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DNA is an amazing molecule which is the basic template for all

genetics. It is the primary molecule for storing biological information,

and has many applications in nanotechnology. Double-stranded DNA

may contain mismatched base pairs beyond the Watson-Crick pairs

guanine-cytosine and adenine-thymine. To date, no one has found a

physical property of base pair mismatches which describes the be-

havior of naturally occurring mismatch repair enzymes. Many mate-

rials properties of DNA are also unknown, for instance, when pulling

DNA in different configurations, different energy differences are ob-

served with no obvious reason why. DNA mismatches also affect their

local environment, for instance changing the quantum yield of nearby

azobenzene moieties.

We utilize molecular dynamics computer simulations to study the

structure and dynamics for both matched and mismatched base pairs,

within both biological and materials contexts, and in both equilibrium

and biased dynamics. We show that mismatched pairs shift further in

the plane normal to the DNA strand and are more likely to exhibit

non-canonical structures, including the e-motif. Base pair mismatches

alter their local environment, affecting the trans- to cis- photoisomer-

ization quantum yield of azobenzene, as well as increasing the likeli-

hood of observing the e-motif. We also show that by using simulated
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data, we can give new insights on theoretical models to calculate the

energetics of pulling DNA strands apart. These results, all relatively

inexpensive on modern computer hardware, can help guide the de-

sign of DNA-based nanotechnologies, as well as give new insights

into the functioning of mismatch repair systems in cancer prevention.
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Part I

P R E L U D E

Change is freedom, change is life.

It’s always easier not to think for oneself. Find a
nice safe hierarchy and settle in. Don’t make changes,
don’t risk disapproval, don’t upset your syndics. It’s
always easiest to let yourself be governed.

There’s a point, around age twenty, when you have
to choose whether to be like everybody else the rest of
your life, or to make a virtue of your peculiarities.

Those who build walls are their own prisoners. I’m
going to go fulfil my proper function in the social
organism. I’m going to go unbuild walls.

— Ursula K. Le Guin, The Dispossessed





1
I N T R O D U C T I O N

1.1 dna in summary

Deoxyribonucleic acid (DNA) is the ubiquitous molecule which
describes the essence of our genetic makeup. It is composed of a
phosphate-ribose backbone which polymerizes to create an arbitrary
number of bases. Because the phosphate groups of the backbone are
negatively charged, they repulse each other. This causes DNA to be
stiff, with a bending rigidity of 0.188 to 0.224 N nm2 and persistence
length of approximately 50 nm. [1]

Each DNA base covalently bonds to a ribose on the polymer back-
bone. Bases occur in complementary pairs: adenine (A) matches with
thymine (T), and cytosine (C) matches with guanine (G). AT pairs
form two hydrogen bonds between strands, and CG pairs form three.
This exact pairing allows for DNA duplication during mitosis and
cell growth.

DNA bases possess either one or two aromatic rings (pyrimidines
and purines, respectively). These rings are flat and sustain attractive
pi-pi interactions when stacked atop one another. Between pi-stacking
and hydrogen bonding, double-stranded DNA (dsDNA) binds to-
gether and forms a double helix. This double helix possesses two
grooves: one larger (major) and one smaller (minor). Each of these
grooves experiences a different chemical environment and binds
differently to various proteins.

Friedrich Miescher discovered DNA in 1869. [2] In 1944 Avery,
MacLeod, and McCary established that this strange molecule en-
coded genetic information, [2] but little about its structure. James
Watson and Francis Crick, bolstered by the appropriated notes of
Rosalind Franklin, were the first scientists to publish the double-helix
structure for DNA. [3, 4]

1.2 dna in biology

DNA is one of the primary molecules used for storing biological
information. This information propagates from DNA through the
processes of transcription (to RNA) and replication (during mitosis).
DNA’s exact pairing is essential for cellular reproduction and contin-
uation of an organism’s genome. Replication, however, is susceptible
to errors and mutates the genome at a frequency of 1 per 10

7 base
pairs per mitosis cycle; [5] this forms base pair mismatches, such
as guanine-thymine (GT). DNA mismatches induce negative conse-
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4 introduction

quences on human health, including greater mutation rates, [6] ge-
netic defects, [7–9] and cancer. [9–12]

Mismatch repair (MMR) proteins are a class of proteins which
“proofread” and correct any errors during DNA replication. [7, 13]
MMR enzymes reduce the rate of errors in replication by 2-3 orders
of magnitude, to 1 error per 10

9-10
10 base pairs per mitosis cycle. [5,

14] The mechanism by which they recognize these mismatches
remains unknown. We explore structural and dynamical differences
in matched and mismatched DNA in an attempt to elucidate the
underlying principles of MMR recognition trends.

1.3 dna in materials

DNA is a promising material for developing novel nanotechnolo-
gies, due to its unique properties. Not only can its discrete sequence
store information, [15–17] but so-called DNA origami [18–20] applies
strand specificity to bend and contort DNA into provocative shapes
and structures. Self-assembling nanotechnologies often employ DNA
bound to nanoparticles arranged systematically. [21–23] The nanopar-
ticles will join only when in contact with other nanoparticles that
display DNA of complementary sequence.

Incorporating additional functional groups into the DNA provides
mechanisms to externally control DNA hybridization, enabling
the development of stimulus-responsive materials. Photoswitches
respond to light exposure, and photoswitch-modified DNA is
applied to many sectors, including manipulation of gene expres-
sion, [24–27] DNA biosensing, [28–31] and light-controlled DNA
nanomachines. [32–38] We explore the effects of azobenzene in DNA,
especially as they relate to mismatches in the DNA polymer.

1.4 dna in this work

This dissertation explores three specific domains of DNA dynamics.
Chapter 3 analyzes structural and dynamical differences between
matched and mismatched DNA strands. We observe mismatched
bases shift more than their matched counterparts in the plane
perpendicular to the DNA strand. The mismatches possess fewer
inter-base hydrogen bonds and are less stable. Several mismatched
structures exhibit the e-motif when driven from their ground-state
conformation.

Chapter 4 investigates the mechanism by which mismatched DNA
bases affect their local environment and, consequently, neighboring
azobenzene moieties. We find experimentally-determined quantum
yield (QY) correlates with the variance of neighboring DNA bases. As
mismatched bases are less stable, their spatial fluctuations increase
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and the probability of free volume forming near the azobenzene also
increases.

Finally, Chapter 5 adopts a coarse-grained model to explore the
energetics of pulling DNA. We fit pulling simulation data to three
mathematical models, and evaluate the benefits and drawbacks of
each model. We find the Bell-Evans and Friddle-Noy-deYoreo models
to interpret the underlying data in non-physical ways. The Hummer-
Szabo model confers more realistic energy profiles, especially at slow
pulling rates.

1.5 literature review

1.5.1 Base Flip and Mismatch Repair

Understanding the mechanism by which MMR proteins recognize mis-
matches is crucial to preventing the health risks mismatches pose.
Many sources [13, 39–41] provide a general trend in the ability of
MMR proteins to recognize specific mismatches. GT is one of the easi-
est to recognize, while CC is one of the most challenging:

GT� CA > AC ≈ TG > CT� TC > CC. (1.1)

Imhof et. al. [42] performed molecular dynamics (MD) simulations
to determine the structural properties of a DNA polymer containing a
GT mismatch. Sharma et. al. [43] studied many mismatched pairs and
observed a correlation with the overall bend of the DNA polymer and
mismatch identity. Sharma et. al. also performed MD simulations of
base pair mismatches in the presence of different MMR proteins, show-
ing the effects of protein active sites on the structure of mismatched
DNA. [44]

Lau et. al. [45] discovered one of the most fascinating elements
of MMR systems in 2000. They observed a crystal structure of an
MMR protein not only bound to DNA, but actively flipping one of
the DNA bases out of the double helix and into the protein’s active
site. Theoreticians have explored this phenomenon, known as base
flip, since. We examine this and other structural properties for DNA
mismatches in Chapter 3.

1.5.2 Azobenzene in DNA

Azobenzene is an effective molecular photoswitch due to its chemi-
cal stability and reversible photoisomerization. Exposure to UV light
converts from the trans- to the cis- isomer, while blue light or in-
creased heat induce the reverse conformational transformation. The
mechanism of the isomerization is subject to debate, but recent ex-
perimental and computational evidence indicate it follows a hula-
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twist pathway [46–56] that is volume-conserving in the DNA envi-
ronment. [48] The size and polarity of azobenzene compares to DNA
nucleobases, [57–59] making it an exceptional candidate to chemically
modify DNA.

Asanuma et. al. [60, 61] demonstrated azobenzene can be incor-
porated into DNA using a d-threoninol linkage to the phosphate
backbone. Despite azobenzene distorting the duplex DNA, the
overall stability of the azobenzene-modified polymer is greater than
that of the native duplex due to favorable pi-stacking interactions
between the azobenzene and its neighboring nucleobases. [62–64]
Reversible optical control of DNA hybridization and dehybridization
is achieved by the photoisomerization of azobenzene: photoswitch-
ing trans-azobenzene to the non-planar cis-form produces steric
hindrance which destabilizes the dsDNA, decreasing the melting
temperature and unzipping the DNA at typical experimental
temperatures. [60]

Recently, Yan et. al. [65] revealed the QY of azobenzene-modified
DNA (azo-DNA), that is, the probability of azobenzene isomerizing
after absorbing a photon, varies with the nearby sequence of neigh-
boring base pairs. They hypothesize this change is due to the local
“free volume” or empty space created by mismatched base pairs next
to the azobenzene. We explore this hypothesis in Chapter 4.

1.5.3 Pulling DNA with Atomic Force Microscopy

Dynamic Force Spectroscopy (DFS) is used to study single-molecule
interactions. [66–69] It can be applied to DNA by employing atomic
force microscopy (AFM) [70, 71] wherein the AFM cantilever tip co-
valently binds to a DNA strand and a collection of corresponding
strands bind to a nearby substrate. The AFM tip drops to the sub-
strate, allowing the DNA strands to hybridize. It then retracts, and
the resulting force is measured as the DNA melts.

Zhang et. al. [71] recently performed such DFS experiments on DNA
in two configurations: pulling the DNA apart from opposite termini
of the strand (shear, Fig. 5.1a) and pulling from the same terminus
(unzip, Fig. 5.1b). The Second Law of Thermodynamics asserts that
because the initial (hybridized) and final (unbound) states are the
same, the free-energy difference of this process should be the same for
both. In fact, after applying a theoretical model, Zhang et. al. found
the two geometries to express different changes in free-energy. We
explore in Chapter 5 how the assumptions from various models may
lead to such a result.
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1.5.4 Simulation and Force Field Development

Banavali et. al. [72] defined a DNA base flip reaction coordinate that
could be measured during MD simulations; this coordinate described
the pseudo-dihedral angle between a base, its ribose, the neighbor-
ing ribose, and the neighboring base pair. Song et. al. revealed in
2009 [73] that by updating their reaction coordinate to utilize the base,
the flanking phosphates, and all four neighboring bases (Fig. 3.2) they
could improve the stability of the restraints and better describe the
degree of flipping. We employ this updated coordinate in Chapter 3.

McCullagh et. al. [74, 75] developed force field parameters for an
azobenzene-containing DNA strand where the azobenzene was cova-
lently bonded on either side to a DNA strand. We modify their work
in Chapter 4 to create a force field for azobenzene adhered to only
one strand of the DNA.

Flexible polymer models have been used to model proteins for
some time; [76–79] Mishra et. al. [80] apply this model to DNA and
we adapt it for use in the coarse-grained pulling simulations explored
in Chapter 5.





2
G E N E R A L M E T H O D S

2.1 background theory

One of the alluring benefits of simulating molecules is that we obtain
perfectly-resolved detail over the course of a simulation. For Chap-
ters 3 and 4, we employ MD at the atomistic level; that is, we know
the position, velocity, and energy of each atom at each timestep. For
Chapter 5 we adopt an in-house coarse-grained model which repre-
sents each DNA base as a bead in a chain.

We apply these simulation methods to quantify the differences in
structure between DNA strands with matched and mismatched base
pairs, both with and without azobenzene. For some simulations, we
bias the dynamics to flip bases into solution, or to pull the strands
apart. These biases allow us to measure the energy associated with
such perturbations.

The underlying principle of MD is to apply Newton’s laws of mo-
tion at the molecular level. A collection of potential energies acting
on and between atoms is called a force field. These energies describe
everything from the spring-like behavior of bonded atoms and the
attraction of oppositely-charged particles to complex dihedral angles.
At each timestep, we sum the potentials on each atom, and from this
total, we can compute the force:

~Fi = −~∇iU (2.1)

where ~Fi is the force on the ith particle, ~∇i is the three-dimensional
gradient with respect to the position of the ith particle, and U is the
potential-energy of the system.

Having the force and knowing the mass mi of a particle (which we
acquire by identifying the atom), it is straightforward to calculate the
acceleration,~ai:

~Fi = mi ·~ai. (2.2)

From there, it is simple to integrate Newton’s laws to calculate both
the velocity and position of each atom. The forces, velocities, and posi-
tions can then be updated. Iterating over these steps reveals emergent
dynamics of the whole molecule.

9



10 general methods

2.2 detailed methods

2.2.1 Building Atomistic Models

We construct atomistic models of B-DNA containing twelve base pairs
by employing the 3DNA software. [81] We utilize the sequence CTGA
ACXA ATGT, where the placeholder X represents any one of the
four nucleotides. Bases 1-6 and 8-12 pair with matched nucleotides,
whereas X pairs with either a matched or a mismatched base, de-
noted Y. We adopt the notation XY to identify our considered se-
quence. The models employed in Chapter 4 include an azobenzene
molecule, which we add manually with VMD. [82] We study a total
of twenty systems: eleven without azobenzene (Ch. 3) and nine with
(Ch. 4). The non-azobenzene systems studied in Chapter 3 contain
four matched pairs (XY ∈ {AT, TA, CG, GC}) and seven pairs with
a single mismatch (XY ∈ {AA, AC, AG, CC, CT, GT, TT}). We do
not include the GG mismatch because steric influences prevent a hy-
bridized equilibrium state. The sequences of azobenzene-containing
systems of Chapter 4 are displayed in Table 4.1.

We minimize each model for 200 steps of steepest descent by apply-
ing the CHARMM27 Force Field, [83] which we employed through-
out. We solvated the structures with explicit TIP3P water [84] in a do-
decahedral simulation box extending at least 1 nm beyond the DNA
polymer in all directions. We randomly substituted water molecules
for 22 Na+ counter-ions to neutralize the system. The solvent was
minimized for 200 steps of steepest descent and equilibrated for 100

ps. We equilibrated each full system for 1 ns.

2.2.2 Atomistic Molecular Dynamics Simulations

We performed simulations at 300 K in the NVT ensemble with stochas-
tic velocity rescaling, [85] periodic boundary conditions, and a 2 fs
timestep employing the Gromacs simulation suite. [86] We utilized
the SHAKE algorithm [87] to constrain covalent bonds which include
a hydrogen atom, and treated long-range electrostatic interactions
with the Particle Mesh Ewald method [88] with a non-bonded cutoff
of 1.2 nm. After equilibration, we performed unbiased simulations
for 100 ns and saved trajectory coordinates every 10 ps.

2.2.3 Metadynamics

When using MD, sometimes the behavior or dynamics one might at-
tempt to measure occur on time scales longer than is currently feasi-
ble to simulate. As such, it is necessary to employ biasing methods
which distort the potential-energy landscape and drive the system
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to less-favorable configurations. We choose to apply well-tempered
metadynamics. [89]

(a) unbiased (b) biased

Figure 2.1: A cartoon representation of metadynamics. In an unbiased tra-
jectory (a) the system may not possess enough energy to over-
come a barrier and proceed from state A to state B. We would
be unable to suggest anything about the energetics of B. Metady-
namics (b) adds Gaussian-shaped “hills” to the potential-energy,
driving the system out of equilibrium and into unexplored states.
The free-energy surface is reconstructed by inverting the added
hills.

Metadynamics biases the system by adding Gaussian potentials to
the overall energy. These potentials are added along a predefined
reaction coordinate at a set rate. (Fig. 2.1) Once the simulation con-
verges, the sum of potentials added to the system describes the in-
verse of the free-energy surface. An appropriate analogy is “metady-
namic sand.” The free-energy surface in this metaphor is the bucket
and the metadynamics is the sand which is gradually added. By in-
verting the bucket, the sand holds its shape. We could reconstruct the
form of the bucket by observing the surface of the sand. Similarly, we
can reconstruct the free-energy profile by observing the added hills.

One of the major obstacles of metadynamics is determining when
the trajectory has converged to an appropriate free-energy. A run is
converged when it meets three criteria:

a. The difference in free-energy, ∆G, between local energy minima
converges to a fixed value.

b. The system explores the entire reaction coordinate, not localiz-
ing into any specific place.

c. For well-tempered metadynamics, a variant in which the ap-
pended energy decreases as the reaction coordinate is explored,
the height of added Gaussian peaks approaches 0.

We display a representative simulation in Figure 2.2. In this exam-
ple, the ∆G (detailed calculations for which are discussed in Chap-
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ter 3) converges at around 400 ns. The reaction coordinate, similarly
at 400 ns, ceases to be “stuck” at any one point. All three criteria are
satisfied at 600 ns when the height of the added Gaussians becomes
< 0.03, 1/100

th of its starting value of 3 kJ/mol (not pictured).

2.2.4 Coarse-graining

Atomistic molecular dynamics approximates an exact quantum sys-
tem. The size, charge, and other properties of each atom approximate
the position and behavior of its nucleus and electrons. It would be
an unfeasible computational problem to model these large systems
explicitly.

Similarly, we can incorporate additional approximations to allow
for computing larger systems. In Chapter 5 of this work, we approx-
imate each DNA base as one singular bead. In this model, we repre-
sent a double-stranded DNA molecule by two chains of beads, which
“bond” to the opposite strand with specificity.

2.3 simulation limitations

MD simulations embrace copious advantages, though they struggle
to represent DNA in certain contexts. Force field parameters are usu-
ally developed to match crystal structures, and can fail to capture the
structure and dynamics in solution. Primarily, energy calculations do
not always equate to experimentally-determined values. [90] This can
lead to artifacts such as over-sampled meta-stable minima. Periodic
boundary conditions can introduce artifacts if the simulation box size
is too small; [90] even with a large box, an image interacting with
itself through long-range water solvation shells may still bias the re-
sults.

Specifically, the CHARMM27 force field [83] represents DNA in
its A-form instead of the more native B-form. [91] The average rise
between bases is lower than for experimentally-measured B-DNA [91]
and sugar puckering of the backbone is over-represented. [92] Other
force fields similarly suffer, [91, 92] highlighting the importance of
validating theoretical measurements with experimental data.

Simulation time scales are briefer than experimental time scales,
e. g.nanoseconds as opposed to seconds, minutes, or hours, and thus
effects such as DNA pulling (explored in Ch. 5) occur at faster speeds
in simulation. For methods which are sensitive to velocity, (explored
in Ch. 5) these higher speeds can create additional divergence from
experimental results.

It is noteworthy that nucleic acid force fields are validated on
canonical structures, with two hybridized strands in a full-stacked
double helix. Any large deformations would alter the electronic
distribution of the molecule and engender the underlying force field
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Figure 2.2: A representative metadynamics calculation, exhibiting the differ-
ence in free-energy, ∆G (a), the biased reaction coordinate (b),
and the Gaussian hill height (c) over time. The simulation is
mostly converged by 400 ns when ∆G has converged to a con-
stant value and the reaction coordinate ceases being “stuck” in
one position. The system converges after 600 ns, when the added
hill height becomes and remains minute.
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less applicable. Polarizable force fields [93] will begin to solve this
problem, but until we can perform quantum-level calculations on a
macromolecular scale, exact energies and properties of non-canonical
nucleic acids will be difficult to simulate.

Coarse-grained simulations are similarly limited, and possess an
additional loss of detail when combining atoms into a single bead.
The model explored in Chapter 5 does not include any native twist
or helix to the polymer and contains twenty unique base types rather
than four. What is lost in accuracy is made up for in quantity: with a
coarse-grained model we can simulate tens of thousands of trajecto-
ries in the time needed to perform one atomistic simulation. Trends
extracted from the model are likely to be accurate, but quantitative
values should be viewed with a skeptical eye.



Part II

A P O L O G U E

Fear and realisation of ignorance, strong medicines
against stupid pride.

— Garth Nix, Sabriel

The purpose of a storyteller is not to tell you how to
think, but to give you questions to think upon.

— Brandon Sanderson, The Way of Kings





3
I N C O N G R U I T Y: D N A M I S M AT C H E S , T H E I R
S T R U C T U R E , A N D B E H AV I O R

3.1 introduction

In this chapter, we explore the differences in structure between
matched and mismatched base pairs. We use several strucutral order
parameters first defined by Yoon et. al. [94] that we have depicted
in Figure 3.1. Six of the parameters (shear, buckle, stretch, propeller,
stagger, opening) describe the structure between a base and its
pair; the remaining six (shift, tilt, slide, roll, rise, twist) describe the
structure between a base pair and its neighboring pair. We show
significant difference between matched and mismatched pairs for
some bases, especially for those parameters defined in the x-y plane.

Figure 3.1: The structural parameters employed in this paper. Image
adapted from Lu et. al. [81]. Parameters measured between a
base and its pair are located in the left two columns, between a
base pair and the neighboring pair are in the right two columns.
Translational parameters are in the first and third columns, rota-
tional in the second and fourth. Respect to the x-, y-, and z-axis
are the first, second, and third row, respectively.

While studying the structure of these mismatched systems, we
also calculated information on hydrogen bonding between base pairs.
Guanine (G) and Cytosine (C) form three hydrogen bonds when
paired with one another. Adenine (A) and Thymine (T) form two
hydrogen bonds with one another. As hydrogen bonds are the main
driver of stability in the DNA, and are solely responsible for the hy-
bridization of two DNA strands, an AT pair is less stable than a GC

17
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pair. We show decreased hydrogen bonds, and thus decreased stabil-
ity, for mismatched base pairs.

To further elucidate the physical properties of mismatched base
pairs, we compute the energy required to rotate bases out of the DNA
double helix. This rotation, called base flip, [73] is a crucial process by
which enzymes detect and selectively repair post-replicative errors.
Proteins of the mismatch repair (MMR) system proofread the DNA;
upon encountering a mismatch, an MMR enzyme flips the offending
nucleotide out of the DNA double helix and into its active site before
proceeding with the repair pathway. [9, 11, 45, 95, 96] MMR proteins
decrease the mutation rate between 50-1000 times, to a rate of 1 per
10

9-10
10 base pairs per cell division. [5, 14]

Base flip requires an activation energy exceeding thermal fluctua-
tions, and is unlikely to occur on the timescale of typical molecular
dynamics (MD) simulations. To rectify this obstacle, we utilize the
well-tempered metadynamics algorithm; driving the simulation away
from the ground-state. The free-energy profiles in some mismatched
pairs demonstrate a metastable state in which both bases flip out of
the DNA strand and nest in the minor groove. This may contribute
to MMR proteins’ ability to recognize mismatches. Our results do not
indicate a systematic free-energy difference between the flipped and
canonical structure as a quantitative predictor of mismatch recogni-
tion, largely due to this unusual minor-groove-nested structure. The
presence of the structure does not predict MMR recognition, which
highlights the importance of analyzing additional physical properties
such as DNA bending. [43, 44, 96–98]

3.2 methods

The methods are exactly as specified in Chapter 2, unless as outlined
below.

3.2.1 Structure, Hydrogen Bonding, and Base Flip

Roll, tilt, twist, slide, rise, shift, buckle, propeller, opening, stagger,
shear, stretch, (pictured in Fig. 3.1) and inter-base hydrogen bond-
ing were calculated using 3DNA; [81] probability distributions and
free-energy profiles were determined by in-house computer code. We
measure bend as by Sharma et. al.; [43] we subsection the DNA into
three portions (bases 2-4/21-31, 5-8/17-20, and 9-11/14-16) and cal-
culate the angle between the centers of mass of the heavy atoms. To
measure base flip, we adopt a pseudo-dihedral angle first described
by Song et. al., [73] defined as the dihedral angle between points P1,
P2, P3, and P4 where P1 is the center of mass of the four neighboring
base pairs, P2 and P3 are the centers of mass of the phosphates which
flank the flipping base, and P4 is the center of mass of the pyrimidine



3.2 methods 19

ring, or the five-membered ring of the purine. (Fig. 3.2) Changes in
base flip angle are positive if X crosses into the major groove or if
Y crosses into the minor groove, and negative otherwise. To identify
representative configurations, we applied the Biopython [99] module
cluster.kmedoids.

Figure 3.2: Definition of the base flip angle. We define the pseudo-dihedral
angle as being between points P1, P2, P3, and P4; P1 is the center
of mass of the neighboring base pairs (4 bases in total), P2 and P3

are the centers of mass of the phosphates flanking the flipping
base, and P4 is the center of mass of the five-membered ring
(of a purine) or the six-membered ring (of a pyrimidine). The
two intersecting planes describing the dihedral angle are lightly
shaded in yellow and red, and are outlined with dashed lines.
For clarity, the opposing base is not pictured.

3.2.2 Metadynamics Simulations

We employ well-tempered metadynamics simulations with two col-
lective variables: the base flip angle of X and the base flip angle of Y.
For comparison, we performed some simulations in which we adopt
only one of these two base flip angles as a collective variable. Using
the PLUMED plug-in, [100] we add Gaussian biasing potentials to the
collective variable(s) with an initial height of 3 kJ/mol, width of 0.08

radians, a deposition rate of 1 ps, and a well-tempered bias factor of
6, for a total simulation length of at least 700 ns. We reconstruct the
2D free-energy surface as the inverse of the potential-energy added
to the system as described by Barducci et. al. [89]. We pinned the base
pairs terminating the DNA strand and the base pairs neighboring the
flipping bases by their inter-pair hydrogen bonds to prevent the sys-
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tem from artificially melting. We constrain each hydrogen bond to a
distance of 0.2 nm with a harmonic constant of 40 kJ mol−1 nm−2.

3.2.3 Evaluating Correlations

For any two order parameters x and y, we calculated the covariance
as

covxy =
σxy√
σxxσyy

(3.1)

where

σxy = 〈xy〉 − 〈x〉〈y〉. (3.2)

Here, the angular brackets denote the equilibrium average,

〈x〉 =
∫∫ π

−π
dxdy xP(x, y), (3.3)

where the probability distribution, P(x, y), is proportional to the ex-
ponent of the negative free-energy:

P(x, y) ∝ exp
(
−G(x, y)

kBT

)
. (3.4)

For well-tempered metadynamics, we reconstructed free-energy dia-
grams for structural order parameters utilizing the method described
by Bonomi et. al. [101]

3.2.4 Calculating Free-Energy Differences

We convert two-dimensional free-energy profiles to one-dimensional
free-energy profiles by integrating:

G(x) = −kBT log
[∫ π

−π
dy e−G(x,y)/kBT

]
, (3.5)

where G is the free-energy function, y is the variable integrated out
of the profile, x is the remaining variable, and kBT is the Boltzmann
constant multiplied by the simulation temperature.

We calculate the free-energy difference, ∆G, by subtracting the free-
energy of the hybridized conformation from that of the solvent-facing
conformation. To calculate the free-energy of each state, we evaluate

Gstate = −kBT log
[∫ xmax

xmin

dx e−G(x)/kBT
]

, (3.6)

where xmin and xmax are the left and right boundaries of the state,
defined by the flanking global maxima.
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3.3 results and discussion

3.3.1 Structural Order Parameters

For each system, we calculate the probability distributions of the
DNA order parameters buckle, opening, propeller, rise, roll, shear,
shift, slide, stagger, stretch, tilt, and twist from unbiased MD simula-
tions. These distributions (and the corresponding free-energy profiles)
give valuable information regarding the structures of the hybridized
ground-state and of the base pair of interest. Imhof and Zahran [42]
calculated these distributions for the AT and GC matches as well as
the GT mismatch. For these base pairs, our results agree with theirs,
despite our employing different DNA sequences.

For all studied base pairs, we measure the structure of matches and
mismatches by calculating the probability overlap:∫ ∞

−∞
dx min

(
Pmis(x), Pmat(x)

)
, (3.7)

which is the integrated area of the minimum of the mismatched prob-
ability density (Pmis) and the mean of the corresponding matched
probability densities (Pmat). This measure of overlap ranges from 0

to 1, where 0 indicates complete dissimilarity of structure and 1 in-
dicates exact similarity. We provide an illustrative example in Fig-
ure 3.3.
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Figure 3.3: Probability overlap for opening. The mean probability density of
AT and TA matched base pairs (magenta) relative to the proba-
bility density of the TT mismatched system (blue). The area in
common (hatched) is the probability overlap; for this example it
has a value of 0.47.

We calculate overlap values and present the results in Table 3.1.
Our data demonstrate that, on average, GT is the most similar to its
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aa cc tt ag ac ct gt avg .

stretch 0.00 0.03 0.01 0.00 0.18 0.05 0.09 0.05

shear 0.00 0.02 0.00 0.76 0.00 0.64 0.00 0.20

opening 0.35 0.38 0.47 0.21 0.53 0.41 0.72 0.44

twist 0.29 0.34 0.23 0.91 0.46 0.96 0.44 0.52

shift 0.54 0.45 0.86 0.59 0.64 0.67 0.77 0.65

tilt 0.29 0.85 0.74 0.52 0.84 0.61 0.93 0.68

slide 0.37 0.62 0.77 0.64 0.90 0.80 0.85 0.71

stagger 0.50 0.78 0.79 0.56 0.80 0.71 0.80 0.71

propeller 0.63 0.80 0.83 0.85 0.78 0.63 0.67 0.74

buckle 0.73 0.76 0.93 0.88 0.86 0.78 0.94 0.84

rise 0.85 0.70 0.77 0.91 0.93 0.92 0.95 0.86

roll 0.86 0.87 0.95 0.84 0.84 0.89 0.93 0.88

bend 0.93 0.92 0.95 0.77 0.88 0.92 0.95 0.90

avg . 0.49 0.58 0.64 0.65 0.66 0.69 0.70

Table 3.1: Overlap between order parameter distributions of mismatched
and corresponding matched base pairs, Eq. 3.7, ordered both top-
to-bottom and left-to-right by increasing overlap (as averaged over
rows and columns, respectively). Values range from 0 to 1, where
high numbers signify similar structure while low numbers indi-
cate matched and mismatched structures differing.
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matched counterparts. This is an unintuitive result, as GT is one of
the easiest mismatches for MMR proteins to identify.[13, 39–41] In a
similar vein, CC is one of the most difficult for MMR proteins to recog-
nize, [13, 39–41] but it possesses one of the structures most divergent
from matched configurations. This trend holds for bend, which has
previously been determined to correlate with base flip, [43, 44] and is
thus a likely mechanism for MMR recognition.

Our data reveal the distributions of stretch, shear, opening, twist,
and shift vary the most when we compare mismatched with matched
base pairs. These order parameters are within the plane perpendicu-
lar to the DNA. Order parameters presenting negligible differences
include roll, rise, buckle, propeller, and stagger; all defined outside
of the perpendicular plane. These results indicate that replacing a
matched base by a mismatched one distorts the DNA, mostly within
the plane of the base pair, not along the length of the molecule. These
distortions do not appear to correlate with MMR enzymes’ ability to
identify mismatches. [13, 39–41]

3.3.2 Hydrogen Bonding

We calculate the mean number of hydrogen bonds between the two
bases of interest, X and Y. We present our results in the second col-
umn of Table 3.2. As expected, the average number of hydrogen
bonds for the matched pairs AT and TA is approximately two, and for
pairs CG and GC it is approximately three. Mismatched base pairs
contain a consistently lower number of hydrogen bonds than their
matched counterparts. Because hydrogen bonding between opposing
bases determines DNA stability, [102–107] these results indicate de-
creased stability in the presence of mismatches; a result realized ex-
perimentally. [108–111]

According to our results, hydrogen bonds do not systematically
correlate with any of the analyzed structural parameters (Fig. 3.4),
though weak trends appear. The correlation with stretch, if present,
is always negative. This is an expected result; as bases drift from one
another, their ability to hydrogen bond decreases. Interestingly, the
structures of mismatched pairs CT, GT, and TT correlate most with
hydrogen bonding than any other pair.

3.3.3 Base Flip

Unbiased simulations are insufficient to determine the free-energy
of base flip. The free-energy barrier to flip out of the DNA polymer
and into solution is too immense to overcome on the simulation time
scale. To ameliorate this complication, we applied the well-tempered
metadynamics algorithm [89, 112] which computes the free-energy
surface (FES) of base flip over the entire domain. This technique con-
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Figure 3.4: The normalized covariance between each structural parameter
explored in this study and the number of hydrogen bonds. Solid
triangles correspond to matched base pairs; hollow circles cor-
respond to mismatched pairs. “X Base Flip” and “Y Base Flip”
refer to the flip angles of bases X and Y, respectively.

ns mean ns ∆GX ∆GY

unbiased # hbonds biased (kJ/mol) (kJ/mol)

AT 100 1.99 700 29 26

TA 100 1.95 700 28 71

CG 100 2.97 700 22 68

GC 100 2.98 700 11 7

AA 100 1.01 1000 40 60

AC 100 1.96 700 -1 -1
AG 100 1.08 700 19 56

CC 100 1.08 700 8 8

CT 100 2.41 700 23 16

GT 100 1.97 700 8 21

TT 100 1.62 700 10 3

Table 3.2: First column: the time (in nanoseconds) of unbiased simulation.
Second column: The mean number of hydrogen bonds between
the bases of interest during unbiased simulation. Third column:
the time (in nanoseconds) of biased metadynamics simulation.
Fourth and fifth columns: The free-energy of base flip for the first
and second (X and Y of XY, respectively) base of each pair.
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tinually adds Gaussian-shaped biasing potentials to each reaction co-
ordinate, driving the system toward previously unexplored configu-
rations.
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Figure 3.5: The free-energy of flipping the T base out of a mismatched GT
pair (dashed blue), compared to the matched counterparts AT
(solid red) and GC (dashed red). The mismatched GT pair shows
a slight shift in the global minimum.

We compute a FES of base flip for each matched and mismatched
pair. We illustrate a representative result in Figure 3.5, which com-
pares the free-energies of flipping a T base in a GT mismatch with
those of the corresponding T base in an AT matched pair and the C
base of a matched GC pair. We calculate one-dimensional profiles by
Eq. 3.5. Each of these bases possess the same local environment as
the others. For each system, we identify a global minimum in the FES

corresponding to the hybridized ground-state. Extrahelical conforma-
tions form local minima separated from the principal minimum by
activation barriers. Similar results have been reported in the litera-
ture for a subset of the base pairs considered in this study [42, 72,
113].

Base flip may resemble other order parameters when a base rotates
into the DNA polymer; indeed, it correlates weakly with twist and
shear in unbiased simulation. Once the base rotates out of the DNA
strand it does not correlate with any of the other order parameters.
(Fig. 3.6) We therefore conclude base flip is a useful descriptor of
base pair structure, building on the thirteen order parameters listed
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Figure 3.6: The normalized covariance between base flip and each structural
order parameter explored in this study, over the entire base flip
reaction coordinate. Solid shapes represent matched pairs; hol-
low shapes represent mismatched pairs. Circles represent the
first base of a pair (e. g.“A” of “AT”); triangles are the second
base.

in Table 3.1. Despite no significant correlations, slight trends appear.
For most structural parameters, the first and second bases of a pair
have opposing correlations. For example, the parameter “shift” cor-
relates positively with the base flip of the first base and negatively
with the second. This is consistent with the opposing symmetries of
hybridized DNA strands.

Base flip may be difficult to converge due to its long relaxation
timescale; Imhof et. al. [42] observed a notable (∼10

◦) shift of the min-
imum from unbiased to biased simulation of the TG mismatched sys-
tem. They hypothesize the long timescale of flipping and re-stacking
causes the free-energy to converge slowly. We notice a similar shift
when testing their base flip reaction coordinate, first defined by MacK-
erell et. al., [72] with 50 ns calculations and biasing only one base, but
no such shift when adopting the updated base flip coordinate [73]
with a bias potential applied to two bases. This would indicate defin-
ing base flip is crucial not only for accuracy, as discussed in ref. [73],
but also for convergence.

Simulations which bias two bases exhibit lower free-energies than
those which bias only one base. (Fig. 3.7) Because a lower free-energy
is favorable, this indicates the 2D biasing potentials possess greater ac-
curacy than their 1D counterparts. The 2D potentials allow the system
to explore other favorable states, and better represent the probability
landscape of the force field. With our 2D potential we identify config-
urations we would otherwise not observe biasing only one base; this
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Figure 3.7: Comparison of base flip free-energy profiles for four systems: (a)
T of an AT pair, (b) G of a CG pair, (c) C of a GC pair, and (d)
T of a GT pair. Shown are results from unbiased MD simulations
(dashed blue), metadynamics simulations in which only the flip
angle of the T base was biased (dashed red), and metadynam-
ics simulations in which the angles of both bases were biased
(solid red). The 1D free-energy profiles are consistently greater
than or equal to their 2D counterparts, indicating the 2D biasing
potentials are more accurate.
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explains why our results disagree with previous studies: they each
bias one base where we bias two. [42, 72, 73, 96, 114]
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(d) CC

Figure 3.8: Free-energy of base flip for the matched pair (a) AT and (b-
d) the mismatched pairs GT, TT, and CC. Shown in the upper
right panel of each sub-figure is the two-dimensional free-energy
surface as a function of the base flip angles of both bases, as
computed from metadynamics simulations. The top left and bot-
tom right panels depict one-dimensional projections of this sur-
face onto the base flip angle of the first (top left) and second
(bottom right) base, together with results from unbiased sim-
ulations (dashed line). The bottom left panel grants a magni-
fied view of the primary minimum in the two-dimensional free-
energy surface to 20 kJ/mol (heat map), together with results
from unbiased simulations (contour lines). Flip angles demar-
cated by crosses correspond to local minimum configurations, as
presented in Fig. 3.11. Notably, a secondary minimum appears
in multiple simulations at approximately (90

◦, -100
◦). This corre-

sponds to the configuration presented by Fig. 3.12.

For most configurations studied, a lower-energy “plus” shape is
apparent in the 2D FES. We display representative free-energies in
Fig. 3.8; the remaining profiles are depicted in Figs. 3.9 and 3.10. This
result indicates it is easier to flip only one base out of the polymer,
rather than both simultaneously. The pairs CC and TT both exhibit
two minima at the flipped-in ground-states. We clustered the unbi-
ased trajectories to identify molecular geometries corresponding to
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Figure 3.9: Free-energy of base flip for the matched pairs (a) TA, (b) CG, and
(c) GC. Figure 3.8 describes each sub-figure.
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Figure 3.10: Free-energy of base flip for the matched pairs (a) AA, (b) AC,
(c) AG, and (d) CT. Figure 3.8 describes each sub-figure.
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(a) AT minimum (b) GT minimum

(c) TT primary minimum (∼52%) (d) TT secondary minimum (∼48%)

(e) CC primary minimum (∼51%) (f) CC secondary minimum (∼49%)

Figure 3.11: Typical structures for AT, GT, TT, and CC pairs as determined
by clustering analysis. Hydrogen bonds as identified by the
3DNA software [81] are expressed as dashed lines. The base
flip angles of these configurations are presented in Figure 3.8.

these minima: different hydrogen bonding configurations illustrated
in Fig. 3.11. Several of these structures have been observed experi-
mentally. [108, 115–118] In contrast, all matched pairs include a sin-
gle relevant stable state with a nearly-isotropic free-energy minimum.
Unlike previous works [42, 72, 73, 96, 114] which calculated the free-
energy profiles of one flipping base, we observe a local minimum
at roughly (90

◦, 100
◦) in most free-energy profiles. This minimum is

largely unexpected, especially as it produces a large impact on the
difference in free-energy, ∆G, between the hybridized and solvent-
facing states. (Eq. 3.6) We display our results in Table 3.2. For the
pair AC this secondary minimum is so prominent that its free-energy
is lower than for the hybridized state. We cluster our metadynamics
simulations from this minimum and generate a representative image.
(Fig. 3.12) Both bases flip out of the DNA polymer and nestle into the
minor groove, pointing toward the 5’ termini of the DNA. Because
both bases are solvent-facing in this motif, base flip studies biasing
only one base could not observe this structure.

This metastable arrangement matches the e-motif proposed by Gao
et. al. [119] in their NMR study of mismatched CC pairs. Previous
works have investigated the e-motif for mismatch CC pairs in strands
with the sequence CCG, typically in triplet repeats i. e.(CCG)N . [119–
127] Several of these works identified intrastrand cross-linking sta-
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Figure 3.12: Typical configuration of the secondary minimum (e-motif) for
the CC pair as demonstrated in Figure 3.8. Both bases of interest
are no longer stacked within the DNA polymer, but are flipped
to be solvent-facing. The bases lie alongside the DNA, within
the minor groove, and pointing toward the 5’ termini.

bilizing the motif, [123–125, 127] suggesting our restraint of neigh-
boring base pairs increases the likelihood of observing this motif. In
their MD simulation study, Zhang et. al. [122] demonstrate the e-motif
is better stacked, more compact, and allows for better packing than
a structure not presenting the motif. We found the e-motif to be sta-
ble; a 100 ns unbiased simulation with the e-motif as an initial con-
dition remained in the motif for the duration. Edfeldt et. al. [128]
demonstrated intrinsic sequence-dependence of the e-motif; we spec-
ulate our DNA sequence affects which pairs express or don’t express
the motif. CC mismatches are some of the most difficult to be recog-
nized by MMR proteins, [40, 41] but are the most likely to exhibit the
e-motif; [121, 122, 124] we hypothesize there is an inversely propor-
tional causal relationship between presence of the e-motif and MMR

recognition.



4
D E V I AT I O N : E X P L O R I N G A Z O B E N Z E N E ’ S
E F F E C T S O N D N A

4.1 introduction

Understanding the photoisomerization of azobenzene when it is
incorporated in DNA is essential to design and improve the effi-
ciency of optically reprogrammable biosystems and nanosensors. A
useful descriptor of this process is the trans-to-cis photoisomerization
quantum yield (QY), which measures the fraction of trans-azobenzene
molecules that isomerize to the cis form upon absorption of a UV

photon.
Yan et. al. have shown QY is sensitive to the local environment of

the photoswitch. [65] The QY of azobenzene incorporated into single-
stranded DNA (ssDNA) is lower than that of free azobenzene in solu-
tion, and is further reduced upon hybridization with another strand.
In addition, the identity of the surrounding bases in double-stranded
DNA (dsDNA) also affects the QY: it is lowest when all bases form
matched Watson-Crick pairs, it increases in the presence of base pair
mismatches, and it is highest if there is an abasic site immediately
adjacent to the azobenzene. In the case of mismatched bases both
identity and position of the mismatch influence the QY.

One possible explanation for the observed variation in QY is a cor-
related variation in the amount of local free space around the azoben-
zene: one would expect the free volume to be lower in ssDNA than
in free solution, and lower still in dsDNA. [65] This hypothesis also
rationalizes the experimental data on various dsDNA sequences: base
pair mismatches introduce local distortions in the helical structure of
DNA, which create larger free volumes than those present in matched
dsDNA. The largest increases in QY are caused by mismatches imme-
diately adjacent to the azobenzene site, whereas it is less sensitive to
mismatches farther away from the azobenzene.

In the present work we use MD computer simulations to obtain a de-
tailed understanding of the effects of DNA sequence on the local envi-
ronment of embedded azobenzene photoswitches. To the extent that a
classical description is appropriate, such calculations can provide mi-
croscopic insight into complex and thermally fluctuating systems at
the atomistic level. We consider azobenzene-modified DNA (azo-DNA)
with a variety of sequences, and compare various microscopic ob-
servables extracted from these simulations against the experimental
QY data. We find that one such observable, the variance of the occupa-
tion number within a small volume enclosing the outer phenyl ring

33
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of the azobenzene group, is strongly correlated with the measured
photoisomerization QY. We show that this correlation can be used to
predict QYs for additional DNA sequences, and verify the validity of
these predictions in subsequent spectroscopic experiments.

4.2 methods

The methods are exactly as specified in Chapter 2, unless as outlined
below. All sequences are given in Table 4.1.

4.2.1 Force Field Parameterization, CMAP, and Model Building

Computer simulations were performed using the CHARMM27 molec-
ular mechanics force field. [83] This parameter set was used to de-
scribe all atoms with the exception of the central nitrogens form-
ing the azo double bond. For these nitrogens, nonbonded interaction
parameters were taken to be the same as standard CHARMM27 ni-
trogens. Bonded interactions were taken to be the same as those of
the CHARMM27 aromatic atomtype CN3, with the exception of the
CCNN and CNNC dihedral angles.

McCullagh et. al. [74] calculated the torsional constants for CNNC
and CCNN to be 58.6 kJ/mol and 18.51 kJ/mol respectively. The
CNNC dihedral has minima at 0 (cis-) and 180 (trans-) degrees. The
CCNN dihedral has minima at 0 and 180 degrees (trans) and -50 and
130 degrees (cis). To accomodate the different minima positions for cis-
and trans- geometries, McCullagh et. al. created two different models
for cis- and trans-azobenzene. We have unified the two geometries
into one model by employing a custom CMAP [129] correction.

We start with the base equation centering all minima at 0 and 180

degrees:

f (x, y) = 58.6(1+ cos(2x− 180)) + 18.51(1+ cos(2y− 180)) (4.1)

where x and y are shorthands used to represent the CNNC and
CCNN dihedrals, respectively. This potential-energy surface is plot-
ted in Figure 4.1a.

We then shift the minima of the y-values up by 50 degrees when x
is close to 0 degrees. We choose a cosine activator function to achieve
this shift:

g(x, y) =58.6(1 + cos(2x− 180))

+ 18.51(1 + cos(2y− 180 + 50(1 + cos(x)))).
(4.2)
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The updated potential-energy surface is depicted in Figure 4.1b. Fi-
nally, the CMAP correction is the change between the two surfaces:

h(x, y) = g(x, y)− f (x, y) (4.3)

as shown in Figure 4.1c.

f(x, y)

-150 -100 -50  0  50  100  150

Primary dihedral, CNNC (degrees)

-150

-100

-50

 0

 50

 100

 150

C
C

N
N

 d
ih

e
d

ra
l 
(d

e
g

re
e
s)

 0

 20

 40

 60

 80

 100

 120

 140

 160

(a) initial

g(x, y)

-150 -100 -50  0  50  100  150

Primary dihedral, CNNC (degrees)

-150

-100

-50

 0

 50

 100

 150

C
C

N
N

 d
ih

e
d

ra
l 
(d

e
g

re
e
s)

 0

 20

 40

 60

 80

 100

 120

 140

 160

(b) final

h(x, y)

-150 -100 -50  0  50  100  150

Primary dihedral, CNNC (degrees)

-150

-100

-50

 0

 50

 100

 150

C
C

N
N

 d
ih

e
d

ra
l 
(d

e
g

re
e
s)

-30

-20

-10

 0

 10

 20

 30

(c) difference

Figure 4.1: Potential-energy functions for the process of CMAP correction
for the coupled CNNC and CCNN dihedrals of azobenzene. The
initial, symmetrical surface is shown in sub-figure (a). The final,
desired surface (b) shifts the location of the y-minima down 50

degrees when x is 0 degrees. The applied CMAP potential (c) is
the difference between these two surfaces.

The final result is a single force field which can accurately acco-
modate azobenzene in both the cis- and trans-forms. A depiction of
azo-DNA in both isomers is shown in Figure 4.2. In the trans-form,
azobenzene pi-stacks with the neighboring bases. There is some back-
bone distortion in the opposite strand, but the overall integrity of
the polymer remains. In the cis-isomer, azobenzene disrupts the pi-
stacking and greatly distorts the DNA polymer. The chosen image is a
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depiction of the molecule roughly 100 ns after isomerizing. On longer,
experimental timescales, the polymer melts into separate strands.

(a) trans- (b) cis-

Figure 4.2: Simulation snapshots of azobenzene-modified DNA. The trans-
isomer (a) stacks with the neighboring DNA bases and preserves
the symmetry of the polymer. The cis-isomer (b) distorts the
polymer, eventually causing it to melt. (Not shown.) Colors: nu-
cleotides A, T, C, and G are shown in green, violet, red, and dark
blue, respectively; azobenzene is shown in grey.

Partial charges for the azobenzene and linker atoms were gener-
ated using the HF/6-31G* electrostatic potential and fitted using the
restrained electrostatic potential module in Amber. [130, 131] We cre-
ated DNA strands using 3DNA [81] and manually inserted azoben-
zene using VMD. [82]

4.2.2 Occupation Number Calculation

The number of atoms in the immediate vicinity of the azobenzene
group was calculated for each simulation frame using the counting
function

N = ∑
i∈A

∑
j∈B

1−
[
(rij − d0)/r0

]6

1−
[
(rij − d0)/r0

]12 (4.4)

as implemented in the PLUMED 1.3.0 plugin. [132] Here A is the
set of atoms in the outer phenyl ring of azobenzene, B is the set of re-
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sequence sequence quantum

name yield

ssDNA 5’-AGACTGAACXCAATGTATG-3’ 0.022(1)

5’-AGACTGAACXCAATGTATG-3’

matched 3’-TCTGACTTG GTTACATAC-5’ 0.0033(2)

5’-AGACTGAACXCAATGTATG-3’

mm1A 3’-TCTGACTTG ATTACATAC-5’ 0.0046(5)

5’-AGACTGAACXCAATGTATG-3’

mm1T 3’-TCTGACTTG TTTACATAC-5’ 0.007(1)

5’-AGACTGAACXCAATGTATG-3’

mm1C 3’-TCTGACTTG CTTACATAC-5’ 0.0069(9)

mm- 5’-AGACTGAACXCAATGTATG-3’

abasic 3’-TCTGACTTG OTTACATAC-5’ 0.012(1)

PM- 5’-AGACTGAACXCAATGTATG-3’

abasic 3’-TCTGACTTGOGTTACATAC-5’ 0.0027(5)

mm-double- 5’-AGACTGAACXCAATGTATG-3’

abasic 3’-TCTGACTTO OTGACATAC-5’ 0.029(1)

ss-polyT 5’-TTTTTTTTTXTTTTTTTTT-3’ 0.044(1)

Table 4.1: Computer simulations were performed on the central DNA seg-
ment highlighted in gray. Azobenzene is incorporated at the X-
position; abasic sites are labeled as O; mismatched sites are indi-
cated in bold.
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maining atoms in the DNA, and rij is the distance between atom i and
atom j. d0 and r0 are length parameters chosen to be 2.5Å and 0.5Å,
respectively. With these choices, the summand is an indicator func-
tion that is approximately equal to one if the distance falls within 2

to 3Å. These parameters were optimized to maximize the correlation
between experimentally determined QY and the variance σ2 of the
occupation number (see below).

Statistics of the number of close contacts between the outer phenyl
ring and the remaining DNA atoms were obtained by calculating the
probability distribution P(N), from which the free-energy

F(N) = −kBT log (P(N)) (4.5)

was calculated. Here, kB is the Boltzmann constant and T is the
temperature of the simulation. The variance of the occupation num-
ber was calculated as

σ2 = 〈N2〉 − 〈N〉2 (4.6)

where the angular brackets denote the time average over the course
of the simulation. Correlations between experimental and simulated
data were quantified by a linear least-squares fit.

4.3 results and discussion

4.3.1 Structure

Our simulations show that DNA modified with trans-azobenzene
maintains stable duplexes with strands that are either perfectly
matched or that contain a single mismatched or abasic site. These
duplexes show varying degrees of structural deformations relative
to canonical, azobenzene-free dsDNA. The average DNA structure
shows relatively small deformations, a result that matches previous
studies. [48, 133] The DNA near the azobenzene insertion site shows
a structure that diverges from canonical DNA, especially in base
stepping parameters (Figure 4.3). This in turn leads to a slight bend
of the double helix (Figure 4.4a). The azobenzene is not perfectly
stacked within the double helix and is twisted slightly toward the
major groove (Figure 4.5), a result matching previous work. [48,
133–135]

The photoisomerization QY of azobenzene has been shown to de-
pend strongly on the sequence of the DNA in which it is embedded.
A possible explanation for this behavior are structural changes of the
DNA in the vicinity of the azobenzene that affect its ability to isomer-
ize, for example by steric hindrance. [65] Our simulations show that
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Figure 4.3: FESs of structural order parameters. Shown for comparison are
non-modified dsDNA and azo-DNA, both fully matched. The bases
considered for this analysis were those four bordering the
azobenzene moiety. For the parameters shear, buckle, stretch,
propeller, stagger, and opening, not much difference is seen be-
tween non-modified and azo-DNA. Interestingly, though the aver-
age values of the parameters do not change much, the variance
for the parameters is much lower (the free-energy surface is nar-
rower) for the azo-DNA as for the dsDNA. This would indicate
that an azobenzene moiety inserted into DNA has the effect of
stiffening the polymer. As expected, the step parameters which
“step over” azobenzene are substantially different between azo-
DNA and dsDNA. This is especially notable in the free-energy
profile of rise, whose average value of azo-DNA is almost twice
that of dsDNA.
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(a) matched (b) mm-ab

Figure 4.4: Simulation snapshots of trans-azobenzene incorporated in ds-
DNA. For complementary DNA strands only minor defor ma-
tions relative to canonical dsDNA are observed, such as backbone
puckering at the azobenzene insertion site (a). Mismatched se-
quences exhibit larger deformations, in particular sequence mm-
abasic (b). Here the azobenzene twists out of the DNA chain,
and the AT pair adjacent to the abasic site pi-stacks with itself
rather than forming hydrogen bonds. Colors: nucleotides A, T,
C, and G are shown in green, violet, red, and dark blue, respec-
tively, azobenzene is shown in grey, and the abasic site is shown
in turquoise.
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Figure 4.5: FES comparison of dsDNA and azo-DNA with regard to SASA of the
bases neighboring the azobenzene moiety. Only the heavy atoms
of the six-membered rings were considered. A slight elevation
of SASA between azo-DNA and dsDNA indicates that the center
of the DNA helix is slightly more exposed to the solvent when
azobenzene is present, indicating imperfect stacking between
azobenzene and its neighboring bases. The trans-azobenzene is
slightly oriented toward the major groove of the DNA, though it
still remains between and pi-stacks with its neighboring bases
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strands containing mismatches and/or abasic sites indeed exhibit
larger deformations than the perfectly matched duplex. These defor-
mations are most prominent if the complementary strand contains
abasic sites (sequence mm-abasic, Figure 4.4b). In this case the azoben-
zene twists out of the double helix, disrupting pi-stacking interactions
with its neighbors. This mutation also affects base pairs that are not
adjacent to the azobenzene: the AT pair adjacent to the abasic site
melts and pi-stacks with itself. Interestingly, this sequence also exhib-
ited the largest QY of all duplexes studied in Ref. [65]. Throughout our
simulations the azobenzene remained in its trans groundstate due to
the high activation barrier of isomerization.

4.3.2 Energies of Free Volume

To quantify structural changes that might affect azobenzene isomer-
ization we compute the probability distribution function P(N), and
the corresponding free-energy F(N), of the number of DNA atoms
that occupy a small region surrounding the outer phenyl ring (see
Methods). Intuitively, this number expresses approximately the num-
ber of atoms in sufficiently close contact with the azobenzene that
they would cause steric clashes if the azobenzene were to undergo
isomerization from the trans to the cis- conformation.

The free-energy profiles obtained from our simulations exhibit a
global minimum, corresponding to a most likely occupation number
that ranges from approximately 9 to 12 atoms depending on the DNA
sequence (Figure 4.6). Single-stranded systems exhibit a seconday
minimum at zero occupation number, reflecting the fact that ssDNA

can adopt both extended and globular configurations. One might sur-
mise that the average number of contacts is negatively correlated with
the experimentally measured QY, since azobenzene isomerization is
impeded by the presence of atoms in its immediate vicinity. Surpris-
ingly this is not the case, as shown in the inset of Figure 4.7: the
data show no significant correlation between the average occupation
number and QY.

4.3.3 The Role of Fluctuations

While the average number of contacts is not correlated with QY, the
magnitude of fluctuations of this occupation number is correlated, as
shown in Figure 4.7. Using a subset of six systems for which QY data
were initially available (sequences matched, mm1A, mm1C, mm1T,
mm-abasic, ssDNA), we find a nearly linear relationship between the
variance σ2 and the QY, with a correlation coefficient R2 = 0.98. To
test whether one can use the resulting linear model to predict the
QYs of novel systems, we computed the contact number variance for
sequences PM-abasic, mm-double-abasic, and ss-polyT. The model



4.3 results and discussion 43

 0

 1

 2

 3

 4

 5

 0  5  10  15  20  25  30  35

F
(N

) 
[k

J/
m

o
l]

N

matched
mm1A
mm1C
mm1T

mm-abasic
ssDNA

PM-abasic
mm-double abasic

ss-PolyT

Figure 4.6: Free-energy as a function of the number of close azobenzene-
DNA contacts as obtained from computer simulations. For each
sequence there is a well-defined global minimum in the free-
energy, which corresponds to the contact number with the high-
est probability. The two single-stranded systems exhibit a sec-
ondary minimum at zero contacts.



44 deviation : exploring azobenzene’s effects on dna

 0

 0.01

 0.02

 0.03

 0.04

 0.05

 0.06

 10  15  20  25  30  35  40  45  50

y = 0.0010 *  x  - 0.010
R2 = 0.98

Q
u

a
n

tu
m

 Y
ie

ld

Variance, σ2

matched

mm1C
mm1A mm1T

mm-abasic

ssDNA

ss-polyT

PM-abasic

mm-doub.ab.

 0

 0.01

 0.02

 9  9.5  10  10.5  11  11.5  12  12.5

y = 0.0007 x + 0.002
R2 = 0.13

Q
Y

Mean Number of Contacts, <N>

matched

mm1C
mm1A

mm1T

mm-abasic

ssDNA

Figure 4.7: Linear regression reveals a significant correlation between the
variance of the number of contacts, as obtained from computer
simulations, and experimentally measured QY. Only the six se-
quences shown in blue were used in the regression analysis; QYs
for sequences shown in purple were predicted based on the re-
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predicts that the QY of PM-abasic is the lowest of all systems studied,
that of mm-double-abasic falls in between mm-abasic and ssDNA, and
that of ss-polyT is the highest. Spectroscopic measurements confirm
these predictions qualitatively: PM-abasic and ss-polyT indeed have
the lowest and highest QY, respectively. The predicted position of mm-
double-abasic in this sequence was off by one, as its QY is in between
that of ssDNA and ss-polyT.

That contact number variance can be used to predict the QY

of azo-DNA at least qualitatively is surprising. Photoisomerization
is a process that involves nuclear motion in an excited electronic
state, [136, 137] and yet classical simulations of trans-azobenzene
appear to capture the dominant contribution to the QY. The fact that
it is the variance, rather than the average, of the azobenzene-DNA
contact number that correlates with QY indicates that fluctuations
in this quantity are particularly important. While neither photon
absorption nor isomerization actually occur in our simulations, occu-
pation number fluctuations in the trans-azobenzene ground-state are
accurately sampled.

There are multiple physical explanations that could explain the ob-
served correlation. The first is based on the notion that azobenzene
isomerization can only occur if at the time of photon absorption there
is a fluctuation that effectively empties out the region in the vicinity of
the outer phenyl ring so that it is free to move without being hindered
by steric clashes. The second considers the reversible work required
to empty out this surrounding volume: If φ is a generalized force that
acts on the occupation number N in this region, the equilibrium re-
sponse to that force is related the contact number variance in linear
response theory by

d〈N〉
dφ

=
−σ2

kBT
. (4.7)

In other words, the susceptibility of the average occupation num-
ber to a force acting to decrease it is directly proportional to the
contact number variance. In this equilibrium picture the azobenzene
can effectively use the energy from the absorbed photon to push
other atoms out of the way to clear a path for isomerization. De-
spite the stark difference between those two pictures (instantaneous
fluctuation vs. reversible work), our simulations cannot discriminate
between them. To the contrary, they are intimately linked: a more
frequent occurrence of fluctuations with low occupation numbers im-
plies a larger susceptibility to an applied force.





5
D I S P L A C E M E N T: S T R E T C H I N G D N A T O I T S
B R E A K I N G P O I N T

5.1 introduction

Many domains require an understanding of the DNA unbinding
pathway; biologically, it is essential for molecular recognition, storage
and retrieval of biological information, cell replication, and DNA
transcription. [138, 139] It is relevant in developing novel materials:
the fields of programmable assembly and molecular sensing have
both employed DNA hybridization. [140–143]

DNA was historically believed to melt by an “all-at-once” mecha-
nism, [144] where every base in the polymer separates from its part-
ner at about the same time. In their dynamic force spectroscopy (DFS)
study, Ginger et. al. recently showed this mechanism might not al-
ways hold true. [71, 145] They revealed DNA may melt “piece-wise,”
or base-by-base when stressing the polymer in a specific fashion.
When they pull the DNA in the shearing geometry, (Fig. 5.1a) their
data are consistent with an “all-at-once” melting pattern. When they
pull their DNA in the unzipping geometry, (Fig. 5.1b) their data are
consistent with the “piece-wise” model.

They identify several key differences between their shearing and
unzipping geometries. They must apply a greater force to the shear-
ing geometry to achieve rupture. The values for the dissociation rate
of dsDNA, k0

u, are 5-7 orders of magnitude lower for the shearing
geometry than for the unzipping geometry. Most intriguingly, by
employing state-of-the-art technologies for non-equilibrium pulling,
their analysis predicts different values for ∆G in the two geometries.
The different ∆Gs which they calculate thus indicate an incorrect in-
terpretation by the underlying model.

Free-energy must be the same for shearing and for unzipping. Be-
cause the initial (hybridized) and final (melted) states are the same
for both mechanisms, the Second Law of Thermodynamics states
∆G should be the same for both geometries; the only mechanism by
which a measured energy can be greater is if irreversible work has
been performed on the system.

Wobserved ≥ ∆G (5.1)

or,

Wobserved = ∆G + Wirrev (5.2)

47
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(a) shear (b) unzip

(c) shear (coarse-grained)

(d) unzip (coarse-grained)

Figure 5.1: Simulation snapshots of DNA in the shearing (a) and unzip-
ping (b) geometries. Strands are depicted in blue and red to
differentiate them. The semi-transparent beads indicate the pull
sites for the simulations. As depicted, shearing would pull ver-
tically and unzipping would pull horizontally. Coarse-grained
models of shearing (c) and unzipping (d) geometries. The semi-
transparent beads indicate the pull sites for the simulations. As
depicted, shearing would pull horizontally and unzipping would
pull vertically.
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where Wobserved is the observed difference in energy and Wirrev is the
irreversible work performed on the system.

In this chapter, we attempt to elucidate the results observed by
Ginger et. al. [71, 145] by exploring two primary questions:

a. When pulled in different geometries, does DNA melt all-at-once
or piece-wise?

b. Which theoretical fittings confer ∆G values which are most con-
sistent with our intuitive physical understanding?

5.2 methods

5.2.1 Force Field Creation

We adopt the Weeks-Chandler-Anderson (WCA) potential [146] de-
fined as:

Vrepulsive(r) =

VLJ(r) + ε if r < 21/6σ

0 if r ≥ 21/6σ
(5.3)

Vattractive(r) =

−ε if r < 21/6σ

VLJ(r) if r ≥ 21/6σ
(5.4)

to describe the potential-energy, V between two particles distance r
apart. ε is the energy scale of the system, σ is the length scale, and
VLJ is the Lennard-Jones-potential described by:

VLJ = 4ε

[(σ

r

)12
−
(σ

r

)6
]

. (5.5)

We apply a coarse-grain polymer model adapted from Mishra et.
al., [80] where we define two chains, each of twenty beads (Fig. 5.1c
and 5.1d). Beads bond to each other along the chain with a harmonic
potential. Every non-bonded pair experiences the repulsive compo-
nent of the WCA potential (Eq. 5.3). Complementary beads on oppos-
ing strands (e. g.beads 1 and 1) experience the attractive portion of
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the WCA potential (Eq. 5.4). Together, this creates the following sys-
tem potential-energy:

Vtot =
2

∑
c=1

19

∑
j=1

1
2

k(rc
j,j+1 − d0)

2

+
2

∑
c=1

18

∑
i=1

20

∑
j>i+1

Vrepulsive(rc
i,j)

+
20

∑
i=1

20

∑
j≥i

Vrepulsive(|~r1
i −~r2

j |)

+
20

∑
i=1

20

∑
j=1

Vattractive(|~r1
i −~r2

j |)δij

(5.6)

where rc
i,j indicates the distance between beads i and j on the cth chain.

We adopt k = 100ε/σ2 for our harmonic bonded spring constant, and
d0 = 1σ for our equilibrium bonded distance. We implement our
potential employing the Gromacs [86] simulation suite.

5.2.2 Pulling Simulations

We perform pulling simulations in two different geometries:
shearing and unzipping. We attach a harmonic potential to each
strand; the same terminus for unzipping and the opposite ter-
minus for shearing. We shift the trap potential at a velocity
v ∈ {0.01, 0.03, 0.05, 0.07, 0.1, 0.3, 0.5, 0.7, 1} and with trap spring
constant kc ∈ {0.1, 1, 10, 100}. For each geometry, velocity, and spring
constant, we performed 1000 trajectories. We define “rupture force”
as the maximum force exerted on the system, excluding the first 25%
of each trajectory. “Rupture” is then defined as the time at which the
rupture force occurs.

5.2.3 Calculating Work

We calculate work employing the method derived by Park et. al. [147]
They begin with the principal definition of work:

W0→t =
∫ t

0
dt′

δλt′

δt′

[
δH̃
δλt′

]
(5.7)

where W0→t is the work performed from time 0 to time t, λt is the
position of the trap, and H̃ is the Hamiltonian characterized by:

H̃(~r,~p, λt) = H(~r,~p) + u(~r, λt) (5.8)
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where H(~r,~p) is the unperturbed Hamiltonian and u(~r, λt) is the
guiding potential described by:

u(~r, λt) =
kc

2
(
rij − λt

)2 (5.9)

which constrains the distance between points i and j, rij, to remain
near λt with spring constant kc. λt evolves in time at a constant rate
by:

λ(t) = λ0 + vt (5.10)

where v is the constant pulling velocity and λ0 is the trap position at
time 0.

Given that δλ
δt = v, and that

δH̃
δλt

=
δu
δλt

= kc
(
λt − rij

)
, (5.11)

we can define the work from Equation 5.7 as:

W0→t =
∫ t

0
dt′ v · kc

(
λt′ − rij(t′)

)
(5.12)

which is Eq. 13 in Park et. al.’s work. The force for a harmonic poten-
tial can be described as

F(t) = kc
(
λt − rij

)
; (5.13)

thus Equation 5.12 can simplify to

W0→t = v
∫ t

0
F(t′)dt′. (5.14)

5.2.4 Differing Models

5.2.4.1 Bell, Evans

A model introduced by Bell [148] and refined by Evans et. al.[149] pro-
poses the following relationship between loading rate, r, and mean
rupture force, 〈F〉 (Eq. 2 in Evans’ paper):

1
r
= ∑

n

xt(n)
k0

u(n)kBT
exp

[
−〈F〉xt(n)

kBT

]
(5.15)

where n represents the nth barrier in the FES, xt(n) is the distance
from the nth barrier with respect to the global minimum, k0

u(n) is the
intrinsic unbinding rate of that barrier, kB is the Boltzmann constant,
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and T is the temperature. For a single barrier, the equation simplifies
to:

1
r
=

xt

k0
ukBT

exp
[
−〈F〉xt

kBT

]
, (5.16)

which can be re-arranged to produce

〈F〉 = kBT
xt

ln
(

rxt

kBTk0
u

)
. (5.17)

In this model the mean rupture force increases as ln(r).

5.2.4.2 Friddle, Noy, deYoreo

Friddle, Noy, and deYoreo [150] developed a model to extract FES pa-
rameters from incomplete pulling data. It derives the distance from
the bound state to the transition state, xt, force required to maintain
the bound and unbound states in equilibrium, Feq, and the unper-
turbed unbinding rate constant, k0

u.
They begin by adopting the unbinding rate supplied by Eq. 16 of

the Bell model: [148]

ku(F) = k0
u exp

[
1

kBT

(
Fxt −

1
2

kcxt
2
)]

(5.18)

where ku(F) is the force-dependent rate constant for the unbinding
reaction, kB is the Boltzmann constant, T is the temperature, F is the
force, and kc is the spring constant of the pulling trap.

Similarly, the force-dependent binding rate, kb(F), can be defined
as:

kb(F) = k0
b exp

[
−kc

2kBT

(
F
kc
− xt

)2
]

. (5.19)

The difference in free-energy between the bound and unbound states,
∆Gbu = ∆Gu − ∆Gb, can be calculated from the ratio of the intrinsic
binding and unbinding rates by:

exp
[

∆Gbu

kBT

]
=

k0
b

k0
u

. (5.20)
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Rearranging Eq. 5.19 and applying the definition provided by Eq. 5.20

yields:

kb(F) = k0
b

k0
u

k0
u

exp

[
−kc

2kBT

(
F
kc
− xt

)2
]

= k0
u exp

[
∆Gbu

kBT

]
exp

[
−kc

2kBT

(
F
kc
− xt

)2
]

= k0
u exp

[
∆Gbu

kBT
− kc

2kBT

(
F2

kc
2 − 2

Fxt

kc
+ xt

2
)]

= k0
u exp

[
∆Gbu

kBT
− 1

kBT

(
F2

2kc
− Fxt +

kcxt
2

2

)]
= ku(F) exp

[
1

kBT

(
∆Gbu −

F2

2kc

)]

(5.21)

The equilibrium force Feq occurs when the binding and unbinding
rates are equal:

ku(Feq) = kb(Feq)

= ku(Feq) exp

[
1

kBT

(
∆Gbu −

Feq
2

2kc

)]
.

(5.22)

Solving for ∆G yields:

∆Gbu =
Feq

2

2kc
(5.23)

which is Eq. 4 in Friddle, Noy, and deYoreo’s paper.
As the rebinding rate dominates the dynamics for forces less than

Feq and it decays at forces larger than Feq, Friddle et. al. simplify their
master equation by starting bond loading processes at F = Feq instead
of at F = 0. With this approximation, they define their Eq. 5 as:

∫ pb

1

dp′b
p′b
≈ −1

r

∫ F

Feq

ku(F′)dF′ (5.24)

where pb is the probability of being bound at a specific force and
r = dF

dt is the loading rate (not to be confused with v, the pulling
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rate), assumed to be a constant in the model. This equation simplifies
to:

ln(p′b)
∣∣∣∣pb

1
=
−1
r

∫ F

Feq

k0
u exp

[
1

kBT

(
F′xt −

1
2

kcxt
2
)]

dF′

ln(pb) =
−k0

u
r

exp
[
−kcxt

2

2kBT

] ∫ F

Feq

exp
[

F′xt

kBT

]
dF′

=
−k0

u
r

exp
[
−kcxt

2

2kBT

]
· kBT

xt
exp

[
F′xt

kBT

] ∣∣∣∣F
Feq

=
−kBT

rxt
k0

u exp
[

1
kBT

(
F′xt −

1
2

kcxt
2
)] ∣∣∣∣F

Feq

=
−kBT

rxt

(
ku(F)− ku(Feq)

)
=

kBT
rxt

(
ku(Feq)− ku(F)

)
,

(5.25)

therefore:

pb(F) = exp
[

kBT
rxt

(
ku(Feq)− ku(F)

)]
. (5.26)

If we define the probability of rupture at a certain force as:

pr(F) =
−dpb(F)

dF
(5.27)

and utilize the definition of mean rupture force:

〈F〉 =
∫ ∞

Feq

Fpr(F)dF = −
∫ ∞

Feq

F
dpb(F)

dF
dF, (5.28)

we can apply integration by parts to obtain:

〈F〉 = −Fpb(F)
∣∣∣∣∞

Feq

+
∫ ∞

Feq

pb(F)dF. (5.29)

Assuming pb(F) converges to 0 as F → ∞ and knowing pb(Feq) =

1, Eqs. 5.26 and 5.29 combine to produce:

〈F〉 = Feq +
∫ ∞

Feq

exp
[

kBT
rxt

(
ku(Feq)− ku(F)

)]
dF

= Feq + exp
[

kBT
rxt

ku(Feq)

] ∫ ∞

Feq

exp
[
−kBT

rxt
ku(F)

]
dF.

(5.30)

Integrating yields:

〈F〉 = Feq + exp
[

kBT
rxt

ku(Feq)

]
· kBT

xt
Ei

(
−kBT

rxt
ku(F)

) ∣∣∣∣∞
Feq

(5.31)
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where Ei is the exponential integral. Given Ei(∞) = 0,

〈F〉 = Feq + exp
[

kBT
rxt

ku(Feq)

]
· −kBT

xt
Ei

(
−kBT

rxt
ku(Feq)

)
. (5.32)

Applying definition E1(y) = −Ei(−y), we come upon:

〈F〉 = Feq + exp
[

kBT
rxt

ku(Feq)

]
· kBT

xt
E1

(
kBT
rxt

ku(Feq)

)
. (5.33)

We define R(Feq) =
rxt

kBTku(Feq)
which is Eq. 6 in the Friddle et. al. paper,

and arrive at the final form of the model:

〈F〉 = Feq +
kBT
xt

exp
[

1
R(Feq)

]
E1

(
1

R(Feq)

)
(5.34)

where E1 is the exponential integral defined by E1(y) =
∫ ∞

y
e−x

x dx.

5.2.4.3 Hummer, Szabo

Hummer and Szabo [151] base their method for extracting FESs from
Jarzynski’s identity: [152]

exp
[
− 1

kBT
∆G(t)

]
≡
〈

exp
[
− 1

kBT
Wt

]〉
(5.35)

where the angular brackets, 〈〉, denote the ensemble average, kB is the
Boltzmann constant, and T is the system temperature. This identity
allows for us to transform from work, Wt, to free-energy, ∆G.

Equation 5.35 can re-arrange to give:

G(x) ≡ −kBT ln
〈

δ(x− xt) exp
[
− 1

kBT
∆Wt

]〉
(5.36)

which is Eq. 7 in Hummer and Szabo’s work [151] where G(x) is the
unperturbed free-energy at position x.

Implementation is similar to umbrella sampling. [153] For each step
in time, t, we create a histogram of positions weighted by their respec-
tive work profiles, Wt. In this way, we create numerous ensemble av-
erages across our pulling coordinate. Hummer and Szabo adapt the
weighted-histogram analysis method (WHAM) [154] to reconstruct the
free-energy surface (Eq. 8 in their paper):

G(x) = −kBT ln


∑t

〈
δ(x− xt) exp[−Wt/kBT]

〉〈
exp[−Wt/kBT]

〉
∑t

exp[−u(x, λt)/kBT]〈
exp[−Wt/kBT]

〉

 (5.37)
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where u(x, λt) is the time-dependent biasing potential defined by
Eq. 5.9.

We can be represent this equation in a discrete form:

G
([

l − 1
2

]
∆x
)
= −kBT ln

(
∑N

i=0 hi(l)/ηi

∑N
i=0 exp[−uil/kBT]/ηi

)
(5.38)

which is Eq. 10 in the Hummer/Szabo paper and where l represents
the lth interval of size ∆x, i is each discrete time step to N time steps,
hi(l) is a weighted-histogram defined by:

hi(l) =
1
K

K

∑
k=1

exp
[
−Wik/kBT

]
θl(xik) (5.39)

which is Eq. 9 in Hummer and Szabo’s work and which sums over all
K (in this dissertation, 1000) trajectories and where θl(x) tests whether
x is in the lth interval:

θl(x) =

1 if x ∈
[
(l − 1)∆x, l∆x

)
0 else

, (5.40)

and ηi is calculated by:

〈
exp[−Wt/kBT]

〉
≈ ηi ≡

1
K

K

∑
k=1

exp
[
−Wik/kBT

]
. (5.41)

5.3 results and discussion

Measuring the data thousands of times creates a distribution which
can be statistically analyzed.

5.3.1 Force-Extension Curves

In experiment, loading rate and rupture force are calculated from
force-extension curves. [71] The force as measured by atomic force
microscopy (AFM) is plotted against the distance between the AFM tip
and the substrate, the extension. Similarly, we plot the mean force vs.
λt, the “extension” distance of our biasing potential, in Figure 5.2.

Several trends are apparent. For both shearing and unzipping
geometries, as the pulling speed increases, so does the force. This
matches experimental results. [71] There also exists an obvious
trend regarding trap strength; as the spring constant kc decreases,
the extension required to cause a rupture event increases. Finally,
the force at large extensions is consistently greater than the initial
force. This is due to the Langevin dynamics of the system: there
is an energy cost associated with pulling the polymers through
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(a) unzip

(b) shear

Figure 5.2: Mean force vs. extension for both unzipping (a) and shear-
ing (b) geometries. Four different spring constants are depicted:
kc=0.1 (blue), kc=1 (red), kc=10 (green), and kc=100 (purple). The
curves are pale for slow pulling speeds and dark for fast pulling
speeds. Unzipping exhibits clear piece-wise melting, with forces
increasing and decreasing as each base pair stretches and then
breaks, respectively. Shearing manifests a single rupture event.
As with experiment, faster pulling speeds lead to increased
forces. Smaller spring constants require pulling the system far-
ther to observe a rupture event.
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the solution. The friction of this process manifests in these profiles
through non-zero forces at large extensions.

There is a marked difference in the force-extension profiles between
the unzipping and shearing geometries. Shearing geometries exhibit
a smoothly-increasing profile with a single maximum which rapidly
decays. This is consistent with an all-at-once mechanism, as hypoth-
esized. Unzipping geometries display increased variety in profiles.
There are copious local maxima along the curve, in some instances
(for slow pulling rates) exceeding the rupture force. Each of these
maxima correspond to individual base pair rupture events, consistent
with the hypothesized piece-wise mechanism.

5.3.2 The Relationship Between Pulling Rate and Rupture Force

We plot in Figure 5.3 the complex relationships between work, rup-
ture force, trap stiffness, and pulling speed. As Ginger et. al. demon-
strated in their experiments, [71, 145] shearing geometries require
larger average forces to rupture. Our results replicate this finding.
We illustrate the work performed on the system is on average greater
for the shear geometries than for unzipping. This matches their find-
ings that the measured free-energies are larger for shearing than for
unzipping.

Rupture forces increase with pulling rate as thermal fluctuations
permit less time to interact with the system and “bump” it over the
edge into melting. Thermal fluctuations explain why simulations can
express negative rupture forces: if a thermal fluctuation melts the
system, the trap must exert less force overall. Statistically, some of
these forces would be negative.

The spread of rupture forces increases as the trap stiffness. While
a spring constant kc = 0.1 affects a tight distribution for both un-
zipping and shearing geometries, a spring constant kc = 100 affects
a wide distribution. We can explain why this may be by approxi-
mating the system with a quadratic potential with spring constant
ks. We add a quadratic pulling potential with spring constant kc.
Together, they produce a quadratic potential with spring constant
ktot = ks + kc. In equilibrium, the variance of the position, 〈∆x2〉,
is T/ktot. The biasing force goes as kcx, so its variance should go
as kc

2T/ktot = kc
2T/(ks + kc). Therefore, variance in rupture force

should increase with the stiffness of the trap, which we observe.

5.3.3 Comparison of Models

5.3.3.1 Bell, Evans

We extracted the loading rate r = dF
dt for each set of kcs and vs by

fitting the linear portion of the mean-force profile and extracting
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(a) unzip

(b) shear

Figure 5.3: Rupture work vs. rupture force for both unzipping and shear-
ing geometries at all trap stiffnesses and pulling speeds stud-
ied. Higher pulling speeds (darker) exhibit both greater rupture
forces and rupture work. Higher trap stiffnesses (e. g.purple) ex-
hibit less rupture work, larger rupture force, and a greater vari-
ance in their distributions.
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the slope. We fit our average rupture force, loading rates, and
spring constants to Eq. 5.17 employing the scipy library routine
optimize.curvefit. [155] Results are exhibited in Table 5.1 and
Figure 5.4.

kc(ε/σ2) xt(σ) k0
u(ε/σ2)

unzip 0.1 1.55× 10
−1

6.60× 10
−5

1 1.19× 10
−1

5.58× 10
−5

10 1.06× 10
−1

7.47× 10
−5

100 9.56× 10
−2

8.26× 10
−5

shear 0.1 1.24× 10
−1

6.26× 10
−10

1 9.79× 10
−2

3.52× 10
−8

10 8.68× 10
−2

2.07× 10
−7

100 8.33× 10
−2

3.42× 10
−7

Table 5.1: Fit parameters to our simulation data adopting the Bell-Evans
model. xt is the distance between the primary minimum and tran-
sition state, and k0

u is the intrinsic unbinding rate constant.

The model does not fit any system particularly well, and the fit
parameters do not represent the underlying physics. Specifically, xt

appears to be too minute; the calculated numbers imply the transition
state is within 1/10

th of a bead width from the ground-state. It is
likely xt would be on the order of the polymer length, i. e.20σ. A
more descriptive model is necessary to fit the system.

5.3.3.2 Friddle, Noy, deYoreo

We extracted the loading rate as in Section 5.3.3.1 and fit our average
rupture force, loading rates, and spring constants to Eq. 5.34 apply-
ing scipy library optimize.curvefit. [155] Results are exhibited in
Table 5.2 and Figure 5.5.

In each of these systems, ∆G is calculated by Equation 5.23 from the
fitted values of Feq. The model fits all systems relatively well, though
the fit parameters do not match the underlying physics. The value
for ∆G should, in theory, be the same for all simulations. We would
expect the value to be on the order of 20ε, as it is the energy gained
by the system for the 20 hybridized beads; instead the values range
from 6.76× 10−3 to 6.98× 102ε.

Each of the fits express consistent values for Feq, xt, and, in the un-
zipping geometry, k0

u; this is expected, given the similarity of mean
rupture force vs. loading rate curves in Figure 5.5. We believe the pre-
dicted values of xt to be far too small; the calculated numbers imply
the transition state is within 1/100

th of a bead length from the fully
bound state. xt should be on the order of the polymer length, i. e.20σ.
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(a) unzip

(b) shear

Figure 5.4: Mean rupture force vs. loading rate for both unzipping (a) and
shearing (b) geometries. Simulation data are represented with
solid points. Lines represent the Bell-Evans theoretical fit. Four
different spring constants are depicted: kc=0.1 (blue), kc=1 (red),
kc=10 (green), and kc=100 (purple).
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(a) unzip

(b) shear

Figure 5.5: Mean rupture force vs. loading rate for both unzipping (a) and
shearing (b) geometries. Simulation data are represented with
solid points. Lines represent the Friddle et. al. theoretical fit. Four
different spring constants are depicted: kc=0.1 (blue), kc=1 (red),
kc=10 (green), and kc=100 (purple).
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kc(ε/σ2) Feq(ε/σ) xt(σ) k0
u(ε/σ2) ∆G(ε)

unzip 0.1 8.48× 10
−1

4.86× 10
−2

1.05× 10
−3

3.59

1 1.03 2.77× 10
−2

2.18× 10
−3

5.28× 10
−1

10 9.89× 10
−1

3.08× 10
−2

1.78× 10
−3

4.89× 10
−2

100 1.16 3.04× 10
−2

2.55× 10
−3

6.76× 10
−3

shear 0.1 1.18× 10
1

7.36× 10
−2

4.79× 10
−7

6.98× 10
2

1 1.19× 10
1

8.18× 10
−2

2.57× 10
−7

7.02× 10
1

10 1.32× 10
1

6.56× 10
−2

5.36× 10
−6

8.68

100 1.32× 10
1

6.59× 10
−2

3.43× 10
−5

8.72× 10
−1

Table 5.2: Fit parameters to our simulation data using the Friddle et. al.
model. Feq is the equilibrium force, xt is the distance between the
primary minimum and transition state, k0

u is the intrinsic unbind-
ing rate constant, and ∆G is the free-energy difference between
bound and unbound states.

Because Feq displays consistent values, and because ∆G depends on
Feq and kc, mathematically, the values of ∆G would diverge by or-
ders of magnitude for each system. Theoretically, the strength of the
trap should not produce any effect on the difference in free-energy. It
is worth noting Friddle, Noy, and deYoreo propose a second model
which assumes multiple bond rupture events; [150] this model gives
similarly poor results for our data (not pictured).

In the supplementary information of their paper, Friddle, Noy, and
deYoreo [150] provide an analysis of previous experimental data after
applying their model. They display striking fits to the data, but do not
comment on the scale of their fit parameters. We show in Table 5.3
that for at least three of the works studied, the calculated values for
∆G do not match other experimentally-determined values. For the
three systems, the ∆G predicted by Friddle et. al. differs from other
experimental results by 1-2 orders of magnitude.

5.3.3.3 Hummer, Szabo

Unlike the Friddle-Noy-deYoreo model, the Hummer-Szabo model
does not rely on defining mean rupture force, and is instead related
to the work profiles of each trajectory. Free-energy profiles are calcu-
lated by Equation 5.38 and results are presented in Figure 5.6.

The unzipping geometry registers a steady rise in free-energy as
the distance between pulled particles increases. This is consistent
with our understanding; as each bead separates one at a time, the
energy cost should be proportional to the separation distance. Con-
versely, shear expresses a flat energy profile until a distance of approx-
imately 20σ, the length of the polymer, when there is a sharp increase
in energy. This is consistent with an “all-at-once” melting mechanism,
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(a) unzip

(b) shear

Figure 5.6: Free-energy profiles for both unzipping (a) and shearing (b) ge-
ometries. Four different spring constants are depicted: kc=0.1
(blue), kc=1 (red), kc=10 (green), and kc=100 (purple). The curves
are pale for slow pulling speeds and dark for fast pulling speeds.
Unzipping geometries exhibit a steady rise in free-energy with
pulling distance, while shearing geometries present a flatter en-
ergy profile with a marked increase at approximately 20σ which
again flattens at a greater energy. In each geometry, the free-
energy surface differs little with respect to spring constant, but
dramatically steepens as pulling speed increases.
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bond Feq kc ∆GF ∆GE

(pN) (pN/Å) (kJ/mol) (kJ/mol)

His6/Ni-NTA 189 1 [156] 2.22× 10
3

30 [157]
Digoxigenin/
Anti-Digoxigenin

23.2 6-
8.8 [158]

3.8-5.6 33 [159]

Biotin/
Streptavidin

105 1-5 [160] 1.4× 10
2-

6.9× 10
2

10-
70 [161]

Table 5.3: Calculations for ∆G based on Friddle et. al.’s work [150]. Values
for equilibrium force, Feq, originated from Friddle et. al. kc val-
ues were gathered from the cited works. ∆GF is the value for
free energy calculated by the Friddle-Noy-deYoreo model apply-
ing Eq. 5.23. ∆GE is reported from the cited experimental works.
In all three calculations, ∆GF and ∆GE differ by 1-2 orders of mag-
nitude.

where first the polymer aligns with the pulling axis, then strain in-
creases on the system until each bead separates from its partner at
the same time. After this sharp increase in free-energy, the profile
again flattens, as the two strands no longer interact.

Pulling speed appears to generate a large effect on the calculated
FESs. As pulling speed increases, the slope of each FES increases, across
both geometries. FESs for higher pulling speeds terminate at shorter
distances than their slow-pulling counterparts. As the pulling speed
increases, and time increases, the work, Wt, performed on the system
becomes excessively large, driving ηi (Eq. 5.41 to be effectively 0. This
prevents the analysis of G(x) (Eq. 5.34) at large distances.

In their paper describing the model, [151] Hummer and Szabo state
pulling speed likely affects its accuracy. The faster the pulling speed,
the greater the variance in observed work at a given time step, and
the larger the associated error. Thus, we believe the FESs at low pulling
velocities to be the most accurate. Trap stiffness produces no observ-
able effect on these FESs, as expected: the strength of the trap should
not influence the final free-energy surface.

For those stiffnesses and pulling speeds which display a clear ∆G,
the value is similar between the two geometries, as expected by the
Second Law of Thermodynamics. In the slow-pulling limit, which is
closest to equilibrium, the ∆G value is 18 for the unzipping geometry,
and 32 for the shearing geometry. Each bead pair provides 1 potential-
energy unit of stability to the system; we would expect the free-energy
to be close to 20ε, which it is for both systems.
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5.3.4 Recommendations

We believe the Hummer-Szabo model to provide the most desirable
fit for our data, as it constructs the entire FES and not properties of
it, produces consistent results between geometries and across spring
constants, and the values for ∆G and xt are closest to the hypothe-
sized values. In practice, the Hummer-Szabo model is limited to slow
pulling speeds, where the entire FES can be calculated, and variance
in the work distributions is limited.

Both the Bell-Evans and the Friddle model are highly sensitive to
the definition of mean rupture force, 〈F〉, which can be estimated
several different ways. Both models produce results which depend
on the trap strength, kc, which isn’t allowed by the Second Law of
Thermodynamics. The Hummer-Szabo model supplies the same re-
sults for different trap strengths, and does not depend on defining
mean rupture force. The model does generate different FESs for dif-
ferent pulling speeds; we recommend pulling as slowly as possible,
which will decrease the variance in the work profiles and produce
more accurate free-energy surfaces.



Part III

D E N O U E M E N T

To absent friends, lost loves, old gods, and the season
of mists; and may each and every one of us always
give the devil his due.

— Neil Gaiman, Season of Mists





6
C O N C L U S I O N S

We have explored unique ways in which mismatched base pairs in
DNA affect their surrounding environment: in structural properties,
energetics, and effects on neighboring azobenzene moieties. Using
molecular dynamics (MD) simulations, both atomistic and coarse-
grained, we explored and contrasted varied theoretical models to
calculate energetic and kinetic properties. These contribute to the
greater understanding of DNA, both in the biological properties of
mismatch repair (MMR) enzymes and in interpreting and designing
DNA-containing materials.

6.1 key findings

Mispaired DNA bases display increased conformational fluctuations,
especially in the plane perpendicular to the length of the DNA. These
structures, which diverge from canonical Watson-Crick pairs, exhibit
fewer hydrogen bonds and thus less overall stability.

Base pair mismatches alter their local environment. trans-to-cis pho-
toisomerization quantum yield (QY) of azobenzene incorporated into
DNA depends on the identities of neighboring base pairs and their
relative stability. Mispairs are inclined to adopt the e-motif, which
induces large structural distortions in the surrounding polymer.

Many biasing techniques and models exist to extract the free-
energy from a system. Selecting parameters is critical for the model
to succeed: in the metadynamics of base flip, we revealed that
selecting two order parameters provides more accurate results than
one. Similarly, both choosing the model and defining mean rupture
force affect the results of the dynamic force spectroscopy (DFS) free-
energies. We explored the importance of grasping the underlying
systems and methods and choosing proper inputs for each model.

6.2 analysis

MD simulations remain a useful tool for describing DNA behavior.
The photoisomerization of azobenzene requires both an electronic ex-
citation and subsequent nuclear motion, but we demonstrate that a
relatively simple observable, the variance in occupation number, is
strongly correlated with QY. This value can be computed from classical
MD computer simulations, and yet correlates with an experimentally-
determined quantum process.
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This provides contemporary insight into the physics of QY trends.
QY of azobenzene is affected by both the greater probabilities of DNA
fluctuations which allow the azobenzene’s phenyl ring to shift unhin-
dered and a larger susceptibility to an effective thermodynamic force
which decreases the local occupation number. This latest understand-
ing will aid future designers of materials who wish to incorporate
light-sensitive photoswitches into DNA.

MD has allowed us to observe an e-motif in some mismatched struc-
tures, a result previously unexplored as a possible indicator for MMR

recognition. We established that DNA structure differs for mispaired
bases without the presence of an MMR enzyme, but that these struc-
tural differences do not match MMR recognition trends and are thus
not sufficient to predict the pathway for MMR recognition. If the e-
motif is a real, physical phenomenon of mispaired DNA and not a
simulation artifact, it could be an influence in the detection capabili-
ties of MMR systems.

With MD, we were able to compare and contrast theoretical mod-
els and recommend the optimum model to apply to experimentally-
gathered data. We identified the Hummer-Szabo model as the most
accurate for resolving free-energy profiles for DFS experiments. This
is because it does not depend on defining mean rupture force, is con-
sistent between differing trap strengths, and reconstructs the whole
free-energy profile, not properties of it. For the model to function
most effectively, it is vital to experiment at the slowest possible speed
to reduce the variance in generated work profiles.

6.3 future research

We recommend several further studies, especially for experimental re-
searchers. Many considerations contribute to the specific interactions
between DNA and azobenzene. Samai et. al. [162] recently indicated
temperature is a primary contributor to QY effects. Environment ef-
fects such as pressure, pH, and ionic strength should be studied in-
depth.

We greatly urge experimentalists researching DNA structure, es-
pecially in the context of MMR systems, to seek further evidence of
the e-motif. This would be especially telling for traditional sequences
which do not retain repeats.

Finally, for theoreticians studying DFS pulling dynamics, we rec-
ommend systematic study of pulling speeds’ effects on free-energy
calculation, including an implementation of cumulant expansion cor-
rections to the variance in work profiles. Ideally such research would
establish a means for detecting the ideal pulling speed, both in terms
of accuracy and resource management.
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6.4 implications

These results demonstrate how to adopt inexpensive computer sim-
ulations to guide the design of azobenzene-modified DNA (azo-DNA)
sequences and linkers [134, 163] to attain specific objectives, for exam-
ple, maximizing QY. We have demonstrated that MD simulations can
provide structural insight into mispaired DNA bases, with possible
consequences regarding the detection and repair of mismatches by
MMR systems. Finally, simulations remain a powerful tool in compar-
ing and validating models to fit experimental data.

The range of applications, especially for materials, is vast: from trig-
gering structural remodling in aptamers [31] to designing probe se-
quences [164, 165] optimized to discriminate specific DNA sequences.
We expect our results to be of immediate practical use in those devel-
opment efforts.
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