC behavior via

a specific structural defect, i.e. a kink, and providing a detailed mechanistic perspective on the

data. Specifically, we reproduce their high-salt kink transition at an appropriate buckling length,

and directly probe the microscopic states responsible for the transition, further validating the

structural interpretation of experimental observations. We also propose that duplex kinking

might be present for longer duplexes than can be directly inferred from the experimental data,

due to the limits of FRET precision and minimal unzipping prior to kinking.

OxDNA is by no means a perfect model, and the level of agreement with Fields et al. should not be

over-interpreted. Although reproduction of this data is evidence that the model is reasonable, a

number of modelling simplifications, and the 2× difference in salt conditions in experiment and

oxDNA, might give rise to small quantitative deviations. The important point is that the general

agreement between the experimental data and oxDNA helps to show that kinking, as inferred

by Fields et al., is consistent with the known thermodynamics and mechanics of DNA vis-à-vis

the predictions of the oxDNA model. Furthermore, as oxDNA can also be used to probe kinking

in DNA cyclization (Chapter 6) and minicircles (Chapter 7), we conclude that the evidence

of kinking in the systems investigated are broadly consistent. This is particularly important

given the controversy surrounding the kink transition.16, 28 We note that our observation that

kinking may go undetected for intermediate loop sizes in the setup of Fields et al. is potentially

important in this regard; otherwise the absence of kinking for systems of intermediate Nloop
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(Nloop = 46, 50) might be surprising when compared to digestion assays on minicircles,18, 36

particularly as simple mechanical arguments suggest that the geometry of torsionally relaxed

minicircles is less condusive to kinking than the geometry of the molecular vise.

As of yet, direct experimental observation of kinked DNA macrostates has been elusive;

however, simulation helps bridge the gap between indirect experimental observations and the

fundamental thermodynamics underlying DNA bending.
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DNA cyclization is a powerful technique for examining DNA bending, reporting agreement

with the worm-like chain (WLC) model at small to moderate bending fluctuations. Using a

course-grained simulation we investigate the thermodynamics of DNA cyclization, finding

agreement with worm-like chain (WLC) prediction to lengths of 80 base pairs. We find that a

specific structural defect, a kink, is responsible for non-WLC behavior at lengths below 80 base

pairs. Our findings are consistent with ligase and Förster resonance energy transfer (FRET)-based

measurements of DNA cyclization.

6.1 Introduction

6.1.1 Historical context

DNA cyclization is a convenient model system used to probe DNA bending. Cyclization

experiments were first reported in 1966, albeit on 48.5 kbp 𝑙-DNA.69, 70 In 1981, Shore et

al. developed a method to probe the bending of shorter 126–4361 bp fragments,71 later noting

periodicity in the cyclization efficiency of 237–254 bp fragments.12

More recently, there has been a particular interest in probing the cyclization of sub-persistence

length DNA, to explore whether this regime is accurately described by the WLC model. For

example, in 2004 Cloutier & Widom (C&W)14 challenged the conventional wisdom of WLC

flexibility established by Shore et al.,12, 71 claiming much greater than predicted cyclization

efficiency in 93–95 bp DNA fragments. This controversial finding spurred debate on the

characteristic length at which DNA cyclization efficiency deviates from the predictions of the

WLC model. Despite much experimental13–16, 72 and theoretical effort,24, 26, 30, 73–76 a consensus

has not yet been established.
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Figure 6.1 Schematic of cyclization and dimerization
Schematic representations of (a) cyclization where kcyc and kuncyc are the forward and reverse rate
constants respectively, and (b) dimerization where the rate constants are kdim and kundim. Note that
for the dimerization system there is only one complementary sticky end per monomer, the other end
being blunt to allow for only one reaction product, a linear dimer. Figures are oxDNA representations for
monomers of length Nbp = 101, including complementary sticky ends of length Ns = 10. (Dimer length is
2Nd + Ns).

6.1.2 Cyclization experiments

A typical cyclization experiment, as depicted in Figure 6.1, uses a cyclization substrate with

complementary sticky ends, Ns bases in length, on both ends of a Nd base pair duplex. Cyclization

leads to the formation of a Nbp-base pair duplex, where Nbp = Ns + Nd. The resultant structure is

not a closed minicircle – two backbone ‘nicks’ are present at either end of the sticky ends. Either

the forward rate or equilibrium constant of the cyclization reaction is reported. Experiments

differ in how exactly they measure cyclization: methods based on ligation,12–14, 71 Förster

resonance energy transfer (FRET)15, 16 and multimerization17 have been reported.

In ligase-based experiments, cyclized molecules are kinetically trapped by ligation of the

two backbone nicks. The open and ligated cyclized molecules can then be resolved by gel

electrophoresis and the concentration of different products measured. FRET-based experiments

can be performed in equilibrium, with the molecules allowed to cyclize and uncyclize indefinitely.

Fluorophores are attached to both ends of the molecule as FRET reporters: a high FRET signal

will be reported when the duplex ends are in close proximity (cyclized), low FRET when apart

(open). Although non-WLC behavior has been suggested by the ligase-based experiments of
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Cloutier & Widom (C&W)14 and the FRET-based experiments of Vafabakhsh & Ha (V&H),15 these

results have been contested.13, 26 There is not yet a consensus on their interpretation.

6.1.3 j-factor

6.1.3.1 Concept

Cyclization efficiency is traditionally reported in terms of a j-factor, first introduced by Jacobson

& Stockmayer,1 which is a measure of the effective local concentration of duplex ends at zero

end-to-end distance separation. The j-factor enables the ring closure probability to be calculated,

and importantly, may be related to a ratio of equilibrium constants:

j-factor = jeq ≡
Kcyc

eq

Kdim
eq

, (6.1)

where Kcyc
eq and Kdim

eq are the equilibrium constants for cyclization and dimerization, respectively

(for further discussion, see Appendix A.3.3).

Multimerization of the cyclization substrate yields a mixture of predominantly linear and

circular dimers.13, 14 To avoid this complication, a separate dimerization substrate may be

prepared with the same sequence as the cyclization substrate, but with only one Ns base

complementary stick end per molecule15 (Figure 6.1 (b)). Following hybridization, the total

length of the system is then 2Nd + Ns base pairs, with blunt as opposed to sticky ends. The

consequences of this choice for Kdim
eq and hence jeq are discussed in Appendix A.3.3.

6.1.3.2 A worm-like chain (WLC)model for DNA cyclization

Assuming the contribution from base-pairing to Kcyc
eq and Kdim

eq is the same, the WLC model can

be used to estimate jeq. A common assumption is that the cyclized state is fully stacked, with

coaxial stacking across the two nicks. For this situation, the analytic expression derived by

Shimada & Yamakawa (S&Y)8 (Section 2.2.3), which includes both the bending energy cost of

bringing the two ends together and the twist energy cost of bringing the two helices ends into

register, is the most appropriate.
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To avoid the need to address the thermodynamics of base-pairing, S&Y assume a duplex without

complementary sticky ends, which is a good assumption in the limit where base pairing is

identical for the cyclized and dimerization substrates, and the molecule is much larger than

the sticky ends. The Shimada-Yamakawa model only considers continuous duplex DNA, does

not consider the effects of single-stranded hybridization and has no description for structural

defects, such as kinking.

6.1.4 Thermodynamic versus kinetic j-factor

Some of the confusion surrounding claims of cyclization efficiency greater than that predicted

by the WLC model revolves around the use and interpretation of j-factors. While the j-factor

relation using the ratio of cyclization to dimerization equilibrium constants is well established,

the ratio of forward rate constants is usually measured experimentally.

6.1.4.1 Ligase-based assays

In the case of ligase-based assays (reviewed in Peters et al.77), the j-factor is given as

jligase
dyn =

kligase
cyc

kligase
dim

≈ jeq, (6.2)

where kligase
cyc and kligase

dim are the forward rate constants for the formation of the ligated circle and

dimer respectively.

In the experimental limit where the ligation rate is very slow compared to the rate constants

for uncyclization (kuncyc) and undimerization (kundim), the concentrations of unligated circles

and dimers will reach an equilibrium with reactants. If this condition is met, jligase
dyn should be

equivalent to jeq. In practice, this limit is valid for low ligase concentrations ([Ligase] ≪ [DNA])

and short sticky ends.13, 75 The importance of this condition is illustrated by Du et al.,13 who

suggested that the non-WLC behavior in the C&W experiments was due to an insufficiently low

ligase concentration (reviewed in Vologodskii et al.26).

An additional complication with ligase experiments relates to the structure of the substrate,

specifically the DNA surrounding the nick. It is unclear whether the ligase will act on all nicked
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duplexes, or only a subset which happen to be coaxially stacked, at one or both nicks. As we

show in this work, to alleviate stress, cyclized systems are more likely than dimers to break

coaxial stacking at a nick. The ligation rate of hybridizing complementary sticky ends may

therefore vary substantially depending on the system.

6.1.4.2 FRET-based assays

The FRET experiments of V&H have the advantage of directly monitoring the transition between

cyclized and open states. While it is possible to report thermodynamics from FRET experiments,

V&H report dynamics:

jFRET
dyn =

kcyc

kdim
≈ jeq, (6.3)

where kcyc and kdim are the forward rate constants for the formation of the unligated circle and

dimer respectively.

j-factors extracted from FRET-based experiments must also be interpreted with care. Making a

comparison between jFRET
dyn and the S&Y prediction for jWLC

eq , V&H make a claim of greater than

WLC flexibility at Nbp ≈ 100 bp. However, jFRET
dyn ≈ jeq only in the limit where kuncyc ≈ kundim, a

condition that V&H, as well as another more recent FRET experiment,16 have shown not to be

met.

Given that kuncyc ̸= kundim, one should not expect jFRET
dyn ≈ jeq at short Nbp. Thus, the observed

deviation of jFRET
dyn from jWLC

eq is not necessarily an indication of non-WLC behavior.

6.1.5 Specific aims

The interpretation of cyclization experiments is not straightforward; in particular, the

microscopic states, responsible for the putative non-WLC flexibility, cannot be directly observed.

Additionally, establishing whether these observations are mutually consistent with the other

systems for which non-WLC behavior has been reported is a challenging task due to the distinct

interplay of mechanics, geometry and topology inherent in each experimental system, namely

DNA minicircles,18, 36 a ‘molecular vise’,22 and a ‘strained duplex’,20, 78 all of which are explored

in Part I.
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Fortunately, simulations can help bridge this gap. In this chapter we will probe cyclization

equilibrium as a function of duplex length. The aim of our simulations will be to establish:

(i) whether experimental results are truly indicative of non-WLC behavior; (ii) whether the

behavior can be attributed to certain types of structure, such as ‘kinks’;25, 65, 66 (iii) whether

the results are consistent with the other systems showing evidence of non-WLC behavior; and

(iv) whether the inferred occurrence of disruptions to duplex structure is consistent with our

current understanding of DNA thermodynamics. OxDNA is particularly well-suited for this

study, as it provides a good description of both single- and double-stranded DNA, including

hybridization thermodynamics, persistence length, torsional modulus and basic structure, all of

which play a role in cyclization.

6.2 Simulationmethods

6.2.1 Cyclization simulations

Simulations of the cyclization equilibrium were performed with the virtual-move Monte Carlo

(VMMC) algorithm62 (Section 3.1.3) at 298 K. As the free-energy barrier between typical open and

cyclized states is large (Figure 6.7), and the transition between the two macrostates constitutes

a rare-event, umbrella sampling63 (Section 3.1.4) was employed to sample the barrier crossing

in reasonable computational time.

We use a two-dimensional order parameter Q = (Qee, Qbp) to characterize the transition. Qee is

a discretized measure of the distance of closest approach between the complementary sticky

ends. Qbp is the number of base pairs formed between complementary sticky ends, where

0 ≤ Qbp ≤ Ns. Further details of the definitions are available in Appendix A.3.1.

To further improve computational efficiency, the umbrella sampling was windowed to separately

sample the open and cyclized states of each molecule. For the window associated with the open

state, the system was restricted to Qbp = 0; for the window associated with the cyclized state,

the system was restricted to Qee = Qmin
ee (the value corresponding to the shortest distances

between sticky ends). Simulations were run until convergence to within ±5 % for each window.

The sampling windows overlap at Q = (Qmin
ee , Q0

bp); results were combined by normalizing each
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window so that free energies were equal for this value of the order parameter. As there is only

one well-defined overlap between the values of the order parameters for both windows, more

complex approaches, such as the weighted histogram analysis method,60, 61 were unnecessary.

Further details are available in Appendix A.3.1. The simulation of dimerization equilibrium

is roughly analogous to cyclization, and is elaborated in Appendix A.3.2. To compute the

equilibrium constants, we deemed all states with Qbp ≥ 1 to contribute to the cyclized and

dimerized states (Appendix A.3.3).

To highlight the basic thermodynamics of DNA cyclization, we use oxDNA’s average-base

parameterization; where appropriate, we use the sequence-dependent parameterization to

more directly compare with experiment. A complete list of sequences is available in Table A.2.

To further simplify sampling, we forbid the formation of base pairs that are not intended in the

design of the system (non-native base pairs). Error bars represent the standard error of the

mean from 5 independent simulations.

6.2.2 Use of a structural kink criterion

In this chapter, we have opted to report kinking using the structural criterion. Such a choice

will underestimate the prevalence of kinks, as it is possible for sharply bent configurations to

fail to satisfy the criterion. However, for indicative purposes, such a choice is sufficient. More

details, along with subtleties related to kinking at a nick, are discussed in Section 3.2.2.1. An

alternative energetic definition of kinking, defined by a disruption in the stacking interaction

between consecutive bases, is also valid; however, for the oxDNA model, structural and energetic

definitions usually yield very similar results (Section 4.4.1).

6.3 Thermodynamic j-factor

6.3.1 Overview

We simulate a large range of system sizes; some illustrative configurations are shown in

Figure 6.2. Quantitatively, we first consider the behavior of jeq as a function of length. For

the dimerization system we only computed the equilibrium constant Kdim
eq for a few lengths



66 Chapter 6: Model system: DNA Cyclization

(a) Nbp = 207 (b) Nbp = 101 (c) Nbp = 101 (d) Nbp = 97

(e) Nbp = 60 (f) Nbp = 60 (g) Nbp = 34 (h) Nbp = 30

Figure 6.2 Menagerie of cyclized configurations
OxDNA representations of different cyclized configurations. Kinks in the duplex, which disrupt stacking
and induce a 1–3 bp bubble, are indicated with an arrow. (a) A fully stacked ‘circle’. (b) A ‘teardrop’
configuration with a kink at one of the nicks. (c) A Qbp = 1 ‘transition state’ configuration. (d) Teardrop
configurations with Nbp = (n + 1/2) × pitch length can reduce the stress associated with chain continuity
at the nick by out-of-plane bending. Configuration with a kink in the duplex and either (e) a kink at one
of the nicks or (f) kinks at both nicks. For short duplexes where Nd is not much larger than Ns, the sticky
ends can associate either by (g) relatively minor bending of the duplex or (h) fraying a few base pairs.

(monomers Nbp = 30, 67, 73, 101). As expected, we found Kdim
eq to be largely length-independent

(Section 6.3.4, Table 6.1); therefore, we use an average value of Kdim
eq = 0.92 ± 0.20 × 1012 M−1

in our j-factor calculation. In contrast, we found Kcyc
eq , and thereby jeq (Equation (6.1)), to vary

substantially with length.

In Figure 6.3, we show joxDNA
eq values for 81 different lengths in the range Nbp = 30–207 for fixed

Ns = 10 using the average-base parameterization of oxDNA. These results are compared to jWLC
eq

predictions based on the Shimada & Yamakawa (S&Y) expression8 using previously calculated

values for structural and mechanical properties of oxDNA.52 The S&Y expression is appropriate

for the formation of a fully stacked ‘circle’ configuration with coaxial stacking at both nicks

(Figure 6.2 (a)). Note that the comparison in Figure 6.3 is fit-free. In addition to investigating

cyclization as a function of intact duplex DNA length, we also explore the thermodynamics of

changing the length of the single-stranded sticky ends (Section 6.5.2), as well as introducing
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Figure 6.3 Thermodynamic j-factor
joxDNA
eq for the oxDNA average-base parameterization (black circles) as a function of Nbp for Ns = 10.

For comparison, the Shimada & Yamakawa (S&Y) WLC prediction jWLC
eq

8 (gray solid line) is plotted
using values of torsional stiffness (4.75 × 10−28 J m−1), persistence length (41.82 nm) and pitch length
(10.36 bp/turn) appropriate to oxDNA.52, 57 The dashed line gives the maxima envelope for the S&Y
prediction (gray dashed line). Sequence-variation in joxDNA

eq is shown using the sequence-dependent
parameterization with six Nbp = 73 bp sequences from V&H (brown open marks).

point-defects such as nicks and mismatches (Section 6.5.3).

The behavior of the S&Y expression is well understood. In the regime of interest, shortening

Nbp tends to make cyclization less favourable as a result of increased bending stress within

the duplex. This problem becomes particularly acute for DNA lengths below the persistence

length (41.82 nm/126 bp for the curve plotted in Figure 6.3). On top of this systematic behavior,

a periodic oscillation is associated with the need to over- or under-twist the duplex when the

natural twist is not commensurate with that required to form a closed circle. The magnitude of

this oscillation increases at shorter Nbp because a greater twist per base pair is required.

When considering the behavior of joxDNA
eq in light of the S&Y expression, three length-scale
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Circular Teardrop

Uncyclized Cyclized

Figure 6.4 OxDNA representation of cyclization equilibrium between open and cyclized states
Representative snapshots of the cyclization equilibrium between open (left) and cyclized (right) states
for an Nbp = 101 (Ns = 10, Nd = 91). The cyclized state is a mixture of ‘circular’ molecules, where both
nicks are coaxially stacked, and ‘teardrop’ molecules, where a kink is present at one of the nicks.

dependent regimes become apparent: long (Nbp & 80), intermediate (Nbp ≈ 45–80 bp) and short

(Nbp . 45).

6.3.1.1 Long length limit (> 80 bp)

In the long length regime (Nbp & 80), oxDNA reproduces the periodic oscillations predicted by

the S&Y expression, and values of jeq coincide at the maxima of these oscillations. However,

even at the longest Nbp lengths we consider, the magnitude of the oscillation is smaller for

oxDNA than predicted by the S&Y expression. At shorter Nbp, the magnitude of the oscillation

decreases for oxDNA, also at odds with the S&Y expression. The difference stems from the

possibility of adopting alternative ‘teardrop’ configurations (Figure 6.2 (b)), in which most of the

twisting stress, and some of the bending stress, can be relieved by kinking at one of the nicks,

breaking coaxial stacking. Thus, the cyclized state is not monolithic, rather it is composed of

circular and teardrop configurations (Figure 6.4).

The constraint of DNA continuity at the nick can be more easily satisfied by out-of-plane bending

(Figure 6.2 (d)). The possibility of adopting this alternative configuration reduces the free-energy

penalty for incommensurate values of Nbp, thus suppressing the oscillations. Further, at shorter

Nbp, the bending stress increases more slowly for these kinked teardrop configurations than

for the coaxially stacked circles. Thus, the difference in jeq between the ‘on-register’ (coaxially
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Figure 6.5 Kinking in DNA cyclization
(a) Probability of kinking Pkink as a function of length Nbp, in the duplex (black), at either nick (gray) and
at both nicks (blue). Details of our structural kink criteria are available in Section 3.2.2.1. (b) Probability
of broken base pairs Pbroken-bp as a function of length Nbp for fraying (base pairing disruption at either
nick) (gray) and bubble formation (base pairing disruption in the duplex region) (black).

stacked) and ‘off-register’ (kinked at a nick) molecules decreases at shorter Nbp, rather than

increasing as predicted by the S&Y model. Although not taken into account for most analyses of

cyclization, the possibility of the cyclized molecule exhibiting a ‘teardrop’ configuration has

previously been suggested by Vologodskii et al.24, 26

Further evidence in support of this argument is given in Figure 6.5 (a), which shows the

probability of kinkingi as a function of Nbp. At long lengths (Nbp & 80), kinking does not

occur in the duplex regions, but can occur at the nick sites. There is clear periodicity in

kinking at a nick. For example, at Nbp = 145 ≈ 14 × pitch length, the percentage probability of

kinking at either of the nicks is ∼0 % and the system virtually always adopts a coaxially stacked

circle configuration; however, at the longer Nbp = 201 ≈ 19.5 × pitch length, the percentage

probability is ∼40 %.

As Nbp is shortened, the percentage probability of kinking at a nick gradually increases for these

‘off-register’ lengths; it is not until Nbp = 114 ≈ 11 × pitch length that the bending stress along

the duplex is sufficient to cause ∼10 % of molecules to kink at a nick for an ‘on-register’ length.

iA slight additional complication stems from the use of umbrella sampling, a procedure needed to greatly
enhance the sampling efficiency. To report kinking we must first remove the umbrella weight applied for each order
parameter to yield the unweighted kinking distribution. Naturally, the unbiased kinking distribution is presented in
Figure 6.5 (a)
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6.3.1.2 Intermediate lengths

In the intermediate-length regime (Nbp ≈ 45–80 bp), we observe enhanced cyclization efficiency

compared to the S&Y prediction. Although joxDNA
eq continues to decrease with Nbp, it does so

more gradually than the S&Y expression would predict; consequently, joxDNA
eq is in excess of the

peak envelope of the S&Y expression. In this regime, bending stress in the circular coaxially

stacked configuration is sufficiently large that kinking at one of the nicks occurs for even the

on-register systems (Figure 6.5 (a)). As a result, cyclization is more favourable for oxDNA than

predicted by the S&Y model, with all points lying clearly above the envelope of the S&Y maxima.

On-register effects also seem to contribute to joxDNA
eq in the upper end of the intermediate-length

regime, with shallow maxima occurring at Nbp = 63 and Nbp = 74, approximately 6 and 7

times the pitch length. However, these sizes no longer correspond to minima in the probability

of kinking at a nick (Figure 6.5 (a)) so the structural underpinnings of these variations is less

clear. For shorter lengths, although there are size-dependent variations in joxDNA
eq (e.g. maxima

at Nbp = 43, 49, 54), there is no longer a simple relationship to the pitch length, instead

reflecting more complex geometric compatibilities that allow cyclized states at these lengths to

be particularly stable compared to nearby lengths.

In the intermediate regime, most cyclized molecules are kinked at one of the two nicks. At

shorter Nbp, the bending stress in the duplex region of the teardrop configurations increases,

with the highest curvature being localized opposite the nick that is kinked. Consequently, it

becomes increasingly favorable to localize bending stress into a kink in the duplex (unnicked)

region, with the probability of this duplex kinking (Figure 6.2 (e)) increasing from near zero

at Nbp = 81 to near one at Nbp = 43 (Figure 6.5 (a)). A kink in the duplex will generally be

located opposite a kink at a nick because this arrangement minimizes the residual bending

stress in the unkinked portions of the duplex by equalizing the lengths of the double-helical

segments between the two kinks. In addition to a loss of stacking, kinking in the duplex typically

involves breaking 1–3 base pairs (Section 4.4.3). A typical configuration for such a kinked duplex

state is shown in Figure 6.2 (e). As with kinking at the nick, the existence of this alternative

configuration lowers the free-energy cost of cyclization, raising joxDNA
eq further above the S&Y

prediction.
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At the lower end of the intermediate-length regime, the cost of bending without kinking in

the duplex region is so high that molecules with duplex kinking dominate the cyclized state.

States with two kinks localize the majority of the bending stress at the kinking sites, as shown in

Figure 6.2 (e), with relatively relaxed duplex sections . Consequently, the free-energy cost of

looping is largely independent of Nbp in this regime, causing joxDNA
eq to level-off and reach an

approximately constant value. In contrast, the S&Y jWLC
eq prediction decreases very rapidly. For

example, at Nbp = 43, joxDNA
eq is 109 times greater than the S&Y prediction.

There exists a rich landscape of structures informed by slight differences in local geometries as

a function of Nbp. In addition to the canonical two-kink structures, containing one kink in the

duplex and one kink at a nick (Figure 6.2 (e)), we observe several nontrivial arrangements, albeit

with relatively low probability. For example, the configuration in Figure 6.2 (f) contains a kink

at both nicks as well as in the duplex.

6.3.1.3 Short lengths (< 45 bp)

In the short-length regime (Nbp . 45), we observe an increase in joxDNA
eq , in stark contrast to the

rapidly decreasing jWLC
eq predicted by the S&Y expression. Given the many assumptions violated

at this length scale, a deviation is unsurprising; however, we did not anticipate an increase in

joxDNA
eq .

As Nd is now not much larger than Ns, kinking at both nicks allows the single-stranded sticky

ends to hybridize without duplex kinking. The system now adopts a conformation of two parallel

duplexes, with the stress now borne by a mixture of continuous bending and fraying of a few base

pairs at the ends of the duplexes. (Figure 6.2 (g,h)). Figure 6.5 (a) shows a very clear crossover to

cyclized states with kinks at both nicks and no kinks present in the duplex, occurring abruptly

at Nbp = 40–42. At the same time, fraying at the duplex ends also increases (Figure 6.5 (b)).ii

In this regime, as Nbp is shortened, the difference in length of the duplexes decreases and the

stress in the system tends to drop, leading to a higher value for jeq (Figure 6.3). Overlaid on this

overall trend are non-trivial geometric effects associated with whether the periodicity of the

two duplexes is convenient for connecting them, which leads to the non-monotonic behavior of

iiSince distinguishing fraying from kinking at low Qbp is problematic, we report unweighted kinking only for the
most probable values, e.g. Qbp = 8–10. The lower Qbp configurations appear in our simulations only because of biased
sampling and have a negligible contribution to the unweighted kinking probability.
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jeq and kinking.

The Nbp length of the crossover between the short- and intermediate-length regimes will be

very dependent on Ns, occurring at shorter Nbp lengths for shorter Ns. The thickness of the

double helix is also now significant compared to the lengths of the double helical segments,

influencing the amount of bending required for cyclization.

6.3.2 Sequence dependence

So far we have only reported results using the oxDNA average-base parameterization, in

which the strength of base-pairing and stacking interactions are independent of base identity.

As the free-energy cost of disrupting a duplex to form a kink is sequence-dependent, it is

important to consider how sequence might perturb the general trends we have elaborated thus

far. We therefore studied six Nbp = 73 sequences used in the V&H15 experiments using the

parameterization of oxDNA that includes sequence-dependent thermodynamics (Figure 6.3).

Duplex kinking for oxDNA typically involves the breaking of base pairs. We observe that kinking

preferentially occurs at AT base pairs, which are weaker than GC base pairs. Base pairs that

are weaker than average introduce preferred sites for kinking; thus, when duplex kinking is

relevant, joxDNA
eq is expected to be larger for the sequence-dependent than for the average-base

parameterization. This is indeed the case for Nbp = 73. In oxDNA, the sequence-induced

variation for the V&H Nbp = 73 sequences is a factor of ∼4 (GC-content 11–52 %). This compares

to a factor of ∼8 between the extrema in GC-content, poly(AT) and poly(GC).

That we find sequence heterogeneity generally makes duplex kinking easier is consistent with

our explicit investigation of duplex kinking (Section 4.3.4.1), and a seperate study which found

an enhanced likelihood for bubbles to form at the tips of plectonemes.57 Our results imply that

the crossover to cyclized configurations with duplex kinking occurs at slightly longer Nbp when

sequence-dependence is included than for the average-base parameterization.
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Figure 6.6 Free-energy profiles of cyclization/dimerization
Free-energy profiles of cyclization (solid) and dimerization (dashed) for a Nbp = 101 system (Ns = 10,

Nd = 91). The activation free-energy barriers, 𝐷G𝜆 for the forward (cyclization, dimerization) and reverse
(uncyclization, undimerization) reactions are labelled.iii𝐷G𝜆cyc reflects the free-energy cost of bending to

form the first base pair in a cyclization system, whereas 𝐷G𝜆dim reflects the entropic cost of bringing two
monomers together within the simulation volume. The dimerization simulations are for a simulation
cube of side 85.18 nm, corresponding to a duplex concentration of 2.69 µM .

6.3.3 Free-energy profiles

Further insight can be gained by going beyond the equilibrium constants and studying the

free-energy profiles of hybridization as a function of Qbp, as illustrated for cyclization and

dimerization at Nbp = 101 (Figure 6.6). One interesting feature of the profiles is that the

free-energy gain from hybridizing the complementary sticky ends once an initial base pair

has formed is less for cyclization than for dimerization: 𝐷G𝜆uncyc < 𝐷G𝜆undim. Physically, this

indicates that substantial additional bending stress develops as subsequent base pairs form for

the cyclization system, reducing the free-energy gain upon zippering of the sticky ends, relative

to dimerization. For example, the Qbp = 1 configuration in Figure 6.2 (c) is clearly less bent than

the Qbp = 1 configuration in Figure 6.2 (b) (see Section 6.7.2 for additional discussion).

6.3.4 Dimerization equilibrium

The equilibrium constant for dimerization Kdim
eq is length-independent to within two times the

standard error of the mean for the oxDNA average-base parameterization (Table 6.1). This

iiiFor clarity, we have depicted 𝐷G𝜆uncyc and 𝐷G𝜆undim as the free energy difference between the fully base-paired
closed state Qbp = 10 and the transition state Qbp = 1; however, in practice, frayed states Qbp = [2, 9] do contribute
to the closed state. While the distinction does not significantly impact our results (< 1/4 kBT), we do include the
contribution of frayed states in both 𝐷G𝜆uncyc and 𝐷G𝜆undim.
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suggests that the role of excluded volume effects is small between 336 nM and 2.69 µM .

For the sequence-dependent parameterization, there is some variation in Kdim
eq , but this does

not represent length-dependence per-se; rather, it is most likely due to sequence variation in

the bases at the interface between the duplexes and the sticky ends.

For the computation of jeq and jdyn, we use average values (Kdim
eq , 𝐷G𝜆dim and 𝐷G𝜆undim) for 336 nM .

For sequence-dependent results at Nbp = 73, a length where the dimerization equilibrium was

determined, we use the appropriate length-specific value instead of the average.

ivFor [Conc]−−336 nM , we refer to the Nd of the two monomers, e.g. for Nd = 20; 20, given that all sequences are
Ns = 10, this corresponds to a monomer Nbp = 30 in Table A.2. For [Conc]−−2690 nM , we again refer to the Nd of the
two monomers with Ns = 10; however, we use the sequence that corresponds to the dimer, e.g. for Nd = 45; 46, the
dimer sequence is Nbp = 101 in Table A.2.
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6.4 Kinetic j-factor

6.4.1 Context

As noted in the introduction, ligase experiments performed in the low ligase concentration

limit should, in principle, be comparable to equilibrium j-factors. Indeed, for long DNA

molecules (Nbp much longer than the persistence length) and low ligase concentrations, there

has been consistent agreement between experiment and the WLC model.12–16, 71 However,

Cloutier & Widom (C&W)14 reported results for Nbp shorter than the persistence length

(Nbp = 93, 94, 95, 105, 116), showing an apparent deviation from WLC behavior, with jligase
dyn

(Equation (6.2)) enhanced over the S&Y WLC prediction jWLC
eq

8 by a factor of 102 − 104. We see

no such enhancement at these lengths for oxDNA (Figure 6.3).

In contrast, Du et al.13 found no deviation from WLC behavior for Nbp = 105–130. Furthermore,

they presented evidence suggesting that the C&W experiments used too high a ligase

concentration to enable jligase
dyn to be compared with jWLC

eq . The results of Du et al. are in good

agreement with the S&Y WLC expression, albeit with somewhat different parameters (torsional

stiffness, persistence length and pitch length) than appropriate for oxDNA, owing to different

buffer conditions. A more detailed comparison will be given in Section 6.6.

FRET measurements on DNA cyclization, as pioneered by Vafabakhsh & Ha (V&H),15 provide

a more direct measure of cyclization because kcyc, kuncyc and Kcyc
eq are obtainable, although

V&H mostly report kcyc. V&H claim enhanced cyclization at Nbp . 100, based on a comparison

between their jFRET
dyn (Equation (6.3)) and the S&Y WLC expression jWLC

eq . However, this is only

a fair comparison if kuncyc = kundim, which, as kundim is expected to be length independent,

also implies that kuncyc should be independent of length (Nbp). However, since both V&H15 and

more recent FRET measurements16 suggest that kuncyc increases with Nbp, this condition is not

met. Specifically, V&H showing a 20-fold enhancement in the uncyclization rate compared to

the undimerization rate for a Nd = 91, Ns = 8 molecule.15 A reasonable physical justification

for enhanced uncyclization, particularly as Nbp decreases, is that the greater extensibility of

single-stranded DNA will allow some of the bending stress to be relieved as the sticky ends

unbind.
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6.4.2 Free energy of cyclization/uncyclization

Although we do not directly simulate the dynamics of cyclization, we can estimate the relative

rates of processes using free-energy profiles such as Figure 6.6 and Kramer’s theory for the

rates of activated processes.79 In agreement with experimental investigations, previous work

on oxDNA has shown that duplex formation has an effective ‘transition state’ involving a very

small number of base pairs (see discussion of reference 80). We therefore make the assumption

that uncyclization and undimerization rates are given by:

kuncyc = A exp

(︃
−𝐷G𝜆uncyc

kBT

)︃
, (6.4)

kundim = A exp

(︃
−𝐷G𝜆undim

kBT

)︃
. (6.5)

where A is a universal constant for DNA melting, and 𝐷G𝜆uncyc and 𝐷G𝜆undim are defined in

Figure 6.6. The physical content of this assumption is that increased favorability of base pair

formation is manifested in slower unbinding (uncyclization) rates. This is important because

bending stress in cyclized systems reduces 𝐷G𝜆uncyc (Figure 6.6). Further, only 𝐷G𝜆cyc, and not

𝐷G𝜆uncyc influences cyclization. The rate constants are equal (kuncyc = kundim) in the very long

length limit (Nbp much longer than the persistence length), when their free-energy profiles are

similar.

𝐷G𝜆cyc and 𝐷G𝜆uncyc are plotted as a function of Nbp in Figure 6.7. In particular there is a

general decrease in 𝐷G𝜆uncyc at shorter lengths, suggesting kuncyc increases with shorter Nbp,

in agreement with experimental results.15, 16 Additionally, any torsional stress in the cyclized

state is relieved as base pairs are disrupted, leading to the oscillations in 𝐷G𝜆uncyc at long

lengths, with the minima occurring at the more torsionally stressed off-register lengths

(Nbp ≈ (n + 1/2) × pitch length).
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Figure 6.7 Free energy of cyclization/uncyclization, length-dependence
OxDNA average-base parameterization transition state free energies for (a) cyclization 𝐷G𝜆cyc, Qbp=1 −
Qbp=0, (b) uncyclization 𝐷G𝜆uncyc, Qbp=1 − Qbp=[2,10] (black) and undimerization (gray, average
highlighted with dashed line). A graphical depiction of the transition states is available in Figure 6.6.

6.4.3 Derivation

To compare with V&H’s results for jFRET
dyn , we note that

jdyn =
kcyc

kdim
=

Kcyc
eq kuncyc

Kdim
eq kundim

. (6.6)

Therefore, using Equation (6.5), our approximation for joxDNA
dyn is

joxDNA
dyn =

Kcyc
eq exp

(︂
−𝐷G𝜆uncyc

kBT

)︂
Kdim

eq exp
(︂

−𝐷G𝜆undim
kBT

)︂ , (6.7)

at each Nbp.

We are now in a position to estimate joxDNA
dyn from oxDNA’s equilibrium constants and activation

free-energy barriers. We expect Kdim
eq and 𝐷G𝜆undim to be length-independent as the excluded

volume of the duplex far from the complementary single-stranded sticky ends is likely to have

little effect on the dimerization process. Indeed, this appears to be the case to within 0.5 kBT in

𝐷G (Table 6.1). Our resulting joxDNA
dyn values are plotted in Figure 6.8, where they are compared to

our joxDNA
eq values, and V&H’s jFRET

eq .
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dyn (black circle) compared to the FRET experiments of V&H jFRET
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squares).15 To highlight the role of sequence-variation, we also show results for the oxDNA sequence-
dependent parameterization using 14 sequences of variable Nbp, and 6 poly(A) sequences at Nbp = 73. All
sequences were also used by V&H,15 and are available in Table A.2. For reference, joxDNA

eq and jWLC
eq are also

shown (gray).
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6.5 Comparison to FRET experiments

We observe that oxDNA’s joxDNA
dyn values lie substantially above joxDNA

eq , except in the limit of long

Nbp for on-register lengths. This is simply because the full bending and twisting stress present in

the cyclized state is not yet present in the transition state where the two complementary sticky

ends have formed their first base pair, e.g. Figure 6.2 (c). Instead of slowing down cyclization,

stress which is not present in the transition state accelerates uncyclization. The observed

behavior is similar to that seen by V&H; indeed, joxDNA
dyn and jFRET

dyn agree remarkably well in the

range Nbp = 90–105, with reasonable agreement extending to Nbp = 70. Our results suggest

that variation of uncyclization rates with Nbp may be an important contribution to apparent

non-WLC behavior in jFRET
dyn .

We note that joxDNA
dyn , in contrast to joxDNA

eq , varies relatively smoothly with Nbp, with no strong

periodicity on the length scale of the pitch length. Consistent with this, 𝐷G𝜆cyc also varies

smoothly with Nbp. The periodicity in joxDNA
eq comes from the free-energy gain when zippering-up

the complementary sticky ends (i.e. −𝐷G𝜆uncyc), which is greater when Nbp is an integer number

of the pitch length, allowing the formation of a relatively relaxed coaxially stacked circle. V&H

suggest that their jFRET
dyn data at Nbp = 93–106 displays a strong oscillation with a period of

about one pitch length (Figure 6.8). In agreement with Vologodskii et al.,26 we find no physical

mechanism for such a strong oscillation and would suggest that the experimental evidence for

this oscillation is not compelling.

In an attempt to account for the finite-size of the DNA sticky ends, V&H also attempted

to compare their results to a WLC expression using a capture radius, a range in which the

complementary sticky ends could associate, typically ∼5 nm; however, this comparison is

somewhat arbitrary, and will be further explored in Section 6.7.1.

6.5.1 Sequence dependence

At the shortest lengths investigated, jFRET
dyn still lies above joxDNA

dyn . Some of this difference might

be due to our use of the oxDNA average-base parameterization. Sequence does play a role in

DNA flexibility (Section 4.3.4.1), but the impact of sequence variation is nontrivial. In particular,
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because kinks tend to localize to AT base pairs, kinking in the duplex is easier for a sequence

with 50 % GC-content than reported for our average-base parameterization.

Using the oxDNA parameterization with sequence-dependent thermodynamics for the six

V&H Nbp = 73 sequences (GC-content 11–52 %),15 we found jdyn to increase compared to the

value for the average-base parameterization. Consistent with our results for joxDNA
eq , we find a

sequence-induced variation in joxDNA
dyn of a factor of ∼4 for these sequences, compared to a factor

of ∼8 between the extrema in GC-content, poly(AT) and poly(GC).

This compares to a factor of ∼60 for experimental looping rates, a discrepancy which may be

explained by V&H’s use of poly(A) tracts, a sequence-motif well-known to introduce intrinsic

curvature in duplex DNA.81 As oxDNA’s sequence-dependent parameterization is based on the

nearest-neighbor thermodynamics of SantaLucia et al.,43, 44 alternative structural motifs such

as poly(A) tracts are outside the scope of the model. Additionally, oxDNA doesn’t reproduce

sequence-dependent structural (e.g. the difference in size between purine and pyrimidine) or

mechanical (e.g. flexibility) properties.

6.5.2 Length of complementary sticky ends

We also compare oxDNA to available V&H equilibrium data15 for Nd = 91, Ns = 8–10 (Figure 6.9).

Specifically, V&H report the fractional occupancy of the cyclized state fcyc. Akin to the

nomenclature in Appendix A.3.3, fcyc + fopen = 1, where fopen is the fractional occupancy of the

open (uncyclized) state.

Fractional occupancy can be a somewhat misleading measure by which to compare systems,

because the entire transition region fcyc ≈ 0.25–0.75 is covered by a free-energy difference

of ∼2 kBT, while a similar free-energy difference at the extrema
(︀

fcyc → 0 or 1
)︀

would be

indistinguishable. We therefore make our equilibrium comparison in terms of 𝐷Gcyc, where

𝐷Gcyc = −kBT ln
(︁

Kcyc
eq

)︁
, (6.8)

and

Kcyc
eq =

fcyc

fopen
=

fcyc

1 − fcyc
. (6.9)
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Figure 6.9 OxDNA versus FRET experiment, sticky ends
(a) Comparison between oxDNA and V&H15 (Supplemental Material, Figure S1B) for 𝐷Gcyc, the free energy
of the cyclized compared to the open state. (b) Free energy 𝐷G versus the order parameter reporting
the number of base pairs formed between complementary sticky ends Qbp for the oxDNA average-base
parameterization. The reference state corresponding to 𝐷G = 0 kBT is Qbp = 1.

OxDNA appears to be in good agreement with experiment; although, this may be partly

coincidental as V&H do not report either the temperature, presumed to be 298 K, or a salt

concentration: V&H give their imaging buffer cation concentration as [Na+] = 500–1000 mM

or [Mg2+] = 10–30 mM , while oxDNA is parameterized to [Na+] = 500 mM . At Ns = 9 and

Ns = 10, oxDNA and experiment differ by ∼1 kBT, while at Ns = 8, oxDNA under reports

experiment by ∼ 3 kBT (cyclized state is less likely in oxDNA than experiment).

As expected from the SantaLucia model43, 44 of nearest-neighbor thermodynamics, the linear

relationship between oxDNA results in Figure 6.9 (a) is reflective of the ∼3 kBT stabilization of

each additional base pair. A possible explanation for the discrepancy between oxDNA and V&H15

is that hairpin formation in the Ns region could decrease the fraction of cyclized molecules; but

given the sequence, hairpin formation should be negligible. In particular, we cannot explain the

discrepancy between oxDNA and the V&H data for Ns = 8, although we note that identifying a

very low yield in experiment can be challenging, for instance due to the presence of impurities

inducing large changes in 𝐷Gcyc.
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6.5.3 Nicks andmismatches

We examine the role of structural defects, namely nicks and mismatches near the mid-point along

the duplex, on cyclization using the average-base oxDNA parameterization. Unsurprisingly, we

find that nicked and mismatches molecules cyclized more readily than their intact counterparts

(Figure 6.10), consistent with our findings regarding the lower free-energy cost for kinking in

these systems (Section 4.3.4.2, Section 4.3.4.3). We also find that kinks preferentially localize on

the duplex region opposite the kink at a nick; for an example, see Figure 6.2 (e). The phenomena

of correlated kink localization will explored with DNA minicircles in Chapter 7.v

V&H briefly examine the impact of nicks and mismatches on the rate of cyclization, recording

fcyc versus time (Figure S3 of V&H15). It does not appear that all molecules have reached

an equilibrium plateau in fcyc, therefore a concrete equilibrium comparison to oxDNA is

difficult. We do, however, observe good agreement between the oxDNA and the experimental

observations of V&H regarding the stabilizing effect of various motifs (Table 6.2). However,

we do not reproduce the unexpected similarity between the experimental values for intact

sequences at Nbp = 69 and Nbp = 97. This is consistent with our inability to reproduce V&H’s

j-factors for their shortest sequences.

Reassuringly, the results are at least internally self-consistent with the reported V&H j-factors,

4.08 × 10−10 M−1 and 3.00 × 10−10 M−1 for the nicked and mismatched systems, respectively.15

The free-energy differences between intact molecules and their nicked/mismatched counterparts

are also in good agreement with experiment (Table 6.2). Nonetheless, we caution the reader

against over-interpretation of the exact numbers, and recommend in favor of qualitative

comparisons.

6.5.4 Summary of Comparison

The origin of the remaining discrepancy between jFRET
dyn and joxDNA

dyn at the shortest Nbp is

not yet clear, but may indicate enhanced flexibility for V&H versus oxDNA due to WLC

(i.e. lower persistence length) or non-WLC behavior (i.e. kinking at slightly longer Nbp). The

vThe presence of two nicks in the DNA cyclization system slightly complicates the analysis of kink localization:
for clarity, we present kink localization in the context of intact and singly nicked DNA minicircles in Section 7.4.4.
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Figure 6.10 OxDNA versus FRET experiment, nicks and mismatches
Free-energy profile for (a) intact versus mismatch at Nbp = 69, and (b) intact versus nick(s) at Nbp = 97,
using the oxDNA average-base parameterization and Ns = 10 for all sequences (Table A.2).

OxDNA Experiment*

Kcyc
eq 𝐷𝐷G/kBT⇁ Kcyc

eq 𝐷𝐷G/kBT⇁

Nbp = 69

Intact 0.029 ± 0.01 1.10

Mismatch 0.052 ± 0.02 −0.6 3.14 −1.1

Nbp = 97

Intact 2.99 ± 0.35 0.93

Nick 1 18.50 ± 0.93 −1.8 1.73 −0.6

Nick 2 16.18 ± 1.03 −1.7

Double Nick 50.31 ± 2.35 −2.8 8.78 −2.3

Table 6.2 OxDNA versus FRET experiment, nicks and mismatches
Kcyc

eq for oxDNA and experiment (V&H,15 Supplemental Material, Figures S3A and S3B). The experimental
assays were not intended to probe the equilibrium behavior of the systems; as such, the last point of the
kinetic cyclization versus time assay may not represent equilibrium values. To emphasize the qualitative
difference between intact molecules and those with structural defects (nicks, mismatches), oxDNA results
are for the average-base parameterization. Sequence-dependence introduces additional variability, and
may complicate the comparison.
* Converted from yield fcyc to Kcyc

eq using Equation (6.9).
⇁ 𝐷𝐷G is computed as the difference in the 𝐷G of cyclization between intact states and those with
structural defects (nick or mismatch).



Comparison to ligase experiments 85

oxDNA persistence length of 41.82 nm is within the range of experimental observations at

[Na+] = 500 mM , but smaller values at [Na+] = 750 mM are not implausible.82 It is also

possible that oxDNA slightly underestimates the prevalence of kinking within duplex regions

(Section 7.4.1); an onset of kinking at slightly lower stress (longer Nbp) would make cyclization

at shorter lengths more favourable. Finally, it is worth noting that the presence of fluorophores

may cause perturbations in the V&H experiments.

V&H do report Kcyc
eq for some systems; oxDNA results are in good agreement for those lengths

(Figure 6.9).

6.6 Comparison to ligase experiments

A comparison to the ligase experiments of Du et al.13 and Cloutier & Widom (C&W)14 highlights

some interesting features of the oxDNA model (Figure 6.11). For example, while both the Du

et al. experimental and oxDNA model results are comparable to the S&Y WLC expression for

Nbp & 100, there is a significant absolute deviation in j-factor due to differences in the relevant

mechanical properties for oxDNA and those seemingly appropriate for the conditions of the

experiment of Du et al. Specifically, they use NEB T4-ligase buffer, which has a salt concentration

of [Mg2+] = 10 mM , while oxDNA is parameterized to [Na+] = 500 mM . Du et al.’s fit to

their data gives a weaker torsional stiffness (2.4 × 10−28 versus 4.75 × 10−28 J m−1), longer

persistence length (47 versus 41.82 nm) and longer pitch length (10.54 versus 10.36 bp/turn) than

for oxDNA. The comparison also highlights how relatively small deviations in DNA mechanical

properties (∼10 %) may shift the apparent jeq by an order of magnitude.

The differences in S&Y WLC expression parameters are reasonable given the differential

impact of divalent versus monovalent cations on DNA at high-salt concentrations. In the

salt-concentration regime of Du et al. and oxDNA, melting temperatures are systematically lower

in Mg2+ than Na+.83 For persistence length, the differential impact of divalent and monovalent

salts is rather more complicated to disentangle. Briefly, the persistence length decreases from

∼100 nm at very low salt to a high-salt saturation value of ∼40 nm, with similar saturation

persistence lengths for Mg2+ and Na+. Given the measurement and mark-to-model uncertainty,

persistence lengths of ∼35–50 nm are a reasonable high-salt limit.82, 84 By mark-to-model, we
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Figure 6.11 OxDNA versus ligase experiments
OxDNA comparison to the experiments of Du et al.13 and Cloutier & Widom.14 (a) Du et al. equilibrium
j-factor via a ligase-based assay jligase

eq (green circles) compared to the S&Y WLC expression jWLC
eq with Du

et al. parameters (gray dotted) and the oxDNA model joxDNA
eq (graymarks). The top envelop of jWLC

eq with
oxDNA parameterized is dashed (gray dashed) (b) C&W ligase-based j-factor compared to joxDNA

dyn (black

marks) and joxDNA
eq (graymarks). The maxima envelope of joxDNA

eq is given with a gray dashed line.
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mean that experiments rarely report material properties directly, rather a model is used to

translate experimental observables into estimates of material properties.

In this respect, atomic force microscopy (AFM) measurements of the persistence length are

limited because Mg2+ is required to bind DNA to the surface.85 Single-molecule trap-based

measurements require a mark-to-model approximation from which it is difficult to precisely

decouple bending (i.e. persistence length) as opposed to twisting (i.e. torsional stiffness).86 Bulk

optical measurements (e.g. magnetic birefringence, light scattering) have similar mark-to-model

limitations in extrapolating their observables to persistence length.84, 87 There is also a slight

temperature dependence, with jeq enhanced by a factor of ∼10 between 5 ∘C and 42 ∘C.88

Du et al. only investigated lengths near the maxima in jWLC
eq . As a consequence, their experiments

are unable to confirm our prediction of a decrease in the magnitude of the oscillations in joxDNA
eq ,

which we attribute to the affect of teardrop configurations. Whether the experiments could

potentially see the effects of teardrop configurations also depends on how the ligase activity

depends on the nature of the DNA confirmation. Indeed, Vologodskii et al. mention the possibility

of poor ligation efficiency for teardrop configurations.26 For example, if the ligase were only

active on fully-stacked circular configurations, then the affect of teardrop configurations would

not be noticeable in the j-factor, even if they were present.

Since it is likely that C&W conducted their experiment at too high a ligase concentration, it

is difficult to characterize their j-factor in terms of either jdyn or jeq. To isolate high ligase

concentration as the culprit behind an apparent deviation from jWLC
eq , Du et al. used conditions

identical to C&W, namely buffer ([Mg2+] = 10 mM) and temperature (T = 21 ∘C for Du et al.,

T = 20 ∘C for C&W and T = 25 ∘C for oxDNA). Intriguingly, C&W’s results mainly lie in-between

joxDNA
dyn and joxDNA

eq .

6.7 Discussion

6.7.1 Capture radius

To account for the role of the single-stranded tails in the cyclization rate, various authors have

incorporated a ‘capture radius’ into the WLC j-factor calculation, as an approximation for how
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Figure 6.12 Estimate of capture radius
The ensemble average of the oxDNA capture radius ⟨Rcapture⟩ as a function of length Nbp at fixed Ns = 10.
The plateau at ⟨Rcapture⟩ ≈ 4 nm at Nbp ≈ 50–200 (gray dashed line), confirms that the typically assumed
capture radius of 5 nm is reasonable. Error bars represent the standard deviation.

close the duplex ends must be in order for the sticky ends to hybridize.15, 16, 26 Indeed, this

approach leads to an enhanced j-factor, and while reasonable, the choice of capture radius is

somewhat arbitrary. Again, we wish to emphasize that jdyn > jeq is not in itself an indicator of

non-WLC behavior. Also, as oxDNA naturally accounts for the finite-size of the sticky ends, we

have the ability to test the capture radius assumption (Figure 6.12).

In oxDNA, we define the capture radius Rcapture as the distance between the first and last bases

of the duplex region (Nd) at Qbp = 1 (Figure 6.13 (a,c)). Nucleotide positions are used to report

distance, instead of the mid-point along the helical axis, because fraying may occur at the ends

of the duplex. The choice of strand does not impact our results.

Our ensemble average capture radius, ⟨Rcapture⟩ ≈ 4 nm, compares favorably with the typically

assumed capture radius of 5 nm.14, 15 ⟨Rcapture⟩ is roughly constant at Nbp ≈ 100–200, increases

slowly between Nbp ≈ 50–100, and then more rapidly for Nbp ≈ 40–50, before decreasing for

Nbp & 37.

The free-energy cost associated with forming the initial contact is partitioned between that

for bending the duplex and that for stretching the single-stranded sticky ends. At shorter Nbp,

the amount of bending required for initial binding increases, as does the stretching of the

single-stranded sticky ends. At short lengths, this trend is reversed when the length of the

unperturbed duplex approaches the capture radius at Qbp = 1. Interestingly, the distribution of
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Rcapture is roughly Gaussian, with similar standard deviation for all lengths.

While we explicitly disallow misbonding, allowing misbonding may slightly increase the

capture radius, an effect that should be more prominent for longer sticky ends. Overall, the

commonly-used 5 nm value for the capture radius appears reasonable.

6.7.2 Initial stress in cyclized system

There is a general trend towards a larger activation free-energy barrier to cyclization (𝐷G𝜆cyc) at

shorter Nbp. This is due to the bending stress imposed upon the system by the formation of

the initial base pair (Qbp = 1). At the very shortest lengths Nbp ≈ 30–45, this trend is reversed

because the complementary single-stranded sticky ends (of length Ns = 10) are sufficiently long

relative to Nd that an initial base pair can form with less bending stress in the duplex region.

Cyclized versus dimerized states at Nbp = 30, 101 are depicted in Figure 6.13, clearly showing

bending in the cyclized molecules, but not the dimerized molecules. Importantly, at Nbp = 30,

the relatively long single-stranded region (Ns = 1/2 × Nd = 10) reduces the requirement to

bend the duplex (Figure 6.13 (a)), compared to the strong bending necessary at Nbp = 101

(Figure 6.13 (c)).
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Figure 6.13 Examples of stress in cyclized system
OxDNA representations of Qbp = 1 states for cyclized and dimerized configurations, highlighting the
bending required to form the first base pair. Dimerized configurations in (b) and (d) are shown for
Nd1 + Nd2 + Ns = Nbp, instead of length Nbp monomers. For (b), Nd1 = 45, Nd2 = 46 and Ns = 10. For (d),
Nd1 = Nd2 = 10 and Ns = 10.
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6.8 Conclusion

Cyclization is a system dependent manifestation of the general thermodynamics of strong DNA

bending, elaborated in Chapter 4. The remarkable range of behavior in cyclized systems is

explicable by the interplay between three specific deformation modes of stressed duplexes:

continuous bending, kinking and fraying.

OxDNA reveals that each of these modes is present at a characteristic length-scale with respect

to cyclization: continuous bending at long lengths (Nbp & 80), duplex kinking at intermediate

lengths (Nbp ≈ 45–80 bp) and fraying at short lengths (Nbp . 45 bp). In addition, as Nbp is

shortened, there is an increase in kinking at the two nicks that remain after the hybridization of

sticky ends. At longer lengths, kinking at a nick is only observed for ‘off-register’ molecules

that cannot form torsionally relaxed coaxially stacked circles. The ability of said nicks to relax

bending, as well as torsional stress, means that they become increasingly prevalent for shorter

Nbp. At the shortest lengths, kinking at both nicks is dominant.

We use oxDNA to probe the reported observation of non-WLC behavior in FRET-based cyclization

experiments.15 In agreement with experiment, we observe that for shorter values of Nbp, the

apparent j-factor lies substantially above the predictions of the Shimada & Yamakawa (S&Y)8

WLC model. We also observe that the periodic oscillations predicted by the S&Y model are

suppressed. This behavior arises from two conceptually distinct phenomena.

Firstly, highly stressed cyclized systems can adopt configurations that relax stress more

effectively than through continuous bending, thereby reducing the overall free-energy cost of

cyclization relative to a direct estimate based on a simple WLC-based model. At various values of

Nbp, oxDNA identifies kinking at nicks, kinking within the duplex region and fraying of base

pairs as key relaxation modes.

Secondly, oxDNA suggests that not all of the reduction in Kcyc
eq relative to Kdim

eq is due to stress

manifest in the cyclization rate; uncyclization rates are also substantially increased relative to

undimerization rates.vi The result is that dynamic j-factors based on the ratio of cyclization and

dimerization rates lie even further above the S&Y prediction than their equilibrium j-factor

viWLC and related statistical models do not predict absolute rates directly.
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counterpart.

Only kinking within the duplex, not at a nick, can reasonably be described as truly non-WLC

behavior. In oxDNA, kinking in the duplex only has a substantial effect for Nbp . 70 bp. Classic

WLC theory is applied to duplex DNA. Kinking at nicks and fraying can only occur when the DNA

backbone is discontinuous, and any resultant effects are unrelated to whether WLC models

accurately describes the DNA duplex.

Our results suggest that much of the apparent ‘extreme bendability’ reported by Vafabakhsh and

Ha15 can be attributed to factors that are not strictly speaking evidence of non-WLC behavior.

Though we cannot account for deviations at their very shortest lengths (Nbp . 70), we find no

evidence for their claim of extreme bendability at ∼100 bp. In oxDNA, kinking within the duplex

region is present, but not completely dominant. It is possible that oxDNA slightly overestimates

the difficulty of kinking within a duplex – if this is the case, the data for the very smallest values

of Nbp studied by V&H may be indicative of duplex flexibility over and above that predicted by

the WLC. Although we note that to give a substantial effect on jeq, kinking must not only be

present, but must dominate the ensemble. Kinking dominating the ensemble at Nbp ≈ 70 is

inconsistent with oxDNA predictions, and with available experimental evidence for a ‘molecular

vise’ (Section 5.4) and DNA minicircles (Section 7.4.1).

Various authors have incorporated a ‘capture radius’ into the WLC j-factor calculation to capture

phenomenologically some of the effects listed above.15, 16, 26 Indeed, this approach leads to

an enhanced j-factor, but the choice of capture radius is somewhat arbitrary and imprecise,

making it difficult to assess whether non-WLC behavior is present. Further, it does not clearly

differentiate between effects which reduce the free-energy cost of cyclization, and those which

are partially manifested in uncyclization rates. Nonetheless, we find that the commonly used

5 nm capture radius is reasonable (Section 6.7.1).

OxDNA is only a model, and good correspondence with experimental results should not be

over-interpreted. Nonetheless, the relaxation mechanisms identified are clearly physically

plausible. For example, enhanced uncyclization rates have previously been noted in the

literature.15, 16 It is clear that much of the apparent discrepancy between the data of V&H and

the predictions of WLC-based models are due to effects that are not true violations of the WLC
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model of duplex DNA flexibility. Our study also helps to reconcile the results of V&H with

previous ligase-based assays which saw no evidence of enhanced flexibility at Nbp ≈ 100,13 and

previous studies of minicircles which detected no evidence of duplex disruption at these length

scales.36

6.8.1 Future directions

To explore whether the shortest lengths studied by V&H do show evidence of kinking and

enhanced flexibility, we would propose experiments of shorter sequences and systematic

collection of both dynamic and equilibrium data. The latter is extremely important; statistical

WLC models make equilibrium predictions, and so the breakdown of a WLC description can

only be confirmed with equilibrium data. Indeed, elucidating the subtleties of dynamic and

quasi-dynamic (C&W) j-factors is one of the key issues addressed in this work.





7 Model system: DNAminicircles

Double-stranded DNA minicircles are a model system used to probe strong DNA bending due to

the ability to easily control DNA topology, and thus their structure. By changing their length

and linking number, relaxed as well as positively and negatively supercoiled minicircles may be

probed. For sufficiently small minicircles, there is thought to be a transition from canonical

duplex DNA to an alternative strongly bent configuration. The exact length and superhelical

density at which this transition occurs is subject to debate, as is the nature of the strongly-bent

state. We address these issues with oxDNA, supporting the view that relaxed DNA minicircles

undergo a structural transition at a length of about six helical turns. Further, we find that in

our model the structural transition is attributable to a specific defect, a kink, whereby bending

is localized to a 1–3 base pair bubble. We explore kink-related emergent phenomena such as

cooperative kink nucleation and the correlated diffusion of kinks. The behavior of supercoiled

and nicked DNA minicircles is also explored.

7.1 Introduction

DNA minicircles are double-stranded DNA rings where the ends of the two strands are

topologically sealed. While experimentally challenging to prepare, owing to their large

free energies of formation relative to canonical duplex DNA, they are nonetheless a useful

experimental and theoretical model system to investigate DNA bending. DNA minicircles possess

a well-defined superhelical density 𝑠, a measure of DNA supercoiling which may be precisely

tuned by altering the linking number Lk and minicircle length Nbp. For a brief introduction to

DNA topology, including supercoiling, see Mirkin 2001.89
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7.1.1 Superhelical density

The DNA linking number Lk is an integer corresponding to the number of times the minicircle’s

two complementary single-strands wrap around each other.

Minicircles are relaxed when

Lk = Lk0 ≡
Nbp

base pairs per helical turn
=

Nbp

10.36
, (7.1)

where 10.36 is the number of base pairs per helical turn in oxDNA. Typical experimental values

are 10–11 bp/turn.13, 90–94

The superhelical density 𝑠 is the normalized difference between the linking number Lk and the

relaxed linking number Lk0 given by

𝑠 =
𝐷Lk
Lk0

=
Lk − Lk0

Lk0
. (7.2)

Relaxed DNA has 𝑠 = 0, positively supercoiled DNA 𝑠 > 0 (overtwisted) and negatively

supercoiled DNA 𝑠 < 0 (undertwisted).

In practice, since the helical pitch length of DNA is non-integer, minicircles can only ever be

approximately torsionally relaxed, being slightly undertwisted (𝑠 = 0−, Lk < Lk0) or slightly

overtwisted (𝑠 = 0+, Lk > Lk0) with respect to the true torsionally relaxed state (𝑠 = 0,

Lk = Lk0). The distinction is more pronounced for the shortest minicircles because the deviation

between 𝑠 = 0−, 𝑠 = 0+ and 𝑠 = 0 is smaller for longer minicircles.

For a specific example, a relaxed minicircle at Lk = 8 and pitch length 10.36 bp/turn would

correspond to Nbp = 82.88, giving Nbp = 82 as 𝑠 = 0+, and Nbp = 83 as 𝑠 = 0−.

For reference, bear in mind that most naturally occurring minicircles will have 𝑠 ≈ 0, and the

widely studied E. coli genome is negatively supercoiled (undertwisted) to 𝑠 ≈ −0.06.95

Note that linking number (Lk) is partitioned such that

Lk = Tw + Wr, (7.3)
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where Tw and Wr are the DNA twist and writhe, respectively. Physically, twist variation is a

change in the number of base pairs per helical turn. Writhe is somewhat more difficult to

conceptualize, but can be thought of as the number of topologically invariant strand crossing.

For example, a typical ‘figure-eight’ formed from a loop will posses one point at which the

loop crosses itself. This would be reported as Wr = ±1, depending on the orientation of the

crossover.

7.1.2 Minicircle experiments

There is much interest in supercoiled DNA minicircles, specifically in the structural consequences

of overtwist/undertwist (𝑠 > 0, 𝑠 < 0), twist/writhe partitioning and how these relate to DNA

bending. For example, single-strand specific nucleases, which cleave single-stranded but not

double-stranded DNA, have been used to probe structural defects in negatively supercoiled

minicircles.96–98 Additionally, atomic force microscopy (AFM)99 and cryo-electron microscopy

(cryo-EM)100 have revealed that writhing is the dominant effect in longer negatively supercoiled

minicircles (178 bp and 339 bp with 𝑠 ≈ −0.12 and 𝑠 ≈ −0.2, respectively). Comparing the

experiments suggests that greater |𝑠| is required to writhe shorter minicircles, which is

unsurprising given the greater ease of bending of a longer DNA duplex.

Alternatively, the effects of bending may be isolated by investigating relaxed (𝑠 ≈ 0) minicircles.

A key question, highlighted by Vologodskii et al.,26 is the length at which relaxed minicircles

kink, whereby bending is localized to a structural defect at which, depending on the precise

definition, base-base stacking and/or base pairing are disrupted (Section 3.2.2). For example, by

probing relaxed minicircles with single-strand specific nucleases, Du et al. found no evidence

of cleavage at Nbp ≈ 84–85. However, cleavage was reported at Nbp = 64–65, suggesting the

appearance of a structural defect (presumed to be a kink) at the shorter length.36

In agreement with Du et al., a recent cryo-EM experiment reveals no evidence of kinking in a

relaxed Nbp = 94 intact minicircle.18 As a positive control for the study, double nicks or double

single-stranded gaps were introduced 180° apart on the minicircle. Kinking was detected in the

double-gapped but not in the double-nicked minicircles. Interestingly, 3D reconstructions of

double-gapped minicircles suggest the presence of structures with zero, one or two kinks,18



98 Chapter 7: Model system: DNAminicircles

raising interesting questions about variation in the number of kinks, the cooperativity of kink

formation and spatial correlation in the localization of kinks.

7.1.3 Theory and simulation

Theory and simulation have been used to help elucidate the structural, mechanical and energetic

phenomena underlying experimental findings. For example, Yan & Marko have demonstrated

that strong bending localized to a structural defect could be responsible for enhanced DNA

flexibility, compared to that expected for a worm-like chain.24 Indeed, fully atomistic molecular

dynamics (MD) simulations have reported single kinks in relaxed minicircles supporting the

Yan & Marko prediction, while two kinks separated by ∼180° have been observed for positively

supercoiled configurations.25, 65 Kinking was also reported in biased atomistic simulations on

very short 12 bp DNA duplexes.66

Simulations of a simple model parameterized to the digestion studies of Du et al.36 also suggest

that the probability of structural defects increases for shorter minicircles.101 Further supporting

the hypothesis of kinking in short minicircles, another simulation study102 reported that

base-pair disruptions were much more likely to occur in short relaxed minicircles (Nbp = 66)

than in longer ones (Nbp = 86, 106).

While the aforementioned studies focus primarily on structural defects, specifically kinking,

twist/writhe coupling is also of interest. For example, investigating twist/writhe coupling

in Nbp > 100 minicircles with a coarse-grained model revealed that the partitioning is

length-dependent;103 specially, a planar twist dominated regime below a length-dependent

superhelical density, with writhing becoming more prevalent at longer lengths.

7.1.4 Specific aims

Here we use oxDNA to examine the behavior of DNA minicircles; specifically, we address the

length dependence of the structural defects and the nature of these states. Our model is

particularly well-suited to the study of kinking, and the strong bending regime in general,

as it applies to minicircles. For example, we have already seen that oxDNA provides a good

description of the kinking transition in a ‘molecular vise’ (Chapter 5) and the role of kinking in
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DNA cyclization (Chapter 6). Further, unlike all-atom simulations, oxDNA allows us to probe the

relatively large time- and length-scales required for the characterization of DNA minicircles.

Although kinked configurations have been observed via atomistic simulation, it is unclear

whether these states are representative of equilibrium configurations. Further, atomistic

simulations are too computationally expensive to observe multiple transitions, hampering the

investigation of kink number variation, cooperativity and diffusion, all of which are explored in

this study.

7.2 Simulationmethods

Minicircle simulations are performed with MD (Section 3.1.2) at T = 298 K. Importantly, for the

present study base pairs are only allowed to form between structurally ‘correct’ complements.

The DNA pitch length, the number of base pairs per helical turn, is an important model-

dependent structural parameter for DNA supercoiling, defining Lk0, the relaxed linking number,

and therefore the superhelical density 𝑠 = (Lk − Lk0) /Lk0. In oxDNA, the pitch length is

10.36 bp/turn, within the 10–11 bp/turn range reported in a variety of assays.13, 90–94 Additional

details are available in the Appendix A.4.

To highlight the basic thermodynamics of DNA minicircles, we use oxDNA’s average-base

parameterization; where appropriate, we use the sequence-dependent parameterization to

highlight the role of sequence variation. Error bars represent the standard error of the mean

from 5 independent simulations; where lines are shown, error bars are comparable to line

thickness.

7.3 Results

The primary aim of this study is to investigate the length-dependent behavior of DNA minicircles,

with a particular interest in the interconversion between continuously bent and kinked

macrostates. We address the characteristic length scale at which kinking occurs for a variety of

systems, as well as the number, localization and diffusion of kinks. First, we examine the case

of torsionally relaxed minicircles (𝑠 ≈ 0), before turning our attention to the impact of nicks,
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supercoiling (𝑠 ̸= 0) and cooperativity.

7.3.1 Torsionally relaxedminicircles

We begin by showing kinking in the duplex for torsionally relaxed intact minicircles as a function

of length Nbp (Figure 7.1 (a)). We report results for the closest Nbp to 𝑠 = 0, 𝑠 = 0− and 𝑠 = 0+,

corresponding to slightly undertwisted and slightly overtwisted circles respectively.

The average number of kinks rises from 0 to 2, with a transition between Nbp = 63, where less

than 5 % of minicircles are kinked, and Nbp = 42, where over 90 % are kinked (Section 7.4.3). We

define the midpoint of the kink transition to be the point where the average number of kinks is

1, which is half the saturation value. In our model, the kink transition midpoint for torsionally

relaxed intact minicircles (Figure 7.2 (a–c)) occurs at Nbp = 41–42, with the onset of kinking at

Nbp = 62–63 (Figure 7.1 (a)).

By Nbp = 31–32, molecules invariably exhibit 2 kinks, localized opposite each other (Figure 7.2 (c)).

This configuration localizes bending stress to the two kinks, allowing for two relatively straight

duplexes to form inbetween. On the contrary, in a ‘teardrop’ configuration with only one kink,

bending stress is still substantial, as evidenced by the large curvature of the continuously bent

duplex opposite the kink (Figure 7.2 (b)). Finally, in the absence of a kink, the entire structure is

continuously bent (Figure 7.2 (a)).

7.3.2 Nickedminicircles

Comparison of intact minicircles to their counterparts with a nick on one of the strands

(nicked minicircles) highlights interesting physics in both systems. Using oxDNA’s average-base

parameterization, we find that nicked minicircles (Figure 7.2 (d–f)) kink at longer lengths than

intact minicircles (Figure 7.1 (e)). Easier kinking in nicked minicircles is due to the much lower

free-energy cost of a kink at a nick, as opposed to a kink in the DNA duplex (Section 4.3.4.3).

Thus, for virtually all states with one kink, the kink occurs at the nick, saturating to a value of

⟨Kink⟩nick = 1 at Nbp ≈ 75.

Overlaid on the general trend towards more kinking at shorter lengths, there is an oscillation in
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Figure 7.1 Length dependence of the average number of kinks and total bubble size
Average number of kinks ⟨Kink⟩ and average total bubble size ⟨Bubble⟩ versus minicircle length Nbp
using the oxDNA average-base parameterization. (a) Kinking and (b) bubble size for intact relaxed
minicircles (𝑠 ≈ 0), including sequence-dependent results for sequences with 50 % GC-content (open
marks). (c) Kinking and (d) bubble size for intact minicircles (−0.2 . 𝑠 . 0.2) with variable linking
number Lk to highlight the impact of supercoiling. (e) Kinking and (f) bubble size for nicked minicircles,
partitioning average kinking between a kink in the duplex (⟨Kink⟩duplex) and a kink at a nick (⟨Kink⟩nick).
By definition, bubbles may only occur in duplex regions; disrupted base pairing at strand ends (including
nicks) is classified as fraying. Kinking is reported via the structural criterion (Section 3.2.2.1).
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(a) Nbp = 41, Lk = 4

𝑠 = 0+

(b) Nbp = 41, Lk = 4 (c) Nbp = 41, Lk = 4 (d) Nbp = 72, Nicked

(e) Nbp = 59, Nicked (f) Nbp = 59, Nicked (g) Nbp = 68, Lk = 6

𝑠 = −0.09

(h) Nbp = 56, Lk = 6

𝑠 = 0.11

Figure 7.2 Representative minicircle structures
Intact relaxed minicircle (𝑠 = 0+) (a) in a ‘circle’ configuration, (b) with 1 kink, and (c) 2 kinks. Nicked
minicircle in a (d) circle configuration, (e) in a ‘teardrop’ configuration with a kink at the nick, and (f)
with both a kink at the nick and a kink in the duplex. Supercoiled minicircles with (g) undertwisting
relaxed via bubble formation and twisting (𝑠 = −0.09), and (h) overtwisting relaxed via writhing
(𝑠 = 0.11). Insets are rotated 90°. Arrows indicate kinks in the duplex (black) and kinks at a nick (gray).
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⟨Kink⟩nick with a period of one pitch length, with local maxima occurring for ‘off-register’ lengths

(Nbp = (n+1/2)×pitch length) and local minima for ‘on-register’ lengths (Nbp = n×pitch length).

The maxima for off-register lengths are due to the additional torsional strain present in such

a system if stacking across the nick is to be maintained. Most of this stress can be simply

relieved by kinking at the nick, with the kink acting as a relatively free hinge. However, some

stress remains even after kinking, due to the constraint of backbone connectivity across the

nick, which usually leads to out-of-plane bending. Unsurprisingly, oxDNA has revealed similar

behavior for DNA cyclization (Section 6.3.1.1), as cyclization leads to minicircles with two nearby

nicks.

Intriguingly, kinking in the duplex of nicked molecules also occurs at longer lengths than for

intact minicircles, with a saturation value of ⟨Kink⟩duplex = 1, a kink transition midpoint at

Nbp ≈ 59 (⟨Kink⟩duplex ≈ 50 %), and detectable kinking at Nbp & 80 (⟨Kink⟩duplex . 1 %).

Like the kink at the nick, oscillations with a period of one pitch length are also observed for

⟨Kink⟩duplex, with maxima and minima for ‘off-register’ and ‘on-register’ lengths respectively

(Figure 7.1 (e)). Although, the structural basis of this enhanced kinking at off-register lengths is

not yet entirely clear, the additional bending stress due to the backbone connectivity across

the nick, and the preference for duplex kinking into one of the grooves, probably plays a role

(Section 7.4.4).

As previously suggested from cryo-EM observations,18 we find that kinks for both intact

and nicked minicircles tend to localize opposite each other (Figure 7.2 (c,f)). For the nicked

minicircles, duplex kinks nucleate and diffuse only in a ∼10 base pair region opposite the kink at

the nick (Figure 7.3 (a)). On the other hand, for the intact minicircles, kinks are free to nucleate

and diffuse anywhere along the strand (Figure 7.3 (b)). The physical reason is quite clear: unlike

the nicked minicircles (Figure 7.8 (b,d)), there are no strongly preferred sites at which to kink

(Section 7.4.4).

Bear in mind that oxDNA’s simplified representation of DNA neglects some features that may

induce preferential kinking sites in the absence of nicks: with the average-base parameterization

there are no AT base pairs at which to preferentially localize, and oxDNA’s use of symmetric

grooves eliminates the possibility of preferential kinking into either the major or minor groove.
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Figure 7.3 Correlated kink diffusion
Orientation between consecutive bases versus simulation time for (a) a nicked Nbp = 31 minicircle and
(b) an intact relaxed Nbp = 31 minicircle. The base pair index i indicates the orientation between bases i
and i + 1. For each base pair index and configuration, points are labeled with a gradient from unkinked
parallel orientations (white) to kinked anti-parallel orientations (black). We choose an intermediate
cutoff for kinked states (gray), but most kinked states are very anti-parallel. In (a), note that the kink at
the nick in the nicked minicircle lies at base pair index 30, along the top of the plot.

However, whenever two kinks are present, in either intact or nicked minicircles, their relative

positions are strongly correlated. The resulting ‘correlated diffusion’ is clear in Figure 7.3 (b).

Correlated diffusion appears to be quite robust; for example, even when kinks dissipate, they

re-nucleate opposite an existing kink, if present.

7.3.3 Supercoiling

7.3.3.1 Background

Investigating supercoiled minicircles probes physics, such as twist/writhe partitioning,

unavailable in torsionally relaxed systems (𝑠 ≈ 0). In our study of intact relaxed minicircles,

there is a hint of the impact of supercoiling on kinking in minicircles in the observation that

slightly undertwisted (𝑠 = 0−) minicircles kink more readily than their slightly overtwisted

(𝑠 = 0+) counterpart. In the following, we will systemically investigate the effects of larger

superhelical densities.

Supercoiled minicircles and supercoiled linear DNA under tension have been extensively studied
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via experiment,18, 26, 36, 96–100 theory16, 24, 36, 101 and simulation.25, 65, 66, 102–104 The basic physics

are reasonably well understood. For linear positively supercoiled DNA, excess twist beyond

a certain characteristic twist density is partitioned to plectonemic writhe. For negatively

supercoiled DNA, plectonemes may also form, but excess twist may also be absorbed into bubbles,

which possess a naturally lower twist than double-helical DNA. The applied force controls the

response to negative supercoiling, with plectonemes favored at low force, where the cost of the

resulting reduced extension is not prohibitive. One more interesting feature found in recent

oxDNA simulations of plectonemes57 is that when the plectonemes are sufficiently tightly

wound (as becomes the case as the force is increased) it may be favorable for kinks/bubbles

to form at the plectoneme tip. This relieves bending stress, and in the case of very negative

supercoiling, absorbs some of the excess twist.

7.3.3.2 Small superhelical density

It is well established that undertwisting (negative supercoiling, 𝑠 < 0) promotes, while

overtwisting (positive supercoiling, 𝑠 > 0) suppresses bubble formation.25, 105–107 By probing

kinking and bubble formation as a function of linking number Lk, we find that these general

trends hold for intact minicircles (Figure 7.1 (c)): overtwisting suppresses bubbles, while

undertwisting makes bubbles more likely (Figure 7.1 (d)).

As highly bent kinks generally necessitate the opening of a 1–3 base pair bubble (Section 4.4.3),

suppressed bubble formation, in turn, reduces the propensity to kink. Therefore, undertwisted

molecules kink more readily than their overtwisted counterparts. Indeed, the minima in ⟨Kink⟩

occur some 2–3 base pairs before the relaxed lengths.

That the minima in kinking occur for overtwisted as opposed to more relaxed minicircles may

be more clearly seen on a plot of ⟨Kink⟩ versus superhelical density 𝑠; for, example at Lk = 5 in

Figure 7.4 (a,c). Given constant linking number, increasing the length Nbp effectively sweeps

from overtwisted to relaxed to undertwisted minicircles. The minimum in ⟨Kink⟩ does not

correspond to a relaxed minicircle, rather it occurs for an overtwisted minicircle of 𝑠 ≈ 0.05.

Accordingly, for undertwisted minicircles we observe enhanced bubble formation vis-à-vis larger

total bubble size (Figure 7.4 (b,d)). In contrast, mild overtwisting suppresses bubble formation,
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Figure 7.4 Average number of kinks and total bubble size, superhelical density
Average number of kinks ⟨Kink⟩ versus 𝑠 for intact minicircles with (a) Lk = 5, and (b) Lk = 3–8. Average
total bubble size ⟨Bubble⟩ versus 𝑠 for (c) Lk = 5, and (d) Lk = 3–8.
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with a small constant bubble size across the entire minimum in ⟨Kink⟩ (Figure 7.1 (d)).

7.3.3.3 Large superhelical density

Curiously, at 𝑠 & 0.1, kinking in overtwisted minicircles is accompanied by larger bubble sizes

than achieved by undertwisted minicircles of either comparable ⟨Kink⟩duplex or |𝑠|. What then,

causes enhanced kinking and bubble formation for large overtwist (Figure 7.4 (b,d))?

First, we note that short minicircles (Nbp . 35, Lk = 3) are so highly stressed that two kinks

are necessary to relax all minicircles (undertwisted, relaxed and overtwisted), whereas the

relaxation mechanisms are distinct at longer lengths.

Secondly, we observe that beyond a certain superhelical density 𝑠 and length Nbp, oxDNA

reveals that overtwisted minicircles relax the superhelical stress via writhing, rather than by

increased twist (i.e. shorter pitch length). For sufficiently large minicircles, we would expect a

‘figure-eight’ plectonemic structure involving continuous bending; however, for the minicircle

lengths considered in this study we do not observe this behavior because such a structure would

lead to extreme curvatures at the two plectoneme ‘tips’ of the figure-eight.

Thirdly, that kinking occurs for different physical reasons in undertwisted and overtwisted

minicircles resolves the dilemma. For overtwisted minicircles, instead of a figure-eight, kinking

occurs at the plectoneme tips, yielding ‘X-like’ structures with two relatively straight duplex

sections separated by two kinked regions of high curvature (Figure 7.2 (h)). The enhanced bubble

formation for large overtwisting occurs because such extreme curvature at the plectoneme tips

requires a significant number of base pairs to open, in addition to kinking. At longer Nbp, we

would expect the duplex sections to become more curved, with less extreme bending at the

plectoneme tips, eventually approaching a continuously bent figure-eight at sufficiently long

Nbp. We do not probe this regime.

On the other hand, undertwisted minicircles do not writhe, but instead form two bubbles

(Figure 7.2 (g)). Here, plectonemic writhe is disfavored because, as noted above, extreme

curvature would be induced at the plectoneme tips. As bubbles readily absorb undertwist, but

not overtwist, it is more favorable to absorb the undertwisting as bubbles than as writhe.
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Figure 7.5 Lack of cooperativity in the number of kinks, intact relaxed minicircles
Free energy versus number of kinks Nkink for 𝑠 = 0+ (solid) and 𝑠 = 0− (dashed) intact minicircles.
The reference state is Nkink = 0 for each system.

7.3.4 Thermodynamics of kinking

The oxDNA model allows for the study of minicircle thermodynamics in fine detail; in particular,

the underlying cause of the emergent phenomena of kinking, which we rationalize in terms of

the properties of duplex DNA bending.

One interesting effect is the possibility of cooperativity in kink formation for intact relaxed

minicircles. Yan & Marko24 have determined that if a kink acts as a free joint, the expectation

from worm-like chain (WLC) theory is that the first kink forms a ‘teardrop’ configuration, with

some bending stress localized to the sole kink and the remainder to the continuously bent

region opposite the kink. This configuration relieves ∼30 % of the bending stress, while the

formation of a second kink in the previously continuously bent region relieves the remaining

∼70 % of the original bending stress.

Earlier we noted that kinks in the duplex form at much longer lengths in nicked minicircles,

compared to their intact relaxed counterparts. This is contrary to our a priori expectation. It is

intuitive that for nicked minicircles, there is a smaller local cost of forming a kink at the nick

than in the duplex. Therefore, kinking at the nick occurs at longer Nbp than for kinking in the

duplex (Figure 7.1). This is not the dilemma, rather it is why kinking in the duplex occurs at

longer Nbp in nicked than in intact minicircles.

We find that cooperativity in the nicked minicircles explains why kinks in the duplex are easier
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to nucleate in nicked, as opposed to intact relaxed minicircles (Section 7.4.2, Table 7.1). Further,

oxDNA reveals a structural and thermodynamic basis for the observed cooperativity: kinks in

the duplex do not behave as a free joint, while kinks at a nick do.

To better understand these cooperative effects, we evaluate the free-energy as a function of the

number of kinks for intact relaxed minicircles (Figure 7.5). For the intact relaxed minicircles,

the free-energy gain/loss for the first and second kinks are comparable, suggesting a lack of

cooperativity. For the nicked system, the free energy of forming of the second kink is clearly

more favorable, as evidenced by the longer length at which duplex kinks begin to occur.

The reason for the different behavior of the nicked and intact minicircles can be rationalized

from the free-energy profile of a DNA duplex as a function of end-to-end distance.i For a nicked

strand, once the kink at the nick is formed, there is very little free-energy cost associated with

bringing the two duplex ends closer together (i.e. increasing the bend angle at the nick). On

the other hand, there is a significant free-energy penalty in bringing the two ends of an intact

duplex closer together, even after a kink is formed.

The different costs of changing the bending angle at a kink at a nick, versus a kink in a duplex

region, underlies the divergent behavior of the nicked and intact minicircles. In particular, the

free-energy cost of forming a second kink involves both the cost of forming a new tightly-bent

kink, and the cost of increasing the bending angle at the first kink. This latter cost is significantly

smaller when the first kink is at a nick, making a subsequent kink in the duplex region opposite

more favorable.

7.4 Discussion

7.4.1 Comparison with experiment

The characteristic length at the onset of oxDNA’s kink transition (Nbp = 62–63) is in agreement

with the predictions of a kinkable worm-like chain model.16 There is also good agreement

with experiment; specifically the minicircle digestion experiments of Du et al.,36 who report

detectable levels of relaxed DNA minicircle digestion at Nbp = 63–64, lengths that correspond

iSee Section 4.3 for a discussion of end-to-end distance or Section 4.3.5 for a discussion of the bending angle.
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to the torsionally relaxed lengths 𝑠 = 0− and 𝑠 = 0+ for six helical turns in their experimental

conditions. The agreement between oxDNA and Du et al. should not be overinterpreted, as the

comparison is muddled by the roles of salt concentration, sequence dependence and any small

potential bias introduced by using enzymatic digestion as a reporter.

Firstly, oxDNA is parameterized to a different salt concentration ([Na+]=500 mM) than the

experimental conditions of Du et al. ([Na+] = 120 mM , [Mg2+] = 2 mM , [Ca2+] = 2 mM). These

solution conditions are not directly comparable because monovalent and divalent cations have

differential impacts on DNA. For example, Mg2+ may aid kinking through structural effects,18

and the role of even small concentrations of Mg2+ on DNA stability is non-trivial.83

Secondly, 50 % GC-content sequences, such as those used by Du et al., are expected to kink

more readily than one would naïvely infer from results obtained with the oxDNA average-base

parameterization. Indeed, we have previously reported that kinks tend to localize to AT

base pairs owing to the lower free-energy cost of disrupting AT as opposed to GC base pairs

(Section 4.3.4.1, Section 6.5.1). As expected, the minicircles exhibit the same behavior, with

an increased likelihood of kinking for 50 % GC-content sequences versus their average-base

counterparts (Figure 7.1 (a), most pronounced at Nbp = 41–42). This shifts the midpoint of the

kink transition to a somewhat longer Nbp. We also show enhanced kinking in AT-rich regions

(Section 7.4.4).

Thirdly, while digestion assays can report a qualitative signal of whether a particular substrate

is liable to digestion or not, it is non-trivial to extract a quantitative report of the fraction of

kinked molecules. A quantitative interpretation would require knowledge of the characteristic

time required for the digestion enzyme to bind and digest a duplex bubble/kink. Additionally,

enzymatic activity may displace the equilibrium between kinked and unkinked states, requiring

careful experimental conditions (e.g. very low enzyme concentrations and an enzyme bind/digest

time-scale much longer than that of the kinked/unkinked interconversion). Supporting this

reasoning, Du et al. only report cleavage of Nbp = 63–64 minicircles using the BAL-31 nuclease,

not the S1 nuclease, which they find to only cleave negatively supercoiled minicircles. Moreover,

the lack of cleavage by S1 nuclease raises questions about nuclease sensitivity, kink stability in

the buffer conditions required for enzyme activity and the presence of structural defects not
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Torsionally relaxed intact Nicked

Nbp 𝐷G1
duplex/kBT 𝐷G2

duplex/kBT 𝐷G1
nick/kBT 𝐷G1

duplex/kBT

31 −5.51 ± 1.74 −2.72 ± 0.11 −4.45 ± 0.16

32 −5.15 ± 1.74 −3.10 ± 0.12 −4.65 ± 0.31

41 −0.06 ± 0.06 0.21 ± 0.06 −4.49 ± 1.01 −3.06 ± 0.12

42 −1.58 ± 0.21 −0.51 ± 0.06 −5.03 ± 1.73 −3.22 ± 0.08

51 3.59 ± 0.12 2.37 ± 0.88 −4.11 ± 0.34 −1.30 ± 0.13

52 2.28 ± 0.15 2.47 ± 0.41 −3.72 ± 0.22 −1.28 ± 0.09

62 5.07 ± 0.36 −2.30 ± 0.09 0.90 ± 0.10

63 3.28 ± 0.06 4.28 ± 1.00 −2.54 ± 0.15 1.00 ± 0.08

72 6.55 ± 0.72 −0.93 ± 0.06 2.82 ± 0.05

73 5.75 ± 0.34 −1.20 ± 0.12 2.76 ± 0.21

82 8.35 ± 1.73 0.22 ± 0.06 4.26 ± 0.43

83 0.25 ± 0.03 4.02 ± 0.40

Table 7.1 Free energy of kink formation in intact and nicked minicircles
Free energy of kinking in the duplex (𝐷Gduplex) and at a nick (𝐷Gnick) for the intact relaxed and nicked
minicircles. Error bars represent standard error of the mean from 5 independent simulations. Blank
spaces in the table indicate a lack of sampling, and therefore an undefined free energy. For a fair
comparison of cooperativity in the nicked minicircles, compare 𝐷G1

duplex from the intact with 𝐷G1
duplex

from the nicked minicircles, the second and fifth columns (see text for details).

detected by the enzyme.

7.4.2 Cooperativity in kink formation

The free energy versus the number of kinks is a useful metric for examining potential

cooperativity in the number of kinks; however, it can be somewhat misleading to compare intact

and nicked minicircles through diagrams such as Figure 7.5. In Table 7.1 we present an alternate

representation to fairly compare kinks in both intact and nicked minicircles.

For the intact relaxed minicircle, the free energies for forming the first and second duplex kinks

are given as:

𝐷G1
duplex = −kBT ln

(︂
P1
P0

)︂
, (7.4)

𝐷G2
duplex = −kBT ln

(︂
P2
P1

)︂
, (7.5)
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where 𝐷G1
duplex and 𝐷G2

duplex are free energies of the first and second duplex kinks respectively,

and P0, P1 and P2 (P0 + P1 + P2 = 1) are the probabilities of having zero, one and two kinks,

respectively (Section 7.4.3, Figure 7.6).

For the nicked minicircle, the first kink is formed at the nick, while the second is formed in the

duplex:

𝐷G1
nick = −kBT ln

(︂
P1
P0

)︂
, (7.6)

𝐷G1
duplex = −kBT ln

(︂
P2
P1

)︂
, (7.7)

where 𝐷G1
nick is the free energy of a kink at the nick.

With the data available in Table 7.1, we now infer cooperativity in the intact relaxed minicircles.

Cooperativity of a kink in the duplex of the nicked minicircles is available by comparison of

𝐷G1
duplex between the intact and nicked systems.

For intact minicircles, if there is cooperativity in the number of kinks, given that lower free

energies are more favorable, then we would expect the free-energy of the first kink to be greater

than the second (𝐷G1
duplex > 𝐷G2

duplex). For anti-cooperative behavior, the relationship would

be reversed (𝐷G1
duplex < 𝐷G2

duplex), while the values would be about the same in the absence of

cooperativity (𝐷G1
duplex ≈ 𝐷G2

duplex).

We observe a lack of cooperative, or possibly slight anti-cooperativity, for the intact minicircles,

with 𝐷G1
duplex & 𝐷G2

duplex for all lengths where there is sufficient sampling.

For the nicked minicircles, we of course always find that it is more favorable to form a kink

at the nick than a kink in the duplex. To detect cooperativity, we should instead compare the

free-energy of forming a duplex kink in the nicked system to that of forming the first kink in an

intact minicircle of equivalent size. The observation of a lower free-energy of formation for the

duplex kink in the nicked system indicates cooperativity.
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Figure 7.6 Probability of kinking, intact relaxed minicircles
Probability of kinking Pkink for 0, 1 and 2 kinks (Pkink = P0 + P1 + P2) for intact relaxed minicircles
with the (a,b) structural criterion and (c,d) energetic criterion for a kink with oxDNA’s average-base
parameterization.

7.4.3 Probability of kinking

In Figure 7.1 (a,c,e) we showed the average number of kinks versus minicircle length Nbp using a

structural criterion for a kink. The choice of the average number of kinks may be somewhat

misleading when comparing over Nbp because the total number of kinks changes as a function of

length. It may also be difficult to distinguish configurations with true intermediate kinked states

versus those that are an ensemble average of kinked and unkinked populations. Distinguishing

low occupancy configurations may also be problematic.

In Figure 7.6 and Figure 7.7 we present the probability of zero (P0), one (P1) and two (P2)

kinks versus minicircle length Nbp for intact relaxed and nicked minicircles, respectively. As

P0 + P1 + P2 = 1, this representation resolves the aforementioned issues, but sacrifices at a

glance knowledge of the number of kinks.
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Figure 7.7 Probability of kinking, nicked minicircles
Probability of kinking Pkink for 0, 1 and 2 kinks (Pkink = P0 + P1 + P2) for nicked minicircles with (a)
structural kink criterion and (b) energetic kink criterion.
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For example, in Figure 7.6 (a,b) an intermediate state with one kink, a ‘teardrop’ configuration,

becomes apparent at Nbp = 41–42. From looking only at the number of kinks (Figure 7.1 (a)),

one might have guessed that the transition is from 0 → 2 kinks, with no intermediate state with

one kink.

As another example, in Figure 7.7 (a), the anti-correlated periodicity in P0 and P1 is quite clear at

Nbp = 80–120. This behavior can be assumed from Figure 7.1 (e), but is strikingly obvious when

examining kink probability instead of number of kinks. We have also investigated minicircles

with two opposing nicks; unsurprisingly, the onset of kinking occurs at even longer Nbp than

the single-nicked minicircles (data not shown).

The choice of the structural detector may also underestimate the prevalence of kinking

(Section 4.4.1). To demonstrate that the structural definition indeed captures the basic physics

of interest, we also show the probability of kinking with an alternative energetic kink criterion.

Recall that energetically, a kink is defined as a disruption in stacking between adjacent base

pairs (Section 3.2.2.2).

For minicircles, the results for the structural and energetic criteria are quite similar (Figure 7.6,

Figure 7.7). Further explanation of the subtle differences between the two detectors are available

in Section 4.4.1.

7.4.4 Localization of kinks

In Figure 7.8 we report the localization of kinks, defined with respect to the base pair index,

where base pair index i is the position between consecutive bases i and i + 1 along an intact

strand. For comparison of different lengths we shift the base pair index by (Nbp − 2)/2.

The localization of kinks for intact relaxed minicircles is relatively flat (Figure 7.8 (a,c)), as

one would expect from the average-base parameterization. Unsurprisingly, for the sequence-

dependent parameterization, the distribution is not flat at the shortest lengths, and contains

peaks corresponding to AT-rich regions.

For nicked minicircles (Figure 7.8 (b,d)), we might naïvely expect kinks in the duplex to localize

in a unimodal distribution opposite the kink at the nick. Curiously, unlike a kink at a nick,
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whose position along the strand is unimodally distributed around the kink, the position of a

kink in the duplex has a bimodal distribution, with maxima ±1/4 pitch length from the position

opposite the nick. Bimodal distributions are observed for both on-register and off-register

lengths. The structural basis for the observation of bimodal distributions and enhanced kinking

at ‘off-register’ lengths is not yet entirely clear, though it may be due to a preference for in-plane

kinking into the groove.
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Figure 7.8 Kink localization, nicked minicircles
Localization of kinks along the intact strand with the average-base parameterization for ‘on-register’
(a) intact relaxed and (b) nicked minicircles, as well as ‘off-register’ (c) intact relaxed and (d) nicked
minicircles. The sequence-dependent parameterization for (e) ‘on-register’ intact relaxed minicircles
is also shown. Pkink is the probability of kinking via the structural criterion at a given base pair
index, normalized by the number of kinked molecules. In (b,d), the maxima at base pair index ±(Nbp)/2

corresponds to a kink at the nick, while the maxima at Nbp = 0 corresponds to kinks in the duplex region.
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7.5 Conclusion

The oxDNA coarse-grained model elucidates the basic physics and underlying thermodynamics

of strong DNA bending in DNA minicircles. The model is in good agreement with existing

theory,16, 24, 101 all-atom MD simulations25, 65, 66 and experiment.18, 26, 36 For example, oxDNA

finds kinking in relaxed DNA minicircles at 62–63 base pairs, but not 82–83 base pairs: this

apparent agreement with minicircle digestion experiments36 suggests that kinking is indeed

the structural defect reported in experiment.

While it is unlikely that the agreement between digestion assays and oxDNA is coincidental,

we caution the reader against over-interpretation. The experimentally observed digestion of

relaxed Nbp = 63–64 minicircles does not necessarily imply quantitative bounds on kinking,

and while reasonable, the comparison of the Du et al. data with the onset of kinking in oxDNA

is arbitrary. Taken together with strong agreement to a ‘molecular vise’ (Chapter 5) and DNA

cyclization (Chapter 6), we interpret comparable minicircle results as a promising sign that the

oxDNA predictions are physically reasonable and useful in helping to elucidate the basic physics

of highly bent DNA.

Beyond direct experimental comparison, oxDNA supports kinking as the structural basis behind

experimental observations. For example, in supercoiled minicircles, we find that overtwisted

minicircles kink to accommodate writhing, while their negatively supercoiled counterparts’

undertwist is absorbed by bubbles. These also act as kinks to relieve bending stress.

OxDNA also makes several, physically reasonable, predictions; for example, cooperative

localization of kinks and correlated kink diffusion, finding that duplex kinks localize opposite

each other on intact minicircles and opposite the nick for nicked minicircles. Further, oxDNA

directly addresses the conundrum of duplex kinking at longer lengths in nicked, as opposed

to intact minicircles, revealing cooperativity of kink formation in the former, but not in the

latter. The observation of cooperativity is substantiated by both thermodynamic and structural

arguments based on the angular dependence of the free-energy of kink formation present in

duplex kinks, but not in kinks at a nick.
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8.1 Introduction

Experimentally, it is difficult to examine strong DNA bending in linear duplex DNA without the

aid of a model system. The laboratory of Giovanni Zocchi at UCLA (University of California,

Los Angeles), amongst others, has characterized the use of single-stranded DNA (ssDNA) and

double-stranded DNA (dsDNA) segments as molecular springs and tethers. First applied to

DNA-protein chimeras,108, 109 Qu et al. extended the method to examine the thermodynamics of

sharply bent DNA duplexes.19, 20, 78

8.1.1 Concept of the ‘strained duplex’

The model system, which we have dubbed the ‘strained duplex’ for simplicity, is produced by the

hybridization of a linear to a circular strand (Figure 8.1 (a)), creating a molecule with a distinct

double-stranded region, which is useful for probing the bending of intact DNA. Alternatively,

hybridization of a linear strand to two ends of another longer linear strand yields a molecule

suitable for probing the bending of a nicked duplex (Figure 8.1 (b)). For clarity, schematic

representations of a linear duplex, strained intact and strained nicked duplex are depicted in

Figure 8.2.

For convenience, the molecules are labeled by the lengths of their double-stranded (Nd) and

single-stranded (Ns) regions, where the circular ssDNA length is given by C = Nd + Ns. For

nicked molecules, C is the length of the nicked molecule, which is invariably longer than the

complement linear strand.i

iDNA Minicircles, discussed in Chapter 7, occur in the limit where C = Nd.
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+
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(b)

(a)

Figure 8.1 Assembly of intact and nicked ‘strained duplexes’
OxDNA representation of the assembly of (a) intact and (b) nicked ‘strained duplexes’. The intact strained
duplex is assembled from a 45 bp circular strand and a 30 bp duplex yielding a strained duplex with a
duplex of length Nd = 30 and a single-stranded tether of length Ns = 15. The nicked strand is assembled
from a 30 bp and a 54 bp duplex, yielding a nicked duplex of length Nd = 30 (nick is at the mid-point of
the duplex), and a single-stranded tether of length Ns = 24.

(a) Linear duplex (b) Intact (c) Nicked (d) Dimer

Figure 8.2 Schematic of strained duplexes
Schematic of strained duplex model system developed by Qu et al.78
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Importantly, varying the length of the single-stranded region (of length Ns) modulates the stress

imposed on the double-stranded region (of length Nd). As Ns becomes shorter, an increasing

amount of stress is imposed on the duplex. Following our thermodynamic characterization

of strong bending in Chapter 4, for sufficiently large bending stress, i.e. sufficiently short Ns,

structural defects would be expected.

Indeed, Qu et al. propose kinking (Section 2.1.2) as the structural defect responsible for relieving

bending stress in the duplex.19 While all-atom MD simulations of DNA minicircles do support

this view,25, 65 it is difficult to experimentally probe specific structural defects; instead, Qu et

al. develop models to infer the presence of kinks from their experiments.

8.1.2 Specific aims

We use oxDNA to probe DNA bending in the ‘strained duplex’ model system. We directly observe

kinking of the strained duplex, one of several structural defects that facilitate the relaxation of

bending stress. Continuous bending, fraying and bubble formation are also observed. Where

possible, we compare directly to experiment.

8.2 Experimental approaches

Two complementary experimental approaches have been developed to probe strong DNA

bending with the strained duplex, ‘monomer-dimer’ equilibrium78 and melting curve analysis.19

The monomer-dimer equilibrium approach is only applicable to nicked systems, while melting

curve analysis is applicable to both nicked and intact molecules. These approaches are not

without precedent, as melting curve analysis in combination with a statistical model has

previously been used to probe DNA flexibility.110

Unsurprisingly, Qu et al. report similar results for both the monomer-dimer equilibrium and

melting curve results. Importantly, they assert that a discontinuous buckling instability between

continuously bent and kinked dsDNA exists beyond a ‘critical’ torque (𝑡c).ii They also conclude

iiThe transition is not ‘critical’ in a classical thermodynamic sense, a second-order phase-transition of a bulk
system. Unfortunately, given the abundance of references to ‘critical’ in the work of the Zocchi laboratory, it would
be even less clear to omit the phrase. Therefore, we interpret ‘critical’ to mean a discontinuity between the two
states, as we suspect was the author’s intention: indeed, they use ‘critical‘ and ‘buckling instability’ interchangeably.
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that the presence of a nick in the middle of the double-stranded region has negligible impact on

this ‘critical’ torque (𝑡intact
c = 30 pN nm19 versus 𝑡nick

c = 27 pN nm20).

In Section 8.2.1 and Section 8.2.2 we overview the approach of Qu et al., laying a foundation for

our critique in Section 8.6.

8.2.1 Monomer-dimer equilibrium

Here we introduce the theory Qu et al.78 have developed to interpret their monomer-dimer

equilibrium data. The Qu et al. analysis has two conceptual parts. First, we overview their

approach to extracting the free energy of dimer formation from their gel-based assays

(Section 8.2.1.1), then we turn our attention to the analytic expressions used to extract the

elastic energy (free energy of bending) of the stressed monomer (Section 8.2.1.2).

8.2.1.1 Experimental concept

Nicked systems may anneal in either a monomeric (Figure 8.1 (b)) or a dimeric (Figure 8.1 (d))

configuration. In the dimer, two duplex regions (with nicks) are joined by two single-stranded

regions at either end. If the monomer and dimer chemical potentials are written as

𝑚M = 𝑚ref
M + kBT ln(XM), (8.1)

𝑚D = 𝑚ref
D + kBT ln(XD), (8.2)

where 𝑚ref are reference chemical potentials, then using the condition for monomer-dimer

equilibrium

2𝑚M − 𝑚D = 0, (8.3)

it follows that

𝐷Gref
M→D = 𝑚ref

M − 𝑚ref
D
2

, (8.4)

=
1
2

kBT ln
(︂

XD
X2

M

)︂
, (8.5)
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where XD and XM are the total mole fractions of the dimer and monomer respectively. Qu et

al. determined XD and XM by interpolating monomer and dimer concentration from sample

loading concentrations and the relative intensities of gel electrophoresis bands.78 They ignore

the impact of higher order oligomers.

8.2.1.2 Analytic expression for elastic energy
(︀

Eel
)︀

Importantly, Qu et al.78 assume that 𝐷Gref
M→D is simply related to the change in elastic energy for

dimerization, i.e.

𝐷Eel = 𝐷GM→D. (8.6)

They further assume that 𝐷Eel is dominated by the elastic energy of the monomer, applying

a small correction to account for screened electrostatic repulsion between the double-helical

sections of the dimer, and some resulting strain in the connecting single-stranded sections.

Thus, they obtain Eel, the elastic energy stored in the monomer, which they partition such that

the elastic energy in the duplex is due to bending, while the elastic energy in the single-stranded

section is due to non-zero extension:

Eel = Ed(xeq) + Es(xeq), (8.7)

where Ed is the duplex energy, Es is the single-stranded energy, and xeq is the end-to-end distance

(EED) of both the single-strand and the duplex. Amongst other omissions, this expression

assumes that there will be no fraying of the duplexes, a potential response to applied stress

(Section 5.3.2, Appendix A.1.2). At equilibrium:

∂Ed
∂x

⃒⃒⃒⃒
xeq

+
∂Es
∂x

⃒⃒⃒⃒
xeq

= 0. (8.8)

For Ed they choose the analytic expression

Ed =

⎧⎪⎪⎨⎪⎪⎩
𝑡c arccos

(︁ x
2R

)︁
for 0 < x < xc

5Bs
L

x0 − x
2L

− kBT ln
(︂

2L − x
2L − x0

)︂
for xc < x < x0,

(8.9)
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where 2L = 0.33 nm × Nd is the contour length (0.33 nm is for the rise per base pair along the

helical axis), Bs is the bending modulus of double-stranded DNA (50 kBT nm),iii R = L
(︂

1 − 2𝑔2

45

)︂
and 𝑔 =

L𝑡c
2Bs

. x is the end-to-end separation between duplex ends, while x0 is the mean of the

distribution, which due to entropic effects will be shorter than the contour length, and is given

as x0 = 2L
(︂

1 − LkBT
5Bs

)︂
.

Values in parentheses are taken from Qu et al.19 The values would be slightly different for

oxDNA:52, 57 Bs = 41.82 kBT nm at 298 K and the rise per base pair along the helical axis is

0.34 nm.

Importantly, xc is a ‘critical’ length at which there is a discontinuous jump from a sharply bent

to a continuously bent regime. The equations for the latter is an approximate worm-like chain

(WLC) expression which does not account for duplex force-extension, and is therefore only

valid in the range xc < x < x0. The former equation is their expression for non-WLC behavior

(0 < x < xc), which they presume to be a kink, and which is governed by a single free parameter,

the ‘critical’ torque 𝑡c. The presumption of a ‘critical’ torque and the resulting discontinuous

transition between states (as opposed to a thermodynamically smooth transition), as well as the

limitation of having only one free parameter, will be important for our subsequent discussion

(Section 8.6).

Es is the truncated polynomial expansion of the Marko-Siggia expression:111

Es =
9kBT
4Nsl2s

[︂
x2 +

x3

Nsls
+

3x4

(Nsls)2

]︂
, (8.10)

where ls is the single-stranded segment length (ls = 0.764 nm). Finally, to determine 𝑡c,

Equation (8.9) is fit to the monomer-dimer equilibrium values of Eel. Again, note that 𝑡c is

explicitly given as the sole free parameter; that is, use of the preceding equations presumes the

existence of a ‘critical’ torque.

iiiRecall that the persistence length LP may be related to the bending modulus Bs by Equation (2.5).
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8.2.2 Melting curve analysis

In a complementary approach Qu et al.19 determine the melting curves for linear, intact

(Figure 8.1 (a)) and nicked (Figure 8.1 (b)) model systems. Akin to the monomer-dimer equilibrium

experiments (Section 8.2.1), the Qu et al. analysis has two conceptual parts. The first concerns

the acquisition of experimental melting profiles (Section 8.2.2.1); the second concerns the

development of their analytical model (Section 8.2.2.2).

8.2.2.1 Experimental concept

Melting is the result of an equilibrium between DNA dissociation and annealing, given by the

reaction

A + A′ ka

kd

AA′ (8.11)

where ka is the rate constant for association, kd is the rate constant for dissociation, A is ssDNA,

A′ its complement stand and AA′ the annealed dsDNA.

DNA dissociation and annealing are impacted by a host of ‘exogenous’ environmental factors

including temperature, pH and salt concentration, as well as ‘endogenous’ factors such as DNA

concentration and sequence. All of these factors influence the melting curve, a measure of the

dissociation characteristics of duplex DNA, which can be conveniently expressed in terms of the

fractional yield of dissociated molecules (fd) by either concentration (assuming equilibrium) or

rate (assuming steady-state). Expressed in terms of concentration, fd is given as

fd =
[A]

[A] + [AA′]
, (8.12)

It is plausible then, that if other factors, such as molecular strain, alter the relative rates of

dissociation and association, that they impact fd and therefore the melting curve. Qu et al.19

report melting curves, determined by optical absorbance at 260 nm (A260), for intact, nicked and

linear duplex molecules.
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8.2.2.2 Analytic expression for elastic energy
(︀

Eel
)︀

To extract the elastic free energy of the nicked and intact systems from the melting curves, Qu

et al. fit a zipper model112 to the data for the three systems.iv Fitting to the linear duplex result

allows the enthalpy cost (𝑒) and entropy gain (𝑠) of opening a linear duplex base pair to be

obtained, a negative control. For the nicked system they assume that the elastic free energy for

the kinked state is purely enthalpic and takes the form

Anicked
el = Enicked

el = 𝑎nicked

√︁
N0,nicked, (8.13)

when fully base paired, where 𝑎nicked and N0,nicked are parameters. The absolute values of 𝑒 and

𝑠 are not fully constrained by the fit to the linear duplex, and so values are chosen that allow

Enicked
el to agree with the room temperature dimerization experiments.

For the intact system, the elastic free energy for the kinked statev is assumed to have the form

Aintact
el = Eintact

el = 𝑎intact

√︀
N0,intact

T
+ 3 (𝑒− 𝑠T) , (8.14)

when fully base-paired where 𝑎intact and N0,intact are parameters, and there is assumed to be an

entropic component to the elastic free energy that is equivalent to the breaking of 3 terminal

base pairs.vi

From the parameters, both assumed, and extracted from fit to the melting profiles, the

room-temperature elastic free energies are estimated using Equation (8.13) and Equation (8.14).

‘Critical’ torques are then obtained from these Ael using the same procedure as for the

experiment for dimerization of linear duplexes. Typical values obtained are 𝑡nicked
c = 27 pN nm

and 𝑡intact
c = 31 pN nm.20

ivAlthough the use of a zipper model is somewhat antiquated, it is well-established.
vRecall that they presume that the non-WLC expression governed by 𝑡c in Equation (8.9) represents kinked states.

viNote that the entropic gain for breaking three internal base pairs in a bubble would be lower.
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8.3 Simulationmethods

We conduct structural and thermodynamic simulations of the stranded duplex. Structural

simulations are conducted with virtual-move Monte Carlo (VMMC) (Section 3.1.3) at T = 23 ∘C.

Thermodynamic simulations for the melting profiles and base pairing were performed at either

T = 300 K or T = 340 K. Melting profiles were determined from histogram reweighing over the

temperature range T = 315–360 K (Appendix A.5.4). Bending free energy simulations (umbrella

sampling over EED) are excerpted from Chapter 4. The average-base parameterization is used to

elucidate the basic physics of the system, while the sequence-dependent parameterization is

used for a closer comparison with experiment. Complete details are given in Appendix A.5

8.4 Structural characterization of the ‘strained duplex’

8.4.1 Intact ‘strained duplex’

As discussed in the introduction (Section 8.1.1), the length of the single-stranded region (Ns)

modulates the bending stress imposed on the duplex region (Nd), with shorter Ns inducing

more bending stress than longer Ns. In Figure 8.3, we show the Nd and Ns dependent behavior

of the intact strained duplex with respect to kinking and fraying for the oxDNA average-base

parameterization.

It should come as no surprise that the relative contributions of various structural deformations,

namely continuous bending, kinking and fraying, differ markedly by length. We find that

for the longest duplexes (Nd = 60–65) continuous bending is the predominant deformation

at large bending stress (small Ns). For intermediate-length duplexes (Nd = 25–55), kinking

is the predominant structural defect. Finally, for short duplexes (Nd < 25), fraying becomes

increasingly prevalent.

As the underlying physical mechanisms are identical, the ordering of structural defect by duplex

length, from shortest to longest, fraying → kinking → continuous bending, is in line with

oxDNA results for other model systems, e.g. the ‘molecular vise’ (Chapter 5) and DNA cyclization

(Chapter 6).
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Figure 8.3 Length-dependent behavior of strained duplexes
(a) Kinking for intact strained duplexes as a function of length using the average-base parameterization
at T = 23 ∘C, where ⟨Kink⟩ is the average number of kinks in the duplex. (b) Fraying, where ⟨Fray⟩ is the
average number of frayed base pairs. The different length-dependent behavior regimes are summarized
as: Short (Nd < 25): fraying predominates. Intermediate (Nd = 25–55): kinking predominates, and
saturates to ⟨Kink⟩ → 1 as Ns → 0. Long (Nd = 60–65): continuous bending dominates, with kinking
decreasing to the very long length (Nd ≫ LP) limit. Sequences from Qu et al.19, 20, 78
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In very long duplexes (Nd ≫ LP, where LP is the DNA persistence length), negligible structural

deformations would be expected. Mind, however, that negligible is not zero. Thermally driven

structural deformation will still occur, albeit exceedingly rarely for relatively high-energy

states such as kinks. For example, at the biologically-relevant twist density of 𝑠 = −0.06,

although often safely ignored, spontaneous denaturation does occur.113 We expect that kinking

will eventually approach its very long length scale limit, which is often negligible, but rarely

strictly zero. Although we do not probe the very-long-length limit with the strained duplex,

the approach towards negligible kinking and deformation by continuous bending is evident

(Figure 8.3 (a)).

The impact of changing the duplex length Nd below the persistence length (Nd×0.332 nm < LP)vii

is somewhat less obvious. At the longest lengths examined (Nd = 60–65), bending stress is

partitioned between continuously-bent and kinked states, which are in equilibrium (Figure 8.4 (a)).

As we have previously reported (Section 4.3.2, Section 5.3.3, Section 6.3.1.1), the approach

of kinking to the very-long-length limit (⟨Kink⟩ → 0) appears faster than might be naïvely

expected from a very-long-length limit of Nd × 0.332 nm ≫ LP. At Nd = 60, less than 1/2 of the

DNA persistence length, saturation kinking is already only 1/4 of its value at Nd = 30. Therefore,

kinking approaches the very long length scale limit as Nd × 0.332 nm → LP is stricter and more

accurate statement of the systems observed behavior. This result was not predicted a priori, but

is consistent with our understanding of DNA bending thermodynamics, which are fully explored

in Chapter 4.

For intermediate duplex lengths (Nd = 25–55), Nd saturates to ⟨Kink⟩ → 1 at the shortest Ns. As

expected in the presence of less bending stress, kinking decrease as Ns increases. This behavior

is analogous to that of the longer Nd molecules.

The trend towards kinking at large bending stress does not hold for the shortest duplexes

(Nd . 25); instead, unlike the long and intermediate duplex length molecules, the absence of

kinking is due to fraying, not continuous bending. For example, at Nd = 25, as Ns decreases

fraying goes through a maximum at Ns = 10, before again decreasing and giving way to kinking

at shorter Ns.

viiNote that 0.332 nm is the base pair rise in oxDNA;52 necessary because LP is given in units of nm instead of bp.
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(b)

(a)

Figure 8.4 Equilibrium between continuously bent and kinked strained duplexes
Equilibrium between continuously bent and kinked states for (a) an intact molecule (Nd = 30, Ns = 8)
and (b) a nicked molecule (Nd = 30, Ns = 24), both in the kink transition region.
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8.4.2 Nicked ‘strained duplex’

Comparison of strained intact and nicked duplexes highlights interesting physics in both

systems. We find that for a given duplex length, kinking occurs more readily in the nicked

(Figure 8.4 (b)), as opposed to intact molecules(Figure 8.4 (a)). Curiously, we also find that the

transition to fraying at the shortest duplex lengths is conspicuously absent for the nicked

molecules, with kinking occurring in the shortest lengths examined, Nd = 18.

The relative ease of kinking a duplex can be given in terms of the kink transition mid-point,

the Ns at which the fractional occupancy of the kinked state is 50 %. For example, in an

intermediate-length duplex (Nd = 30), we find that nicked molecules have a kink transition

mid-point at Ns ≈ 25, as opposed to Ns ≈ 10 for their intact counterpart (Figure 8.5 (a)). On the

contrary, fraying is only slightly enhanced for intact molecules (Figure 8.5 (b)).

Different kink transition points for the intact and nicked molecules should be unsurprising given

the oxDNA results and supporting experimental comparisons of previous chapters (Chapter 6,

Chapter 7), as well as the thermodynamic investigation of Chapter 4, where we demonstrated

the lower free-energy cost of kinking at a nick and a clear structural basis for the phenomenon.

In practice, kinking of intact duplexes requires bubble formation; however, bubble formation is

not necessary for kinking at a nick. In addition to not requiring the disruption of base pairs,

much more rotational freedom is allowed around a kink at a nick as opposed to a kink in the

duplex (Compare the nicked molecule in Figure 8.4 (b) with the intact molecule in Figure 8.4 (a)).

Figure 8.5 (a,c) shows that by Nd = 30, which is representative of intermediate-length duplexes,

fraying is mainly thermal and is no longer responsible for DNA deformation under strain.

However, the same does not hold for short duplexes (Nd . 25). Although fraying is the dominant

relaxation mode for short intact duplex, kinking continues as the predominant structural

deformation for the nicked molecules. For a representative short duplex length (Nd = 18),

depicted in Figure 8.5 (c), the intact molecules do not have a kink transition, while the kink

transition mid-point occurs at Ns ≈ 14 for the nicked molecule.

As the transition mid-points for oxDNA are significantly different from the conclusions of Qu

et al. (we will give a detailed structural comparison in Section 8.4.5), we explore some of the
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Figure 8.5 Comparison of intact and nicked strained duplexes
(a) Kinking for intact and nicked Nd = 30 molecules. The kink transition (⟨Kink⟩ = 1/2⟨Kink⟩|max) occurs
at a shorter Ns for the intact versus the nicked system. Given that lower Ns corresponds to a more
strained system, this suggest that it requires more bending stress to kink the intact system.
(b) Kinking for Nd = 18 molecules. Kinking is abolished for the intact molecules, but not for their nicked
counterpart.
(c) Fraying of intact and nicked Nd = 30 molecules.
(d) Fraying for Nd = 18 molecules. While fraying is the primary structural deformation for the intact
system, the nicked systems exhibits minimal fraying. Also note that setting ECx = 0 (coaxial stacking) has
a negligible affect upon fraying.
All systems use the average-base parameterization at 23 ∘C with a poly(A) Ns region (no secondary
structure).



Structural defects: kink, bubble and fray 133

factors that might affect the position of the kink transition.

8.4.3 Structural defects: kink, bubble and fray

Frequency histograms, such as those at Nd = 30 (Figure 8.6) and Nd = 18 (Figure 8.7), neatly

summarize the interplay and relative contribution of various deformations, particularly when

comparing molecules possessing more (e.g. Ns = 4) and less (e.g. Ns = 24) strain.

For example, frequency histograms make evident the reduced total bubble size of nicked

duplexes,viii and the fact that 5′ and 3′ fraying is symmetric, and therefore thermally governed,

for the intermediate length intact system at Nd = 30, but not the short system at Nd = 18.

Specifically, for the intact molecules, fraying rather than kinking is the predominant structural

deformation. This is evidenced by a very minor change in kinking with strain, negligible bubble

formation, symmetric thermally-driven fraying for the Ns = 24 molecule, and asymmetric

strain-induced fraying for the Ns = 4 molecule. For the nicked molecule, kinking predominates;

however, unlike at intermediate duplex length, bubble and symmetric fraying formation in

excess of the nicked duplex are observed. This implies higher relative strain free energies for

short versus intermediate duplex lengths.

8.4.4 Specific structural effects

8.4.4.1 Secondary structure

The diligent reader may have already questioned the potential role of secondary structure in

the single-stranded region on the kink transition mid-point. Sequences with more secondary

structure would be expected to have a longer Ns at the kink transition mid-point. Energetically,

maintaining a straight duplex region in the presence of single-stranded secondary structure

would require overcoming the free-energy cost of breaking base pairing in the single-stranded

region. Structurally, the presence of secondary structure effectively shortens the single-

stranded region (e.g. DNA hairpins have a much smaller EED than their equivalent non-bonded

single-strand).

viiiA ‘bubble’ in a nicked duplex is actually fraying on either side of the nick. The term bubble is borrowed to
distinguish from terminal fraying and for comparison with the intact duplex.
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Figure 8.6 Kink, bubble and fray histograms for intermediate duplex length
(︀

Nd = 30
)︀

Frequency histograms of Kink, Bubble, 5′ and 3′ Fray for intact (blue) (Nd = 30, Ns = 16, 4, poly(A)),
nicked (red) (Nd = 30, Ns = 44, 16, poly(A)), 30 bp dsDNA (black) and 30 bp nicked dsDNA (gray). To
eliminate ambiguity, and better illustrate the profiles for the various kinked states, histograms for Bubble,
5′ and 3′ Fray only include statistics for the dominant kinking behavior, either ⟨Kink⟩ = 0, 1.
Nomenclature: D (Nd), S (Ns), n (nicked)
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Figure 8.7 Kink, bubble and fray histograms for short duplex length
(︀

Nd = 18
)︀

Frequency histograms of Kink, Bubble, 5′ and 3′ Fray for intact (blue) (Nd = 18, Ns = 24, 4, poly(A)),
nicked (red) (Nd = 18, Ns = 24, 4, poly(A)), 30 bp dsDNA (black) and 30 bp nicked dsDNA (gray). To
eliminate ambiguity, and better illustrate the profiles for the various kinked states, histograms for Bubble,
5′ and 3′ Fray only include statistics for the dominant kinking behavior, either ⟨Kink⟩ = 0 or ⟨Kink⟩ = 1.
Nomenclature: D (Nd), S (Ns), n (nicked)
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Figure 8.8 Effect of secondary-structure on the single-stranded region
Kinking and fraying for intact and nicked molecules of lengths Nd = 30 and Nd = 18. Kinking at (a)
Nd = 30 and (b) Nd = 18. Fraying at (c) Nd = 30 and (d) Nd = 18.

To probe the impact of secondary structure, we vary the Ns sequence from that of Qu et al. For

clarity, we use the average-base parameterization; sequence-dependent effects are explored in

a later section (Section 8.4.4.2).

We choose the single-stranded region to be poly(A), which does not form secondary-structure.ix

The effects of secondary structure are negligible for the Qu et al. sequence, the results being

nearly identical to poly(A) (Figure 8.8).

As a positive control, we used the pathological AT-repeat (Figure 8.8). Hairpin formation

effectively reduces Ns, by acting as an additional component of the ssDNA molecular spring.

At Nd = 30, for the nicked molecule, extensive hairpin formation occurs, which forces the

Nd region into the kinked state. For the intact case, hairpin formation does not occur until

longer Ns because it is at first resisted by the greater cost of kinking in duplex DNA. Once a

ixBy definition, secondary structure involves the formation of Watson–Crick base pairs, which is impossible for
poly(A); however, poly(A) may form structures through interactions neglected by oxDNA.
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sufficiently long hairpin is formed, the system adopts the kinked state. At Nd = 18, secondary

structure induced by the pathologic sequence forces kinking in the nicked system by effectively

shortening the single-stranded region. As kinking does not predominate at this length for the

intact molecule, secondary structure has no effect.

8.4.4.2 Sequence dependence

Sequence plays a role in both duplex bending, and the strain imposed on the duplex by the

single-stranded region. As the sequence-dependence of bending intact and nicked duplexes

has already been examined in some detail (Chapter 4), we turn our attention to the role of the

single-stranded region. We have previously noted that secondary structure does indeed perturb

system behavior, with hairpin formation inducing kinking in both nicked and intact molecules.

Of interest is whether the base pair composition of the single-stranded tether influences the

kink transition mid-point. We choose to compare a poly(A) sequence with a poly(AG) sequence

as they represent the strongest and weakest stacking sequences that cannot form secondary

structure.

With the oxDNA sequence-dependent parameterization, we find that there is negligible

difference in the behavior of these two sequences (Figure 8.9). Specifically, the kink transition

mid-point and characteristic fraying is nearly identical for all Ns sequence variations of both the

intact and nicked molecules. This is not surprising, given that the difference in stacking strength

between the two sequences leads to quite minor differences in oxDNA’s force-extension curves

(see Figure 7 of 55).x

8.4.4.3 Temperature dependence

As both fraying and bubble formation are expected to become easier with temperature, we

have briefly examined the effect of temperature dependence on the nicked Nd = 18 molecule

(Figure 8.10). Below the melting transition, increased temperature has a minor effect on kinking;

for example, the profiles for 23 ∘C and 40 ∘C are quite similar. Fraying, like kinking, is also largely

temperature insensitive below the melting temperature. Unsurprisingly, fraying is slightly

enhanced at higher temperatures.

xThe oxDNA model is parameterized such that, enthalpically, A-A stacking is ∼6 % stronger than A-G stacking.
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Figure 8.9 Role of sequence in the single-stranded region
(a)Kinking and (b) fraying for intact and nicked molecules of length Nd = 30 with the sequence-dependent
parameterization. The sequence of the Ns region is varied, comparing the average-base parameterization
(poly(A)) with the sequence-dependent parameterization for poly(A) and poly(AG).
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Figure 8.10 Temperature-dependence of nicked strained duplex
Kinking (a) and fraying (b) of a nicked Nd = 18 molecules as a function of temperature, using the
sequence-dependent parameterization with sequences from Qu et al. .
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8.4.5 Comparison with Qu et al., structure

It is important to note that the structural properties of the strained duplex, in particular the kink

transition, differ between oxDNA and Qu et al. Thermodynamic and free-energy comparisons are

discussed in Section 8.5. Importantly, the discrepancy is a consequence of the analysis developed

by Qu et al. (Section 8.2.1, Section 8.2.2), not the underlying experimental observations.

While oxDNA reports a kink transition midpoint of a thermodynamically smooth transition

between continuously bent and kinked states, as a consequence of their analysis, Qu et al. presume

a ‘critical’ buckling instability with a discontinuity between their WLC expression for continuous

bending and their non-WLC expression for kinking (Equation (8.9)). For the monomer-dimer

equilibrium analysis,20 which is limited to nicked systems, Qu et al. report a ‘critical’ buckling

instability at Ns ≈ 24 for the Nd = 18 system and Ns ≈ 40 for the Nd = 24 system.

These values of Ns are much longer than for oxDNA, which has kink transition mid-points of

Ns ≈ 14 for Nd = 18, and Ns ≈ 24 for Nd = 30 (Section 8.4.2, specifically Figure 8.5). The longer

Ns implies a combination of either a lower free-energy cost of kinking at the nick for Qu et al., or

a much stiffer single-stranded region as compared to oxDNA.

To test the former scenario we probed the role of coaxial stacking,114 which dominates the

interaction between the bases on either side of the nick and therefore the rigidity at the nick,

for the nicked Nd = 18 molecule (Figure 8.5 (b,d)). The coaxial stacking interaction must be

disrupted to kink at a nick (Section 2.1.2), so disabling the interaction should decrease the

free-energy penalty to kink formation. Indeed, simulations run with the coaxial stacking term

of the potential disabled reveal that coaxial stacking shifts the nicked kink profile to the right,

but the effect is relatively modest. There is no impact on fraying (Figure 8.5 (d)).

Therefore, even when coaxial stacking is disabled, abolishing most of the attractive interaction

between the two duplexes on either side of the nick, we cannot recapitulate the result of the

Qu et al. analysis, finding that the kink transition midpoint is shifted just 4 nt, from Ns = 14 to

Ns = 18 for Nd = 18.

As an observation about the latter scenario, in the oxDNA model, the Qu et al. sequences have

negligible secondary structure (Section 8.4.4.1), suggesting that any potential difference in
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effective stiffness is not due to the effects of secondary structure in the single-stranded region.

For melting curve analysis,19 which can be used to investigate the intact and nicked strained

duplexes, Qu et al. report nearly identical ‘critical’ torques for the nicked and intact systems:

namely Ns ≈ 27 for the Nd = 18 system and Ns ≈ 36 for the Nd = 24 system.xi In our opinion,

this is a consequence of their analysis, and does not necessarily reflect the underlying melting

profiles (Section 8.5.2).

With oxDNA, we report a kink transition midpoint of Ns ≈ 8 for Nd = 30 (Figure 8.5). In

agreement with the underlying thermodynamics of DNA bending (Chapter 4, specifically

Section 4.3.4.3, as well as Section 8.5.1), as well as results for DNA cyclization (Chapter 6,

Section 6.5.3) and DNA minicircles (Chapter 7, Section 7.3.2), this shorter length suggests that

the free-energy of kinking is lower for the nicked than intact duplexes. The results of Qu et al.’s

analysis and oxDNA are even more dissimilar for Nd = 18, where we do not report kinking at

any Ns for the intact system. Instead, the system relaxes by fraying, also in accordance with

our thermodynamic understanding (Appendix A.1.2), and prior observation in other systems

(Section 5.3.2,, Section 6.3.1.3).

The assumption of a ‘critical’ buckling instability aside, we have exhaustively investigated other

plausible sources for the much longer Ns, and therefore lower kinking free energy, implied

by the Qu et al. analysis. The effects of temperature (Section 8.4.4.3), sequence dependence

(Section 8.4.4.2) and secondary structure (Section 8.4.4.1) do not explain the deviation. Rather, it

is the inappropriate analysis of Qu et al. , as discussed at-length in Section 8.6.

8.5 Thermodynamics

Now that we have a clear structural overview of the strained duplex system, let us now turn our

attention to a discussion of thermodynamics.

xiThese values differ slightly from the monomer-dimer equilibrium assays, but 𝑡c is unaffected.
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8.5.1 Free energy of bending, end-to-end distance (EED)

In Section 8.4, strain is imposed on intact and nicked duplex regions, Nd, by varying the length of

a single-stranded molecular spring, Ns. The caveat of secondary structure aside (Section 8.4.4.1),

by bringing the ends of the duplex region closer together, shorter Ns imposes a greater bending

stress than longer Ns.

Although the use of single-stranded DNA as a molecular spring is a convenient experimental

method to impose bending stress on a duplex, we are not restricted by physical mechanisms

in simulation. With simulation, the underlying EED distribution can be sampled directly

(Section 4.3), without the proxy of Ns. This approach allows direct access to the free-energy

profile with respect to EED, providing a useful complement to the structural examination

presented in Section 8.4.

Most duplexes will posses an EED near the contour length of ∼0.34 nm/bp. In accordance with

the WLC model, we expect higher energies at EED far from the contour length: the free-energy

cost of bending at shorter EED or the free-energy cost of over-stretching at longer EED. Duplex

DNA overstretching with oxDNA is examined elsewhere,56 so we concern ourselves only with

DNA bending.

As explored in detail in Section 4.3, 𝐷G(EED) versus EED profiles reveal a characteristic shoulder

(Figure 4.2 (a)). This shoulder is shifted to the right for the nicked molecule (Figure 4.4 (c)),

implying that the transition occurs at longer EED, and has a lower free-energy cost of kinking.

Decomposing the free-energy profiles into continuously bent and kinked sub-populations,

reveals that this shoulder is in fact due to a structural transition from continuously bent to

kinked states (Figure 4.2 (a), Figure 4.4 (c)). At longer EED, continuously bent states are dominant,

while kinked states are dominant at shorter EED (Figure 4.2 (b), Figure 4.4 (f)). The shoulder,

indicating a change in slope of the free-energy profiles, coincides with the kink transition

mid-point.

Taken together, these data suggest a thermodynamically smooth transition between continuously

bent and kinked states. Moreover, they demonstrate the different EED transition regions of the

intact and nicked molecules. In agreement with structural studies (Section 8.4), kinking at a nick
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Figure 8.11 Melting profiles
Experiment versus simulation for the linear duplex (black), intact (blue) and nicked (red) model systems.
The resulting melting temperatures (Tm) are given in Table 8.1.
(a) Experimental melting curves (Nd = 31, Ns = 14) by A260 at 100 nM [DNA] in 10 mM Tris buffer with
1 mM ethylenediaminetetraacetic acid (EDTA), 100 mM NaCl and 5 mM MgCl2, and pH = 7.9.
(b) Simulation melting curves (Nd = 30, Ns = 15) with the sequence-dependent model. Statistics from
windowed umbrella sampling runs at 340 K were histogram-reweighed to cover the entire melting
transition region. Concentration correction (21.5 µM to the experimental concentration of 100 nM), and
heteroduplex DNA finite size correction115 were then applied. Errors bars are standard error of the mean
(SEM) from 10 independent simulations.

is less costly than kinking duplex DNA. The underlying free-energy difference between kinking

duplex versus nicked DNA accounts for the difference in behavior between the two systems.

8.5.2 Melting behavior

As discussed in Section 8.2.2, Qu et al. determined melting curves of linear, intact and nicked

model systems.

As expected, due to the strain on the molecule, the intact system has a lower melting

temperature (Tm) than the linear duplex (Figure 8.11 (a)). Despite a reduction in the free-energy

cost of kinking, the nicked molecule has a lower Tm than the intact. At first glance this is

counter-intuitive; however, the puzzle is resolved by considering the higher entropic cost of

forming the nicked system, compared to the intact system, may more than offset the mostly

enthalpic benefit of easier kinking. As we will show in Section 8.5.3, examining free energy as a

function of base pairing reveals that this is indeed the case.

Simulation results are in semi-quantitative agreement with experiment, with a decrease in
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System Experiment Simulation

Tm/K 𝐷Tm/K Tm/K 𝐷Tm/K

Linear duplex 346 351 ± 2

Intact 340 −6 339 ± 2 −12 ± 3

Nicked 337 −9 333 ± 2 −18 ± 3

Table 8.1 Melting temperature (Tm), experiment versus simulation
Melting temperature (Tm) for experimental and simulation at a concentration of 100 nM . 𝐷Tm is taken
as the difference from the linear duplex. Full melting curves are depicted in Figure 8.11. Error bars
represent SEM from 10 independent simulations.

Tm when comparing the linear duplex (highest Tm), intact and nicked (lowest Tm) systems

(Table 8.1). Quantitatively, the linear duplex is somewhat over-estimated, while the nicked

system is somewhat underestimated.

It is unclear whether the linear duplex molecule of Qu et al.19 includes single-stranded

overhangs, which the simulated system does not (i.e. blunt-ended, Figure 8.2 (a)). Further, their

melting curve normalization involved manually identifying the transition between ‘real’ DNA

dissociation and spurious signal from the hyperchromic absorbance of single-stranded DNA

(a change in absorbance due to base unstacking). Melting curves were then offset to align

these regions under the assumption that ssDNA hyperchromic absorbance is the same for the

duplex and strained molecules, and that the manually selected transition points were accurate.

Less importantly, note that experimental systems differ slightly, Ns = 14, Nd = 31, versus

Ns = 15, Nd = 30. Given these experimental caveats, the lack of error bars in their experimental

results and potential errors due to extrapolation in the simulation (Appendix A.5.4), we caution

against overinterpretation.

8.5.3 Free-energy profiles, base paring

Previously (Section 8.5.2), we have discussed shifts in the Tm of melting profiles. The origins

of these differences in Tm become apparent when we examine free-energy profiles for the

formation of these structures using the number of base pairs Qbp as our order parameter

(Figure 8.12). The initial entropy-dominated free-energy barrier between the bound and

unbound molecules is, as expected, similar for all molecules.
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Figure 8.12 Free-energy profile, base pairing
Free-energy profile versus number of formed base-pairs for linear duplex (black), intact (blue)and
nicked (red) DNA (Nd = 30, Ns = 15) with the average-base parameterization at (a) 300 K and (b) 340 K.
The simulation contains one molecule in a cubic box of dimension 42.6 nm, an effective concentration of
21.5 µM . Finite-size corrections115 have been applied. Errors bars represent SEM from 10 independent
simulations. Dotted lines are minimum and maximum values over all simulations.

Firstly, we compare the duplex and intact systems as both involve the formation of single

double-helical section (Figure 8.1). Initially, the downward slope of the free-energy as a function

of the number of base pairs Qbp is approximately the same for the linear duplex and intact

strained duplex; however, as Qbp increases, these is an increasing deviation of the slope. This

deviation is due to the increasing build-up of bending stress in the intact system, which for

Nd = 30 and Ns = 15 is stored as continuous bending (Section 8.4.1).

In contrast, the nicked system involves the formation of two double-helical segments

(Figure 8.1 (b)), apparent from the free-energy profile as the local maximum in free energy at

Qbp = 16. In particular, it is favorable to first form one double-helical section, before forming

the second, as is evident by the increase in free energy between Qbp = 15 and Qbp = 16

(Figure 8.12 (a)). This barrier is associated with the loss of conformational entropy upon the

binding and subsequent hybridization of the second duplex section of the nicked molecule.

It is this extra entropic cost that causes the Tm of the nicked system to be lower than that of the

intact system (Section 8.5.2), even though the free-energy cost of bending is lower for nicked

duplexes than intact duplexes (Section 4.3.4.3). While sequence does impact the free-energy

profiles, the entropy-dominated local maximum for the nicked system does not appear to be

sequence dependent, with both the sequence-dependent and average-base models reporting
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quantitatively comparable results (data not shown).

Supporting this conclusion, we observe from the free-energy profile of the intact system at

T = 340 K (Figure 8.12 (b)), which corresponds to the melting point of the intact system, that the

degree of fraying is significantly enhanced. This enhancement is indicated by the free-energy

minimum of the intact system with 20 of 30 base pairs formed (Qbp ≈ 20). Clearly, the magnitude

of the strain-induced deviations in Tm will vary with Ns and Nd.

8.6 Critique of Qu et al.

Thus far, we have made comparisons only to the experimental observations of Qu et al.,19, 78

purposefully avoiding comparisons to their analytical model. Although we do not directly

compare to the monomer-dimer equilibrium experiments (Section 8.2.1),xii the ‘critical’ value

for kinking, in terms of the length of the single-stranded tether Ns, inferred by Qu et al. from

their experiments are significantly longer than for oxDNA (Section 8.4.5). For example, Qu et

al. report Ns ≈ 36 for the Nd = 24 intact system,19 compared to Ns ≈ 6 for oxDNA (Figure 8.3).

Similarly, although we have semi-quantitative agreement with the experimental Tm between

the different systems, Qu et al. infer from their experiments that both the nicked and intact

systems are kinked at these values of Ns and Nd, whereas oxDNA predicts only the nicked system

to be kinked. We find that these differences stem not from an inability of oxDNA to capture the

extreme bending of DNA – the comparisons with experiment in the previous chapters (Chapter 5,

Chapter 7, Chapter 6) give us confidence in the oxDNA model in this regard – but rather certain

assumptions in the Qu et al. analytical model.

8.6.1 Critique of monomer-dimer equilibrium analytical expression

8.6.1.1 Experimental context

We wish to highlight a few of intriguing features of the Qu et al. dimerization experiments.

Firstly, in the regions of the ‘critical’ buckling instability, the monomer band from their DNA

electrophoresis gels was split between two peaks. These peaks were assigned to the kinked and

xiiSuch calculations, though potentially feasible, would be very computationally expensive and are beyond the
scope of this thesis.
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unkinked states; however, the time scales for interconverting between these two states would

be expected to be very rapid compared to the time scales for gel migration; therefore, we would

expect a single peak for the monomer band. The substates of the monomer peaks are unclear.xiii

Secondly, the gels showed the presence of not only monomer and dimer bands, but also trimers

and other higher-order oligomers. Although the removal of the bending stress provides a clear

driving force for dimerization, it is less clear what could drive the formation of trimers given

that the process would involve a reduction in translational entropy.xiv

To explore the Qu et al. analytical model, we will examine the duplex (Equation (8.9)) and

single-stranded (Equation (8.10)) components in-turn.

8.6.1.2 Comparison to Ed

Firstly, we consider the Qu et al. approach to extracting the change in elastic energy from the

equilibrium constants. Although the expressions in Section 8.2.1 capture the concentration

dependence of the free-energy difference, there are other contributions that are not considered,

namely changes in translational and rotational entropy upon dimerization. In particular, Qu

et al. assume that only changes in the elastic energy contribute to 𝐷Gref
M→D (Equation (8.6)),

the free-energy difference between monomer and dimer. Further, correctly capturing the

internal entropy of the dimer, which comes from the relative position and orientation of the

two double-helices and the connecting single strands, is likely to be more complicated than the

correction they apply, which assumes a particular parallel and aligned geometry for the dimer

(Figure 8.2 (d)).

Secondly, we consider the expressions for elastic free energy (Equation (8.7), Equation (8.9),

Equation (8.10)). Qu et al. neglect fraying in their analysis, which our oxDNA results suggest

is an unreasonable approximation for the nicked system. Neglecting fraying is even more

problematic for the intact system, particularly at shorter Nd. For a specific example, note the

dominance of fraying over kinking for Nd = 18 at small Ns (Figure 8.5 (d))).

xiiiOne interesting possibility is that the fluorescent intercalating agent used to image the gel kinetically traps the
states, effectively decreasing the interconversion rate, and allowing the two substates to be resolved. Wang et al.116

have partially addressed the role of ethidium bromide (EtBr), but have not explicitly examined interconversion.
xivTaking a concentration profile as an experimental control is a straight-forward assay that would help clarify this

issue.
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Figure 8.13 Double-stranded DNA bending, oxDNA versus Ed
Comparison of the free energy of bending (a) intact (b) nicked double-stranded DNA for oxDNA
versus the Ed expression of Qu et al. (Equation (8.9)). We compare with parameter values: Nd = 30,
Bs = 50 kBT nm and T = 298 K.xviiThe ‘critical’ torques are from Qu et al.,19 and are 𝑡intact

c = 31 pN nm
and 𝑡nicked

c = 27 pN nm for the intact and nicked systems, respectively.

Probing further, we directly compare the Qu et al. form for duplex bending (Equation (8.9))

with the oxDNA free energy-profiles computed in Chapter 4. The comparisons are shown in

Figure 8.13. The approximate WLC-form for the unkinked state (continuously bent) behaves

similarly to oxDNA; however, there are considerable differences in the free energies of the

kinked state. The most significant of these is the position of the kink transition,xv the slopes

of the free energy once kinked, and the lack of a rise at small Ree/Rcontour. The third is less

important, as it will only play a role at very small Ns, and is due to the neglect of excluded

volume effects which arise due to the finite thickness of DNAxvi, a reasonable simplification that

has been successfully used elsewhere.8, 11

xvOr, if you prefer the Qu et al. approach, the equivalent torques at the transition point. Though, this would be a
torque corresponding to the mid-point of a thermodynamically smooth kink transition, not a ‘critical’ torque 𝑡c.

xviAt these short separations, it also makes a difference as to whether the EED is measures in terms of the center of
the end base pair, or in terms of the backbone position.

xviiQu et al. use T = 295 K instead of T = 298 K. The difference is slight, and we opt to compare at the same
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The first is the most important, and is a reflection of the previously noted lower values of Ns

required to kink the duplex in oxDNA, than inferred by Qu et al. (Section 8.4.5). Alternatively,

the bending free energy at the kink transition 𝐷Gtrans, is 3.9 kBT and 3.2 kBT for the intact and

nicked systems of Qu et al. resectively, compared to 18.1 kBT and 6.8 kBT for oxDNA (Chapter 4,

specifically Table 4.1).

In the language of ‘critical’ torques, the oxDNA values would be significantly larger than those

reported by Qu et al. The differences in slope are partially related to the one-parameter nature

of the expression for the free energy of the kinked duplex (Equation (8.9)). It would probably be

much more natural to have a two-parameter expression, where the parameters would govern

the ‘raw’ free-energy cost associated with forming a structural defect (kink or otherwise), and a

force constant describing the cost of changing the bending angle at the defect. In contrast, 𝑡c in

Equation (8.9) controls both.

8.6.1.3 Comparison to single-stranded energy (Es)

We can also compare oxDNA to the Qu et al. analytical expression for ssDNA. By differentiating

Equation (8.10), one can obtain their prediction of the force-extension curve. This is compared

to results previously obtained for oxDNA (Figure 8.14).56 It is clear that Equation (8.10) predicts

ssDNA to be too stiff, but why? Although it can be argued whether the WLC approximation

on which Equation (8.10) is based is the best model for ssDNA, more importantly, some of the

parameters used are inappropriate. In particular, Equation (8.10) assumes that the chain consists

of Ns persistence lengths where the ssDNA persistence length is ls = 0.764 nm. Although the

appropriate value of the contour length is somewhat subtle because of stacking interactions,

the persistence length is clearly too long. With the Qu et al. persistence length and a Ns = 100 nt

segment, a contour length of 25.5 nm would be predicted. For comparison, the contour length

would be ∼65 nm for a fully unstacked chain, while a fully stacked helical configuration would

have a contour length of ∼34 nm.

temperature for clarity. The Qu et al. bending modulus (Bs = 50 kBT nm) is stiff than that of oxDNA (Bs = 41.82 kBT nm).
The difference small, but slightly more pronounced than temperature. As it does not impact result of the comparison,
we omit the comparison for clarity.

xviiiWe find Fs by taking the taking the derivative of Equation (8.10) with respect to EED x: Fs = −dEs/dx. As the sign
simply indicates the directionality of the force, we report the force as positive for convenience.
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Figure 8.14 Single-stranded force-extension, oxDNA versus Es
Comparison of the single-stranded for extension for oxDNA (excerpted from Figure 7 of 56) versus the
Fs,xviiithe force expression derived from Es (Equation (8.10)) for Ns = 100 nt, T = 23 ∘C and ls = 0.764 nm.

8.6.1.4 Single-stranded length Ns and end-to-end distance ⟨EED⟩

The combined effects of ssDNA that is too stiff, and nicked duplexes that kink more easily leads

to analytical expressions that report kinking at much larger Ns than oxDNA. The expressions of

Qu et al. also assume that there is an abrupt transition between the kinked and continuously

bent states. This leads to a jump in the predicted end-to-end separation (Figure 8.15). In oxDNA,

unsurprisingly, the transition occurs over a range of Ns lengths.xix

For the nicked system, the oxDNA end-to-end separation has a sigmoid form because the relative

flexibility of the kink at the nick leads to a significant decrease in the end-to-end separation

upon kinking. By contrast, there is a much higher free-energy cost for changing the bending

angle for the intact system, and so the kink transition in the intact system is barely evident

from Figure 8.15.

xixAn observant reader will note that sequence variation or secondary structure could contribute to ssDNA EED,
possibly explaining some of the variation between Qu et al. and oxDNA. We doubt that this is the case. The Qu et
al. single-stranded tether has negligible secondary structure in the single-stranded tether (Section 8.4.4.1). Further,
given that the average-base and sequence-dependent parameterization yield nearly identical results in the absence
of secondary structure (Section 8.4.4.2), strongly suggests that sequence-variation should have minimal impact on
⟨EED⟩. These results suggest that neither secondary structure, nor sequence-variation account for the discrepancy
between the Qu et al. and oxDNA.
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Figure 8.15 Single-stranded length Ns versus end-to-end distance ⟨EED⟩
Relationship between ⟨EED⟩ and Ns for oxDNA and Qu et al. Simulation results for intact (blue) and
nicked (red) Nd = 30 using the duplex sequence from Qu et al. .19 Shading and texture represent Ns
sequence and model: average-base poly(A) (dark, solid), sequence dependent poly(A) (dotted), sequence
dependent poly(AG) (light, dashed). Numerical solution of xeq(Ns) for the analytical model of Qu et
al.20, 78 from Equation (8.8) (black), solved using Wolfram Mathematica 7. This yields a relationship
between xeq and Ns. Parameters appropriate for the nicked system were used: Nd = 30 (L = 5 nm),
𝑡nicked

c = 27 pN nm, Bs = 50 nm × kBT and ls = 0.764 nm. The intact system has a slightly higher ‘critical’
torque of 𝑡intact

c = 31 pN nm; this does not significantly alter the result of the expression, so we omit the
intact system for clarity.

8.6.2 Critique of melting curve analysis

For the melting experiments (Section 8.2.2), our simulations (Section 8.5.2) have revealed a

discrepancy between oxDNA and the Qu et al. interpretation. For the formation of the nicked

system, there is an additional entropy cost compared to the intact strained duplex, because

the resulting single-stranded region has a loop that was not present in the starting strands

(Figure 8.1). This is the reason for the lower melting temperature of the nicked system. However,

because Qu et al. do not consider this entropic contribution, they predict a significantly higher

elastic free energy for the fully base-paired nicked system (8.62 kBT) than for the intact system

(4.82 kBT) for Nd = 30 and Ns = 15 at their melting points. Such relative values are in clear

disagreement with both oxDNA, and other experiments that indicate that it is easier to kink

at a nick. The relative free energies of the intact and nicked systems are reversed only when

they extrapolate to room temperature. To cause the reversal, Qu et al. assume that Ael is purely

enthalpic for the nicked system,xx but has a large entropic component for the intact system.

Further, the entropic component of the intact system’s free energy is arbitrarily chosen, being

xxLater dimerization experiments suggest that there is a mild temperature dependence to Ael.
117
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equivalent to the breaking of 3 terminal base pairs. Breaking base pairs within a duplex (i.e. a

bubble) should have a significantly lower entropic gain than breaking terminal base pairs

(i.e. fraying). This implies a bubble size of > 3 bases pairs which, unsurprisingly, is inconsistent

with oxDNA prediction (Section 4.4.3).

Curiously, in a later publication,117 they argue for a similarly mild temperature dependence

of the intact system to that of the nicked system, for which they ‘measure’ the temperature

dependence of Ael. They also argue that bubble formation at duplex kinks is unlikely. One of

Qu et al.’s supporting rationales was that this leads to the ‘‘paradoxical prediction’’ that the

elastic energy of the intact system would then be lower than that for the nicked system near

the melting temperature. Ironically, this is exactly what their interpretation of melting curve

data implies. The realization that their interpretation implies that kinking at the nick is more

difficult than kinking in the duplex, which is inconsistent with the corpus of experimental and

theoretical study we have enumerated (Chapter 4, Chapter 5, Chapter 6, Chapter 7), is a subtle

but important caveat.

8.6.3 Summary

We have purposefully disentangled the underlying experiments from the analytical model of Qu

et al. While there are a few curious inconsistencies in their underlying experimental approaches

(Section 8.2.1.1, Section 8.2.2.1), the crux of the discrepancy between the oxDNA and Qu et al. lie

with their analytical model, specifically extracting of the elastic energy from their experimental

data (Section 8.2.1.2, Section 8.2.2.2).

The disagreement between oxDNA and the results of the Qu et al. analytical model serve to

highlight several important issues, including:

(i) The presumption of a ‘critical’ (discontinuous) buckling instability, as opposed to a

thermodynamically smooth transition, between kinked and unkinked states.

(ii) Similar difficulty in kinking intact and nicked systems, as opposed to nicked systems

being significantly easier to kink.

(iii) The neglect of entropic effects that cause the lower melting temperature of nicked

systems.



152 Chapter 8: Model system: ‘Strained duplex’

8.7 Conclusion

We use oxDNA to probe the structure and thermodynamics of the ‘strained duplex’ model system

of Qu et al. . We find that specific structural defects are responsible for relaxing bending stress in

the duplex: continuous bending for the long duplexes (Nd = 60–65), kinking for intermediate

length duplexes ( Nd = 25–55), and fraying for the shortest duplexes (Nd < 25). Based on the

work in previous chapters, in particular the investigation of the ‘molecular vise’ (Chapter 5), the

Qu et al. experiments are consistent with our expectations.

We find that the Ns at which kinking occurs is a sensitive measure of bending in the duplex,

liable to changes due to sequence, temperature and structure. In the case of structure, we again

see clear evidence that the free-energy cost of kinking at a nick is lower than kinking in the

duplex. This is indicated by kinking at longer Ns (less bending stress) for the nicked, as opposed

to the intact molecules.

While we do not agree with results of the Qu et al. analytical model (Section 8.6), we are in

semi-quantitative agreement with their underlying experimental data;xxi for example, finding

agreement between the oxDNA and Qu et al. melting profiles. Contrary to the analytical model

of Qu et al., we find thermodynamically smooth transitions between continuous bending and

kinking. Further, we find that kinking at a nick is much easier than kinking in the duplex.

xxiUnlike the other chapters, some of the data contained herein are development runs instead of publication-quality
production runs (Appendix A.5). This means that the reported errors, albeit small, are slightly larger than in the
other chapters. The observant reader may note that sampling may be insufficient in development-quality data;
however, we have explicitly checked sampling, and find that this is not the case (Appendix A.5.2). However, the
trends are clear, and in practice, given the enormous qualitative discrepancies between oxDNA and Qu et al., the use
of some development data is a moot point.



9 Conclusion

In Part I, we use oxDNA, a coarse-grained simulation of DNA, to characterize the basic

thermodynamics of DNA bending. We apply these insights to 4 distinct experimental systems.

Our inquiry directly addresses the difficulties inherent in interpreting experimental data, and

the art of applying simulation to untangle generic versus system-specific phenomena.

Specifically, we find that a small set of structural defects, namely continuous bending,

kinking and fraying, explain a very wide range of observations in the 4 experimental systems

investigated. While the interplay between these defects is governed by the peculiarities of each

system, simulation allows us to resolve the essential physical principles underlying apparently

contradictory experimental observations.

Continuous bending dominates at lengths above about 80 base pairs and is in strong agreement

with prevailing models of DNA flexibility, namely the worm-like chain (WLC) model. Where

structural defects are absent, DNA behavior is well described by the worm-like chain (WLC)

model, highlighting the enduring utility of WLC models in describing the structure and

thermodynamics of DNA bending. We find no evidence for extreme bending (i.e. non-WLC

behavior) at lengths longer than 80 base pairs.

At intermediate lengths, between 40 and 80 base pairs, it becomes favorable to localize bending

to a kink, whereby base pairing and/or stacking are disrupted in a 1–3 base pair region, thereby

allowing the remaining duplex DNA to adopt a relaxed canonical configuration. Exogenous

factors such as salt concentration and temperature aside, sequence and local DNA defects are

the most important determinants of the transition from continuously bent to kinked states. For

example, we find that AT-rich regions kink more readily than their GC-rich counterparts, and

that kinks selectively localize to pre-existing DNA defects, such as nicks and mismatches.
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At the very shortest lengths, usually less than 40 base pairs, fraying of a few base pairs allows

for sufficient relaxation to obviate the need for both kinking and continuous bending. Owing

to the importance of local geometric and steric considerations, relaxation via fraying is more

system-dependent than other structural aberrations.

The promise of the oxDNA model is its ability to simulate experimental systems directly,

detangling generalizable and system-specific phenomena. Our unique contribution is in

harmonizing the interpretation of disparate experimental observations, drawing meaningful

comparisons between theory and experiment with direct simulation of experimental systems.



Part II Single-molecule studies of the
RecQ DNA helicase





Abstract

DNA helicases are ATP-dependent translocates essential to genome integrity through their role

in replication, recombination and repair. As such, they are highly conserved in prokaryotes and

eukaryotes, from E. coli to man. In humans, heritable defects in helicases manifest clinically as

premature aging and a greatly elevated cancer risk, in disorders such as the Werner and Bloom

syndromes. These clinical manifestations follow from aberrant recombination and deficient

DNA damage repair. Despite their important biological role, the mechanisms by which helicases

translocate on and unwind their substrates remains poorly understood. Although several models

have been proposed to describe the mechanics of helicases based on biochemical and structural

data, ensemble experiments have been unable to address some of the more nuanced questions

of helicase function.

We have elucidated a potential mechanism of RecQ, a prototypical superfamily II DNA helicase, by

developing a model that integrates the catalytic cycle with specific conformational and binding

states. Specifically, via novel fluorescently labeled mutants, we have observed ATP-binding

cleft movements upon binding and hydrolysis. Additionally, we have used single-molecule

fluorescence (Förster resonance energy transfer (FRET)) to recapitulate ensemble binding

dynamics and observe putative RecQ unwinding at the single-molecule level.





10 Introduction

10.1 Impetus

Genome maintenance through DNA replication, recombination and repair is indispensable to

genomic stability. Mutagenic lesions such as thymine-dimers, AP-sites (apurinic or apyrimidinic),

spontaneous deamination of adenine/cytosine, aberrant methylations/alkylations, ring open-

ings, cross-linking, single strand breaks, double strand breaks and mismatches disrupt genomic

stability. In the absence of adequate proof-reading and repair mechanisms, these lesions impair

DNA replication, distort protein function and ultimately lead to cell death or aberrant cell

behavior (reviewed in reference 118).

Both prokaryotic and eukaryotic cells employ a variety of well conserved pathways to repair

or circumvent mutagenic DNA lesions. High-fidelity repair mechanisms include nucleotide

excision repair (NER), base excision repair (BER), methyl-directed mismatch repair (MMR) and

recombination repair. There are other repair mechanisms, such as non-homologous end-joining

(NHEJ) for double-strand breaks and SOS repair, but they are themselves mutagenic.

Helicases are essential to the proper functioning of the cell through their integral roles

in replication, transcription, repair and recombination. Most helicases can be thought of

as modular nucleoside triphosphate (NTP)-dependent translocases, which hydrolyse NTP to

drive movement (translocation) and activity (primarily unwinding the duplex, but also other

functions) along the DNA. Additionally, most helicases possess additional domains supporting

the core helicase activity, with each module/domain conferring properties such as directionality,

processivity, substrate specificity and unwinding activity.119

While traditional ensemble assays have garnered much biochemical information about the
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relationship between helicase structure and function, many basic biophysical questions remain

unanswered. For example, do superfamily (SF) 1 and SF2 helicases translocate single-stranded

DNA (ssDNA) by one of the proposed mechanisms120–122 (Section 10.3.1), or by some as of yet

unknown process? How is translocation coupled to unwinding? How exactly do accessory

protein interactions impact translocation and unwinding?

As opposed to ensemble assays, single-molecule techniques allow for the direct detection

of intermediate and low-occupancy states within a population. While the interpretation

of ensemble assays often relies upon kinetic models, the underlying signal from single-

molecule data, intensity versus time for most fluorescence-based techniques, is model-free. By

sampling individual events instead of ensembles, single-molecule methods can provide insights

inaccessible to their ensemble counterparts.123

We will use the E. coli RecQ helicase, the prototypical helicase of the RecQ helicase family, as a

model system with which to probe SF2 helicase function. The RecQ helicases are of particular

biological and clinical interest because of their significance in genome maintenance pathways,

particularly DNA damage repair. First, as a foundation from which to better elucidate its

mechanical and enzymatic properties, we have designed, produced and extensively tested

previously unreported RecQ substrates. Secondly, we apply ensemble and single-molecule

fluorescence techniques to examine the binding, translocation and unwinding of the E. coli RecQ

helicase.

The investigation of helicases with single-molecule fluorescence is not without precedent.124, 125

For example, in two notable single-molecule fluorescence studies of E. coli Rep helicase (SF1A),

the Ha group was able to uncover behavior and domain movements invisible to ensemble

methods. In one,124 they used doubly labeled 3′-duplex DNA substrates to monitor burst,

stalls and rewinding with monomeric Rep. They also demonstrated that monomeric Rep could

translocate and position itself at the ss/double-stranded DNA (dsDNA) junction, but not unwind

the duplex substrate without oligomerization. In the other,125 they used singly labeled Rep to

probe the nature of the ‘open’ (apo) and ‘closed’ (DNA bound) states. Both of these discoveries

would be difficult, if not impossible, to observe in the ensemble.
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10.2 Clinical relevance of human RecQ helicases

The RecQ helicases are genome maintenance enzymes implicated in DNA recombination and

repair.126, 127 They are conserved in prokaryotes and eukaryotes, from E. coli and yeast to

man. In humans, it is clinically relevant in several rare hereditary disorders. Three of the five

human RecQ homologues are implicated in disease states: Bloom syndrome protein (BLM) in

Bloom syndrome, RecQ protein-like 4 (RECQ4) in Rhothmund–Thomson syndrome and Werner

syndrome RecQ helicase-like protein (WRN) in Werner syndrome. All three of these diseases are

characterized by high frequencies of chromosomal damage, including double stranded breaks

and rearrangements. Cellular phenotypes of these disease states include genomic instability,

telomere dysfunction and premature senescence. Patient phenotypes vary, but invariably

include a predisposition to developing cancer at an early age.128

While the clinical symptoms are well characterized, the molecular basis of genome maintenance

by the RecQ helicases is not entirely understood.129 It is known that human RecQ helicases

interact with a wide variety of proteins implicated in DNA replication, repair and telomere

regulation, discussed at length in Section 11.2.3.

10.3 DNA helicases

There are five core families of helicases: the SF1, SF2 and SF3 helicases, the DnaB-like family and

the Rho-like family. SF1 and SF2 helicases are the most numerous and generally function as

either monomers or dimers. SF3 helicases are generally found in DNA/RNA viruses. DnaB-like

and Rho-like helicases are generally hexameric. All but the SF3 helicases are conserved across

prokaryotes and eukaryotes, from E. coli to man.

SF1 and SF2 helicases contain conserved helicase motifs (I, II, III, IV, V, and VI), which are

implicated in both ATP binding and hydrolysis, as well as translocation.119 Structurally, the two

superfamilies are somewhat similar, containing core RecA-like domains – where the conserved

helicase motifs are located – along with flanking function-dependent domains. It has been

suggested119 that a key functional differentiator between SF1 and SF2 helicases is the ability of

SF2 helicases to translocate both ssDNA and dsDNA, while SF1 helicases can only translocate on
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ssDNA.

10.3.1 Helicasemechanisms

The translocation mechanism of monomeric and dimeric (usually SF1/2) helicases fall into

three main categories: active rolling,120 inchworm121 and Brownian motor.122 In the active

rolling and inchworm models, two (or more) distinct DNA binding sites alternate their binding

to the substrate. In the Brownian motor model, a single DNA binding site is responsible for

translocation.

Under the active rolling model, the binding sites should be identical and able to bind either

ssDNA or dsDNA substrates (Figure 10.1 (a)). The inchworm model differs in that the DNA binding

sites are unique – one specializes in ssDNA, the other in dsDNA (Figure 10.1 (b)). An additional

distinction is that the active rolling model disallows binding of both sites simultaneously,

while the inchworm model usually necessitates binding of both sites during at least one step

of the catalytic cycle. Also, one would expect large step sizes for an active rolling model –

approximately the number of occluded nucleotides. This is not a requirement in the inchworm

model. Although the DNA binding domains can be on the same or multiple proteins, the

active rolling model is generally associated with dimers or higher order oligomers. The actual

conformational change responsible for the inchworm or rolling movement is usually thought

to correspond with either ATP-binding, phosphate release, or both.130 The Brownian motor is

similar to inchworm model, but relies on a single DNA binding site alternating between weakly

and tightly bound states (Figure 10.1 (c)).

Note that the unwinding mechanism is not necessarily the same as the translocation mechanism.

This is exemplified in a study by Soultanas et al.131 in which lysine/threonine to alanine point

mutations on the dsDNA binding site of B. stearothermophilus PcrA were able to impair helicase

activity, while leaving ATPase activity and single-stranded translocation mostly unchanged.

They conclude that the unwinding activity is impaired by a loss of destabilizing interactions

with the dsDNA and the translocation likely functions via an inchworm, as opposed to active

rolling, mechanism.

Strand-displacement, separation pin and separation loop unwinding models which are
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(a)

(b)

(c)

Figure 10.1 Models of helicase translocation
Three models of helicase translocation: the (a) active rolling model showing alternation between two
identical DNA binding sites;120 (b) the inchworm model showing alternation between two non-identical
DNA binding sites;121 and (c) the Brownian motor model showing translocation by alternating weakly
and tightly bound states.122 Figures from references 120–122.

independent of translocation mechanism have been proposed. In a strand-displacement

mechanism, the mechanical force from translocation is enough to physically shear duplex DNA

(or other obstructions) from the bound ssDNA strand. Separation pin and loop mechanisms

involve a physical element actively destabilizing interactions at the ss/dsDNA junction. For

example, Lee and Yang132 have used a variety of crystal structures to suggest a translocation and

unwinding mechanism for UvrD, supporting the view that Y621 acts as a separation pin while

unwinding the ss/dsDNA junction (for further elaboration, see Section 11.2.2). Unfortunately,

crystal structures are ensemble averaged static ‘snapshots’; as such, while dynamics can be

inferred, they cannot be observed directly.

While a plethora of kinetic parameters have been determined for RecQ through ensemble

(stopped flow fluorescence anisotropy) and single-molecule experiments (processivity, step-size),

the structural and mechanistic basis for RecQ translocation and unwinding have yet to be

determined. Zhang et al. have suggested that RecQ translocates via an inchworm model.133 We

explore the RecQ helicase mechanism in Chapter 12.
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Figure 10.2 Kinetic parameters of active/passive helicases
Rate of strand-opening at the ss/dsDNA junction (𝑎), rate of strand-closing at the ss/dsDNA junction (𝑏),
rate of forward progression (k+), rate of backwards progression (k−), ssDNA binding rate (kon) and ssDNA
dissociation rate (koff).
Figure modified from modified from Betterton & Jülicher 2005.134

10.3.2 Active versus passive helicases

Betterton & Jülicher (B&J)134 have developed a theoretical model for helicase translocation and

unwinding, which supports the classification of helicases as either active or passive. Passive

helicases unwind DNA by waiting for thermal fluctuations to destabilize nucleic acid interactions,

and then translocating forward to prevent re-annealing. Active helicases destabilize nucleic

acid interactions directly. A shortfall in the B&J framework is that both step-size and rate of

slippage (k− ̸= 0) must be known in order to accurately determine the helicase interaction

potential (Figure 10.2). Since these are difficult to measure experimentally, several helicases

have conflicting classifications.

A complementary helicase activity model has been developed by Manosas et al.135 This model

uses the empirical ratio of unwinding velocity to ssDNA translocation velocity (Vun/Vtrans) to

classify active versus passive helicases. Since passive helicases require thermal denaturation at

the ss/dsDNA junction to unwind, it would be expected that Vtrans > Vun; whereas for an active

helicase that destabilizes the ss/dsDNA junction directly, Vtrans ≈ Vun.

The unwinding velocity of GC versus AT duplex DNA (V%GC=100
un /V%GC=0

un ) and the unwinding

velocity with and without applied force (VF=0
un /VF=Fr

un ) are two other key ratios thought to

correspond to passive and active helicase activity. GC pairs are more thermally stable than AT
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pairs; therefore, thermal fraying would occur less frequently on GC pairs than AT pairs. Thus,

for a passive helicase, it would be expected that V%GC=0
un > V%GC=100

un . Likewise, applied force

increases the dissociation of both GC and AT pairs; thus for passive helicases we would expect

VF=Fr
un > VF=0

un .

Fitting the B&J model with a step-size of one and zero slippage yields a cutoff between active

and passive helicases of 0.25. That is when the three key ratios (Vun/Vtrans, V%GC=100
un /V%GC=0

un ,

and VF=0
un /VF=Fr

un ) are greater than 0.25, the enzyme follows an active model. Both RecQ and

UvrD are active helicases by the Manosas and Croquette criteria,135 with Vun/Vtrans ≈ 1. While

not assayed by Manosas et al., there is strong mutational evidence suggesting PcrA functions via

an active mechanism.131 Hexameric helicases, such as E. coli DnaB, tend to be passive.

10.4 Overview of single-molecule fluorescence

In Chapter 12, we employ single-molecule assays to the RecQ DNA helicase; therefore, we

provide a brief recap of fluorescence-based techniques, particularly the phenomena of Förster

resonance energy transfer (FRET). We also review a conceptual understanding of single-molecule

microscopy, specifically total internal reflection fluorescence microscopy (TIRFM). In single-

molecule fluorescence studies the signal-to-noise ratio (SNR) – achieved through high quantum

yield (QY), relatively photostable fluorophores and efficient detectors (usually highly sensitive

back-thinned electron multiplying charge coupled device (EM-CCD) cameras) – is sufficient to

resolve the intensity profile of a single fluorophore. This supreme sensitivity is what makes our

single-molecule investigation of RecQ possible.

10.4.1 Fluorescence techniques

10.4.1.1 Förster resonance energy transfer (FRET)

Förster resonance energy transfer (FRET) is a method of reporting sub-diffraction limit

interactions on the order of 1–20 nm. It is based on the non-radiative energy transfer from an

excited donor fluorophore to an acceptor fluorophore in close proximity (∼3–10 nm). The FRET

efficiency (E) is determined by the relative brightness of the donor and acceptor fluorophores,
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in other words, what fraction of energy is transferred from donor to acceptor. The efficiency of

the energy transfer is related to the sixth-power of the distance between the two fluorophores.

R0, which generally ranges from 2 nm to 8 nm depending on the fluorophores involved and their

local environment, is the distance at which the FRET efficiency E = 50 %, given by,

E =
1

1 +
(︁

R
R0

)︁6 ≈ IA
IA + ID

=
IA − 𝑏ID

(IA − 𝑏ID) + 𝑔ID
, (10.1)

where R is the fluorophore separation, R0 is the Förster distance, ID and IA are the donor and

acceptor fluorophore intensities, and 𝑏 and 𝑔 are correction factors.

In single-molecule studies we detect the donor (ID) and acceptor (IA) intensity directly. To

accurately report E, these intensities must be corrected for leakage of donor light into the

acceptor channel (𝑏) and differences in the quantum yield and detection efficiency (𝑔),136

𝑔 =
(︂
ℎA
ℎD

)︂
×
(︂
𝑓A
𝑓D

)︂
≈
(︀

IPre
A − IPost

A
)︀(︀

IPost
D − IPre

D
)︀ = 𝑔photobleach, (10.2)

where ℎ is the detector efficiency, 𝑓 is the QY, Pre refers to the average intensity before

photobleaching and Post refers to the average intensity after acceptor photobleaching, and

R6
0 =

9𝑓D ln 10𝑘2J
128𝑝5n4NA

, (10.3)

where 𝑓D is donor QY, 𝑘2 is a measure of dipole orientation,i n is the refractive index (∼1.33 in

H2O), NA is Avogadro’s number and J is a measure of the fluorescence spectral overlap of the

donor and acceptor fluorophores. J is given as

J =
∫︁

fD(𝑙)𝑒A(𝑙)𝑙4d𝑙, (10.4)

where fD(𝑙) is the normalized donor emission spectrum and 𝑒A(𝑙) is the molar extinction

coefficient of the acceptor in medium.ii Note that this is the generally the same 𝑒A(𝑙max)

i𝑘2 has a range of 0–4, with 𝑘2 = 2/3 under isotropic conditions with random orientations of the donor and
acceptor. A review and derivation of this ‘𝑘2 assumption’ is available in reference 137. For comparison, note that
𝑘2 = 4 corresponds to anti-parallel, and 𝑘2 = 0 to perpendicular, orientations of the donor and acceptor dipole
moments.119, 137

iiFor reference, we have provided a compendium of relevant fluorophore structures (Figure B.5) and properties
(Table B.4), including molar extinction coefficient.
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commonly reported for determining approximate dye concentrations.

10.4.1.2 Alternating Laser EXcitation (ALEX)

Alternating laser excitation (ALEX) expands upon traditional continuous donor excitation FRET

by allowing the direct detection of both the donor and acceptor fluorophores by alternating

between two excitation sources. Let us consider a surface immobilized system where FRET

occurs between donor and acceptor fluorophores, that is with donor excitation (Dex) we observe

fluorescence in both the donor emission (Dem) and acceptor emission (Aem) channels. A reaction

occurs that displaces one or both fluorophores. After the reaction, there is no fluorescence

in the Dem or Aem channels with Dex. Which fluorophores were displaced? In a traditional

single-molecule FRET experiment, it is not possible to distinguish between the following cases:

• Neither fluorophore is displaced. The donor fluorophores photobleaches.

• The acceptor fluorophore is displaced. The donor fluorophores photobleaches.

• Both fluorophores are displaced or photobleach.

By alternating Aex and Dex, ALEX solves the problem, albeit at the expense of lower time-

resolution. In addition to DexDem and DexAem, we now have two additional channels of

information, AexDem and AexAem. Ignoring odd anti-Stokes effects or faulty filter sets, no

fluorescence should be observed in the AexDem channel. AexAem allows us to distinguish the

cases:

• Neither fluorophore is displaced versus donor fluorophore photobleaching (signal in

AexAem).

• The acceptor fluorophore is displaced. The donor fluorophores photobleaches. (Observe

more molecules. Assuming that donor photobleaching and acceptor displacement are

independent, it is unlikely that these events will always occur simultaneously.)

• Both fluorophores are displaced versus photobleaching (no signal in AexAem).
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This is the power of ALEX-FRET. Now, in addition to the continuous wave FRET equation for E

(Equation (10.1)), we have an additional stoichiometry term S,

S ≈ IDA + IDD
IDA + IDD + IAA

, (10.5)

using the convention Ixy, where x is excitation and y is emission. For example, IDA means donor

excitation (D) and acceptor emission (A). Stoichiometry is useful in separating populations of

molecules. Excitation intensity is adjusted such that S = 1 for donor-only species, S = 0.3–0.8 for

donor-acceptor species and S = 0–0.2 for acceptor-only species.138 ALEX has been implemented

on both TIRFM and confocal setups.

10.4.1.3 Caveats in the interpretation of FRET data

The studies outlined in this thesis use synthetic dye pairs Cy3 / Cy5 (R0 ≈ 5 nm), Cy3B / Atto647N

(R0 ≈ 5.5 nm) and Cy3 / Alexa647 (R0 ≈ 6 nm). FRET using synthetic dies and transition metal

quenchers, for example a Ni2+ coordinated by histidines at the n and n + 3 positions of an

𝑎-helix, is also possible. This approach is useful for reporting inter-domain motions as dye-metal

pairs generally have a short R0 (R0 ≈ 1–2 nm139, 140). Single-molecule FRET is not without its

nuances and subtle caveats,141 which we carefully address where appropriate. Key among these

is that inter-molecular distance is non-trivial to extract from FRET data: R0, on which distance

calculations rely, is sensitive to a slew of environmental variables; synthetic dyes have a host of

photophysical issues, most prominently photobleaching; surface effects may also pose problems

in a total internal reflection (TIR) setup. Mechanical movements suggested by relative changes

in FRET are often more biologically useful than an absolute distance. Given the difficulty in

calculating R0 from experiment, Förster distances for common dye pairs are widely reported in

manuals and handbooks.142, 143 Given that 𝑓D, J, and most troubling the 𝑘2 assumption, may not

hold for fluorophores conjugated to biomolecules,119, 137 absolute distances calculated with a

handbook R0 should be avoided. In our studies, we believe that relative changes in FRET are

sufficient to address the biologically relevant questions at issue, and do not attempt to compute

absolute distances from our data.
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Figure 10.3 smTIR-FRET schematic
(a) Surface attached model system with two protein-linked fluorophores interacting via FRET. Bright,
relatively photostable synthetic dyes are used for best SNR.
(b) Schematic of evanescent wave. Only fluorophores very close (50–300 nm) to the surface are excited.
Bulk solution is not exposed to excitation illumination.
(c) Schematic of a prism-type single-molecule TIRFM setup.
Figure modified from Sarkar et al. and Bumb et al.147, 148

10.4.2 Microscopy

10.4.2.1 Total internal reflection fluorescence (TIRFM)

The principles of TIRFM, FRET, and their applications to single-molecule studies are well

established;144, 145 however, a briefly introduction is warranted to cover a few essential

concepts.

TIR is a method to eliminate background light and image a very thin slice (50–300 nm)

immediately adjacent to the TIR surface interface (Figure 10.3 (b)). This is accomplished by

generating an exponentially decaying evanescent wave at an interface between high and low

refractive index materials. The two most common approaches for generating this evanescent

wave are quartz prisms (Figure 10.3 (c)) and high numerical aperture (NA) objectives. Though

the setups are dated, see Axelrod et al.146 for a concise theoretical understanding of TIR and

evanescent waves. Complete details of our single-molecule setups are available in Appendix B.4.



170 Chapter 10: Introduction

10.4.2.2 Confocal

In a confocal setup, the excitation beam is focused on a small (fL) spot in the solution.123 A small

pinhole (1⁄3–2⁄3 point spread function (PSF) width) is used to eliminate emission signal from

all but the focal spot. Smaller pinholes increase SNR at the expense of total signal. At very

low concentrations (pM), fluorophores can be observed diffusing through the confocal spot.149

FRET, if any, can be determined. Diffusion time through the confocal spot is a crude measure of

particle size.

10.5 Specific aims

We wish to better elucidate the chemo-mechanical coupling, translocation and unwinding

mechanisms of E. coli RecQ helicase in vitro. This is a multi-faceted and challenging undertaking,

involving several interrelated sub-aims:

(i) Design, production and characterization of site-specific fluorophore labeled E. coli RecQ

mutants for single-molecule studies.

(a) Single-site specifically labeled mutants for use in bimolecular single-molecule

experiments with site-specifically labeled DNA.

(b) Double-labeled mutants for examining domain motions. The H1/H2 domains, on

either side of the ATP-binding cleft, are of particular interest (Section 11.3.1.1).

(ii) Examine dynamics of binding, translocation and unwinding.

(a) Unwinding with unlabeled protein and double labeled DNA.

(b) Binding dynamics to short tailed DNA substrates using acceptor labeled RecQ and

donor labeled DNA.

(c) Inter-domain motions during translocation and unwinding with double labeled RecQ

mutants.

The first aim, which constitutes Chapter 11, lays the foundation for future work using

site-specifically labeled RecQ in single-molecule fluorescence assays. The second aim, which

constitutes Chapter 12, is intended to clarify the translocation and unwinding mechanisms of

RecQ.
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In this chapter we present the high-level methodological employed in the design, production and

testing of novel RecQ substrates for single-molecule fluorescence studies. We have generated

two previously unreported fluorescently labeled RecQ mutants, a family of four single-site

specifically labeled mutants (two on the H1, and one each on the H2 and Zn domains), and a

double-labeled mutant (H1/H2 domains).

To highlight unresolved questions concerning the function of the RecQ helicases, we begin by

introducing what is known of the structure and function of the RecQ helicases (Section 11.2).

Next, we examine existing RecQ mutants (Section 11.3), which reveals residues of particular

functional importance; a double-edged sword when designing constructs. On the one hand,

mutagenesis highlights key sites for protein stability, DNA and accessory protein interactions;

one the other hand, they restrict manipulation of the protein, which may hamper construct

design. We present our approach in Section 11.4, building on the insight garnered from previous

experimental studies. Detailed experimental methods are omitted for clarity, and are presented

in Appendix B.

11.1 Nomenclature

Throughout Part II, we discuss a variety of proteins and protein mutants. For clarity, we apply a

consistent nomenclature.

11.1.1 Substitutions

<initial amino acid><residue index><substituted amino acid>
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Where both <initial amino acid> and <substituted amino acid> are given as one letter codes, e.g.

A for Alanine (Ala). For example, an asparagine (N) to cysteine (C) substitution at residue 65

would be given as N65C.

11.1.2 Deletions

<initial amino acid><residue index>del

Where both <initial amino acid> is given as one letter codes, e.g. A for Alanine (Ala). For example,

a phenylalanine (F) deletion at residue 561 would be given as F561del. The initial amino acid

may be omitted, e.g. 561del. Range deletions are also permissible, e.g. 490–492del corresponds

to 490del-491del-492del.

11.1.3 Truncations

<protein id><start>–<end>

Instead of specifying all deletions, truncations are given with the protein name, and subscripted

included residues. For example RecQ1–524 contains only the first 524 residues of the RecQ

protein. As the biological role of the truncated residues is not obvious for the residue numbers,

biologically relevant truncations are often abbreviated, e.g. RecQ1–524 as RecQ𝐷HRDC, where

HRDC is the biologically relevant helicase and RNaseD C-terminal domain.

11.1.4 N-terminal modifications

<N-terminal modification><protein id>

For ease of purification and expression, N-terminal modifications are commonly applied to

existing proteins. For example, TGase-RecQ represents a transglutaminase (TGase) tag appended

to the N-terminus of the RecQ protein. A complete list of N-terminal modifications are provided

in Table 11.1.
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System Description

His N-terminal polyhistidine tag (HHHHHH)

Throm N-terminal thrombin tag (LVPRGS)

TEV N-terminal Tobacco Etch Virus nuclear inclusion a endopeptidase tag (ENLYFQ)

TGase N-terminal transglutaminase Q1-tag (PNPQLPF)

Table 11.1 List of N-terminal modifications

11.1.5 Fluorescent labels

<protein id>-<fluorescent label>

Labels, such as fluorophores dyes, may be conjugated to proteins. We employ a variety of

fluorescent dyes (see Figure B.5 and Table B.4 for structural and chemical properties respectively),

and two complementary labeling schemes, maleimide and cadaverine.

Maleimide dyes selectively label surface exposed thiol groups, i.e. cysteine labeling. For

exampple, RecQ-Alexa647maleimide corresponds to the Alexa647-maleimide dye conjugated to

RecQ.

Fluorophores may also be conjugated to certain N-terminal tags, e.g. TGaseRecQ-Alexa647cadaverine

implies conjugation of TGaseRecQ to Alexa647-cadaverine at the central glutamine (Q) residue

(Table 11.1).

If the conjugation chemistry is not specified, maleimide may be assumed, i.e. Alexa647 implies

Alexa647-maleimide.

11.2 Overview of structure & function

11.2.1 RecQ

E. coli RecQ is prototypical, and as such, is frequently used as a model system. It is closely

related to other superfamily (SF)2 helicases, such as the hepatitis C virus NS3 RNA helicase and

Saccharomyces cerevisiae Sgs1. It is astonishing how far our understanding of the RecQ-family
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of helicases has come in the quarter century since E. coli RecQ was first identified150 and

determined to posses helicase activity151 (reviewed in reference 128).

All RecQ helicases share two central helicase domains (H1 and H2) containing the conserved

helicase motifs for adenosine triphosphate (ATP) binding and hydrolysis. Though not required

for helicase activity, many RecQ helicases also contain RecQ C-terminal (RQC) and helicase and

RNaseD C-terminal (HRDC) domains. These domains are thought to aid substrate specificity

and mediate accessory protein interactions (Section 11.2.3). The RQC domain can be further

subdivided into the Zn-binding domain, the site of a zinc-binding cysteine tetrad, and the

winged-helix (WH) domain (Table B.5). For clarity, the domains locations of several RecQ-family

helicases are outlined in Figure 11.1 (schematic) and Table B.5 (detailed, including residue

numbers).

Structural152 and kinetic133, 153 studies strongly suggest that RecQ functions as a monomer in

vitro;133, 153 however, its in vivo oligomerization state is still a matter of some debate. As with

other 3′ to 5′ translocating helicases, RecQ preferentially binds 3′-duplex DNA with a 5–50 nt 3′

overhang. It also binds to 5′ overhangs and single-stranded DNA (ssDNA), but with much lower

affinity than ss/double-stranded DNA (dsDNA) junctions.133 ATPase activity is only stimulated

by ssDNA DNA does not stimulate the enzyme.151 Unlike other helicases implicated in DNA

replication and repair, RecQ is able to catalyze the unwinding of unusual substrates such as

G-quartets, telomeric D-loops and Holliday junctions.

Zinc binding is implicated in the proper folding of RecQ; however, the cation is not required for

RecQ activity.154 While no E. coli RecQ/DNA crystal structures exist, crystal structure of RecQ

homologues suggest that the WH domain is implicated in dsDNA binding,155 while the HRDC156

and H1/H2157 domains are implicated in ssDNA binding (Figure 11.2). Seemingly in contrast

to other motor proteins that exhibit a pronounced domain rearrangement upon ATP-binding

(reviewed by in reference 130), the apo and ATP-𝑔-S crystal structures of the N-terminal

full-length wild-type RecQ (RecQwt) domains reveals no large scale change in structure, with

a minute H1-centroid to H2-centroid distance change 0.3 Å (Figure 11.3, Table 11.2). As the

structure is not a DNA co-crystal, it is possible that a domain rearrangement only occurs in the

presence of DNA.
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Figure 11.1 Conserved domains of the RecQ-like helicases
The catalytic helicase domain is conserved across all RecQ-like helicases. The RecQ C-terminal (RQC)
domain (which is in-turn composed of zinc-binding and winged-helix (WH) sub-domains), and the
helicase and RNaseD C-terminal (HRDC) domains are also highly conserved. Figure from Hickson 2003.128

H1/H2 (Å) N65C/S245C (Å)

Apo 52.3 52.0

ATP-𝑔-S 30.1 30.4

Table 11.2 H1/H2 distance
H1/H2 centroid distance and selected amino acid CA-CA distances.
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(a) (b) (c)

Figure 11.2 Structural alignments of E. coli RecQ (PDB: 1OYY)
E. coli RecQ domains: H1 (red), H2 (blue), Zn-binding (yellow) and winged-helix (green). Corresponding
domains for RecQL1, NS3 and Werner syndrome RecQ helicase-like protein (WRN) are lighter shades of
same color. Note the striking structural homology of the helicase domains and suggestive ssDNA binding
orientation of the E. coli RecQ / human RecQL1 alignment.
(a) N-terminal domains of human RecQL1 in complex with 3′-duplex DNA (Protein Data Bank (PDB):
2WWY, alignment of H1/H2)
(b) Hepatitis C virus NS3 in complex with ssDNA (PDB: 1A1V, alignment of H1/H2)
(c) RQC-domain of human WRN in complex with blunt-duplex DNA (PDB: 3AAF, alignment of RQC domain).

(a) (b)

Figure 11.3 Crystal structure reveals no cleft closure upon ATP-𝑔-S binding
N-terminal domains of RecQwt in apo (blue, PDB: 1OYW) and ATP-𝑔-S bound (green, PDB: 1OYY) crystals.
ATP-𝑔-S (magenta sphere), apo H1/H2 CA-atom centroid (light blue sphere) and N65C CG atom (H1) /
S245C OG atom (H2) (light blue sphere) distances are highlighted with black dashed lines.
(a) Front-view
(b) 90° x-axis rotation
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Figure 11.4 Visualization of E. coli RecQ
Main: Electrostatic surface rendering of protein, with positive (blue), negative (red) and neutral (white)
charges. The HRDC domain, attached via a flexible loop to the winged-helix domain, is not shown.
Inset of helicase domains: H1 at residues 1-208 (red), H2 at residues 209-340 (blue), Zn-binding domain at
residues 341-406 (yellow) and winged-helix domain at residues 407-516 (green).
Main: Bernstein, Zittel and Keck putative ss/dsDNA binding sites.152 3′-duplex DNA in yellow. Note the
two ssDNA binding orientations. Figure from Bernstein Zittel and Keck.152

Biochemical studies of RecQ ss/dsDNA binding are decidedly mixed, some studies suggest

competitive binding of ss/dsDNA to a single site,158 whereas truncation mutant studies suggest

localization of ss/dsDNA binding to distinct domains.159 A putative model of the DNA binding

orientations were proposed by Bernstein Zittel and Keck (Figure 11.4).152 For convenience, a

listing of RecQ-family helicases and their 4-character PDB identifiers are available in Table B.6.

11.2.2 UvrD

UvrD (Helicase II) is a SF1 prokaryotic helicase implicated in DNA repair through the nucleotide

excision repair (NER) and methyl-directed mismatch repair (MMR) mechanisms. UvrD

shares about 40 % sequence identity with SF1 helicases PcrA and Rep. It is also closely

related to the eukaryotic S. cerevisiae Srs2 helicase, which like UvrD dissociates Rad51 (RecA)

nucleofilaments.160 There is some debate about the nature of the UvrD active unit. Competing

models for monomeric161 and dimeric162, 163 activity have been put forth. It has however been

established that monomeric UvrD can translocate on ssDNA in vitro.162

Like RecQ, UvrD translocates unidirectionally from 3′ → 5′.164 As expected, it has a preference

for binding/unwinding 3′-tailed duplex DNA, but can also process forked,165 nicked and

blunt ended substrates.166 Interestingly, Runyon, Bear and Lohman suggest – from electron
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microscopy images – that UvrD can unwind bidirectionally from nicks.166

UvrD is known to interact with a variety of other proteins implicated in DNA repair, including

UvrABC167, 168 and MutS/MutL/MutH.144 In vivo, UvrD is required to both unwind long stretches

of dsDNA during MMR and dissociating RecA filaments from ssDNA.145

Several crystal structures have been produced for UvrD/DNA in complex with a variety of

transition state ligands; for example, in complex with 3′-duplex DNA and a variety of transition

state analogues have been determined (PDBs: 2IS1, 2IS2, 2IS4, 2IS6).132 These structures have

lead to the development of a detailed model of UvrD unwinding via a modified inchworm

(rotating ratchet / two-part power stroke) mechanism. This model features a monomeric UvrD

as the active unit. Given that each ss/dsDNA junction can only accommodate one UvrD monomer

in the crystal structures, the mechanism of dimeric or oligomeric UvrD unwinding DNA is

unclear. Structural similarities to B. stearothermophilus PcrA (SF1), were also used to assemble the

model, specifically the DNA-binding induced domain motions.121 The proposed UvrD 3′-duplex

DNA unwinding cycle is presented in Figure 11.5.

11.2.3 Accessory protein interactions

11.2.3.1 E. coli RecQ

The active-type E. coli RecQ helicase functionally interacts with a variety of other DNA replication

and repair proteins, including topoisomerase III (TopoIII) and single stranded binding protein

(SSB). For example, E. coli RecQ specifically stimulates TopoIII strand passage activity, a function

that neither enzyme can accomplish alone. However, a specific physical interaction has not yet

been identified.169–171

E. coli RecQ and SSB physically interact as shown by tandem affinity purification isothermal

titration calorimetry, and RecQ helicase activity is improved by pre-binding SSB.172 Further

work has localized this interaction to the RecQ winged-helix domain and the C-terminus of

SSB. Indeed SSB𝐷C8 (SSB without the C-terminus) actually inhibits helicase activity. SSB also

stimulated the concatenation of circular dsDNA in the presence of TopoIII and RecQ.170

The mechanisms of these accessory protein interactions are not well understood; however,
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Figure 11.5 The 4 domains of UvrD in complex with the ss/dsDNA junction
(a) The separation pin Y621 forms a base stacking interaction at the ss/dsDNA fork. The gating helix is in
the open position.
(b) 1A, 1B and 2B move together with respect to 2A during ATP binding. The separation pin changes
conformation and physically interrupts the base pairing at the ss/dsDNA junction. The gating helix closes
to prevent exit of the 3′ ssDNA.
(c) As the hydrolyzed ADP unbinds, the 1A/1B/2B and 2A domains return to their original position, the
Y621 reforms base stacking with the next ss/dsDNA junction base pair, the gating helix opens and the
ssDNA is pulled through.
Note that based on the crystal structure, only one UvrD monomer can physically occupy the ss/dsDNA
junction.
Figure from Lee & Yang 2006.132
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tellingly, the structural and functional equivalents of E. coli SSB from other species, such as the

bacteriophage T4 gp32, the S. cerevisiae replication initiator protein A (RPA) and the human RPA,

do not stimulate E. coli RecQ helicase activity, again suggesting a highly-specific interaction.

Furthermore, SSB does not alter the ATP hydrolysis rate of RecQ. The stimulatory affect of SSB

on RecQ helicases strongly suggests that the interaction is both conserved and specific. That

is, the stimulatory affect is due to a specific physical interaction with RecQ and not solely by

preventing the re-annealing of recently displaced strands.

11.2.3.2 Comparison with human RecQ helicases

The helicase stimulatory affect of accessory proteins is not unique to E. coli RecQ. Human

RecQL1,173 WRN174 and Bloom syndrome protein (BLM)175 all physically interact with, and are

stimulated by human RPA, but not by E. coli SSB or T4 gp32. In fact, in vitro, RPA is required for

the human helicases to fully unwind longer DNA substrates.

Analogous to SSB stimulation of E. coli RecQ, human RPA specifically stimulates the human RecQ

helicases RecQL1,173 WRN174 and BLM.175 Analogous to the role of E. coli RecQ in clearing RecA

filament assemblies, the human RecQ helicases clear filaments of Rad51 nucleoproteins.

The role of BLM and WRN in telomere regulation is even less clear than their role in replication

and repair. Telomere end binding protein (POT1) physically interacts with BLM and WRN,

specifically stimulating the unwinding of telomeric D-loop and G-quadruplex DNA in vitro.176, 177

In vivo, these proteins are colocalized with, and known to associate with, telomeric DNA, further

suggesting a role in telomere maintenance by resolving telomeric DNA structures.178 BLM179

and WRN178 are also known to associate with TRF1 and TRF2, proteins that bind double stranded

telomeric repeats (TTAGGG). These proteins are known to protect telomeric DNA from WRN

exonuclease cleavage, and inhibit (TRF1) or stimulate (TRF2) BLM unwinding of telomeric

substrates.178, 179

11.2.3.3 Comparison with passive helicases

Accessory proteins interactions are not limited to active-type (Section 10.3.2) helicases, such

as the RecQ-family. The unwinding velocity of passive helicases such as T7 gp4180 and E. coli
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DnaB181 is dramatically increased by accessory proteins. For example, the presence of the

replication machinery, specifically DNA polymerase, increase the unwinding rate of the DnaB

replication helicase. Although the biophysical underpinnings of this stimulation have yet to be

elucidated, there is a plausible physical basis – DNA polymerase and the replisome machinery

acting as an additional motor which ‘push’ the helicase along the strand.

11.3 Overview of reported RecQmutants

The central RecA-like domains are conserved across all SF2 helicases; however, mutagenesis

studies strongly suggest that the unwinding mechanism is not identical for all RecQ-like proteins.

Mutagenesis studies can be broadly classified into three focus areas:

(i) Putative unwinding pins (located on the H1, H2 and WH domains)

(ii) ATP-binding residues (located in the cleft between the H1 and H2 domains)

(iii) Truncation mutants (both N- and C-term).

11.3.1 Unwinding-pinmutants

There have been three putative unwinding pins identified in the RecQ family of helicases. These

consist of a collection of aromatic residues on the H1 domain, H2 domain, and a 𝑏-hairpin on the

WH domain. In E. coli RecQ, core residues of these unwinding pins are as follows (Figure 11.6 (a)):

• W154, F158, R159 (H1-pin, H1 domain)

• F221 (H2-pin, RecA-pin, resi 219-223 on H2 domain)

• W347 (Zn-pin, located on helix-turn-helix resi 342-347 in Zn-binding domain)

• H487 (WH-pin, located at tip of 𝑏-hairpin resi 484-496 in WH domain)

Naming conventions differ between laboratories, and residue numbers vary by protein, so for

the sake of clarity, we follow the aforementioned naming convention throughout. For clarity,

sequence alignments of several RecQ-family helicases are listed in Figure 11.7. These alignments

highlight a high degree of unwinding pin conservation amongst the SF2 RecQ-like helicases,

with expected decreases in conservation among the SF2 helicases, typified by UvrD.



182 Chapter 11: RecQ substrate preparation

(a) (b)

Figure 11.6 Unwinding pin locations
(a) E. coli RecQ (PDB: 1OYY) with the N-terminal domains (RecQ1–516) in complex with ATP-𝑔-S, showing
several motifs: H1-pin at W154 & F158 (red), H2-pin at F221 & residues 219-223 (blue), Zn-Helix-turn-Helix
at residues 342-347 & Zn-pin at W347 (yellow), and the winged-helix (WH) 𝑏-hairpin at residues 484-496
and WH-pin at H489 (green).
(b) Human RecQL1 (PDB: 2WWY) with most of the N-terminal domains (RecQL149–616) in complex with
3′-duplex DNA, showing analagous motifs to (a): H1-pin at W227 & F231 (red), H2-pin at P294 and
residues 292-297 (blue), Zn-Helix-turn-Helix at residues 419-449 and Zn-pin at F424 (yellow), and the
WH 𝑏-hairpin at residues 554-573 & WH-pin at Y564 (green).

11.3.1.1 H1-pin

In E. coli RecQ, the H1-pin (Figure 11.6 (a), Figure 11.7 (a)) is indispensable to efficient unwinding

of 3′-duplex substrates.182 Single mutants (W154L, F158L and R159L) reduce DNA stimulated

ATPase activity, but maintain basal activities somewhat comparable to wild type, slightly

stimulated by W154L and R159 and increased for F158L. Unwinding activity is abolished for

some mutants (W154L, W154L_F158L, R159L) and significantly impaired for others (F158L). None

of the mutants impact ssDNA binding, suggesting their non-trivial role in unwinding, possibly

through chemo-mechanical coupling of ATP hydrolysis and strand separation. Likewise the

analogous RecQL1 H1-pin residues W227A and F231A (Figure 11.6 (b), Figure 11.7 (a)) are required

for unwinding activity, but do not impact DNA-binding or oligmerization.183 As an interesting

aside, the H1 and H2 pins are swapped on the 5′ → 3′ RecD2 helicase (SF1B).184
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A RecQ|SF2|gi|188494940   DEAHCIS--QWGHDFRPEYAALGQLRQRFPTLP-FMALTATADDTTRQDI 192 
BLM|SF2|gi|1705486      DEAHCVS--QWGHDFRQDYKRMNMLRQKFPSVP-VMALTATANPRVQKDI 841 
WRN|SF2|gi|322510082    DEAHCIS--EWGHDFRDSFRKLGSLKTALPMVP-IVALTATASSSIREDI 714 
RecQ1|SF2|gi|14591904   DEVHCCS--QWGHDFRPDYKALGILKRQFPNAS-LIGLTATATNHVLTDA 265 
RecQL4|SF2|gi|18206225  DEAHCLS--QWSHNFRPCYLRVCKVLRERMGVHCFLGLTATATRRTASDV 652 
Sgs1|SF2|gi|464912      DEAHCVS--NWGHDFRPDYKELKFFKREYPDIP-MIALTATASEQVRMDI 854 
Hel308|SF2|sp|Q8TDG4    DELHMIGEGSRGATLEMTLAKILYTSKTTQIIGMSATLNNVEDLQKFLQA 512 
UvrD|SF1|gi|216673      DDDQSIY--GWRG---AQVENIQRFLNDFPGAE-TIRLEQNYRSTSNILS 291 
PcrA|SF1|gi|3024353     DADQSIY--RWRG---ADIQNILSFERDYPNAK-VILLEQNYRSTKRILQ 294 
Rep|SF1|gi|54041576     DDDQSIY--SWRG---ARPQNLVLLSQDFPALK-VIKLEQNYRSSGRILK 285 
Srs2|SF1|gi|83305803    DPDQSIY--AFRN---ALAHNFLEMGRKCPIEYSTIILVENYRSSQKILN 321 
PriA|SF1|gi|157163410   WLLAGVTGSGKTEVYLSVLENVLAQGKQALVMVPEIGLTPQTIARFRERF 269 
RecD2|SF1B|gi|197107503 QLAGHRLVVLTGGPGTGKSTTTKAVADLAESLGLEVGLCAPTGKAARRLG 249 
Dda|SF2|gi|5354348      DEVSMYD-----------RKLFKILLSTIPPWCTIIGIGDNKQIRPVEPG 153 
NS3|SF2|gi|125541954    SVAATLG----------FGAYMSKAHGIDPNIRTGVRTITTGSPITYSTY 270 
RecA|N/A|gi|67471975    DIDNLLC--SQPDTGEQALEICDALAR--SGAVDVIVVDSVAALTPKAEI 156 

B RecQ|SF2|gi|188494940   VRLLGLNDPLIQISSFDRPNIRYMLMEKFKPLDQLMRYVQEQRG------ 236 
BLM|SF2|gi|1705486      LTQLKILRPQVFSMSFNRHNLKYYVLPKKPKKVAFDCLEWIRKHHPYD-- 889 
WRN|SF2|gi|322510082    VRCLNLRNPQITCTGFDRPNLYLEVRRKTGNILQDLQPFLVKTSSHWEFE 764 
RecQ1|SF2|gi|14591904   QKILCIEKCFTFTASFNRPNLYYEVRQKPSNTEDFIEDIVKLINGRYK-G 314 
RecQL4|SF2|gi|18206225  AQHLAVAEEPDLHGPAPVPTNLHLSVSMDRDTDQALLT--LLQGKRFQNL 700 
Sgs1|SF2|gi|464912      IHNLELKEPVFLKQSFNRTNLYYEVNKK---TKNTIFEICDAVKSRFK-N 900 
Hel308|SF2|sp|Q8TDG4    EYYTSQFRPVELKEYLKINDTIYEVDSKAENGMTFSRLLNYKYSDTLKKM 562 
UvrD|SF1|gi|216673      AANALIEN------NNGRLGKKLWTDGADGEPISLYCAFNELDEARFVVN 335 
PcrA|SF1|gi|3024353     AANEVIEH------NVNRKPKRIWTENPEGKPILYYEAMNEADEAQFVAG 338 
Rep|SF1|gi|54041576     AANILIAN------NPHVFEKRLFSELGYGAELKVLSANNEEHEAERVTG 329 
Srs2|SF1|gi|83305803    TSEILITQQNKGRQNRAPLRAQFDLDFP---PVYMNFPAYFLEAPSLVRE 368 
PriA|SF1|gi|157163410   NAPVEVLHSG--LNDSERLSAWLKAKNGEAAIVIGTRSALFTPFKNLGVI 317 
RecD2|SF1B|gi|197107503 EVTGRTASTVHRLLGYGPQGFRHNHLEPAPYDLLIVDEVSMMGDALMLSL 299 
Dda|SF2|gi|5354348      ENTAYISPFFTHKDFYQCELTEVKRSNAPIIDVATDVRNGKWNYDKVVDG 203 
NS3|SF2|gi|125541954    GKFLADGGCSGSAYDIIICDECHSTDATSILGIGTVLDQAETAGARLTVL 320 
RecA|N/A|gi|67471975    EGEIGDSHMGLAARMMSQAMRKLAGNLKQSNTLLIFINQIRMKIGVMFGN 206 

C RecQ|SF2|gi|188494940   QETGRAGR--DGLPAEAMLFYDPA--DMAWLRRCLEEKPQ---GQLQDIE 364 
BLM|SF2|gi|1705486      QESGRAGR--DGEISHCLLFYTYH--DVTRLKRLIMMEKDGNHHTRETHF 1020 
WRN|SF2|gi|322510082    QEIGRAGR--DGLQSSCHVLWAPA--DINLNRHLLTEIRN---EKFRLYK 892 
RecQ1|SF2|gi|14591904   QESGRAGR--DDMKADCILYYGFG--DIFRISSMVVMEN--------VGQ 437 
RecQL4|SF2|gi|18206225  QAVGRAGR--DGQPAHCHLFLQPQGEDLRELRRHVHADSTDFLAVKRLVQ 847 
Sgs1|SF2|gi|464912      QETGRAGR--DGNYSYCITYFSFR--DIRTMQTMIQKDKNLDRENKEKHL 1031 
Hel308|SF2|sp|Q8TDG4    SDERKLLEEAYSTGVLCLFTCTSTLAAGVNLPARRVILRAPYVAKEFLKR 698 
UvrD|SF1|gi|216673      DRTLDVVR--QTSRDRQLTLRQAC--RELLQEKALAGRAASALQRFMELI 465 
PcrA|SF1|gi|3024353     ASTIDKLV--RYAADHELSLFEAL--GELEMIG-LGAKAAGALAAFRSQL 468 
Rep|SF1|gi|54041576     PATLKKLG--EWAMTRNKSMFTAS--FDMGLSQTLSGRGYEALTRFTHWL 460 
Srs2|SF1|gi|83305803    PATGEKIKNALDTLATDVSCFQIL--KDISSKKIMLDIPTKGRSVIADFI 501 
PriA|SF1|gi|157163410   PALITRMRQHLQADNQVILFLNRRGFAPALLCHDCGWIAECPRCDHYYTL 454 
RecD2|SF1B|gi|197107503 ALMVRELG--GPGAVQVLTPMRKGPLGMDHLNYHLQALFNPGEGGVRIAE 433 
Dda|SF2|gi|5354348      FNNGQLVR--IIEAEYTSTFVKARGVPGEYLIRHWDLTVETYG------- 331 
NS3|SF2|gi|125541954    VVATDALMTGFTGDFDSVIDCNTCVTQTVDFSLDPTFTIETTTLPQDAVS 457 
RecA|gi|67471975        SYKGEKIG---QGKANATAWLKDN-------------------------P 314 

D RecQ|SF2|gi|188494940   ---------------------------------------------IAQHS 490 
BLM|SF2|gi|1705486      ----------------------------------------------LYIN 1162 
WRN|SF2|gi|322510082    NTESQSLILQANEELCPKKLLLPSSKTVSSGTKEHCYNQVPVELSTEKKS 1104 
RecQ1|SF2|gi|14591904   ----------------------------------------------YSFT 562 
RecQL4|SF2|gi|18206225  ----------------------------------------------WELA 1001 
Sgs1|SF2|gi|464912      ----------------------------------------------SIMN 1163 
Hel308|SF2|sp|Q8TDG4    ----------------------------------------------LEGL 861 
UvrD|SF1|gi|216673      ----------------------------------------------GGRL 592 
PcrA|SF1|gi|3024353     ----------------------------------------------DDEM 597 
Rep|SF1|gi|54041576     ----------------------------------------------DN-I 589 
Srs2|SF1|gi|83305803    ----------------------EDEEEDQENSKKDASPKKTRVLSVEDSI 711 
PriA|SF1|gi|157163410   -----------------------------------------------HHF 548 
RecD2|SF1B|gi|197107503 ------------------------------------------------MP 517 
Dda|SF2|gi|5354348      -------------------------------------------CIHYADV 418 
NS3|SF2|gi|125541954    -----------------------------------------------SGE 555 
RecA|gi|67471975        -------------------------------------------------- 

Figure 6: Sequence alignment of RecQ-family helicase unwinding pins 
A) H1-pin alignment (W154, F158); B) H2-pin alignment (F221); C) Zn-pin alignment (W347) 
D) WH-pin alignment (H489) 
Residue numbers for E. coli RecQ highlighted in Red. 

 

Figure 11.7 Sequence alignment of RecQ-family helicase unwinding pins
(a) H1-pin alignment (W154, F158), (b) H2-pin alignment (F221), (c) Zn-pin alignment (W347) and (d)
WH-pin alignment (H489). Relevent residue numbers for the E. coli RecQ pins are highlighted (red).
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11.3.1.2 WH-pin

The WH-pin is not essential for unwinding in all RecQ-family helicases. Wild type human

RecQL1 exists as a mixture of oligomers.185 The WH 𝑏-hairpin located at residues 554–573

(Figure 11.6 (b), Figure 11.7 (c)), specifically mutants RecQL149–616-F561del-T562del-T566del

and RecQL149–616-Y559A-S560A-F561A, are responsible for dimerization.183 Cross linking

experiments reveal that these mutants are monomeric, even in the presence of ssDNA. In

DNA fractional unwinding assays, helicase activity of forked dsDNA is diminished, but not

abolished, indicating that a completely intact WH 𝑏-hairpin is not required for unwinding. The

WH-pin residue (Y564A) is more important for forked DNA unwinding, abolishing unwinding

activity in the RecQL149–616 dimer and reducing unwinding activity in RecQL1FL oligimer

(Figure 11.6 (b)).182, 183

The WH 𝑏-hairpin is also important for WRN, another human RecQ-family protein. Like human

RecQL1 it also has a pronounced 𝑏-hairpin. This 𝑏-hairpin is tipped by an aromatic residue

(F1037) which is found unpairing dsDNA in a co-crystal of dsDNA and WRN WH domain (PDB:

3AAF).155 Unsurprisingly, a F1037A mutation is shown to severely impair WRN RQC binding to

5′-duplex DNA.

Analogous 𝑏-hairpin deletion (490–492del) and WH-pin mutants (H491A) on E. coli RecQ do not

perturb DNA unwinding or DNA-stimulated ATPase activity (Figure 11.6 (a)).186 Note however

that the E. coli RecQ 𝑏-hairpin (484–496) is significantly shorter than the RecQL1 equivalent

(554-573), and is not oriented towards the putative DNA binding channel. Hoadley and Keck187

have posited that this is due to either a fundamentally different unwinding mechanism or that

the winged-helix domain might reorient upon DNA binding. In either case, mutations in the

WH-pin and 𝑏-hairpin do not perturb function.

Likewise the BLM WH-pin, which unlike E. coli RecQ and human RecQL1 is not an aromatic

residue, is not required for strand separation.188 This suggests that the role of the WH-pin

in unwinding subtly differs between the human RecQ helicases, and that like the N-term and

C-term accessory domains, it may be tuned to the particular role of each helicase.
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11.3.2 ATP-bindingmutants

Several residues on the H1 domain comprise the ATP binding site: Y23, R27, Q30, K53 (sometimes

reported as K55), S54, L55 and N146. K55A has been demonstrated in several studies to

abolish helicase activity, but to have no impact on DNA binding.189 ATP analogues, useful

for approximating intermediate hydrolysis steps, are reviewed elsewhere.190 For example,

adenylylimidodiphosphate (AMP-PNP), a non-hydrolyzable analogue thought to mimic bound

ATP, is used later in this study (Section 12.1).

11.3.3 Truncationmutants

Both N- and C-term truncation mutants have been reported for RecQ-family helicases.

As a general trend in higher organisms, the N-terminal domains before the Walker A/B ATPase

motifs appear to govern oligomerization state; the C-terminal domains, substrate specificity.

Given this general observation, it is expected that N- and C-term domains should not be

essential for core unwinding activity on uncomplicated forked dsDNA substrates, but that they

may be required to resolve more complex DNA substrates such as Holliday junctions or other

recombination intermediates. To understand the precise roles of these domains, there have been

efforts to identify the minimal unwinding unit of the human RecQ helicases, and to examine the

role of the C-terminal HRDC and WH domains of E. coli RecQ.188

It has been shown that the double truncation mutant BLM642–1077 of the 1417 residue Bloom

syndrome protein is sufficient for duplex DNA helicase activity.188 The N-terminal domain

is suspected to be involved with oligomerization. Curiously, in sequencing studies on Bloom

syndrome patients, several polymorphisms (V1198M, S1209T, V1321I, H1324Y) occur at positions

presumably not necessary for BLM activity.191 Analogous double truncation mutants on the

1447 residue yeast BLM homologue, Sgs1400–1268, showed DNA binding, basal/DNA-stimulated

ATPase activity and forked DNA unwinding comparable to wild type Sgs1.192

Likewise E. coli RecQ C-terminal truncation mutants (RecQ1–524; abbreviated as RecQ𝐷HRDC for

clarify) are just as effective as wild type in unwinding forked dsDNA.186 A similar truncation

mutant, RecQ1–516, showed reduced ssDNA binding.156, 159 Presumably, residues 516–524 occur
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in an unstructured loop connecting the N-terminal and HRDC domains. Interestingly, the

WRN HRDC domain does not bind DNA,155 whereas the E. coli RecQ HRDC has been shown to

preferentially bind ssDNA over dsDNA; even a putative binding channel has been localized.156

Substrate preferences, revealed by binding affinities to a variety of isolated DNA substrates, are

broadly similar between the WRN and E. coli RecQ RQC domain.

11.4 Novel RecQ substrates

Non-specifically labeled RecQwt, site-specifically labeled RecQ mutants and a double-labeled

RecQ mutant, have been purified and quality controlled for DNA-binding, basal/DNA-stimulated

ATPase activity and ensemble Förster resonance energy transfer (FRET). Neither the site-

specifically labeled nor double-labeled RecQ constructs have been reported in the literature.

For convenience, a listing of all purified RecQ substrates is shown in Table B.1. For the reader

not familiar with commonly used fluorophores, their structures and properties are listed in

Figure B.5 and Table B.4, respectively.

11.4.1 Non-specifically labeled

As a proof of concept, wild-type RecQ was non-specifically labeled with Alexa647-maleimide.

Given that RecQ contains 11 cysteines (Figure 11.8 Native CYS highlighted in gray), and that

at least 6 (Figure 11.9 (a)) of these cysteines appear solvent exposed from the available crystal

structures (PDB: 1OYW, 1OYY), the precise Alexa647-maleimide labeling sites could not be

ascertained. Overall labeling stoichiometry of RecQ:Alexa647 labeling was approximately 1:1.2

as indicated by A280 (𝑒RecQ
280 = 48 820 M−1 cm−1) and A650 (𝑒Alexa647

650 = 238 000 M−1 cm−1; see

Table B.4 for comparison to other fluorophores) (Figure 11.10 (a)). The A280 contribution of

Alexa647 is negligible. Unsurprisingly given 6 surfaces exposed cysteines, these results do

suggest that RecQwt posses multiple liable sites.

Interpreting data from single-molecule assays using this non-specifically labeled substrate

proved difficult, due in part to the possibility of multiple acceptor fluorophore positions.

Knowledge of the labeling locations or site-specifically labeled RecQ should facilitate data

interpretation. Electrospray tandem mass spectrometry (ESI-MS/MS) was attempted to identify
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(a) (b) (c)

Figure 11.8 RecQ cysteine mutants (CYS→ SER and NNN→ CYS)
Cartoon representation of Helicase 1 (red), Helicase 2 (blue), Zn-binding (yellow), Winged-Helix (green)
and HRDC (wheat) domains. ATP analogue (magenta). Structure based on RosettaDock193 prediction of
N-terminal domains (PDB: 1OYY) and HRDC domain (PDB: 1WUD).
Sphere representation of Native CYS → SER (gray) and NNN → CYS (black). SG or equivalent atom
highlighted. H1 (1-208), H2 (209-340), Zn-binding (341-406), Winged-Helix (407-516), HRDC (517-609)
Native CYS → SER (C43S, C56S, C94S, C111S, C150S, C243S, C351S, C380S, C397S, C400S, C403S)
Mutant NNN → CYS (N65C, S97C, S207C, S245C, S258C, N273C, Q445C, S465C, S579C)
(a) Front-view
(b) Back view, 180° y-axis rotation from front-view
(c) Top view, 90° x-axis rotation from front-view

the labeling locations of Alexa647-maliemide. While coverage was comparable between labeled

and unlabeled substrates, the labeling positions could not be localized (data not shown). From

quadrupole MS experiments on labeled RecQ, we suspected that the ionization of the labeled

substrates was inferior to the native protein. An additional Mono Q purification step was

attempted to improve the effective labeling stoichiometry. Unfortunately, there was insufficient

separation between the labeled and unlabeled RecQ peaks for enrichment (data not shown).

11.4.2 Site-specifically labeled, single-label

Following experiments with non-specifically labeled RecQ, we moved to generate site-specifically

labeled RecQ, in the hope that these substrates would yield more interpretable data in single-

molecule assays. Two distinct labeling schemes were attempted, maleimide and transglutaminase

(TGase)-mediated cadaverine transfer to an N-terminal tag. TGase, and other enzymatic labeling

schemes, are reviewed in reference 194. Ideally, maleimide site-specific labeling is done in the

presence of only one liable surface exposed cysteine. Therefore, generating a ‘CysLite’ mutant,

not liable to maleimide dyes, is a necessary first step in creating a site-specifically liable mutant

(Figure 11.11). With a CysLite construct, we may substitute a cysteine any desired position

(Figure 11.12). For reference, native cysteines are depicted in gray in Figure 11.8.
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(a)

(b)

Figure 11.9 Surfaced exposed cystines of RecQ and UvrD
Surface exposed cystines highlighted (magenta).
(a) RecQ domains: Helicase 1 (red), Helicase 2 (blue), Zn-binding (yellow), Winged-Helix (green). The
H1 (1-208), H2 (209-340), Zn-binding (341-406) and domains contain 5, 1 and 5 cysteine respectively.
The Winged-Helix (407-516) and HRDC (517-609) domains contain no cysteines. C94 (H1) and C351 (WH)
appear to be partially exposed. The cysteine tetrad (C380, C397, C400, C403) coordinates Zn2+.
(b) UvrD domains: 1A (green), 1B (wheat), 2A (blue) and 2B (teal). The RecA-like domains are 1A and 2A
(green and blue, respectively). The 1A (1-89, 215-280), 1B (90-214), 2A (281-377, 551-647) and 2B (378-550)
domains contain 1, 1, 3 and 1 cysteines respectively. C52 (1A) and C322 (2A) appear to be partially solvent
exposed.
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(a)

(b)

Figure 11.10 Alexa647 labeling of RecQ
(a) Alexa647-maleimide/RecQ labeling. Alexa647-maliemide (blue), RecQ-Alexa647 (red), RecQC94S-
Alexa647 (green), RecQC351S-Alexa647 (dark green) and RecQC94-351S-Alexa647 (purple). Note that
HisThromRecQ C94-351S (purple) has negligible A650 absorbance. This indicates that the vast majority
of labeling occurs at C94 and C351. Labeling stoichiometry based on A650/A280 and the extinction
coefficients of RecQ and Alexa647 (𝑒RecQ

280 = 48 820 M−1 cm−1, 𝑒Alexa647
650 = 238 000 M−1 cm−1) were as

follows: RecQ (1.22), C94S (0.77), C351S (0.79) and C94-351S (0.05).
(b) Alexa647-cadeverine/RecQ labeling. TGase-RecQ-Alexa647cadaverine (dark green) and RecQ-
Alexa647cadaverine (purple). Labeling stoichiometry was as follows: TGase-RecQ (0.29) and RecQ
(0.09). All traces normalized to A280, with the exception of the Alexa647-maliemide dye, which is scaled
proportional to the A220, since its A280 is negligible.
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Figure 11.11 Overview of selected CysLite mutants
Note that the TGase-RecQwt mutant is maleimide liable. This is by design, as labeling is intended to be
labeled via transglutaminase mediated cadaverine transfer to the N-terminal TGase tag.

Figure 11.12 Overview of selected single and double mutants
Note that the C94S and C351S site-specific mutants are liable on the opposite residue (i.e. C94S
labels C351 and C351S labels C94). Note that two active single mutants do not necessarily imply an
active double mutant. For example, both C94S_C351S_N65C and C94S_C351S_N273C are active, but
C94S_C351S_N65C_N273C is not.
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11.4.2.1 Zinc protects surface exposed cysteine tetrad

Previous studies have shown that mutations to the Zn-binding cysteine tetrad have a deleterious

impact on RecQ purification (probably inclusion bodies) and function.154 In demonstrating

that tetrad mutants (C380S and C380S_C397S_C400S_C403S) do not express (Figure 11.11), we

have confirmed this observation. Liable cysteines that cannot be removed by mutagenesis

would ordinarily be problematic; however, a prior study using 4-(2-pyridylazo)resorcinol (PAR),

an absorbance based reporter of free Zn2+,195, 196 and 5,5′-dithiobis-(2-nitrobenzoic acid, also

known as Ellman’s reagent, (DTNB),197 an absorbance based reporter of free thiols, suggests

that the tetrad cysteines are protected in the presence of zinc.152 In this study, the ratio

of free thiol to protein increases from 3.7:1 to 7.2:1 after the removal of Zn2+ by dialysis in

dithiothreitol (DTT) and ethylenediaminetetraacetic acid (EDTA). Given that the Zn-finger is

highly conserved, sensitive to mutations, and may be protected from labeling, we proceeded in

attempts to generate a CysLite mutant without mutating the Zn-finger region, and use ZnCl2 in

our labeling conditions to protect the otherwise surface exposed Zn-finger cysteines.

Using serial mutagenesis, we generated a HisTEVRecQ ZnCys-Only mutant with a 6-His tag,

Tobacco Etch Virus nuclear inclusion a endopeptidase (TEV)-protease site, with all 7 non-tetrad

cysteines mutated to serine. This mutant was only very slightly soluble and could not be purified

(for a discussion of the approaches attempted to improve the solubility of this, and other, RecQ

mutants see Section 11.5.2).

11.4.2.2 CysLite mutant

After careful inspection of the available RecQ crystal structures (Figure 11.9), several intermediate

Cys → Ser mutations were expressed, purified and tested for Alexa647-maliemide labeling. The

HisThromRecQ C94S_C351S double mutant, dubbed CysLite, does not label at a 6:1 dye:protein

ratio (Figure 11.10 (a)). This CysLite mutant was used as a base from which to generate a small

family of mutants with a single liable cysteine.i

These mutants were then site-specifically labeled with maleimide dyes. For example,

HisThromRecQ C94S and HisThromRecQ C351S have a stoichiometry of approximately 1:0.8

iA similar two-step, CysLite to site-specifically labeled, methodology could prove tractable for UvrD (Figure 11.9 (b)).
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(RecQ:Alexa647). Characterization included DNA-stimulated ATPase (Figure 12.4) and binding to

3′-duplex DNA (Figure 12.5). See Section 12.2 for further discussion.

11.4.2.3 Transglutaminase (TGase)-mediated construct

TGase mediated site-specific labeling for single-molecule studies has been established previ-

ously.198, 199 The TGase site is specifically labeled with stoichiometry Alexa647:RecQ ≈ 0.3

(Figure 11.10 (b)). The biggest downsides of this approach, compared to maleimide labeling, is

that TGase-site positions are limited to termini and long flexible loop regions, such as the linker

between the RecQ WH and HRDC domains. Single-molecule experiments were attempted with

both maleimide and cadaverine labeled substrates.

11.4.3 Site-specifically labeled, double-label

Following the identification of a CysLite base and subsequent single site-specifically labeled

constructs, additional mutants were attempted to generate a double-labeled construct. Rationally

designed sites were selected on the H1, H2, Winged-helix and HRDC domains by the following

procedure:

(i) Maximum distance sensitivity is achieved around the R0 for a given fluorophore pair. Given

that the R0 for common donor (Cy3/Cy3B) and acceptor (Cy5/Alexa647/Atto647N) dyes

range from 5–6 nm, pairs with CA-CA distances of 4–7 nm are desirable (Figure 11.13 (a)).

(ii) Maleimide reactivity requires that the SG cysteine atom is solvent accessible. Buried or

disulfide-bonded cysteines are not liable. Therefore, it is required that sites have solvent

accessible surface areas > 20 Å2 (Figure 11.13 (b)).

(iii) RecQ mutants must retain DNA binding, basal ATPase and DNA-stimulated ATPase activities

comparable to wildtype. To minimize disruption, only small, non-aromatic, uncharged

residues (SER, THR, GLN, ASN) were considered for mutagenesis (Figure 11.13 (c)).

(iv) Observed FRET is correlated to the distance between fluorophore positions, not residue

positions. The size of the dye, length of the linker, and flexibility of the protein local

environment all contribute to fluorophore mobility. It is generally desirable that the

fluorophore remain rotationally unconstrained such that the kappa-squared assumption



Site-specifically labeled, double-label 193

(a) (b) (c)

(d)

Figure 11.13 Rational design procedure for NNN→ CYS mutants
(a) C𝑎-C𝑎 pair-wise distance distribution (ideally 4–7 nm).
(b) Residues with solvent assessable surface area > 20 Å.119

(c) Small, non-aromatic, uncharged residues to minimize disruption (SER, THR, GLN, ASN).
(d) B-factor map of RecQ: B < 10 (blue) to B > 50 (blue). Putative labeling site residues with B < 20
(yellow) and 20 < B < 30 (green)

holds (𝑘2 = 2/3).119, 137 This is why most maleimide dyes, including the ones used in these

studies, contain a C6-C12 linker between the reactive maleimide and dye. Additional

fluorophore mobility attributable to the protein local environment is undesirable because

it further decouples the desired measurement (distance between residue positions and

the domains upon which they reside) and the observed measurement (distance between

fluorophore positions). B-factor, a measure of the dispersion from theoretical electron

density, is a proxy for local environment flexibility. Lower B-factors generally correspond

to less flexible regions, while higher B-factors correspond to more flexible regions. Since

we wish to detect relative distance changes between relatively rigid domains, residue

positions with low B-factor are preferred (Figure 11.13 (d)).

Selected sites are highlighted in black in Figure 11.8. Given the possibility of a H1/H2 cleft

opening/closing during translocation and unwinding, emphasis was afforded to these mutants

(Figure 11.12). The double labeled HisTEVRecQ C94S_C351S_N65C_S245C, designed to monitor
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H1/H2 cleft movement, labels with high efficiency, demonstrates basal and DNA stimulated

ATPase turnover comparable to wildtype and shows FRET in ensemble fluorometry assays

(Section 12.1).

11.5 Discussion

11.5.1 Controversy surrounding Thrombin cleavage of RecQ

Many research groups employ a protocol using Thrombin159 or biotinylated-Thrombin153 for

full-length RecQ preparation. Briefly, Thrombin cleavage was conducted at room temperature

overnight at 10 µU Thombin (Sigma) per mg of protein in standard buffer (10 % Glycerol, 300 mM

NaCl and 20 mM Tris HCl pH7.5) supplemented with 10 mM CaCl.

However in our study, Thrombin cleaved both the tag and RecQ, generating ∼60 kDa and

∼10 kDa fragments (by gel electrophoresis) that do not bind a Ni-nitrilotriacetic acid (NTA)

column (evidence that the 6-His tag is removed). Examination of the sequence by the Expasy

peptide cutter reveals a thrombin site at position 514, immediately before the HRDC domain.

The theoretical mass of this 96 residue fragment is 10.8 kDa, which corresponds to that of

our observed fragment in electrospray ionization mass spectometry (ESI-MS). N-terminal

sequencing revealed that the fragment began 6 residues upstream of the theoretical cut site,

yielding a theoretical mass of 9.9 kDa. This mass was confirmed via ESI-MS (data not shown). We

therefore conclude that these two fragments correspond to RecQ𝐷HRDC and the HRDC domain.

An alternative His-tag free purification protocol for RecQ purification has been previously

reported;200 however, we have developed a simpler protocol using a TEV protease site

instead of Thrombin, which indeed produces full-length wild-type RecQ (RecQwt) (see Methods

Appendix B.1 for detailed proceedure). Ensemble kinetics studies on RecQ, RecQ𝐷C (equivalent

to RecQ𝐷HRDC), RecQ𝐷N and RecQ𝐷N𝐷C have been performed.159 While the study reported that

the ATPase turnover rates of what was reported to be RecQwt and RecQ𝐷C are indistinguishable,

we initially questioned their result as both substrates utilized a Thrombin cleavage in their

preparation. As such, we have generated wild-type and site-specifically labeled Thrombin-

cleaved RecQ𝐷HRDC substrates (Table B.1). RecQ𝐷HRDC was separated from the HRDC domain
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via gel filtration. Full length RecQ and RecQ𝐷HRDC were determined to have comparable basal

ATPase, DNA-stimulated ATPase and binding properties (Section 12.2). Both the RecQwt from

the TEV protocol and RecQ𝐷HRDC from the Thrombin protocol were used in single-molecule

experiments to explore the role of the HRDC domain.

We cannot explain how other experimental groups153, 159 obtained a full-length wild-type RecQ

from Thrombin cleavage. From our data, we must conclude that they inadvertently used

RecQ𝐷HRDC owing to its very similar ensemble properties (Section 12.2). The use of RecQ𝐷HRDC

instead of RecQwt may further complicate the interpretation of an already confused literature.

11.5.2 Insolubility of RecQmutants

It was observed that RecQ mutants have reduced solubility compared to RecQwt. A variety of

methods were used to increase the overall yield of RecQ mutants by increasing their solubility:

• Temperature (15 ∘C, 25 ∘C and 37 ∘C)

• Supplemental 10 mM ZnCl2 in growth media

• Expression system (Rosetta2(DE3)pLys, Lemo21 and BL21(DE3)pLys)

• Media (Invitrogen MagicMedia™ E. coli Expression Medium SoluPouch™ and LB-Broth201)

Mutant RecQ solubility was not improved under any E. coli growth condition assayed, and was

insoluble for all post-induction time points (data not shown).

11.5.3 Use of ‘inline’ fluorophores for labeled DNA preparation

While a variety of DNA substrates were used in the preliminary single-molecule total internal

reflection fluorescence microscopy (TIRFM) assays, all labeled DNA substrates used an inline

labeling scheme (Figure 11.14). A major drawback of this labeling scheme is that internal labeling

sites necessitate the replacement of an otherwise natural base pairing. Other schemes, such as

an amino modified C6dT branch from the base and do not perturb natural base pairing. This

is a consideration often overlooked in single-molecule studies, and one potential reason why

the interpretation of the preliminary results has proven problematic. Unfortunately, branched

labeling may interfere with RecQ translocation and unwinding.



196 Chapter 11: RecQ substrate preparation

(a) (b)

Figure 11.14 DNA labeling schemes, inline versus branched
(a) Inline: Int Cy3, and (b) branched: Int amino modifier C6dT. Note that the inline labeling scheme (a)
would interfere with natural base pairing since it replaces a base. A branched labeling scheme (b) does
not interfere with base pairing but may act as an obstruction along the backbone.

Another consideration is the close proximity of the Cy3 and Cy5 dyes in the labeled DNA/unlabeled

protein experiments. Cyanine dyes are notorious for blinking; this is exacerbated by very close

physical proximity to other dyes.

In selecting DNA substrates, one should consider minimizing base pairing disruption, increasing

the distance between the acceptor/donor and dye photostablity (e.g. Alexa series, Cy3B and

Cy5.5). The advantages of Cy3B over Cy3, namely increased brightness and photostability, are

discussed elsewhere.202 Schematics of all DNA substrates are shown in Figure 12.6 (a).

11.6 Conclusion

We have reported the design, production and quality-control of fluorescently labeled RecQ

substrates, sufficient for use in single-molecule assays. Most importantly, we have revealed

a potentially problem with a commonly used RecQ purification protocol, suggesting that the

RecQ species used in many experiments is a truncated RecQ𝐷HRDC mutant, and not RecQwt

(Section 11.5.1).

We have also overcome a number of technical hurdles, applicable to not only RecQ, but also

other proteins which are challenging to site-specifically label owing to a large number of surface

exposed cysteines. Namely, we generated a CysLite substrate with which we can freely introduce



Conclusion 197

site-specific fluorophore labeling sites, despite the large number of maleimide-liable surfaces

exposed cysteines. The most important technical feat was the use of Zn2+ in the protection

of otherwise liable cysteines (Section 11.4.2.1), the protection/deprotection of reactive sites

being common in synthetic organic chemistry, but not molecular biology. This approach made

the production of the CysLite substrate tractable. We also explored the use of alternative

labeling schemes in producing a double site specifically labeled substrate, which are challenging

to produce, and therefore uncommon in the literature. The substrates reported therein,

particularly the CysLite precursor, should be broadly applicable to research where site-specific

labeling of RecQ is demanded.
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As a starting point, we hypothesize that RecQ operates via an inchworm or modified inchworm

(rotating ratchet) mechanism, posses DNA binding sites akin to those proposed by the Keck152

and Yang132 labs and translocate/unwind DNA via iterative engagement/disengagement of the

H1/H2 unwinding pins.

12.1 Direct determination of H1/H2 cleft movement

Using the double labeled H1/H2 double mutant, HisTEVRecQ CysLite N65C S245C (Section 11.4.3),

we examine the cleft opening/closing of RecQ during its turnover cycle.

Both labeling reactions (1: Cy3B, 2:1, 1hr, R/T → Atto647N, 8:1, O/N, R/T; 2: Atto647N, 2:1,

1hr, R/T → Cy3B, 8:1, O/N, R/T) yield the comparable labeling efficiency and stoichiometry,

1:0.74:0.61 and 1:0.64:0.61 RecQ:Cy3B:Atto647N respectively (Figure 12.1 (a)). Both labeling

reactions yield comparable basal ATPase and DNA-stimulated ATPase activity (Figure 12.1 (b)).

Curiously, labeling Rxn1 (Cy3B → Atto647N) yields an apo high-Förster resonance energy

transfer (FRET) state, while labeling Rxn2 yields an apo low-FRET (Figure 12.1 (c)). This could

be due to the relative position of the dyes artificially biasing the Rxn1 labeled mutant towards

a closed conformation, and/or the Rxn2 labeled mutant towards an open conformation. As

the fluorescent dyes themselves could bias the underlying open/closed distribution via a

variety of mechanisms, it is impossible to determine the true native distribution. We will

therefore focus on changes in the open/closed distribution. At the ensemble, changes in the

underlying distribution will be obfuscated, resulting in changes in overall apparent FRET. At

the single-molecule level, it should be possible to tease apart the change in distribution more

precisely; that is, answer the question of whether intermediate FRET values at the ensemble are
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true intermediates, or mixtures of binary open/closed states.

12.1.1 Ensemble fluorescence

Given the apo FRET states for Rxn1 (apo high FRET) and Rxn2 (apo low FRET), we set out to

determine how the addition of analytes would change the apparent FRET signal. Although it

is impossible to determine whether any intermediate apparent FRET values are mixtures of

binary open/closed states or true intermediates, we take the former as a plausible simplifying

assumption until more advanced single-molecule techniques can be brought to bear. With the

double labeled RecQ mutant (HisTEVRecQ CysLite N65C S245C, Cy3B_Atto647N), we address a

number of previously inaccessible questions, including:

(i) Does the binding of dT54 single-stranded DNA (ssDNA) induce a cleft opening/closure?

(ii) Does adenosine triphosphate (ATP) induce a cleft opening/closure?

(iii) Given that ATP is hydrolysable by RecQ, and that the enzyme presumably changes

conformation to couple the energy release of ATP hydrolysis to translocation/unwinding,

what can analogues (e.g. AMP-PNP / ATP-bound state, ADP-AlF4 / ADP•Pi) reveal about

the conformational state of RecQ during the catalytic cycle?

Ensemble fluorometer results for Rxn1/apo- high FRET/apo- closed state and Rxn2/apo- low

FRET/apo- open state are depicted in Figure 12.2 and Figure 12.3 respectively. Panel A of

both figures shows RecQ, RecQ + dT54, RecQ + ATP and RecQ + AMP-PNP, all under saturating

conditions. AMP-PNP, as a non-hydrolysable ATP analogue, is generally thought to mimic the

ATP-bound state pre-hydrolysis.

For Rxn1 labeled RecQ mutant, none of the aforementioned analytes causes a change in apparent

FRET from the apo- high FRET state (Figure 12.2 (a)). For Rxn2 labeled RecQ mutant, the addition

of ATP causes a dramatic increase in FRET efficiency, while dT54 and AMP-PNP yield no change

from the apo- low FRET state (Figure 12.3 (a)). These results suggest that ssDNA and ATP-binding

(AMP-PNP, pre-hydrolysis ATP binding) dot not induce a change in cleft conformation. They

also suggest that ATP induces a cleft closing at some point in the catalytic cycle.
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(a) (b)

(c) (d)

Figure 12.1 Double labeling of HisTEVRecQ CysLite N65C-S245C
(a) Absorbance Rxn1 HisTEVRecQ CysLite N65C S245C, Cy3B → Atto647N (blue), Rxn2 HisTEVRecQ
CysLite N65C S245C,Atto647N → Cy3B (magenta) and HisThromRecQ CysLite, Alexa647 (black).
Labeling stoichiometry based on A280:A560:A655 and the extinction coefficients of RecQ (𝑒RecQ

280 =
48 820 M−1 cm−1), Cy3B (𝑒Cy3B

560 = 130 000 M−1 cm−1), Atto647N (𝑒Atto647N
655 = 150 000 M−1 cm−1) and

Alexa647 (𝑒Alexa647
649 = 239 000 M−1 cm−1) were:

RecQ Cy3B Atto647N

Rxn 1, Cy3B → Atto647N 1 0.74 0.61

Rxn2, Atto647N → Cy3B 1 0.64 0.61
Note that the labeling efficiency and stoichiometry of both labeling reactions are comparable. Alexa647
labeling of the CysLite mutant was less than 2 %.
(b) ATPase Mutant basal (400 nM) and dT54 DNA-stimulated (1 µM) ATPase activity. Note that both double
mutants are active and show ∼20 fold DNA stimulation.
(c) Ensemble Fluorescence Ex500 fluorescence spectra for both Cy3B → Atto647N (Rxn1, blue) and
Atto647N → Cy3B (Rxn2,magenta) with appropriate controls. RecQ mutant (500 nM), dT54 (10 µM , data
not shown) and adenylylimidodiphosphate (AMP-PNP) (1 mM , data not shown).
(d) Ensemble FRET for Cy3B → Atto647N (Rxn1, blue) and Atto647N → Cy3B (Rxn2,magenta) depicted
by subtracting the contribution of Cy3B and Atto647N free dye. Note that the reference curves were
shifted before subtracting to account for the slightly different Stokes shift of free dye versus protein
conjugated dye. Note that despite comparable labeling stoichiometry, (Rxn1) yields a high FRET state,
while (Rxn2) yields a low FRET state. Reaction conditions were identical except for the order of dye
addition.
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(a)

(b) (c)

Figure 12.2 Minimal change in FRET for Rxn1 labeled RecQ mutant
(a) The addition of 5 mM dT54 ssDNA (magenta), 5 mM ATP (blue) or 400 µM AMP-PNP (green) to
200 nM HisTEVRecQ CysLite N65C S245C Rxn1 labeling, Cy3B → Atto647N (gray) does not significantly
alter FRET.
(b) The addition of 5 mM dT54 ssDNA and 5 mM ATP may slightly increase FRET.
(c) The addition of 5 mM dT54 ssDNA and 400 µM AMP-PNP may slightly increase FRET.
All concentrations are final value in imaging buffer (Appendix B.7.2.1).
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(a)

(b) (c)

Figure 12.3 ATP causes change in FRET of Rxn2 labeled RecQ mutant
(a) The addition of 5 mM ATP (blue), but not 5 mM dT54 ssDNA (magenta) or 400 µM AMP-PNP (green),
to 500 nM HisTEVRecQ CysLite N65C S245C Rxn2 labeling, Atto647N → Cy3B (gray) dramatically increases
the FRET signal.
(b) The addition of 5 mM dT54 ssDNA and 5 mM ATP cause intermediate FRET values.
(c) The addition of 5 mM dT54 ssDNA and 400 µM AMP-PNP yield no change in FRET. An intermediate
FRET value can be recovered after 5 minute incubation with a high 10 mM ATP concentration (dashed
green).
All concentrations are final value in imaging buffer (Appendix B.7.2.1).
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Next, we ask questions about H1/H2 cleft movement in the ssDNA bound state; specificially,

whether ATP still induces cleft closing, and whether AMP-PNP has any affect on the cleft in the

presence of ssDNA. Figure 12.2 (b) and Figure 12.3 (b) show RecQ and RecQ + dT54 + ATP for Rxn1

and Rxn2 double labeled RecQ mutants, respectively. For Rxn1, there is no dramatic change in

FRET; for Rxn2, intermediate FRET values are observed.

12.2 Dynamics of DNA binding

12.2.1 Ensemble ATPase turnover

Following prior work,133, 153, 159, 200 we observe ssDNA stimulated enhancement of RecQ ATPase

activity (Figure 12.4). Fortuitously, we find that there is no significant change in ATPase activity

for the site-specific C→S substitutions. Further, changes in ATPase turnover upon labeling with

Alexa647 are also present in the wildtype (wt_20120404), suggesting that this decrease is not

due to the presence of the fluorophore. We also find that there is no significant difference in

ATPase activity between full-length RecQ and truncated RecQ𝐷HRDC (Section 11.5.1).

12.2.2 Ensemble binding assays

We report qualitatively similar dissociation constants (Kd) in the 100 nM range for both

full-length wild-type RecQ (RecQwt) (Figure 12.5 (a,c,e)) and RecQ𝐷HRDC (Figure 12.5 (b,d,f)),

suggesting similar binding behavior. Curiously, while the reported dissociation constants are

comparable, the Hill coefficienti differs between the protein induced fluorescent enhancement

(PIFE) (n = 2) and anisotropy (n = 1) assays, under identical conditions. Hill coefficients of 1,153

2203 and 3204, 205 have been reported in the literature.

We cannot explain these variations. They may simply be a consequence of overfitting; however,

one intriguing possibility lies with the PIFE phenomena itself. It is conceivable that multiply

binding sites encourage a robust PIFE response, while the anisotropy response is largely

independent of the number of binding sites (unless each individual bound configuration is

iThe Hill coefficient is a measure of binding cooperativity, and is given as n in the expression 𝑗 =
[L]n

Kd + [L]n ,

where 𝑗 is the fractional occupancy of the bound state, [L] is the ligand (DNA for our assays) and Kd is the dissociation
constant.
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Figure 12.4 ATPase assay on CysLite and selected site-specific mutants
Basal (200 nM RecQ) and DNA-stimulated (1 µM dT54) ATPase activity with NADH coupled assay.
wt_20120402 and wt_20120404 are RecQwt. Mutants are HisThromRecQ unless otherwise stated.
𝐷HRDC mutants are generated with Thrombin, and therefore have their Thrombin-tags cleaved as well.
wt_20120404, C94S_Alexa647 and C351S_Alexa647 received the same treatment (other than the dye
addition), so wt_20120404 (as opposed to wt_20120402) is the appropriate internal control.
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(a) (b)

(c) (d)

(e) (f)

Figure 12.5 RecQ and RecQ𝐷HRDC binding to 3′-duplex DNA
Kd determined by hill equation for PIFE, Anisotropy and NanoTemper based binding measurement with
(a) 10–15 nM 25 nt / 25 bp 3′-duplex DNA (iCy3 at ss/dsDNA junction) on RecQwt and (b) RecQ𝐷HRDC
yielded a Hill coefficient of ∼2, while an anisotropy-based determination on (c) RecQwt and (d) RecQ𝐷
HRDC under identical conditions yielded a Hill coefficient of ∼1. NanoTemper results for (e) RecQwt and
(f) RecQ𝐷HRDC for comparison.
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quite short-lived). Given the Hill coefficient of n = 1 in the anisotropy assays, it is unlikely

that cooperativity, if any, is due to RecQ multimers. Multimerization has been suggested in

other experimental work;203–205 however, anisotropy should be quite sensitive to low-order

multimers (e.g. dimers, trimers and tetramers). It seems unlikely that such a short DNA substrate

could accommodate more than one enzyme.ii

Taken together, we conclude that RecQ binding to DNA may be slightly cooperative. Importantly,

any putative cooperativity is associated with the DNA-RecQ interaction, and not RecQ

multimerization, supporting the view that RecQ is able to bind appropriate DNA substrates as a

monomer.153

12.2.3 Single-molecule binding assays

Single-molecule binding dynamics experiments were conducted with non-specifically labeled

Alexa647-maleimide RecQwt (10 nM and 50 nM) and Cy3 labeled 3′-duplex DNA (Figure 12.6 (d,e))

in the absence of ATP. We observe pulse-train-like single-molecule trajectories (Figure 12.7 (a,b)),

expected to correspond to the association (bound state) and dissociation (unbound state)

of labeled RecQ (acceptor, Alexa647-maliemide) to/from the 3′-duplex DNA junction (donor,

IntCy3).

Analysis of these step-like time-series yields dwell-time distributions (Appendix B.5), corres-

ponding to bound and unbound states at 10 nM and 50 nM RecQ (Figure 12.8). Double Gaussian

fits on the dwell-time distribution were then used to segment two discrete FRET states. Bound

and unbound time constants (𝑡bound, 𝑡unbound) were determined by exponential fits to the E

segmented dwell-time distributions with a 1 s imposition of resolution (Figure 12.9). Imposition

of resolution was used to exclude short, likely spurious, events. Time constants are reported in

Table 12.1.

For example, for the simplest system with a single bound and unbound state, rate constants are

iiAlthough, the substrate does not rule-out RecQ-RecQ interactions, gel filtration suggest that RecQ is indeed a
monomer (Appendix B.1.2).
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Figure 12.6 Labeled DNA schematic
(a) Cy3 / Cy5 5′-biotin 25 bp/25 nt 3′-duplex DNA (Cy3 Bottom 5′-biotin 50 nt / Cy5 Top)
(b) Cy3 / Cy5 3′-biotin 25 bp/25 nt 3′-duplex DNA (Cy3 Bottom 3′-biotin 50 nt / Cy5 Top) and 3′-biotin
25 bp/50nt 3′-duplex DNA (Cy3 Bottom 3′-biotin 75 nt / Cy5 Top)
(c) Substrate from Pan et al.206

(d) Cy3 5′-biotin 25 bp / 25 nt 3′-duplex DNA (Cy3 Bottom 5′-biotin 50 nt / Top Unlabeled)
(e) Cy3 3′-biotin 25 bp / 25 nt 3′-duplex DNA (Cy3 Bottom 3′-biotin 50 nt / Top Unlabeled) and 3′-biotin
25 bp / 50 nt 3′-duplex DNA (Cy3 Bottom 3′-biotin 75 / Top Unlabeled)
Note that all labels use an inline Int Cy3 or Cy5. Sequences available in Table B.3.
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(a)

(b)

(c)

Figure 12.7 Single-molecule trajectories with donor labeled DNA
Results for non-site-specifically labeled RecQ.
(a) DNA Only
(b) 50 nM RecQ. Note the pulse train, particularly the anti-correlation in the donor and acceptor channels.
This corresponds to acceptor labeled RecQ association/dissociation.
(c) 10 nM RecQ, 1 mM ATP. Note the unusually behavior, including E-values higher than those found
without ATP.
Conditions: 5′-biotin 25 bp/25 nt 3′-duplex DNA (Figure 12.6 (a)) and standard imaging buffer (Ap-
pendix B.7.2.1); down-sampled from 100 ms to 500 ms for clarity; E panel fit with 1D Gaussian Kernel edge
detector (Scale/0.6, Threshold/0.3). All y-axis scales in a.u..
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Figure 12.8 Dwell-time distribution for acceptor labeled RecQ and donor DNA
Results for non-site-specifically labeled RecQ.
(a) 10 nM RecQ
(b) 50 nM RecQ
Note how the total number of events increases at higher concentration. Also note that the low FRET state
occupancy is decreased. Both experiments carried out at 3 mW 532 nm (donor) excitation with 100 ms
integration time in standard imaging buffer (Appendix B.7.2.1).

Figure 12.9 Exponential fits of dwell-time distribution
Single exponential/Gaussian (red) and Double exponential/Gaussian (green) fits for non-site-specifically
labeled RecQ.
(a) The FRET distribution is fit to one or more Gaussian distributions. The centroid of these Gaussians
defines the cut offs for 𝑡low, which corresponds to the unbound state, and 𝑡high, which corresponds to the
bound state.
(b) The dwell-time distribution for the unbound state is fit to exponentials.
(c) The dwell-time distribution for the bound state is fit to exponentials.
The results of these exponential fits are depicted in Table 12.1
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10 nM RecQ (Non-specifically labeled with Alexa647-maliemide)

Method 𝑡unbound / s 𝑡bound / s Keq

Mean 46.5 3.3 0.07

Exp1 44.4 2.4 0.05

Exp2 Slow 105.7 11.2 0.11

Exp2 Fast 1.8 2.1 1.17

50 nM RecQ (Non-specifically labeled with Alexa647-maliemide)

Method 𝑡unbound / s 𝑡bound / s Keq

Mean 22.8 7.3 0.32

Exp1 14.4 4.9 0.34

Exp2 Slow 62.4 11.1 0.18

Exp2 Fast 6.2 1.8 0.29

Table 12.1 RecQ dissociation constants from single-molecule prism-type TIRFM
𝑡unbound corresponds to the unbound FRET state (E < 0.1); 𝑡bound corresponds to the bound FRET state
(E > 0.3). Keq =

(︀
𝑡bound/𝑡unbound

)︀
is reported because Kd is model dependent.

computed from time constants as,

kon =
1

𝑡bound × [RecQ]

(︀
M−1 s−1)︀ , (12.1)

koff =
1

𝑡unbound

(︀
s−1)︀ , (12.2)

where kon and koff are the forward (association) and reverse (dissociation) rate constants

respectively, and 𝑡bound and 𝑡unbound are the characteristic lifetimes of the bound and unbound

states from exponential fits.

The dissociation equilibrium constant (Kd), in turn, can be computed from the rate constants,

Kd =
koff
kon

(M) . (12.3)

Analogous computations were carried out for the higher order binding models. Since both

single and double exponential time constants were consistent with the data, a variety of binding

models are plausible (Figure 12.10).

Our reported ‘slow’ and ‘fast’ time constants are separated by about one order of magnitude,
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Figure 12.10 Plausible binding models for RecQ/DNA interaction
Results for non-site-specifically labeled RecQ.
(a) Two-state association/dissociation.
(b) Single association rate, biphasic dissociation.
(c) Biphasic association and dissociation.
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on the order of the qualitative detection limit. However, that the double exponential fit is

significant over the single exponential fit to p = 0.01, suggests two-state binding behavior, as

indicated in Figure 12.10 (c). As these results are a consequence of non-site-specifically labeled

RecQ, and both C94 and C351 are known to be liable (Figure 11.10 (a)), we caution the reader

against over-interpretation. We cannot rule-out the possibility that the two binding modes are a

result of differentially labeled sub-populations.

Single-molecule dissociation constants were slightly higher than ensemble literature reports:

Kd = 18 nM for a 16 bp/40 nt 3′-duplex DNA substrate,133 and Kd = 26 nM for a 32 nt ssDNA.205

We observe higher dissociation constants at higher RecQ concentration in double exponential

models (Figure 12.10 (b,c). If true, this would suggest that there is binding inhibition at higher

RecQ concentrations. Inhibition of unwinding initiation has been reported in the literature,

adding to the plausibility of this conclusion.206 Using single-molecule total internal reflection

fluorescence microscopy (TIRFM) with double labeled DNA and unlabeled RecQ, they observe

that: (i) longer tailed 3′-duplex substrates (16 bp/20 nt) take longer to initiate unwinding than

shorter tailed substrates (16 bp/6 nt) and (ii) once unwinding begins, longer tailed substrates

unwind faster than shorter tailed substrates. Furthermore, using multiple turnover ensemble

kinetics on the same substrate (16 bp/20 nt), they observe two phase unwinding, with a fast

and a slow phase. At low RecQ concentration (10 nM), fast phase unwinding prevails, while at

higher RecQ concentration (50 nM) slow phase unwinding is more prevalent. Both of these

observations could be explained by binding inhibition at higher RecQ concentrations. Note,

however, that they use biotinylated Thrombin153 in their RecQ preparation. As we have shown

in Section 11.5.1, the use of Thrombin in the preparation of RecQ may actually yield a truncated

RecQ𝐷HRDC substrate, instead of RecQwt.

Overall, the results are surprisingly consistent considering the limitations of the single-molecule

approach: (i) the input concentration likely differs from the experimental concentration at the

surface of the flow cell due to nonspecific absorption of RecQ, (ii) no correction was made for the

fact that there is a non-specifically labeled population of RecQ (some of which are unlabeled),

(iii) the close proximity of the surface could impede RecQ binding and (iv) that the acceptor

fluorophore could interfere with DNA binding.
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DNA binding experiments were also conducted with site-specific Alexa647 labeled RecQ.

Qualitatively, there was no difference between non-specifically and site-specifically labeled

observations. There were insufficient traces for site-specifically labeled RecQ to draw quantitative

conclusions.

12.3 Dynamics of translocation and unwinding

Two complementary approaches were used as a preliminarily assay of RecQ unwinding using

single-molecule TIRFM. In one approach, we used acceptor/donor labeled 3′-duplex DNA and

unlabeled RecQ; in the other, acceptor labeled RecQ and donor labeled 3′-duplex DNA. A

double-labeled RecQ mutant has also been prepared for use in a third set of experiments aimed

at directly probing inter-domain motions during translocation and unwinding.

12.3.1 Labeled DNA and unlabeled RecQ

It is difficult to distinguish between unwinding events and acceptor photobleaching in assays

with acceptor/donor labeled DNA and unlabeled RecQ (Figure 12.11). Given our substrate design

(Figure 12.6 (a,b)), one would expect a high FRET initial value (EPre ≈ 0.9), transitioning to a low

FRET (EPost ≈ 0.1) value as the acceptor containing strand is displaced by a RecQ helicase. This

is clearly observed in a multiple turnover ensemble assay (Figure 12.12).

While donor photobleaching can be distinguished by the lack of recovery in donor signal,

acceptor photobleaching cannot be so easily accounted for. One way around this problem would

be the observation of steps, discrete FRET transitions as RecQ possessively unwound the DNA

substrate. A variety of ATP concentrations were assayed, which based on available ensemble

kinetics data, should have allowed for the detection of base-pair unwinding with the Neuman

lab instrumentation (100 ms).

Rarely (13 of 314 trajectories), at 50 nM RecQ and 100 µM ATP, what appear to be steps are

visible. The data are too sparse to accurately identify discrete E states via multi-Gaussian fitting

of the FRET efficiency distribution (Appendix B.5.2), the technique used to extract binding

kinetics. Another approach is therefore required.
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(a) (b)

Figure 12.11 Single-molecule trajectories with double labeled DNA
(a) DNA Only
(b) 50 nM RecQ, 10 µM ATP with regeneration system.
Note the overall similarity of the traces. Conditions: 5′-biotin 25 bp/25 nt 3′-duplex DNA (Figure 12.6 (a))
and standard imaging buffer (Appendix B.7.2.1); down-sampled from 100 ms to 500 ms for clarity; E panel
fit with 1D Gaussian Kernel edge detector (Scale/0.6, Threshold/0.3). All y-axis scales in a.u..

A variational Bayesian inference model, vbFRET,iii was used to fit the 13 stitched traces to a

4 state model (Figure 12.13 (a)).207 Reproducible fits required down-sampling from 50–100 ms

to 500 ms (ignoring fast transitions). Due to stitching, the lowest FRET state is an inaccurate

representation of unwound DNA; occupancy and transitions out of this state are therefore

ignored. Note however, that transitions from higher states into the unwound state are still valid.

The transition matrix reveals that unwinding transitions occur in both directions; that is, while

high to low E transitions are preferred, at all states there remains a non- negligible probability

of transitioning to a higher FRET state (Figure 12.13 (b)). These data suggest that, while biased in

the 3′ → 5′ direction, RecQ does in fact translocate in reverse (5′ → 3′). However, given the rare

occurrence of step-like traces and the now partially resolved problem of discriminating acceptor

photobleaching, interpretation should be met with skepticism. While not yet attempted, slowly

hydrolysable ATP analogues may reveal more stepped traces by slowing down RecQ at saturating

ATP.

Another approach to side-step unwinding event detection versus acceptor photobleaching,

useful in cases where RecQ unwinds DNA too quickly for steps to be observed, is to measure

the slope of the transition from high to low FRET. Unfortunately, given the noise in the FRET

trajectories (𝑠 ≈ 0.1E, 0 < E < 1), there was no appreciable difference between the slopes of

RecQ+DNA+ATP and a control of RecQ+DNA. Therefore, we have been unable to distinguish

iiivbFRET: http://vbfret.sourceforge.net/

http://vbfret.sourceforge.net/
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(a)

(b)

Figure 12.12 Ensemble FRET of steady-state, RecQ mediated DNA unwinding
DNA (gray), DNA+RecQ (blue), and DNA+RecQ+ATP (red). RecQ unwinds 3′-duplex DNA only in the
presence of ATP. Steady-state unwinding in (a) imaging buffer and (b) imaging buffer supplemented
with 3 mM MgCl2.
Conditions are as follows: 15 nM DNA (15 nM 25 bp/25 nt 3′-duplex DNA: Cy3 Bottom, Cy5 Top), 30 nM
RecQ, 75 µM ATP in imaging buffer (Appendix B.7.2.1).
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(a)
(b)

Initial Occupancy𝑞
Forward
(3′ → 5′) §

Reverse
(5′ → 3′) §

Final 𝑦

0.16 0.41 0.65 0.86

0.16𝑧

0.41 0.30 0.61 0.39 0.61 0.33 0.06

0.65 0.33 0.77 0.23 0.13 0.65 0.22

0.86 0.38 1.00 0.00 0.19 0.81

Figure 12.13 Analysis derived from vbFRET raw transition matrix
Results for non-site-specifically labeled RecQ.
(a) Screenshot of vbFRET depicting 13 stitched acceptor/donor labeled DNA, Unlabeled RecQ step traces.
(b) Data derived from vbFRET transition matrix. vbFRET outputs the raw transition matrix including
self-to-self transitions, which are omitted.𝑧

𝑦 For each initial FRET state, if a non-self transition occurs, what is the relative probability of transitioning
into each state. Transition probabilities sum to unity row-wise.
𝑞 Occupancy does not include the unwound (lowest initial FRET) state.
§ RecQ is assumed to move in the forward, 3′ → 5′, direction if the FRET state transitions from higher to
lower (unzipping of the DNA substrate); likewise, it is assumed to move in the reverse, 5′ → 3′, if the
FRET state transitions from lower to higher (rezipping of the DNA substrate). For visualization, refer to
the substrate schematic depicted in Figure 11.14.
𝑧 Due to trajectory stitching (concatenating), the lowest initial FRET state (E ≈ 0.16) is an inaccurate
measure of the unwound condition. Occupancy and transitions out of this state are physically meaningless.
Also note that the transition from 0.16 → 0.86 is a result of stitching.
See Bronson et al.207 for details about vbFRET.
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between acceptor photobleaching and RecQ mediated DNA unwinding at the single-molecule

level.

Despite our difficulties, there is a single-molecule report of RecQ unwinding using a nearly

identical substrate and setup (Figure 12.6 (a,c)).206 They claim that photobleaching is negligible

in their setup. While an oxygen scavenger system extends the life of fluorophores ∼100-fold,

in our hands, bleaching is still observed (Appendix B.4.1.1). Furthermore, they claim that the

initiation time (the time until the beginning of the FRET transition), partial unwinding time

(transition from high to low FRET) and unwinding time (disappearance of Cy3 signal, which is

on the leaving strand) all decrease at increased ATP concentrations. We have been unable to

reproduce these results, and suggest caution when drawing conclusions from their data.

12.3.2 Unwinding using smALEX-TIRF

By directly exciting and observing the acceptor fluorophore (A/A), alternating laser excitation

(ALEX) circumvents the problems caused by indistinguishable acceptor photobleaching.208, 209

The Neuman lab prism-type TIRFM setup does not have this capability, but the Kapanidis

lab objective-type TIRFM setup does. Experiments with double-labeled DNA and unlabeled

protein were repeated with a more advanced ALEX smTIRFM setup. Signal loss in the acceptor

fluorophore was attributable to acceptor photobleaching, not strand displacement by RecQ,

again, leading us to question the results in reference 206, who without ALEX were unable to

distinguish strand-displacement from acceptor photobleaching.

RecQ-mediated total unwinding of substrates on the surface was not demonstrated. This could

either be due to surface effects or RecQ’s inability to fully unwind substrates on the surface.

The aforementioned results could be explained by partial unwinding, RecQ stalling, eventual

dissociation and subsequent rezipping. Curiously, repetitive unwinding and rezipping have

been observed at the single-molecule level for Bloom syndrome protein (BLM), a human RecQ

homologue.210



Labeled DNA / non-specifically labeled RecQ 219

12.3.3 Labeled DNA / non-specifically labeled RecQ

Another approach for observing unwinding dynamics is the use of donor labeled DNA

(Figure 12.6 (d,e)) and acceptor labeled RecQ, in the presence of ATP. Unlike the labeled DNA

/ unlabeled RecQ approach, this technique is able to distinguish acceptor photobleaching

from unwinding initiation. There are, however, multiple drawbacks: (i) RecQ dissociation and

acceptor photobleaching cannot be distinguished, (ii) since the leaving strand is unlabeled,

ssDNA cannot be distinguished from 3′-duplex DNA, and (iii) the maximal RecQ concentration is

limited by background fluorescence. In the prism-type TIRFM setup, RecQ concentrations up to

50 nM were accessible, while 10 nM was the limit for the objective-type TIRFM setup. This is

not surprising given the more precise tuning of the laser incident angle (> 𝐽c obviously) in

prism-type setups, and the subsequent reduction possible in signal-to-noise ratio (SNR).

A small percentage of traces exhibited stair-case like behavior, presumed to be RecQ mediated

unwinding/translocation of the substrate (Figure 12.7 (c)). As a first pass, discrete FRET states

were determined by using a 1D Gaussian Kernel edge detector on multiple stitched traces

exhibiting stair-case behavior. This approach proved untenable, as the peaks in E could not

be deconvolved from the FRET efficiency distribution. Furthermore, even after parameter

tuning (Appendix B.5.2), dwell-time fits varied considerably more than in the two-state static

association/dissociation case.

12.3.4 Labeled DNA / site-specifically labeled RecQ

We suspected that interpretability would be improved with a site-specifically labeled RecQ.

This approach has not been reported in the literature for RecQ, and is only possibly due to our

substrate preparation efforts (Section 11.4.2). While qualitatively similar binding events were

observed (Figure 12.14), there were insufficient traces for quantitative analysis. Labeled RecQ

concentrations in excess of 10 nM were inaccessible due to increases background fluorescence

on the objective-type TIRFM. Given a Kd for 3′-duplex DNA of 200 nM , we would expect roughly

1 % bound at any given time. Hampered by the small viewing area on the objective-type TIRFM

setup (20–50 molecules per field of view) and inability to distinguish ssDNA and 3′-duplex DNA

after ATP and RecQ are introduced (can only image one field of view per slide/well), it was
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Figure 12.14 Site-specifically labeled RecQ with ALEX
Single-molecule trajectories with donor labeled DNA (Amino-dT near junction labeled with Cy3b and
site-specifically labeled RecQ are qualitatively similar to non-specifically labeled. Insufficient traces for
quantitative analysis.

considered infeasible to collect the number of events (∼1000) required for quantitative analysis.

12.4 RecQ functions via an inchwormmechanism

12.4.1 Comparison to ensemble kinetics data

Sarlós, Gyimesi, and Kovács211 report the kinetics of the RecQ ATP hydrolysis cycle using

AMP-PNP (ATP-bound), ADP•AlF4 (ADP•Pi) and ADP, both apo and in the presence of ssDNA.

Kinetic parameters are comparable between the apo and ssDNA bound for all analogue states

except ADP•AlF4, mimicking Pi release. Using quenched flow and assuming the irreversibility of

Pi release, they found that Pi release preceded ∼150 times slower for apo than ssDNA bound
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RecQ (k3 ≈ 0.2 s−1 versus 30 s−1). Assuming that the intermediate states represent a mixture of

open and closed conformation and not a true intermediate, and that the pre-hydrolysis ATP

bound state (AMP-PNP) does not alone induce cleft opening, we propose that the ADP•Pi state

corresponds to cleft closure. An intermediate FRET state, that is more open on average, is

observed because given the increased rate of Pi release of the ssDNA bound RecQ, the enzyme

spends less time in the closed state. If this is the case, the intermediate FRET state should be

dependent on the dT54 concentration; furthermore, saturating ADP•AlF4 (ADP•Pi mimic) should

yield high-FRET in Rxn2, corresponding to a closed state. Figure 12.2 (c) and Figure 12.3 (c) show

RecQ and RecQ + dT54 + AMP-PNP for Rxn1 and Rxn2 double labeled RecQ mutants, respectively.

Like in panel A, dT54 + AMP-PNP do not cause a change in FRET for either substrate. This suggests

that AMP-PNP (pre-hydrolysis ATP-binding) does not induce cleft closure.

Taken together, these data suggest the following about the nature of H1/H2 conformational

changes:

(i) ssDNA binding does not mediate H1/H2 cleft movement (1: no FRET change, 2: no FRET

change).

(ii) ATP binding (presumably mimicked by AMP-PNP) does not induce cleft movement (1: no

FRET change, 2: no FRET change). This is corroborated by the fact that crystal structures

of the apo and ATP-𝑔-S bound (a slowly hydrolysable ATP analogue similar to AMP-PNP)

N-terminal RecQwt domains are nearly indistinguishable.152

(iii) ATP hydrolysis induces cleft closing (1: no FRET change, 2: low-FRET to high FRET). In

light of the kinetics of the ATP hydrolysis cycle revealing a ∼150 times slower Pi release

in the absence of ssDNA, and the observation of apparent intermediate FRET values in the

presence of ssDNA (faster Pi release resulting in less relative time spent in the ADP•Pi

state), that hydrolysis and the subsequent ADP•Pi state induce cleft closure.

None of these observations have been previously reported in the literature.

12.4.2 Proposedmodel: Swap, Shuffle and Pull

Given these observations and the results of separation pin mutagenesis in the RecQ family

helicases (discussed in Section 11.3, specifically Section 11.3.1), we propose a complete model
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for RecQ translocation and unwinding with several specific predictions for RecQ function

(Figure 12.15). The crux of the model is H1/H2 mediated inchworming in the 3′ → 5′ direction.

H1 domain binding to ssDNA is mediated by the H1-pin (W154, F158), H2 domain binding by

the H2-pin (F221), and non-specific dsDNA binding by the winged-helix (WH) domain. The

H1-pin and H2-pin alter their engagement to ssDNA, and their relative conformations (open

versus closed) throughout the catalytic cycle. The engagement of either the H1-pin or H2-pin to

ssDNA corresponds to a weakly bound state; the engagement of both the H1-pin and H2-pin

to a strongly bound state. The presence of two distinct binding states is supported by smtotal

internal reflection (TIR)-FRET binding studies and unpublished work by Sarlós, Gyimesi, and

Kovács from their 2012 manuscript.211

3′-duplex DNA binds with the junction under the H1 domain, with 3′ ssDNA threading around

the helicase and RNaseD C-terminal (HRDC) domain in its ssDNA binding channel. The inchworm

mechanism proceeds in three steps: Swap, Shuffle and Pull. First, RecQ binds ssDNA by engaging

the H2-pin. Upon ATP binding, the H1-pin engages and the H2-pin disengages (Swap). The model

does not predict a conformational change due to ATP binding; this is contrary to the commonly

accepted inchworm130 (or inchworm and ratchet) model which predicts a conformational

change leading to base unwinding from ATP binding. Crystal structures of UvrD130, 132 (SF1) and

NS3212 (SF2) both support the view of an ATP induced conformational change.

Upon ATP hydrolysis, the H1/H2 cleft closes, resulting in the H2 domain being pulled towards the

H1 domain; the H2-pin then reengages such that both the H1- and H2-pins are engaged (Shuffle).

The enzyme remains locked in the strongly bound state until Pi release. Upon Pi release the

H1-pin disengages and the H1/H2 cleft opens, resulting in the H2 domain pulling on the 3′ end of

the strand, in essence using the H1 domain as a wire-stripper for strand-displacement (Pull). No

conformational change upon ADP release. The ‘Swap’ step was placed at ATP-binding, but the

model still holds in its entirety if the Swap occurs during ADP release. The only difference would

be that initial DNA binding would occur with the H1-pin (Swap during ADP release) instead of

the H2-pin (Swap during ATP-binding). The enzyme is now reset, and ready for another Swap,

Shuffle, Pull cycle.

Unwinding of simple substrates (forked and 3′-duplex DNA) follows the same process as
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Figure 12.15 Model of RecQ translocation and unwinding
Swap, Shuffle and Pull model of RecQ translocation and unwinding.

RecQ binding DNA: H2-pin engages.

ATP-binding: Swap. H1-pin engages. H2-pin disengages.

ATP-hydrolysis: Cleft closure pulling the H2 domain towards the H1 domain. H1- and H2-pin engages
until phosphate release.

Phosphate (Pi) release: H1-pin disengages. Cleft opens with H2 moving away from H1 domain. Since
the H2-pin is still engaged, this pulls the 3′ ssDNA, effectively using the H1 domain as a wire
stripper for strand-displacement.

Adenosine diphosphate (ADP) release: No conformational change.

Note that the Swap could occur at either ATP-binding or ADP release; ATP-binding was chosen for clarity.
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translocation, and operates via forcible strand-displacement instead of a fixed unwinding pin.

The WH-pin and Zn-pin may have ancillary usage in resolving more complex substrates, such as

Holliday junctions, but are non-essential for simple substrates.

One of the distinguishing characteristics of the Swap, Shuffle, Pull model are its many specific and

directly testable hypotheses. The ensemble characterization of the double-labeled RecQ mutant

(HisTEVRecQ CysLite N65C S245C labeled with Cy3B-maliemide / Atto647N-maliemide) warrants

its use in single-molecule assays to directly monitor the putative H1/H2 cleft movement, a direct

test of the model. Explicitly probing the unwinding pin residues (W154L, F158L, F221L, H489L)

through mutagenesis is also a possibility.

For example, if the H1-pin were eliminated by mutation to bulky non-aromatic residues

(W154L, F158L), the H1-pin would be forced to remain in a disengaged state. This would

eliminate the strongly-bound state, eliminate the Swap step, and result in the H2-domain

repetitively shuffling and pulling without moving. Pi release would also be facilitated by the

lack of a strongly bound state, meaning higher basal turnover. Initial DNA binding would be

unaffected. Cleft opening/closure would be preserved, but would no longer be coupled to

translocation/unwinding. Many of these predictions have already been borne out.182
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Using novel engineered substrates in conjunction with advanced single-molecule fluorescence-

based techniques, we probe the behavior of the RecQ DNA helicase.

Combining our experiments with previously reported ensemble work, we developed a model

coupling the ATP catalytic cycle, specific H1/H2 conformational change and DNA binding.

Specifically, we propose a mechanism for RecQ helicase activity: Swap, Shuffle and Pull

(Section 12.4.2), whereby the enzyme sequentially engages and disengages two distinct DNA

binding sites (also responsible for the biphasic binding behavior) to actively pull along the

bound single-stranded DNA strand, akin to a wire stripper. This model supports the view that

the translocation and unwinding modes are mechanistically identical.

To the best of the author’s knowledge, a similarly detailed model linking the ATP catalytic

cycle to specific conformational states associated with translocation/unwinding has not been

proposed for a SF2 helicase. The model, and the double labeled RecQ mutant designed to directly

report H1/H2 conformational changes, are novel and exciting additions to the understanding of

SF2 helicases, and DNA motor proteins in general.

To undertake the our experiments, we have developed a family of previously unreported RecQ

mutants, including single- and double- site-specifically labeled RecQ (Chapter 11). Using these

substrates, we directly report that the relative movements of the two helicase domains (H1/H2

cleft movements with/without ATP and ATP-analogues) are indeed correlated with translocation

and unwinding. We find that RecQ likely posses biphasic binding, where there are two distinct

binding/unbinding modes (a strong and a weak), separated by an order of magnitude in time

scale. We have also observed putative RecQ unwinding with labeled RecQ and labeled DNA at the

single-molecule level, finding that while RecQ predominantly translocates and unwinds in the
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3′ → 5′ direction, the enzyme occasionally reverses, a process dubbed slippage.

13.1 Future Directions

A better understanding of site-specific and double RecQ mutants, and a detailed model, should

lay the foundation for more detailed single-molecule TIRF and confocal experiments. Noting

that these aims are independent, one could proceed as follows:

(i) smFRET with site-specifically labeled RecQ and DNA. Given the kinetics (Kd ≈ 200 nM

for 3′-duplex substrates) of RecQ-DNA complexes, monitoring bimolecular events with

labeled RecQ and labeled DNA free in solution, is untenable. If it is possible to increase the

local concentration without increasing background, vesicle encapsulation for example,

it should be possible to monitor trajectories of labeled RecQ translocation/unwinding

labeled DNA.

(ii) smFRET with double site-specifically labeled RecQ to examine suspected inter-domain

motions. Good places to begin would be relative domain motions of H1/H2 (mutant

available), H1/winged-helix (WH) (not available) and H1/helicase and RNaseD C-terminal

(HRDC) (not available). Confocal measurements would be ideal for determining the cleft

position of each state of the catalytic cycle. smTIR measurements would be ideal for

directly observing the transitions between states. If the cleft motion is sub-nanometer (it

doesn’t appear to be from the ensemble experiments of the double-labeled mutant) instead

of using traditional pairs of synthesis dyes, transition-metal139, 140 Förster resonance

energy transfer (FRET) or dye-quencher213 FRET could be attempted.

None of the aforementioned aims have been reported in the literature because the substrates to

conduct them did not exist. We believe that individually, they should be attainable within the

near-term (2 years).

A future direction, which may be further afield, is:

(i) Using the site-specifically labeled RecQ mutants, particularly the double labeled mutant,

in a combined magnetic tweezers / TIRF. This would allow direct corroboration of stepping

(H1/H2) and unwinding.
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This sort of combined experiment is difficult, and would require an intermediate-time scale

(2–5 years).

Future directions, which in the author’s opinion are of lesser importance, include:

(i) Assign the location and orientation of the putative ss/dsDNA binding sites. Using the

family of site-specific RecQ mutants and appropriate DNA substrates, it should be possible

to generate a list of constraints for modeling the DNA binding channel(s) of RecQ. A

similar approach has been used to model the binding channel, and infer changes in the

protein conformation during ATP hydrolysis using several ATP-analogues, with the E. coli

Rep helicase using a site-specifically labeled enzyme and junction labeled DNA.214

(ii) smFRET with unlabeled RecQ. Having considered the possibility that unwinding is too

fast to observe at 50–100 ms resolution, it may be possible to slow down the system

using non-hydrolysable analogues such as ATP-𝑔-S. The hope is that either unwinding

slopes will become better resolved to allow for the detection of individual steps. Given

that single-molecule FRET with double labeled DNA and unlabeled RecQ has already

been reported, this approach is less interesting than working with the newly reported

site-specifically labeled RecQ.

(iii) Experiments with site-specifically labeled UvrD. Given the time and effort required to

generate suitable mutants for RecQ, it cannot be expected that creating a CysLite UvrD and

subsequence site-specific mutants will be trivial. A labeled transglutaminase (TGase)-UvrD

would be significantly easier to achieve, but also limited by the intrinsic flexibility of the

TGase tag. Due to this intrinsic flexibility, TGase-labeled substrates are likely unsuitable

for studies of relatively small inter-domain motions.

These aims have either been partially reported in the literature125 or are an application of the

lessons learned in this thesis to a related system.150 They are, in the author’s opinion, about as

difficult as the near-term aims but with significantly less impact.
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Introduction

These technical appendices include supplementary materials, mainly methods, designed to

(i) aid reproducibility by serving as a technical reference document and (ii) address technical

caveats that are not essential the central line of inquiry, but might nonetheless be of interest to

a particularly careful reader. Unlike the main corpus of the thesis, where we do not necessarily

assume familiarity with the simulation and experimental methods employed, the technical

appendices, by their very nature, demand a fairly strong background. For ease of use, these

technical appendices are organized by part, with appendix Appendix A referring only to Part I,

and appendix Appendix B referring only to Part II.





A Part I: Detailed simulationmethods

A.1 Thermodynamics of DNA bending

A.1.1 Bending simulations

Bending simulations were performed in three phases: exploratory, equilibration and production.

In the exploratory phase, we iteratively adjusted the umbrella sampling weights to yield a

flat probability distribution P(R′ee), where R′ee is the end-to-end distance (EED) between the

base interaction sites of the first and last bases on a single strand using a discrete potential

with increments of 0.4259 nm. The duplexes were constrained not to fray (Appendix A.1.2),

allowing us to sample in terms of Ree, the EED between the centres of the helical axis at the

first and last base pairs, choosing an Ree bin-width of 0.085 nm.i Non-native base-pairing was

also forbidden. As the iteration was performed manually, simulation times varied in the range

106–107 virtual-move Monte Carlo (VMMC) steps per particle.

In the equilibration phase, we equilibrated the system for 107 VMMC steps per particle using

the aforementioned umbrella weights. Adequate sampling (number of transitions between EED

bins) and decorrelation (via a block average decorrelation method) of potential energy, bubble

size, fraying (where applicable) and structural kinking were checked. For the production phase,

each production simulation (five independent simulations per measurement) was initialized

with a statistically independent starting configuration and a unique random seed. This is

accomplished by randomly drawing starting configurations from the equilibration phase, one

for each production run, ignoring the first 2 × 106 VMMC steps per particle of equilibration.

iWhile the difference between the terminal base-base (umbrella sampled distribution) and terminal helical
axis (reported distribution) definitions of Ree are negligible, defining Ree in terms of the latter explicitly disallows
geometric effects that might have been present as a consequence of umbrella sampling the EED of only one strand. It
also allows for re-binning Ree without re-running the simulation.
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The production run time for each simulation was 108 VMMC steps per particle. For reference,

the characteristic decorrelation time for the potential energy is ∼104 VMMC steps per particle,

while the decorrelation time for kinking is ∼105 VMMC steps per particle. The ‘seed moves’

used to build clusters in the VMMC algorithm were:

• Rotation of a nucleotide about its backbone site, with an axis chosen uniformly on the

unit sphere, and with an angle drawn from a normal distribution with a mean of zero and

a standard deviation of 0.10 radians.

• Translation of a nucleotide, where the displacement along each Cartesian axis is drawn

from a normal distribution with a mean of zero and a standard deviation of 0.085 18 nm.

Additional simulations were performed to measure the free energy of kinked states for a 30 bp

duplex at larger values of Ree. In this case, as well as biasing Ree, the umbrella potential

was used to forbid states without kinks (separate simulations were performed for each kink

criterion). Umbrella potentials for Ree were obtained via manual iteration at a preliminary stage.

Simulations were started from kinked configurations and thermalized for 3.3 × 106 VMMC steps

per particle. Subsequent data collection lasted for 3.3 × 108 VMMC steps per particle. Five

independent simulations were performed. The VMMC ‘seed moves’ differ slightly from those

mentioned previously:

• Rotation of a nucleotide about its backbone site, with the axis chosen from a uniform

random distribution and the angle from a normal distribution with mean of zero and a

standard deviation of 0.15 radians;

• Translation of a nucleotide with the direction chosen from a uniform random distribution

and the distance from a normal distribution with mean of zero and a standard deviation

of 1.28 Å.

A.1.2 Constraints on fraying

To isolate the effects of DNA bending, as opposed to alternative deformation modes such as

fraying of the terminal base pairs, we impose a condition preventing fraying in our DNA bending

simulations. Using an additional order parameter, the 30 bp system was constrained such that

the terminal base pairs must remained hydrogen bonded, thereby eliminating the possibility
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of fraying at duplex ends. We compared constraints where 1, 3 and 5 base pairs at the duplex

ends were prevented from opening, finding that the various conditions yield comparable results

(Figure A.1).

To further probe the behavior of the 30 bp system, in separate simulations we allowed the system

to fray freely or preserved hydrogen bonding along the entire duplex. Unsurprisingly, allowing

fraying as an additional deformation mode reduces the bending free-energy penalty in the

strong bending regime, while preserving hydrogen bonding increases the bending free-energy

penalty by eliminating kinked states that require disrupted base pairing, thereby reducing the

number of possible deformation modes.

Since the system where fraying is allowed may not have terminal base pairs, the usual definition

of Ree reporting the separation between the helical axis centres of the terminal base pairs, is not

well defined. Therefore, for this system we instead use R′ee, defined as the separation between

the base interaction sites of the first and last bases along a single strand.
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Figure A.1 Free energy of bending, impact of fraying
The impact of constraining the terminal 1, 3 and 5 base pairs from fraying on the free energy of bending
𝐷G(Ree) and kinking in an Nbp = 30 duplex. Limiting cases allowing fraying and enforcing hydrogen
bonding along the entire duplex are also shown. (a) Free energy of bending. Probability of kinking based
on the (b) energetic or (c) structural criteria for kinking. For the frayed system Ree (the EED between the
centres of the helical axis at the first and last base pairs) is ill-defined, so the very similar R′ee (the EED
between the base interaction sites of the first and last bases along the umbrella sampled strand) is used
instead.
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A.2 ‘Molecular vise’

Akin to the bending simulations of duplex DNA (Appendix A.1.1), the molecular vise simulations

were performed in three phases: assembly, equilibration and production. An exploratory phase

is not required since the simulations were unbiased, i.e. not using an umbrella sampling potential.

As in the bending simulations, non-native base pairing was disallowed for simplicity. In the

assembly phase, the system was initialized as two single strands. Harmonic traps were used to

bring the stem ends, as well as the loop and complement strand, into proximity. Assembly with

traps requires ∼5 × 105 VMMC steps per particle, significantly faster than diffusion limited

assembly.

The assembled systems were equilibrated for 107 VMMC steps per particle. For the production

phase, each production simulation (six independent simulations per point) was initialized

with a statistically independent starting configuration and a unique random seed. This was

accomplished by randomly drawing starting configurations from the equilibration phase, one

for each production run, ignoring the first 2 × 106 VMMC steps per particle of the equilibration

phase. The length of each production run was ∼108 VMMC steps per particle.

All simulations were performed with the sequence-dependent oxDNA parameterization. Where

available (Nloop = 30, 36, 40, 46, 50), the sequences are identical to those used in the experiments

of Fields et al.;22 where not available , similar sequences are used. All sequences are written 5′ to

3′.

The Fields et al. stem sequence is used for all systems: GCC CGG CGG CTT ATA AAA TTT ATT

AAT TAT ATA TTT TAT TTA ATA TAA T-Loop

A complete list of loop sequences is available in Table A.1.
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Nloop/bp Loop sequence

20 TAC CGA TAA GCT TGG TCA TT

26 TCC CAC CGA TAA GCT TGG TCA TGC CT

30𝜆* TCG CCC ACC GAT AAG CTT GGT CAT GCC CGT

36𝜆 TGC CCG CCC ACC GAT AAG CTT GGT CAT GCC CGC CGT

40𝜆 TCC GCC CGC CCA CCG ATA AGC TTG GTC ATG CCC GCC GCCT

46𝜆 TCC GCC GCC CGC CCA CCG ATA AGC TTG GTC ATG CCC GCC GCC GCC T

50𝜆 TGC CCG CCG CCC GCC CAC CGA TAA GCT TGG TCA TGC CCG CCG CCG CCC GT

56 TGC CGC CCG CCG CCC GCC CAC CGA TAA GCT TGG TCA TGC CCG CCG CCG CCC GCC GT

60 TCC GCC GCC CGC CGC CCG CCC ACC GAT AAG CTT GGT CAT GCC CGC CGC CGC CCG CCG CCT

66 TCG CCC GCC GCC CGC CGC CCG CCC ACC GAT AAG CTT GGT CAT GCC CGC CGC CGC CCG CCG CCC
GCT

70 TGC CGC CCG CCG CCC GCC GCC CGC CCA CCG ATA AGC TTG GTC ATG CCC GCC GCC GCC CGC CGC
CCG CCG T

76 TCC GGC CGC CCG CCG CCC GCC GCC CGC CCA CCG ATA AGC TTG GTC ATG CCC GCC GCC GCC CGC
CGC CCG CCG GCC T

80 TGC CCG GCC GCC CGC CGC CCG CCG CCC GCC CAC CGA TAA GCT TGG TCA TGC CCG CCG CCG CCC
GCC GCC CGC CGG CCC GT

86 TCG CGC CCG GCC GCC CGC CGC CCG CCG CCC GCC CAC CGA TAA GCT TGG TCA TGC CCG CCG CCG
CCC GCC GCC CGC CGG CCC GCG CT

90 TGC CGC GCC CGG CCG CCC GCC GCC CGC CGC CCG CCC ACC GAT AAG CTT GGT CAT GCC CGC CGC
CGC CCG CCG CCC GCC GGC CCG CGC CGT

Table A.1 Molecular vise sequences
Loop sequences for the molecular vise system. Terminal loop thymines, used to compute Rhairpin

ee are
highlighted (red).
* Mismatch locations from Fields et al.22 are highlighted (blue). Following the experimental design, the
mismatch is introduced on the complement strand.
𝜆 Sequences from Fields et al.22
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A.3 Cyclization

A.3.1 Cyclization simulations

Cyclization simulations were performed in three phases: exploratory, equilibration and

production. In all cases, we use a virtual-move Monte Carlo (VMMC) algorithm62 in combination

with umbrella sampling.63

In the exploratory phase, we iteratively adjusted the umbrella sampling bias for the windows

associated with the open and cyclized states, yielding a flat population of states for both

windows. We use discrete potentials for both dimensions of the order parameter (Section 6.2.1).

For Qee, we use variable width distance increments: 0–1.7036 nm, 3.4072, 5.1108, 8.518, 12.777,

17.036, 21.295, 25.554, 34.072, 42.59, 51.108 and > 51.108 nm. For Qbp, the increment is fixed,

and is simply the number of base pairs formed (0 ≤ Qbp ≤ Ns). As the weighting iterations

were semi-automated, simulation times varied in the range 106–107 VMMC steps per particle.

Simulations were performed with one molecule in a cube of side 170.36 nm, which corresponds to

a unimolecular concentration of 336 nM . To further simplify sampling, we forbid the formation

of base pairs that are not intended in the design of the system (non-native base pairs).

In the equilibration phase, we equilibrated the system for 107 VMMC steps per particle using

the aforementioned umbrella weights. Adequate sampling (number of transitions in Qee and

Qbp) and decorrelation (via a block average decorrelation method) of potential energy, bubble

size, fraying and structural kinking were checked. For the production phase, each simulation

(five independent simulations per measurement) was initialized with a statistically independent

starting configuration and a unique random seed. This is accomplished by randomly drawing

starting configurations from the equilibration phase, one for each production trial, ignoring

the first 2 × 106 VMMC steps per particle of equilibration. The production trial run time is 107

VMMC steps per particle. For reference, the characteristic decorrelation time for the potential

energy is ∼104 VMMC steps per particle, while the decorrelation time for kinking is ∼105 VMMC

steps per particle.

The‘seed moves’ used to build clusters in the VMMC algorithm were:
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• Rotation of a nucleotide about its backbone site, with an axis chosen uniformly on the

unit sphere, and with an angle drawn from a normal distribution with a mean of zero and

a standard deviation of 0.10 radians.

• Translation of a nucleotide, where the displacement along each Cartesian axis is drawn

from a normal distribution with a mean of zero and a standard deviation of 0.085 18 nm.

A.3.2 Dimerization simulations

Dimerization simulations follow a very similar procedure as cyclization simulations (Ap-

pendix A.3.1), but adapted for a bimolecular system. With the exception of the starting

configuration (bimolecular), exploratory, equilibration and production procedures are identical.

As introduced in Section 6.1.2, each molecule has one complementary sticky end and one blunt

end. This precludes the formation of multimers and circular dimers, allowing only the formation

of linear dimers. Simulations were performed with these two complementary, non-palindromic,

sticky-ended duplexes, in a cube of side 170.36 nm, which corresponds to a dimer concentration

of 336 nM . To estimate the impact of excluded volume effects, dimerization systems were also

performed in a cube of 1⁄2 the size and therefore 8× the concentration (85.18 nm per side, which

corresponds to a dimer concentration of 2.69 µM). Like the cyclization simulations, non-native

base pairing was disallowed.

Analogously to the cyclization simulations, the dimerization simulations are windowed using

the order parameters Qee and Qbp, respectively the distance of closest approach and the number

of base pairs formed between complementary sticky ends. The window associated with the

dimerized state is given by Qbp ≥ 1 bp (Qee = Qmin
ee , the small separation between base sites of

the base paired nucleotides), while the window associated with the undimerized state is given

by Qbp = 0 bp.



Computation of equilibrium constants 241

A.3.3 Computation of equilibrium constants

The cyclization reaction is unimolecular (Figure 6.1 (a)):

A
kcyc

kuncyc
B, (A.1)

where A and B are the open and cyclized states respectively, kcyc is the forward rate constant

(cyclization) and kuncyc is the reverse rate constant (uncyclization). The equilibrium constant

for cyclization, Kcyc
eq , can be estimated directly from simulations of a unimolecular, isolated

system as

Kcyc
eq =

PB
PA

. (A.2)

Here PA and PB are the probabilities with which uncyclized and cyclized systems are observed in

simulation (PA + PB = 1).

The dimerization reaction is a bimolecular association of distinct molecules:

A + B
kdim

kundim

AB. (A.3)

In this case, the bimolecular equilibrium constant can be inferred from a simulation of a single

pair of dimerizing monomers via

Kdim
eq =

PAB
PA/B[A0]

, (A.4)

in which [A0] is the total concentration of strand type A in simulation, and PA/B and PAB are the

probabilities with which monomers and dimers are observed in simulation. This expression

follows from Equation (7) of Ouldridge et al.115 The resultant Kdim
eq obeys the standard law of

mass action for bulk systems in equilibrium,

Kdim
eq =

[AB]
[A][B]

. (A.5)

Recall from Section 6.1.3 that we use a definition for the equilibrium j-factor jeq that is consistent
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Nbp Note Cyclization sequence

Ns = 10
30𝜆 CAG AAT CCG TGC TAC ACC TCC ACC GTT TCA

67 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTT TGA CCT GAC TAT CCT CAC CTC CAC CGT TTC A

CGA TCA TGG AGT TAT ATC TGA GGG AAA CTG GAC TGA TAG GAG TGG AGG TGG CAA AGT GTC TTA GGC A

69 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTT TGA CCC ATG ACT ATC CTC ACC TCC ACC GTT TCA

71 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTT CTA ATT GAC TGA CTA TCC TCA CCT CCA CCG TTT CA

73 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTT CTA ATT GAC CAT GAC TAT CCT CAC CTC CAC CGT TTC A

74 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTT TAA GTT GAC CCA TGA CTA TCC TCA CCT CCA CCG TTT CA

76 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTT CTA AGT TGA CCT CAT GAC TAT CCT CAC CTC CAC CGT TTC A

93 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTT AAT ACT TCT CCT ATG ACT TCT AAT TGA CCC ATG ACT ATC CTC ACC TCC
ACC GTT TCA

94 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTT TAA TAC TTC TCC TAT GAC TTC TAA TTG ACC CAT GAC TAT CCT CAC CTC
CAC CGT TTC A

97 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTA TGT TAA TAC TTC TCC TAT GAC TTC TAA TTG ACC CAT GAC TAT CCT CAC
CTC CAC CGT TTC A

99 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTA GAT GTT AAT ACT TCT CCT ATG ACT TCT AAT TGA CCC ATG ACT ATC CTC
ACC TCC ACC GTT TCA

101 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTG TAG ATG TTA ATA CTT CTC CTA TGA CTT CTA ATT GAC CCA TGA CTA TCC
TCA CCT CCA CCG TTT CA

103 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTA CGT AGA TGT TAA TAC TTC TCC TAT GAC TTC TAA TTG ACC CAT GAC TAT
CCT CAC CTC CAC CGT TTC A

105 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTG AAC GTA GAT GTT AAT ACT TCT CCT ATG ACT TCT AAT TGA CCC ATG ACT
ATC CTC ACC TCC ACC GTT TCA

106 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTA GAA CGT AGA TGT TAA TAC TTC TCC TAT GAC TTC TAA TTG ACC CAT GAC
TAT CCT CAC CTC CAC CGT TTCA

207 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTA TCA GTA CGA AGC TGG GCT ATA CCG TTC TTA TTG TCC TTA ATA CCA CCG
ACG AGT TGT ACG CCC TCT CAT CCG AAG ACG ACA CGT ACC TGG GAA AAG AAC GTA GAT GTT AAT ACT TCT CCT ATG ACT TCT AAT
TGA CCC ATG ACT ATC CTC ACC TCC ACC GTT TCA

Nd = 91
101 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTG TAG ATG TTA ATA CTT CTC CTA TGA CTT CTA ATT GAC CCA TGA CTA TCC

TCA CCT CCA CCG TTT CA

100𝜆 AGA ATC CGT GCT AGT ACC TCA ATA TAG ACT CCC TGT AGA TGT TAA TAC TTC TCC TAT GAC TTC TAA TTG ACC CAT GAC TAT CCT
CAC CTC CAC CGT TTC A

99𝜆 GAA TCC GTG CTA GTA CCT CAA TAT AGA CTC CCT GTA GAT GTT AAT ACT TCT CCT ATG ACT TCT AAT TGA CCC ATG ACT ATC CTC
ACC TCC ACC GTT TCA

98𝜆 AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTG TAG ATG TTA ATA CTT CTC CTA TGA CTT CTA ATT GAC CCA TGA CTA TCC TCA
CCT CCA CCG TTT CA

97𝜆 ATC CGT GCT AGT ACC TCA ATA TAG ACT CCC TGT AGA TGT TAA TAC TTC TCC TAT GAC TTC TAA TTG ACC CAT GAC TAT CCT CAC
CTC CAC CGT TTC A

96𝜆 TCC GTG CTA GTA CCT CAA TAT AGA CTC CCT GTA GAT GTT AAT ACT TCT CCT ATG ACT TCT AAT TGA CCC ATG ACT ATC CTC ACC
TCC ACC GTT TCA

95𝜆 CCG TGC TAG TAC CTC AAT ATA GAC TCC CTG TAG ATG TTA ATA CTT CTC CTA TGA CTT CTA ATT GAC CCA TGA CTA TCC TCA CCT
CCA CCG TTT CA

Variable-sequence Nd
73 TA CAG AAT CCG TAG CTC TAG CAC CGC TTA AAC GCA CGT ACG CGC TGT CTA CCG CGT TTT AAC CGC CAA TAG GAT T

E8A10 CAG AAT CCG TTT TTA TTT ATC GCC TCC ACG GTG CTG TTT TTT TTT TCT GTT GGC CGT GTT ATC TCG AGT TAG T

E8A17 CAG AAT CCG TTT TTA TTT ATC GCC TCC ACG GTG CTT TTT TTT TTT TTT TTT GGC CGT GTT ATC TCG AGT TAG T

E8A26 CAG AAT CCG TTT TTA TTT ATC GCC TCC TTT TTT TTT TTT TTT TTT TTT TTT TTC CGT GTT ATC TCG AGT TAG T

E8A38 CAG AAT CCG TTT TTA TTT ATC GTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT TTT ATC TCG AGT TAG T

Structural defects
69m C:C CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTT TGA CCC ATG ACT ATC CTC ACC TCC ACC GTT TCA

97n Nick 1 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTA | TGT TAA TAC TTC TCC TAT GAC TTC TAA TTG ACC CAT GAC TAT CCT CAC
CTC CAC CGT TTC A

CGA TCA TGG AGT TAT ATC TGA GGG ATA CAA TTA TGA AGA GGA TAC TGA AGA TTA ACT GGG TAC TGA TAG GAG TGG AGG TGG CAA
AGT GTC TTA GGC A

97n Nick 2 CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTA TGT TAA TAC TTC TCC TAT GAC TTC TAA TTG ACC CAT GAC TAT CCT CAC
CTC CAC CGT TTC A

CGA TCA TGG AGT TAT ATC TGA GGG ATA CAA TTA TGA AGA GGA TAC TGA AGA TTA ACT GGG TAC | TGA TAG GAG TGG AGG TGG CAA
AGT GTC TTA GGC A

97n Double CAG AAT CCG TGC TAG TAC CTC AAT ATA GAC TCC CTA | TGT TAA TAC TTC TCC TAT GAC TTC TAA TTG ACC CAT GAC TAT CCT CAC
CTC CAC CGT TTC A

CGA TCA TGG AGT TAT ATC TGA GGG ATA CAA TTA TGA AGA GGA TAC TGA AGA TTA ACT GGG TAC | TGA TAG GAG TGG AGG TGG CAA
AGT GTC TTA GGC A

Table A.2 Cyclization sequences
Unless otherwise stated,𝜆, cyclization sequences are from V&H,15 with sticky end (Ns) highlighted in red,
and the remainder of the sequence (Nd) in black. Sequences are written 5′ to 3′. For conciseness, other
than the initial example of Nbp = 67, a second strand is omitted where it is the reverse complement of
the first strand.
𝜆 Non-V&H sequence. m C:C Mismatch highlighted (blue). n Nicks highlighted with bar | (blue).
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with V&H:15

jeq ≡
Kcyc

eq

Kdim
eq

. (A.6)

This is a measure of the effective concentration of one sticky end in the vicinity of the other

when the dimerization reaction involves distinct monomers, forming a heterodimer, with

only one sticky end per monomer. Researchers often estimate Kdim
eq using the dimerization of

identical monomers, forming a homodimer, with palindromic sticky ends. In this case, given

the same underlying interaction strength between sticky ends (and hence the same Kcyc
eq ), Kdim

eq

would be increased by a factor of two due to combinatorial (4x the number of possible dimers)

and symmetry effects (1/2 due to homodimer versus heterodimer).115, 215 As a result, with this

approach the equilibrium j-factor is estimated as

jeq = 2
Kcyc

eq

Kdim
eq

. (A.7)

In the case of identical monomers with two non-palindromic sticky ends, there is no pre-factor

in the j-factor estimate, as the combinatorial (2x number of possible dimers) and symmetric

effects (1/2 due to homodimer versus heterodimer) cancel. Overall, under the approximation of

ideal behavior of separate complexes, these three approaches are equivalent.

A.4 Minicircles

Minicircle simulations were performed with a molecular dynamics (MD) algorithm using a

simple Andersen-like thermostat.59 Briefly, Newton’s equations of motion are integrated (NVE

ensemble) with a time-step of 𝑑t = 15 fs. To approximate Brownian motion,ii every Nnewt steps,

the velocity and momenta of each particle are refreshed with a refresh probability (pt) from a

Maxwell-Boltzmann distribution of the temperature of interest (T = 298 K), which emulates the

NVT ensemble. The refresh probability (pt) was set by the newtonian step (Nnewt = 103 MD

iiBallistic motion occurs in the limit where pt = 0
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steps) and the diffusion coefficient (D) by

pt =
2 kBT

m × Nnewt × 𝑑t
kBT
m × Nnewt × 𝑑t + 2D

, (A.8)

where m is the oxDNA unit mass, 5.24 × 10−25 kg (for the reader’s convenience, we have written

the equation in SI units, instead of oxDNA reduced units). The diffusion coefficient was chosen

to have small temperature deviation from the set point, and to decorrelate potential energy

and kinking relatively rapidly. We choose D = 120 nm2 ns−1, yielding a refresh probability of

pt = 9.7 %. This choice leads to a sufficiently small discrepancy between the intended value of the

temperature and that measured from the kinetic energy, a difference of about 0.3 K at T = 298 K.

This diffusion coefficient is 100−1000× greater than those reported experimentally;216 however,

artificial increases in D have been previously reported for hybridization kinetics with oxDNA,80

improving sampling without otherwise perturbing the result. Configurations are output every

105 steps, which corresponds to the characteristic potential energy decorrelation time.

We forbid the formation of base pairs that are not intended in the design of the system

(non-native base pairs). For example, with two strands (both written 5′ → 3′), the first base

of the complement strand would only be allowed to form base pairs with the last base of the

reverse complement strand, and vise-versa.

Minicircle simulations were performed in two phases: equilibration and production. In the

equilibration phase, appropriate starting configurations (intact with given Lk or nicked) were run

for 107 MD steps. For the production phase, five independent simulations were initialized with

random seed and starting configurations drawn from the equilibration phase (configurations at

6 × 107, 7 × 107, 8 × 107, 9 × 107 and 1 × 108 MD steps).

Results are identical to those obtained with a VMMC algorithm62 at 298 K. Sequences are

available in Table A.3 for the intact relaxed minicircles with 50 % GC-content.
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Nbp Lk 𝑠 GC/% Sequence

31 3 0.003 48.39 CGC TCA TCA TAT ACG GGC AGA AGT CAA GCT A

32 3 −0.029 50.00 GGT CCA CTC AAG TTT GCT TTG ATG TGA CTG CG

41 4 0.011 48.78 AGA ACC CTG CGC TAC GAT GAA GGC CGA AAC TAT ATC TAT CG

42 4 −0.013 50.00 AGC AAG GAA CTC AGT TGA CGC TAT AGA GAA GCC ACC AGT TGC

51 5 0.016 49.02 AGC AGT ATT TCC TTG CTG TAT AGA CCG GGA GAC ACA GAC GCT TGA CAT CAG

52 5 −0.004 50.00 TTC TAT TCC AAA CAA CGC CAG TCG CCG CAA ACT GCT GTC TGA GGG AAA CTA C

62 6 0.003 50.00 CCC ACA GTA ACG ATC TTC TGT TGT AAC GTG ACT CAG CTG TCG TAG CAG GTA GTC
TGG CTC TA

63 6 −0.013 49.21 GCC CAA CGT CCA GAC ACA CTG CCT TCA GTA AGT GAT GAA TGA AAA GGC TGA GCT
GGG GAT AAA

72 7 0.007 50.00 CAC TGG GCC ATT CAA GAT GAA GCA GGC TGA GAC AGC TCA CAT TTC GTT TTC CGT
ATT GGA GTG CAT GTT GGG

73 7 −0.007 49.32 AAA CTC AGC TCA GTC ATG AGG CGC TAA GTA ACG GAA GCC GCT CTC ACT ATC ATT
TTA CGC TGT CCC AGA GAC T

82 8 0.011 50.00 CAC GCG GCG GCA AAG ATA GAA AGC AAC TAC CAT TGT GCA TCT TTG AAT CCT ACG
GAC GTG CAG CGT TGC ATT AAG CGC CTT A

83 8 −0.001 49.40 ACA CTT CAT GAT TAT ATG CGC ACC GTT TGC ATG CCT CTG CTC AAA CGC GCT ACA
CAC TAC GGG GAC AGG TAG ATG TTC GGA AA

Table A.3 Minicircle sequences
50 % GC-content sequences used for investigating intact relaxed minicircles with sequence-dependence.
Sequences were randomly generated, choosing the first sequence to satisfy the ∼50 % GC-content
criterion. Misbonding is explicitly disallowed, obviating the need to screen-out pathologic sequences, if
present. Superhelical density 𝑠 computed from Equation (7.2).
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A.5 ‘Strained duplex’

A.5.1 Structural simulations

Structural simulations were performed with both MD and VMMC moves. Unless otherwise

stated, simulations were performed at T = 23 ∘C. The results for both methods are nearly

identical (Appendix A.5.2). Structural simulations are development studies, i.e. there is only

one trial for each molecule (Nd, Ns). Instead of pre-equilibration, simulations are initialized

with unique random seeds and an unequilibrated starting configuration; the first 10 % of the

trajectory is ignored as potentially unequilibrated. Error bars represent the standard deviation

(SD) (usually we report standard error of the mean (SEM)), and where not shown, are comparable

to line thickness.

For MD, simulations are run for 2 × 108 MD steps, with trajectories output every 2 × 105 MD steps.

Unless otherwise stated in the text, all other parameters are the defaults discussed in Section 3.1.2.

For VMMC, simulations are run for 2 × 107 VMMC steps per particle, with trajectories output

every 1 × 104. VMMC ‘seed moves’ were zero mean with standard deviation 0.2 radians for

rotation, and zero mean with standard deviation 0.05 simulation units (0.0425 nm) for translation

(Section 3.1.3).

A.5.2 Structural simulations, sampling

Adequate sampling and statistics are imperative for the robustness of course grain simulations;

that the simulation is properly equilibrated cannot be assumed a priori, and must be demonstrated.

It is non-trivial to prove that a system is at equilibrium since the various constituent parts of a

system often equilibrate on different time and length scales.

For example, let us take a simple chemical reaction A B C. The equilibration time scale

of molecular rearrangement could be on the order of picoseconds, A B on the order of

seconds, and B C on the order of days. A millisecond time scale simulation could be useful

for studying the presumably equilibrated process of molecular rearrangement, but would be

useless for the out of equilibrium reactions A B and B C. Each process under study must

be independently checked for robustness, and the simulation run long enough to equilibrate the
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longest time-scale phenomena.

At long time scales, Markovian processes result in exponential distributions

𝑞(t) ∼ exp
(︂

t
𝑡c

)︂
, (A.9)

where 𝑞 is the autocorrelation function, t is time and 𝑡c the characteristic time. By definition,

the data are completely correlated at 𝑞 = 1, and completely decorrelated at 𝑞 = 0.

The discrete time autocorrelation function is given by

𝑞(t) =
1
N

N∑︁
n=1

xtx̄t+n − ⟨x⟩2
t , (A.10)

where N is the number of data points and ⟨x⟩t is the time average of x. Assuming ergodicity,

⟨x⟩ensemble = ⟨x⟩time, (A.11)

the ensemble average may be substituted for the time average; for example, when computing

the autocorrelation of Monte Carlo (MC) trajectories.

In practice, the autocorrelation function is noisy at short time scales in MD and MC simulations.

To reduce noise, we use the block averaged autocorrelation function

𝑞(t) =
⟨x2⟩t − ⟨x⟩2

t
N

N−Mb∑︁
t=1

Mb∑︁
j=1

xtx̄t+j − ⟨x⟩2
t ; (A.12)

where Mb is the number of blocks. The prefactor 1/N(⟨x2⟩t − ⟨x⟩2
t ) produces an estimate of

the accuracy of the standard deviation. Deviations from 𝑞(t = 0) = 1 indicate an inaccurate

estimation of the standard deviation. The block averaged autocorrelation reduces to the simple

autocorrelation function in the limit N ∼ Mb.

Simulations were taken as equilibrated where 𝑞→ 0, usually after ∼5𝑡c. Likewise, data points

were considered independent after this time interval; therefore the SEM is given by

SEMx̄ =
√

5𝑡c
𝑠√
N

(A.13)
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where SEMx̄ is the SEM of the distribution, 𝑠 is the uncorrected (biased) standard deviation and
√

5𝑡c is my approximation for uncorrelated states.

The characteristic time, a proxy for equilibration time-scale, differ with respect to the metric

under study. In the case of structural deformations, it is unclear, a priori, the relative equilibration

time scales of potential energy, EED, fraying, kinking and bubble formation. To ensure that

simulation results are indeed sampling equilibrium states, and to correct the unbiased standard

deviation to account for correlation between states, block averaged autocorrelation is taken for

these properties. Representative results for intact molecule (Nd = 30, Ns = 8), a system in the

kink transition region, are shown in Figure A.2.

Ergodicity cannot be assumed a priori, so time (MD) and ensemble averaged (VMMC) trajectories

are explicitly shown to be equivalent. Block averaged autocorrelation (𝑞) shows a clear separation

of time scales between EED/Fray (shorter) and Bubble/Kink (longer). This separation is more

pronounced for VMMC than MD.

A.5.3 Thermodynamic simulations, melting and base pairing

Umbrella sampling was used to determine melting and base pairing. We use a one-dimensional

order parameter for the number of base pairs formed (Qbp), with windows for the open (Qbp = 0)

and closed (Qbp > 0) states. In the exploratory phase, weights are iteratively adjusted to

yield approximately even sampling. In the development phase, one simulation is run to yield

many equilibrated states. In the production phase, starting configurations are drawn from the

development phase, initializing 5 independent trials with unique random seeds. Error bars

represent the SEM, and where not shown are comparable to line thickness.

For base pairing, simulations were run at 300 K. For melting, we extrapolate the partition

function via histogram reweighting for T = 310–360 K from the ensemble at 340 K. Melted

states are taken as Qbp = 0, with a molecule considered associated if there is any base pairing

(Qbp > 0). Unsurprisingly, there is an extrapolation error between 300 K and 340 K, but this

should not impact the qualitative result (Appendix A.5.4).
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Figure A.2 Representative sampling for ‘strained duplex’
Representative MD and VMMC trajectories for Bubble (red), EED (orange), Fray (green) and Kink (blue)
for a intact molecule (Nd = 30, Ns = 8). Block averaged autocorrelation function (𝑞).
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Figure A.3 Free energy profile, temperature extrapolation
Free energy profile versus of number of formed base-pairs for linear duplex (black) and intact (blue)
systems (Nd = 30, Ns = 15) with the average-base parameterization. Simulation results at 300 K (light
coloured) and 340 K (dark coloured) extrapolated to 320 K using histogram reweighting. Errors bars
represent SEM from 10 independent simulations. Dotted lines are minimum and maximum values over
all simulations.

A.5.4 Thermodynamic simulations, temperature extrapolation

Since the histogram reweighting employed in Section 8.5.2 uses an identical configuration space

over all temperatures, it becomes inaccurate if the accessible state-space changes as a function

of temperature. This is of course true; however, state-space accessibility can be assumed

as constant within narrow temperature ranges, where the bounds of ‘narrow’ are system

dependent. To test the applicability of this approximation on the strained duplex model system,

the 300 K and 340 K simulations are extrapolated to 320 K (Figure A.3). Given the qualitative

agreement in energy profile shape, the difference between the two extrapolations (∼5 kBT)

sets an approximate maximum value for the extrapolation error around 320 K. Owing to the

large deviations of the strained molecules, precise quantitative conclusions should not be drawn

from the histogram extrapolation of the strained molecules. Extrapolation over a 45 K window

(T = 315–360 K from an configuration space at T = 340 K), as is the case for melting profile

determination, is too large for quantitative comparison. Indeed, extrapolation errors likely

explain some of the deviation between experimental and simulation values of Tm (Table 8.1).

Quantitative prediction of Tm is not, however, the aim of this work; rather, an examination of

the short to intermediate length-scale behavior of DNA flexibility, and the resulting stringent

critique of the Qu et al. analytical model. Experimental comparisons, such as Tm, are useful
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in so far as they highlight the strengths and deficiencies of the model. If anything, the close

agreement between experimental and simulation melting curves highlights the robustness of

the oxDNA model, and its appropriate treatment of real-world DNA thermodynamics.
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B.1 Expression, purification andmutagenesis

B.1.1 RecQwt DNA template preparation

E. coli full-length wild-type RecQ (RecQwt) in a pET15b vector was generously provided by

Professor James L. Keck, Biomolecular Chemistry, University of Wisconsin. In our hands, the

previously reported thrombin treatment159 to remove the N-terminal 6-His tag led to protein

cleavage between the Helicase/RecQ-Ct and helicase and RNaseD C-terminal (HRDC) domains,

not a full-length product as reported (Section 11.5.1). To remedy this problem, the full-length

wild-type RecQ (RecQwt) insert was cut (BamHI/NdeI) and inserted into a pET28b vector

(Figure B.1). The thrombin site (GLVPRGS) was then replaced with a Tobacco Etch Virus nuclear

inclusion a endopeptidase (TEV) protease site (ENLYFQ\G) through two-rounds of mutagenesis

using the Stratagene QuikChange II XL site-directed mutagenesis kit. Subsequent 6-His

removal was performed with TEV protease, resulting in full-length RecQwt by both Tris-Glycine

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and reverse-phase

high-performance liquid chromatography (HPLC)/electrospray ionization mass spectometry

(ESI-MS) (data not shown).

B.1.2 RecQ expression and purification

Competent BL21(DE3)gold pLysS cells were transformed with the relevant wild-type or mutant

RecQ. After an initial 50 mL isopropyl 𝑏-D-1-thiogalactopyranoside (ITPG) induction test, RecQ

was expressed overnight (O/N) in 1 L complete MagicMedia supplemented with 25 µg mL−1

Kanamycin (pET28b) and 34 µL mL−1 Chloramphenicol (pLysS). Cells were pelleted (Sorvall RC

5C Plus with Swing Bucket SH3000, 4000 rpm, 4 ∘C, 45 min) and stored at −80 ∘C.
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Figure B.1 Cartoon of RecQ inserted into pET28b vector
The approximate positions of relevant restriction sites, 11 wild-type cysteines, and tag-location are
highlighted.

Following resuspension in buffer A (namely 20 mM Imidazole, Appendix B.7.1.1) and the

addition of a Roche cOmplete, ethylenediaminetetraacetic acid (EDTA)-free Protease Inhibitor

Cocktail tablet, the cell pellet was broken by emulsification (IKA-Werke Ultra-Turrax T25),

dry ice freeze/thawing and sonication (Branson 450). Following two centrifugation steps

to remove bulk cell contents (Eppendorf 5810R with FA-46-6-30 Fixed Rotor, 9000 rpm, 4 ∘C,

30 min; Beckman-Coulter Optima L-100 XP Ultracentrifuge with Type 45 Ti Rotor, 40 000 rpm,

4 ∘C, 1 h), 6-His tagged RecQ was purified at room temperature (R/T) from the supernatant

via fast protein liquid chromatography (FPLC) and ion affinity chromatography (IMAC) (GE

Healthcare HisTrap HP 5 mL column or self-packed 5 mL Qiagen Ni-nitrilotriacetic acid (NTA)

Superflow Cat. No. 30430) with a linear gradient from buffer A to buffer B (buffer A with 300 mM

Imidazole, Appendix B.7.1.2). In addition to absorbance, fractions were analyzed via SDS-PAGE

before pooling. HisTEVRecQ elutes at about 70/30 buffer A/bufferB. To simplify purification, a

step-gradient from 100 % buffer A to 100 % buffer B (no linear transition) was also used. In our

quality control assays, there is no difference between the step and linear gradient purification

product (data not shown).

To remove the His-tag (note that not all substrates have their His-tags removed) pooled

fractions were concentrated (Millipore Amicon Ultra-15 Centrifugal Filter) and cleaved with TEV
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protease (plasmid DNA for TEV protease was generously provided by Dr David Waugh, Protein

Engineering Section, Macromolecular Crystallography Laboratory, National Cancer Institute).

Briefly, 50:1 RecQ:TEV protease by A280 absorbance was incubated under reducing conditions

(1 mM dithiothreitol (DTT)) at R/T for 2.5 h. To separate cleaved RecQ from TEV/HisRecQ, the

reaction mixture was IMAC purified (GE Healthcare HisTrap HP 5mL column) with a linear

gradient from buffer A to buffer B. Again, fractions were analyzed via absorbance and SDS-PAGE

before pooling. 6-His cleaved RecQ eluted at 100 % buffer A.

Pooled fractions were further purified via gel filtration on a GE Healthcare HiPrep 16/60

Sephacryl S-300 HR gel filtration column with 100 % buffer C (Appendix B.7.1.3).i In our hands, it

is imperative that the GF be performed at R/T; RecQ precipitation is accelerated, and subsequent

yields lowered, at 4 ∘C. Each fraction was quality controlled via SDS-PAGE. Pooled fractions

are quality controlled via reverse-phase HPLC/ESI-MS and nicotinamide adenine dinucleotide

(NADH)-coupled adenosine triphosphate (ATP) activity assay; sometimes, fluorescence-based

ensemble DNA-unwinding was also employed. RecQ is stored at −80 ∘C or liquid nitrogen.

B.1.2.1 Useful observations andwords of warning

IMAC: Addition of 1 mM 𝑏-mercaptoethanol (BME) to IMAC buffer A/B was observed to slow,

but not eliminating precipitation, and was therefore useful in overnight steps.

Storage: In our hands, storage for > 3 month at −80 ∘C leads to protein degradation into

∼60 kDa and ∼8 kDa fragments, as shown by SDS-PAGE (data not shown). For long-term

storage, liquid nitrogen is advised. Overall activity is reduced, but not eliminated, by multiple

freeze/thaw cycles; store in small one-time use aliquots.

Stability: RecQ (presumably RecQ𝐷HRDC due to degradation) retains its DNA-stimulated ATPase

activity, albeit with absolute and relative turnover reduced, after multiple freeze/thaw cycles

and storage at −20 ∘C for ∼18 months and counting.
iRecQ ellutes as one peak, suggesting a monomeric species; however, very weakly associating, or very short-lived

multimers cannot be ruled out with gel filtration.
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B.1.3 RecQmutagenesis

Three distinct rounds of RecQ mutagenesis were been performed:

(i) Cys-lite

(ii) Site-specific labeling

(iii) Double labeling

The Stratagene QuikChange II XL site-directed mutagenesis kit and the primers listed in Table B.2

were used for all rounds. Plasmid DNA was verified by 1 % agarose gels (data not shown) and

sequencing (sequencing primers also available in Table B.2). RecQ protein mutants are listed in

Table B.1. All RecQ mutants were expressed and purified following similar procedures.

B.1.3.1 CysLite

CysLite is an E. coli RecQ protein without maleimide liable surface exposed cysteines. Toward

this goal, cysteines were systematically removed from a HisThrombRecQ base via consecutive

rounds of mutagenesis. Single cysteine → serine mutants were generated at all positions

except C397S_C400S_C403S, which was generated from a single primer pair. Serine codon usage

was optimized for that of highly expressed enteric bacterial proteins. Consecutive rounds of

mutagenesis were used to generate multiple mutations in a construct. HisTEVRecQ mutants

were generated by digestion (NEB restriction enzymes and buffers), gel-purification (Qiagen

MinElute Gel Extraction Kit after running on 1 % Agarose gels) and re-ligation (NEB T4 DNA

Ligase) of the relevant constituent fragments into a HisTEV backbone vector. For example,

HisTEVRecQ ZnCysOnly was generated by NdeI/BamHI HisTEV pET28b (no RecQ insert) and

NdeI/SacII HisThromRecQ C43S_C56S_C94S_C111S_C150S_C243S_C351S.

B.1.3.2 Single-site, double-site labeling and separation-pinmutants

Using a CysLite mutant (HisThromRecQ C94S_C351S or HisTEVRecQ C94S_C351S) that shows no

reactivity with Alexa647-maliemde, as starting material, site-specific NNN → CYS mutants were

generated. An additional NNN → CYS site was generated for double mutants. Separation pin

mutants were introduced into HisTEVRecQ.
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HisThromb HisTEV

RecQwt (§, 𝑧) RecQwt (§, 𝑞, 𝑞*)

C43S_1 HisTEV RecQ Zn-only (§)
(C43-56-94-111-150-243-351S)

C56S_4 HisTEV RecQ No-Cys (§)
(C43S-56-94-111-150-243-351-380-397-400-403S)

C94S_6 (§ 𝑧 𝑧*)
C111S_3 C94S_C351S (§𝑞)

C150S_1 C94S_C351S_N65C (§*)

C243S_1 C94S_C351S_S97C

C351S_1 (§ 𝑧 𝑧*) C94S_C351S_S207C

C380S_2 (§) C94S_C351S_S245C (§*)

C397_400_403S_2 (§) C94S_C351S_S258C (§)

C380_397_400_403S_3 (§) C94S_C351S_N273C (§*)

C351_380_397_400_403S_3 C94S_C351S_Q445C

C43_56S_2 C94S_C351S_S465C

C43_56_94S_3 C94S_C351S_S579C (§)

C43_56_94_111S_3 C94S_S579C (§)

C43_56_94_111_150S_2 C94S_C351S_N65C_S245C (§**)

C43_56_94_111_150_243S_5 C94S_C351S_N65C_S258C (§)

C94_351S_3 (§) C94S_C351S_N65C_N273C (§**)

C150_243S_4

Other TGase

pET28b
(No RecQ insert)

HisThromTEVTGase RecQwt pET15b (§,𝑞𝑞*)

Table B.1 List of RecQ DNA constructs
All backbone vectors are pET28b unless otherwise noted.
§ Purified protein
§ Protein was insoluble or did not express
𝑞 TEV cleavage of His-tag
𝑧 Thrombin cleavage (𝐷HRDC)
* Alexa647-maliemide or Alexa647-cadaverine labeling
**Double labeling with Cy3B-maliemide/Atto647N-maliemide
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Primer Name Primer Sequence (5′ to 3′)

Sequencing Primers

Primer_R1 (Forward)
(Novagen T7 promoter primer #69348-3)

TAATACGACTCACTATAGGGG

Primer_R2 (Reverse) CGTGGCCCCATTGGGAG

Primer_R3(Forward) GGAATTAGCGCGGCGGC

Primer_R4(Reverse) CATCGCTTCCGCGGGC

Primer_R5(Forward) CGTGGTGCTAATAACCAGC

Primer_R6 (Reverse)
(Novagen T7 terminator primer #69337-3)

CCGCTGAGCAATAACTAGC

CysLite Primers

Throm → TEV
Round 1

5′-CATCATCACAGCAGCGGCCTGTACTTCCAGGGCAGCCATATGGCGCAGGC-3′

3′-GTAGTAGTGTCGTCGCCGGACATGAAGGTCCCGTCGGTATACCGCGTCCG-5′

Throm → TEV
Round 2

5′-CAGCCATCATCATCATCATCACAGCGAAAACCTGTACTTCCAGGGCAGCCATATG-3′

3′-GTCGGTAGTAGTAGTAGTAGTGTCGCTTTTGGACATGAAGGTCCCGTCGGTATAC-5′

C43S_G188C_S TTTCCGGCCGCGATTCCCTCGTCGTC

C43S_G188C_A GACGACGAGGGAATCGCGGCCGGAAA

C56S_G227C_S GGCGGAAAATCCCTTTCCTATCAAATCCCTGCC

C56S_G227C_A GGCAGGGATTTGATAGGAAAGGGATTTTCCGCC

C94S_G341C_S CGTGGCGGCGGCGTCCCTTAACTC

C94S_G341C_A GAGTTAAGGGACGCCGCCGCCACG

C111S_G392C_S TGAAGTGATGACAGGCTCCCGCACCGG

C111S_G392C_A CCGGTGCGGGAGCCTGTCATCACTTCA

C150S_G509C_S GTTGATGAAGCGCACTCTATCTCCCAATGGGGC

C150S_G509C_A GCCCCATTGGGAGATAGAGTGCGCTTCATCAAC

C243S_G788C_S CAGGCATTATCTACTCCAACAGCCGCGCG

C243S_G788C_A CGCGCGGCTGTTGGAGTAGATAATGCCTG

C351S_G1112C_S CGTGGCTGCGCCGTTCTCTGGAAGAGAAG

C351S_G1112C_A CTTCTCTTCCAGAGAACGGCGCAGCCACG

C380S_G1199C_S TTGCCGAAGCGCAAACTTCCCGTCGTCTG

C380S_G1199C_A CAGACGACGGGAAGTTTGCGCTTCGGCAA
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C397/400/403S_S CAGGAGCCGTCCGGGAACTCCGATATCTCCCTCGATC

C397/400/403S_A GATCGAGGGAGATATCGGAGTTCCCGGACGGCTCCTG

Site-specific labeling Primers

N65C_S CTATCAAATCCCTGCCTTATTGCTA

N65C_A CACGGTAAGGCCGCATAGCAATAA

S97C_S GGCGGCGTGCCTTAACTGCACGCA

S97C_A CGGGTTTGCGTGCAGTTAAGGCAC

S207C_S CGCTGATTCAAATCAGCTGTTTTGA

S207C_A ATTCGGACGGTCAAAACAGCTGATT

S245C_S GCATTATCTACTGCAACTGCCGCG

S245C_A TTCTACTTTCGCGCGGCAGTTGCA

S258C_S CGCTGCGCGCCTGCAATGCAAGGG

S258C_A CTAATTCCCTTGCATTGCAGGCGC

N273C_S CCTATCATGCCGGGCTGGAAAATT

N273C_A TCGGCGCGAACACAATTTTCCAGC

Q445C_S GAAGTGATTCGTGGTGCTAATAACT

Q445C_A CCATAGTCGCGGATACGGCAGTTA

S465C_S TCTATGGCATGGGCCGTGATAAAT

S465C_A AATGTICATGGCATTIATCACGGCC

S579C_S GCCAGCGAAATGCTCTGCGTIAAC

S579C_A CAACGCCGTTAACGCAGAGCATTT

Separation Pin Primers

W154L_S GATGAAGCGCACTGTATCTCCCAACTGGGCCACGATTTC

W154L_A GAAATCGTGGCCCAGTTGGGAGATACAGTGCGCTTCATC

F158L_S CCCAATGGGGCCACGATCTGCGCCCGGAA

F158L_A TTCCGGGCGCAGATCGTGGCCCCATTGGG

F221L_S CTACATGCTGATGGAGAAGCTGAAACCGCTCGATCAGTTGA

F221L_A TCAACTGATCGAGCGGTTTCAGCTTCTCCATCAGCATGTAG

H489L_S ACGCAAAATATTGCCCAGCTGTCTGCCCTACAACTGACAG

H489L_A CTGTCAGTTGTAGGGCAGACAGCTGGGCAATATTTTGCGT
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Other

dT54 ssDNA TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT

Table B.2 Primers for sequencing and mutagenesis
Sequencing primers: Six sequencing primers were used to verify each construct. Primers were ordered
free of salt at 50 nmol scale from IDT unless otherwise specified. Sequencing direction is noted in
parenthesis.
CysLite Primers: Primers used in conjunction with the Stratagene QuikChange II XL site-directed
mutagenesis kit to create HisTEV (Round1 and Round2 on HisTEV pET28b) and Cys → Ser mutations (all
others on HisThromRecQ). CXXS (e.g. C43S) refers to the protein mutations; numbering with respect to
wild-type E. coli RecQ. GXXC (e.g. G188C) refers to the DNA mutation; number with respect to HisThrom
RecQ. S and A refer to the sense (forward) and anti-sense (reverse) strands respectively. Mutation sites
highlighted in red. There primers were ordered free of salt at 50 nmol scale from Operon.
Site-specific labeling primers: Same nomenclature as CysLite Primers. Mutagenesis applied to CysLite
vector that demonstrates negligible maleimide labeling.
Separation pin primers: Same nomenclature as CysLite Primers.
‘_S’ and ‘_A’ refer to the sense and anti-sense primers respectively.

B.2 Fluorophore labeling

B.2.1 DNA labeling

Labeled and unlabeled oligos were purchased from either Operon or IDT (Table B.3). All labeled

oligos were purchased with an Int Cy3 or Int Cy5 modification. Briefly, complementary oligos

were annealed (1 h at 80 ∘C, followed by an 8 h linear cooling to 4 ∘C), and then gel purification

in an unstained 1 % agarose gel in 1x TBE buffe. Bands, visualized by the natural absorbance of

the Cyanine dyes, were excised and soaked O/N in 1x TE buffer. After removal of the agarose

fragment, absorbance was checked and the DNA stored at −20 ∘C.

B.2.2 Protein labeling

B.2.2.1 Maleimide-conjugated fluorophore labeling of RecQ

RecQ labeling was performed with a variety of dyes, with both maleimide and TGase mediated

cadaverine labeling schemes. For convenience, dye properties are outlined in Table B.4; chemical

structures Cy3, Cy3B, Cy5, Alexa647 and Atto647N in Figure B.5.
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Oligo Name Oligo Sequence (5′ to 3′)

Neuman Lab

Bottom 3′-biotin 50 Unlabeled
CTG GCA GGC CCA GTC CAG GTC GCT CTG TGT GCG TCA CGC CGG
TGA GCG TG/3BioTEG/

Cy3 Bottom 3′-biotin 50 nt
CTG GCA GGC CCA GTC CAG GTC GCT C/iCy3/TG TGT GCG TCA CGC
CGG TGA GCG TG/3BioTEG/

Cy3 Bottom 5′-biotin 50 nt /5BioTEG/CTG GCA GGC CCA GTC CAG GTC GCT C/iCy3/TG TGT
GCG TCA CGC CGG TGA GCG TG

Cy3 Bottom 3′-biotin 75 nt
CTG GCA GGC CCA GTC CAG GTC GCT C/iCy3/TG TGT GCG TCA CGC
CGG TGA GCG TGT TTT TTT TTT
TTT TTT TTT TTT TTT /3BioTEG/

Cy5 Top /5Cy5/GAG CGA CCT GGA CTG GGC CTG CCA G

Top Unlabeled GAG CGA CCT GGA CTG GGC CTG CCA G

Kapanidis Lab

DNA G326 (Amino dT)
/5BioTEG/TGA ACC AGG AGC CCG GAT GAT CCT GAC GAC GGA
GAC CGC CGX CGT CGA CAA GCC GGC CGA CT

JH_DNA2
ACG CGG CGG TCT CCG TCG TCA GGA TCA TCC GGG CTC CTG GTT
CA

FRET Standards

STD45T-NH2B
TAA ATC TAA AGT AAC ATA AGG TAA CAT AAC GTA AGC TCA XTC
GCG

STD45B-NH2dT13
CGC GAA TGA GCT XAC GTT ATG TTA CCT TAT GTT ACT TTA GAT
TTA

STD45B-NH2dT18
CGC GAA TGA GCT TAC GTX ATG TTA CCT TAT GTT ACT TTA GAT
TTA

STD45B-NH2dT23
CGC GAA TGA GCT TAC GTT ATG TXA CCT TAT GTT ACT TTA GAT
TTA

STD45B-NH2dT28
CGC GAA TGA GCT TAC GTT ATG TTA CCT XAT GTT ACT TTA GAT
TTA

STD45B-NH2dT33
CGC GAA TGA GCT TAC GTT ATG TTA CCT TAT GTX ACT TTA GAT
TTA

STD45B-NH2dT38
CGC GAA TGA GCT TAC GTT ATG TTA CCT TAT GTT ACT TXA GAT
TTA

Table B.3 DNA oligos for single-molecule TIRF experiments
X is the amino-dT position for labeling.
In the case of DNA_G326, this position was labeled with Cy3B-NHS-ester. In the case of the FRET standards,
X was labeled with Cy3B-NHS-ester (STD45T-NH2B) or Alexa647-NHS-ester (complement strands) to
produce standards with FRET ranging from low (STD45T-NH2B/ STD45B-NH2dT13) to intermediate
(STD45T-NH2B/ STD45B-NH2dT28) to high (STD45T-NH2B/ STD45B-NH2dT38).
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B.2.2.2 TGase-mediated cadaverine-conjugated labeling of RecQ

Transglutaminase (TGase) labeling is an alternative to maleimide-based cysteine labeling. A

N-terminal TGase tag (PKPQQFM) was cloned into the HisThromTEVRecQwt pET15b vector

immediately following the TEV site (HisThromTEVTGaseRecQwt). Following purification,

expression and TEV-mediated 6-His-tag cleavage, TGase was used to selective transfer Alexa647-

cadaverine onto the Gln residue in the TGase-tag.

B.2.3 Single labeling of RecQ

All protein labeling was performed with Alexa647-maliemide (Molecular Probes). Briefly, protein

is dialyzed (20 mM Tris HCl pH 8, 300 mM NaCl, 10 % glycerol) to remove sulfur compounds,

such as DTT, that interfere with labeling. The dialyzed protein is then reduced with tris(2-

chloroethyl) phosphate (TCEP) buffer (100 mM PO4 pH 8, 10 mM TCEP). Since TCEP is known to

interfere with maleimide labeling (albeit much less so that sulfer containing compounds such

as DTT and BME),217 it is removed via desalting (GE PD-10 desalting column with 100 mM PO4

pH8). In a septum sealed glass vial under nitrogen, DMSO dissolved Alexa647-maleimide and

protein (2–30:1) are incubated at R/T for 5 hr, followed by 4 ∘C O/N incubation. 100 mM BME at

R/T for 2 h is added to quench the reaction. Dye, labeled and unlabeled proteins are separated

via FPLC (GE Superdex Peptide HR 10/30 or GE Superdex 200 16/60 column). Fractions are

checked by A280/A650 absorbance and SDS-PAGE before pooling. Alexa647/RecQ stoichiometry

is determined by A280/A650 absorbance, Bradford and bicinchoninic acid assay (BCA) assays.

The same procedure was used to label non-specifically and site-specifically. A RecQ mutant is

considered site-specifically labeled if its control construct (native residue instead of cysteine)

has a negligible A650 at 6:1 Alexa647-maliemide:RecQ after gel filtration.

B.2.4 Double labeling of RecQ

Double labeling was performed with Cy3B-maliemide (GE) and either Alexa647-maliemide

(Molecular Probes) or Atto647N-maliemide (Sigma). Dialysis and reduction are identical to that

of the single labeling procedure. Dye1 and protein (2:1) are incubated for 1 h at R/T. Dye2 and

protein (8:1) are incubated O/N at R/T. The reaction is quenched with 100 mM BME. Following
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separation of free dye via gel filtration, fractions are checked at A280/A550/A650 absorbance

and SDS-PAGE before pooling. Before visualization with coomassie, gels are checked for in-gel

Förster resonance energy transfer (FRET) on a FluorChem Q gel imager (Filter set Ex:Cy3/Em:Cy5,

with Ex:Cy3/Em:Cy3 and Ex:Cy5/Em:Cy5 as controls). A RecQ mutant was considered doubly

labeled if in-gel FRET was observed, FRET was observed via ensemble fluorometry and labeling

stoichiometry was better than 1:0.5:0.5 (RecQ : Cy3B : Atto647N or Alexa647).

B.3 Ensemble assays

B.3.1 ATPase assay

ATPase activity is determined using an absorbance based NADH coupled ATP assay consisting

of imaging buffer (Appendix B.7.2.1) supplemented with 200 µM NADH, 2 % PK/LDH (pyruvate

kinase / lactate dehydrogenase), 1 mM PEP (phosphoenolpyruvate), 1 mM ATP (Figure B.2).

The procedure is as follows:

(i) Establish a baseline for NADH turnover by monitoring A340 in the absence of enzyme.

(ii) Measure basal enzyme activity by monitoring A340 upon the addition of 200–1000 nM of

RecQ.

(iii) Measure DNA-stimulated enzyme activity by monitoring A340 upon the addition of 100 µM

dT54.

Crude basal (2) and DNA-stimulated (3) 𝐷A340 are corrected by subtracting baseline NADH

turnover (1). Using this corrected 𝐷A340, ATP turnover (kcat) is determined as follows:

kcat =
𝐷Acorrected

340
[Enzyme] × 𝑒340 nm

NADH × ℓ

(︂
1
s

)︂
, (B.1)

where ℓ is the cross-section of the flowcell (usually 1 cm), 𝑒 is the extinction coefficient of

NADH (𝑒340 nm
NADH = 6220 M−1 cm−1) and the enzyme concentration is determined by either BCA

assay or A280 using 𝑒280 nm
RecQ = 48 800 M−1 cm−1 for RecQ, as calculated by Expasy ProtParam

(tags and point-mutations are negligible). Assays were performed on a variety of comparable

iiA useful resource for ATP-turnover assays: http://www.proweb.org/kinesin/Methods/ATPase_
assay.html.

http://www.proweb.org/kinesin/Methods/ATPase_assay.html
http://www.proweb.org/kinesin/Methods/ATPase_assay.html
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Figure B.2 Schematic for NADH coupled ATP-turnover assay
Enzyme-mediated ATP hydrolysis is linked to NADH turnover. NADH absorbance at 340 nm is monitored
as a reporter of ATP turnover.ii

spectrophotometers: Agilent 8453, Beckman DU640 and HP8453.

B.3.2 Fluorometer assays

Fluorescence based assays are used to measure enzyme-DNA binding and ensemble FRET. All

experiments were carried out on a PTI Fluorometer with two independently adjustable detection

paths (separate polarizer and PMT). In anisotropy measurements, excitation light was vertically

polarized (0°), with detection channels A (F⊥/Horizontal/90°) and B (F‖/Vertical/0°) polarized

orthogonal to each other. In all other measurements, including protein induced fluorescent

enhancement (PIFE) assays, excitation and detection channels were polarized identically (54.7°).

Slit widths were set to 2 mm, and all measurements were collected with 1 nm step-size and 0.1 s

integration time per step.

Anisotropy was determined by,

r =
F‖ − F⊥

F‖ + 2F⊥
, (B.2)

where F‖ detection is polarized parallel to the excitation light and F⊥ is polarized perpendicular.

In non-anisotropy assays, the counts for both detection channels were combined.

Unless otherwise stated, experiments are conducted in imaging buffer (Appendix B.7.2.1).

Typically samples were excited at 500 nm and 600 nm, with emission spectra collected at

525–800 nm (Cy3, Cy3B) and 625–800 nm (Cy5, Alexa647, Atto647N) respectively.



Single-molecule experiments 265

B.4 Single-molecule experiments

B.4.1 Single-molecule TIRFM (Prism-type)

Full details of the single-molecule prism-type total internal reflection fluorescence microscopy

(TIRFM) setup and flow cell preparation are described in Sarkar et al.147

Briefly, it is a Olympus IX71inverted microscope (Olympus, Melville, NY), with 60x numerical

aperture 1.2 water-immersion objective (UPLSAPO60XW, Olympus) with additional 1.6x tube

lens magnification, Back Illuminated and iXon EM 897 camera and a bracket mounted prism.

Either a 532 nm (GCL-025-L-0.5 %, CrystaLaser, Reno, NV) or 650 nm continuous-wave circularly

polarized laser of ∼3 mW are directed through the prism, generating an evanescent wave

slightly larger than the viewing area of ∼150 × 75 mm119 (penetration depth is 100–150 nm).

Our flowcell is amine functionalized quartz (Vectabond, Vector Laboratories, Burlingame, CA)

with sandwich of biotinylated polyethylene glycol (PEG), strepavadin and biotinylated DNA (2 pM ,

which corresponds to 500–1000 bound molecules per field of view). Additional passivation is

provided by 0.1 mg/ml bovine serum albumin (BSA). Before addition of biotinylated DNA, we

take the additional step of photobleaching the slide with 30 mW 532 nm to reduce background

signal from dust. Unless otherwise stated, experiments were carried out in imaging buffer

(Appendix B.7.2.1), supplemented by an oxygen scavenger system (Appendix B.7.2.2). All

reagents are flushed well in excess of our flow cell volume of ∼100 nL (4 cm × 2 cm × 0.12 mm).

Experimental procedures vary from this point, but involve the introduction of various

concentrations of RecQ and ATP.

RecQ concentrations up to 1 mM were used in unlabeled RecQ experiments. Excess background

noise from acceptor labeled RecQ in solution limited me to concentrations of 10–50 nM for

experiments using labeled protein. ATP concentrations assayed ranged from 1 µM to 10 mM .

For non-saturating ATP concentrations (below 1 mM), a Creatine Kinase ATP regeneration

system was used to clamp the concentration (Appendix B.7.2.3). This was used in addition to the

aforementioned Oxygen scavenger system.



266 Chapter B: Part II: Detailed Experimental Methods

(a) (b)

Figure B.3 D/D and D/A lifetimes by laser power (excitation/emission)
(a) Donor lifetime (ex:D / em:D) and (b) acceptor lifetime (ex:D / em:A)
Note that t90 (90 % of fluorophores are still intact) is used instead of fluorescence lifetime. This metric
was used since we cannot easily distinguish between unwinding, bleaching and dark-stating on our
non-ALEX TIRFM setup.

B.4.1.1 Instrumentation controls

To ensure the best signal-to-noise ratio (SNR) possible, a detailed determination of the noise

characteristics of the Neuman lab single-mocule TIRFM setup, described in Sarkar et al,147 was

required. Single-point mean variance (Back Illuminated iXon EM 897, bit-level 214) yielded a post

multiplication gain of approximately 0.02 electrons per grey−level. All single-molecule results

will be reported in electrons using this conversion factor. Dark and read noise were effectively

zero. Total camera noise, presumably clock induced charge noise, was 1.4 e- (no light entering

the system). Donor/donor and donor/acceptor noise from a Cy3 Bottom 3′-biotin 50 nt/Cy5

Top preparation over 1 s (10 frames) were 3.5 (mean 2.2) and 4.4 (mean 2.8) e- respectively.

When factoring in camera noise and assuming an EM multiplication gain factor F2 = 2, we are

operating at 1.5 2 times the shot noise limit.

In our hands, Cy3 and Cy5 t90 (90 % of fluorophores are still active; we use this metric because it

is very difficult to differentiate between unwinding and bleaching in a non-alternating laser

excitation (ALEX) setup) are 11 and 4 seconds respectively at 3 mW donor excitation with the

aforementioned substrate (Figure B.3). As expected, SNR increases (data not shown) and lifetime

decreases at higher excitation power.



Single-molecule ALEX-TIRFM (Objective-type) 267

B.4.2 Single-molecule ALEX-TIRFM (Objective-type)

Full details of the three-color (473, 532 and 635 nm) objective-type ALEX-TIRFM setup are

described in Lee et al.218 Only two channels (532 and 635 nm) were used.iii.

#1.5 glass cover slips (22 × 40 mm) with mounted silicon gasket (4×,∼25 µL wells) were used

instead of flow-cells. The use of wells instead of flow-cells allows for more direct access and

easier buffer exchange. Gaskets are reused and cleaned via iterative washing with MeOH, filtered

H2O and acetone. Glass cover slips are baked in high temperature furnace (heat 90 ∘C h−1,

500 ∘C for 1 h, cool 150 ∘C h−1) before use and not reused. Neutravidin (0.5 mg/ml in phosphate

buffered saline (PBS), wash with PBS + 0.1 mg/ml BSA to remove) is used instead of Strepavadin.

Objective-type and prism-type experimental procedures are otherwise identical.

B.5 Data processing and analysis

B.5.1 Extracting single-molecule time-series

Movies were recorded to raw tiff format with Andor software for the iXon camera. TwoTone219

was used to extract single-molecule trajectories of acceptor and donor intensities.219 While

the freeGaussElipse point spread function (PSF) fitting feature is by far the most accurate,

fixedGauss was used because it is significantly less computationally intensive (∼2 h for a 3000

frame 512 × 512 tiff stack on a 32-bit 2.8 GHz Intel Core2 Duo with 2 GB ram versus 12+ hours).

FRET efficiency was calculated from TwoTone donor/acceptor intensities using Equation (10.1),

with 𝑏 ≈ 0.1 and 𝑔photobleach ≈ 1 empirically determined from control traces with neither RecQ

nor ATP. A custom MATLAB suite on top of TwoTone was written for plotting and analysis of

continuous donor excitation trajectories. Seneca, a Kapanidis lab software package, was used to

visualize ALEX trajectories.

iiiA more practical summary of the instrument is available from the Kapanidis lab webpage: http:
//www.physics.ox.ac.uk/Users/kapanidis/Group/Methods.SMFMethods.html

http://www.physics.ox.ac.uk/Users/kapanidis/Group/Methods.SMFMethods.html
http://www.physics.ox.ac.uk/Users/kapanidis/Group/Methods.SMFMethods.html
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Figure B.4 Parameter tuning of edge detection using simulated data
Simulation parameters were as follows: two state exponentially distributed system with 𝑡1 = 10s
and 𝑡2 = 10s. States were defined as E1 = 0.1 and E2 = 0.3 with 0.1 Gaussian white noise
overlaid. These were the approximate characteristics of the experimental signal. The lowest scoring
parameters were used for all edge detection, where the scoring function was normalized RMS given by:

RMSnorm =

⎯⎸⎸⎸⎷⎛⎝𝑡low
pred − 𝑡low

actual

𝑡low
actual

⎞⎠2

+

⎛⎝𝑡high
pred − 𝑡high

actual

𝑡high
actual

⎞⎠2

.

B.5.2 Kinetic data extraction

For extraction of kinetic information from single-molecule studies of static binding/unbinding

of acceptor labeled RecQ to donor labeled DNA, a 1D Gaussian Kernel edge detectoriv was used.

The accuracy of the edge detection was sensitive to the window size and threshold parameters;

therefore, these were calibrated by simulation, a simple two state model with exponentially

distributed dwell times plus variable Gaussian white noise (Figure B.4). This implementation

was similar to the two state model examined by Shi, Gafni and Steel.220

iv1D edge-detector available from: http://www.cs.unc.edu/Enanowork/cismm/download/edgedetector/index.html

http://www.cs.unc.edu/Enanowork/cismm/download/edgedetector/index.html
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B.6 Compendia

(a) (b)

(c) (d)

(e)

Figure B.5 Chemical structures of Cy3/Cy3B/Cy5, Alexa647 and Atto647N
(a) Cy3221

(b) Cy3B222

(c) Cy5223

(d) Alexa647226

(e) Atto647N (Carboxyl-Functionalized)227

Dyes are maleimide functionalized unless otherwise stated.
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Dye
(maleimide)

MW
(Da) Abs (nm)

Em
(nm)

Extinction Coefficient
(M−1 cm−1)

QY
(a.u.)

Cy3221 791 550 570 150,000 0.15

Cy3B222 796 558 572, 620 130,000 > 0.70

Cy5223 817 649 670 150,000 0.28

Alexa647142 ∼1300 652 668 239,000 0.33

Atto647N224 868 644 669 150,000 0.65

Table B.4 Compilation of fluorescent dyes
Absorbance (Abs), excitation (Ex) and emission (Em) are for maxima. Quantum yield (QY) relative to
fluorescein. Experimental conditions differ slightly, but are roughly comparable. Succinimidyl ester or
anti-body conjugated, in buffer (PBS) or methanol (extinction coefficients).
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Protein Domain Sub-domain
(if available)

Location
(amino acid index)

RecQ
(610 aa)

RecA H1 1–208

H2 209–340

RQC Zn 341–406

WH 407–516

HRDC 517–610
BLM
(1417 aa)

RecA 642–993

RQC Zn 642–993

WH 1069–1189

HRDC 1190–1290
WRN
(1432 aa)

RQC WH 956–1064 (Protein Data Bank (PDB):
3AAF)

HRDC 1142–1242
RecQL1
(649 aa)
RecQL4
(1208 aa)
SGS1
(1447 aa)

RecA 400–1268 includes entire RecA domain
and portions of others.

NS3
(631 aa)

RecQ 189–430

Table B.5 Compilation of RecQ-family domain locations
H1/H2: Helicase domains 1 and 2. These are sometimes grouped and labeled the RecA domain. The
ATP-binding domain containing the Walker A/B motif is located in the cleft between these two domains.
Zn: Zn-binding domain. A zinc-metal coordinating cysteine tetrad is located on this domain. This is also
the location of the helix-turn-helix on which the Zn-pin residues.
WH: Winged Helix domain. The WH𝑏-hairpin is located on this domain, with the WH-pin residue located
on the tip of the hairpin
HRDC domain: Helicase and RNaseD C-terminal domain. This domain is linked to the N-terminal domains
by a 10–30 aa flexible linker on some RecQ-family helicases. The Zn, winged-helix (WH) and HRDC
domains are together referred to as the RecQ C-terminal (RQC) domain.



272 Chapter B: Part II: Detailed Experimental Methods

PDB Description

RecQ (E. coli) 1OWY N-terminal (1-516) without ATP-analogue bound

1OYY . . . with ATP-analogues bound

1WUD Core of HRDC domain (530–606)

BLM (Human) 2RRD Core of HRDC domain

WRN (Human) 2DGZ Winged-helix domain

2E1E Core of HRDC domain

2E1F Core of HRDC domain

3AAF155 Winged-helix domain in complex with dsDNA

RecQL1 (Human) 2V1X N-term domains

2WWY N-term domains in complex with 3′-duplex DNA

SGS1 (Yeast) 1D8B Core of HRDC domain

NS3 (Hepatitis C) 1A1V157 N-term domains in complex with single-stranded DNA
(ssDNA)

3KQL212 ADP·AlF4, dT6 ssDNA. Starts at RecA domains. Enzyme
does not posses HRDC.

3KQN ADP·BeF3, dT6 ssDNA

3KQU ADP·BeF3, dT12 ssDNA

3KQH dA6 ssDNA

3KQK dT6 ssDNA

Hel308 2P6R225 N-term in complex with 3′-duplex DNA

(A. fulgidus) 2P6U225 Apo

PcrA 3PJR N-term in complex with 3′-duplex DNA

Table B.6 Compilation of RecQ-family PDB identifiers
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B.7 List of buffers

All buffers are sterile filtered to 0.22 µM . This is particularly important for single-molecule

reagents.

B.7.1 Protein purification

B.7.1.1 IMAC buffer A

• 20 mM Imidazole, pH 7.5 (w/ HCl)

• 10 % Glycerol

• 20 mM Tris HCl, pH 7.5

• 300 mM NaCl

• 1 mM BME

B.7.1.2 IMAC buffer B

• 300 mM Imidazole, pH 7.5 (w/ HCl)

• 10 % Glycerol

• 20 mM Tris HCl, pH 7.5

• 300 mM NaCl

• 1 mM BME

B.7.1.3 FPLC buffer C

• 10 % Glycerol

• 20 mM Tris HCl, pH 7.5

• 300 mM NaCl

• 1 mM DTT

• 1 mM EDTA
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B.7.2 Single-molecule experiments

B.7.2.1 1x Imaging buffer

• 25 mM Tris HCl, pH 7.5 (50 mM was occasionally used)

• 50 mM NaCl

• 1 mM MgCl2

• 0.1 mM DTT

B.7.2.2 1x O2 scavenger buffer

• 1 mM Trolox (10 µL from 100 mM Trolox stock)

• 0.1 mg/ml (10 µL of 10 U/mL Glucose oxidase)

• 0.025 mg/ml (250 U/mL) Catalase 5 µL, 200x Catalase

• 4 % w/w Glucose

B.7.2.3 1x ATP regeneration buffer

• 2 mM Creatine phosphate

• 0.1 mg/ml Creatine kinase

B.7.2.4 Vectabond solution

• 9 µL Vectabond (Vector Laboratories, Cat No: SP-1800)

• 450 µL Acetone

B.7.2.5 Neuman 100x PEG stock

• 100 mg, mPEG-SS, MW 5000 (SunBio USA Methoxy PEG succinimidyl succinate-5k, Cat No:

P1SS-5)

• 1 mg, Biotin PEG NHS ester, MW 5000 (JenKem USA, Item Code: A5027-5)

• 100 mM NaHCO3, pH 8.2 epp, 1 mL
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B.7.2.6 Kapanidis 100x PEG stock

• 20 µL Sodium Carbonate, 100 mM pH 8.3

• 4 mg NHS-PEG (Lysan, mPEG SVA MW5000, mPEG-Succinimidyl valerate MW 5000)

• 50 µg biotin-PEG-NHS MW5000 (Lysan Biotin-PEG-SC)

• Eep 450 µL H2O

B.7.2.7 25x Streptavidin stock

• 5 mg/mL Streptavidin (5 mg Streptavidin lyophilized powder, Invitrogen S-888)

• 50 % Glycerol 500 µL, 100 % Stock
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