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Abstract

Nucleic acids are subjected to many different mechanical loadings. These
loadings could cause large deformations and conformational changes to these molecules.
This is why the mechanical properties of nucleic acids are so important to their functions.
Here we use a newly designed and built high-performance AFM force spectrometer,
supplemented with molecular dynamics simulations and NMR spectroscopy to
investigate the relationship between mechanical properties and structure of different

nucleic acids.

To test the mechanical properties of nucleic acids, we successfully designed and
purpose-built a single molecule puller, an instrument to physically stretch single
molecules, at a fraction of the cost of a commercial AFM instrument. This instrument
has similar force noise to hybrid instruments, while also exhibiting significantly lower
drift, on the order of five times lower. This instrument allows the measurement of subtle
transitions as a molecule is stretched. With the addition of a lock-in amplifier, we

possibly could obtain better force resolution, the order of femtonewtons.

From our force spectroscopic experiments, we find that helical structure does
indeed have an effect on the mechanical properties of double-stranded DNA. As the A-
form double helix has a shorter, wider structure compared to the B-form helix, its force
spectra exhibit a shorter initial length before the overstretching force plateau, compared
to B-form DNA. Contrarily, the Z-form double helix has a narrower, more extended

helical structure than B-form DNA, and we see this fact manifest in the force spectra of



Z-DNA, which has a longer initial length before the overstretching force plateau. Also,
interestingly, we find that neither A, nor Z-DNA force spectra display the second melting
force plateau. Indicating this plateau is not necessarily cause by melting of strands apart,

but rather a feature of B-DNA.

To better understand the forces that stabilized these different structures,
specifically base stacking, we also mechanically characterize different single-stranded
helical polynucleotides using AFM based force spectroscopy. We expand on previous
studies by confirming that single helical polynucleotides undergo a force transition at a
force of ~20 pN as they are uncoiled, and also demonstrating, that when stretched beyond
this force transition, the molecules behave differently depending on base sequence and
backbone sugar. Specifically, the force spectra of poly-adenylic acid possess a linear
force region, which persists to ~300 pN, after the force plateau. We also observe that
poly-deoxyadenylic acid is comparatively stiffer than other polynucleotides after
undergoing two force transitions. By supplementing our force spectroscopic data with
MD simulations and NMR spectroscopy, we find that base stacking in adenine is quite
strong, persisting above 100 pN. We find that initial helical structure, which is defined
by base stacking and backbone sugar, guides the stretching pathway of the
polynucleotides. This finding can possibly be extrapolated to the elasticity of double-

stranded DNA.
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Introduction

Nucleic acids are remarkable molecules. They possess a unique base pairing
scheme to store, duplicate, transcribe, and finally translate genetic material into proteins.
They form unique structures, such as double helices that protect the genetic information,
while also allowing access to it when necessary (Saenger 1984). These structures lend to
interesting mechanical properties, which are exploited by enzymes as they stretch, bend
and twist these nucleic acids during cellular processes such as DNA replication,
transcription, packaging (Bustamante, Bryant et al. 2003) and damage repair (Chen, Yang
et al. 2008). Beyond the biological significance of nucleic acids, their specific base
pairing and structural transitions are useful in the field of DNA nanotechnology to create
DNA origami (Douglas, Dietz et al. 2009) or other nanomachines (Mao, Sun et al. 1999;
Seeman 2003). Thus, an understanding of the mechanical properties of nucleic acids is
necessary to understand their functions in nature, and to forward engineer novel

nanostructures.

A prevalent technique used to probe the mechanical properties of different
molecules is called single-molecule force spectroscopy (SMFS). During a force
spectroscopic experiment, a load is applied to a single molecule, and its reaction to that
load is recorded. For example, a DNA molecule is stretched at a constant rate, and its
reaction force is recorded. Over the past two decades much research has been done using
SMES to better understand the mechanical properties of nucleic acids (Bustamante,

Bryant et al. 2003). Major discoveries include the B-S transition of double-stranded



DNA, where the DNA double helix overstretches 70% beyond its initial length at a
characteristic 65 pN force, as it begins to straighten out and bases begin to unpair (Cluzel,
Lebrun et al. 1996; Smith, Cui et al. 1996; van Mameren, Gross et al. 2009). Another
significant finding was that as DNA is stretched further, its force-extension curves exhibit
a second force plateau between 100 and 300 pN, possibly related to strands melting apart
(Rief, Clausen-Schaumann et al. 1999; Clausen-Schaumann, Rief et al. 2000; Calderon,
Chen et al. 2009). Research has also been conducted to measure the unzipping of RNA
loops (Liphardt, Onoa et al. 2001) and uncoiling of single-stranded RNA helices (Seol,

Skinner et al. 2007).

These force fingerprints of double-stranded DNA have been utilized to quantify
the effects of heating (Williams, Wenner et al. 2001) and ionic strength (Baumann, Smith
et al. 1997) on the stability of the double helix. DNA damage by UV irradiation can
even be quantified by relating changes the plateau lengths to irradiation time (Lee, Rabbi

et al. 2007).

These past studies have moved the understanding of DNA mechanics far forward.
However, they focus predominantly on B-form DNA double helices. Double-stranded
DNA is polymorphic and, depending on base composition and sequence, forms varying
helices. The subtle differences in geometry caused by differences in base pairing and
stacking lead to many different helix types. Out of the many helices, the most common
forms are A, B and Z helices (Saenger 1984). Very little systematic study has been done
to understand the mechanical properties of different canonical DNA structures and the

forces that stabilize them, despite the biological significance of Z-DNA with regards to
2



autoimmune diseases, transcription and poxvirus pathology (Rich and Zhang 2003; Kim,
Lowenhaupt et al. 2004), and of A-form double helical nucleic acids with regards to
promoter recognition (Warne and deHaseth 1993) and RNA interference (Fire, Xu et al.
1998; Jana, Chakraborty et al. 2004). In this project, we aim to characterize mechanically
these different canonical double-stranded DNA structures using AFM based force

spectroscopy.

We also aim to better understand the forces that stabilize the helical structures of
nucleic acids. Base pairing and base stacking are the interactions mostly attributed to
stabilizing helical structure (Saenger 1984). As the effect of base pairing on DNA
elasticity has been previously studied; G-C base pairing leads to higher force plateaus, the
strength of base stacking still requires further investigation. Single-stranded
polynucleotides are appropriate model systems to study base stacking, as the bases can
stack without pairing, and the molecules can form single helical structures (Rich, Davies
et al. 1961; Leslie and Arnott 1978; Olsthoorn, Bostelaar et al. 1980; Saenger 1984;
Isaksson, Acharya et al. 2004). Previous studies on the relationship of base stacking and
nucleic acid elasticity included comparisons of poly-adenylic acid (poly(A)) and poly-
cytidylic acid (poly(C)) (Seol, Skinner et al. 2007), and poly-deoxyadenylic acid
(poly(dA)) and poly-deoxythymidylic acid (poly(dT)) (Buhot and Halperin 2004; Ke,
Humeniuk et al. 2007). Results from these studies are that the force spectra of poly(A),
poly(C) and poly(dA) exhibit a low force plateau of ~20 pN, and that the force spectra of
poly(dA) exhibit a second higher force plateau of ~150 pN. These force plateaus are

attributed to unstacking of bases and flipping of the backbone sugar pucker (Ke,



Humeniuk et al. 2007). We aim to expand upon this research and more precisely explain

these force transitions.

Thus, this research is divided into three main components:

1. Development of High Performance Molecular Puller

To perform the force spectroscopic experiments on nucleic acids, we design and
build a single function AFM bases molecular puller. The purpose of this instrument is to
provide better or similar performance compared to a commercial instrument for a fraction
of the cost. The benefits of a successful instrument would be accurate force and
extension measurement with high resolution to detect subtle force transitions as the
molecules are stretched. The low cost has the benefit of expanding the field of SMFS to
researchers whom would otherwise be reluctant to spend over $100,000 dollars on a

commercial instrument.

2. Nanomechanics of Canonical A and Z Double-Stranded DNA Structures

As much of the previous research with regards to DNA elasticity has focused on
B-form double-stranded DNA, we aim to characterize A and Z-form double helices using
AFM based force spectroscopy. The A helix is a shorter flatter helix compared to the B-
form, and the Z helix is an elongated left handed helix. As a model A-DNA system we
stretch poly-deoxyguanylic poly-deoxycytidylic acid (poly(dG)poly(dC), and as a model
of Z-DNA we stretch poly-deoxyguanylic-deoxycytidylic acid (poly(dG-dC)) in solution
with 2.5 M NaCl (Saenger 1984; Rich and Zhang 2003). We are expecting that since the

composition of both systems are the same, differences in force spectra can be attributed
4



to differences in helical structure. As the pitch of A-DNA is relatively short, and that of
Z-DNA is relatively long, we expect to see a difference in initial length of the force

spectra, before the onset of overstretching, of the two different types of helices.

3. Nanomechanics of Single-Stranded Nucleic Acids

To better understand the strength of base stacking, and possibly gain further
insight into the mechanical properties of double-stranded DNA, we stretch different
single-stranded polynucleotides. Purine-purine sequences have the strongest base
stacking, and pyrimidine-pyrimidine sequences have the weakest base stacking (Saenger
1984). We use AFM based SMFS supplemented with all atom molecular dynamics
simulations and nuclear magnetic resonance spectroscopy to further characterize
structurally and mechanically these polynucleotides. We expand on previous studies that
show that the base stacking in poly(A), poly(dA) and poly(C) manifest as force plateaus
in their respective force spectra (Buhot and Halperin 2004; Ke, Humeniuk et al. 2007,
Seol, Skinner et al. 2007). We aim to understand the extent base stacking affects the
mechanical properties of these polynucleotides, while also uncovering other potential

structural transitions as these molecules are stretched.



Chapter 1: Research Methods

1.1: Atomic Force Microscope

The atomic force microscope (AFM) is a scanning microscope in which the
sample on a piezoelectric stage is scanned across a sharp-tipped cantilever. The
instrument works by applying a constant force on the sample with the tip of the
cantilever. As the sample is scanned, topographical features bend the cantilever, either
increasing or decreasing the force. The controller restores the force by moving the
sample in the vertical axis. The restoring movement is mapped, along with the position
of the tip on the sample. Once the whole sample has been scanned, a real three
dimensional image of the sample is formed (Binnig, Quate et al. 1986). The resolution is
limited by the sharpness of the cantilever, bandwidth of the controller, and thermal noise.
Some commercially available cantilevers have a tip radius on the order of several

nanometers.

For softer samples that can be moved or damaged by the tip, AFM can be set to
“tapping mode”; a mode where the cantilever is oscillated at its resonant frequency as it
is scanned, so that no lateral force is applied to the sample. Unlike other scanning
microscopy techniques, such as scanning electron microscopy (SEM) or scanning
tunneling microscopy (STM), AFM permits the imaging of non-conducting samples
which can be imaged at atmospheric conditions, or even in aqueous environments.

These properties make AFM ideal for biological samples.



1.2: Single Molecule Force Spectroscopy using Atomic Force
Microscopy

Since the AFM physically interacts with the sample, the tip can be used to
manipulate it. If the spring constant of the cantilever is known, the AFM can be used as
a force spectrometer by stretching different molecules between the tip and sample
surface. The AFM (Binnig, Quate et al. 1986; Rugar and Hansma 1990) is an excellent
force spectrometer for probing the mechanical properties of individual molecules because
it can measure their length and tension with sub-nanometer (nm) and piconewton (pN)
resolution, respectively. Sub-piconewton (pN) resolution may be possible with some
more advanced techniques such as lock-in (Schlierf, Berkemeier et al. 2007). In
comparison with other force spectroscopy tools such as optical tweezers or magnetic
tweezers, AFM is able to apply significantly higher forces to biomolecules, such as
polysaccharides, nucleic acids and proteins. These forces push the biomolecules into
high-energy conformations that are neither easily accessible to other force spectroscopy
techniques, nor easily investigated by traditional bulk spectroscopy methods such as
NMR or X-ray crystallography (Fisher, Marszalek et al. 2000). Thus, AFM-based single
molecule force spectroscopy (SMFS) not only examines the mechanical properties of
biomolecules near their equilibrium conformations, but uniquely explores their less-
probable states. In this way, it probes the internal forces that stabilize their structures and
provide mechanical strength, and it examines the conformational transitions of
polysaccharides (Zhang, Lee et al. 2005) and nucleic acids (Ke, Humeniuk et al. 2007),
and the unfolding and refolding pathways of proteins (Dietz and Rief 2004; Fernandez

and Li 2004; Lee, Abdi et al. 2006; Kim, Abdi et al. 2010).

7



1.2.1: Requirements for an AFM Single Molecule Puller

SMES relies on the accurate measurement of a molecule’s length and tension. In
principle, any AFM instrument can be used as a force spectrometer, but the piezoelectric
actuator that moves the sample or cantilever to elongate the molecule (Figure 1.1) must
be equipped with a sensor that precisely reports its position during the stretch-release
cycle. The reason for this requirement is that piezoelectric actuators display significant
hysteresis, creep after being subjected to voltage, and drift thermally. All of these effects
introduce large uncertainties into the measurement of a molecule’s length if the position
of the actuator is not measured directly. Thus, to determine the extension of the molecule
with a nanometer precision, it is necessary to measure the position of the piezoelectric

actuator during the experiment (Rabbi and Marszalek 2008).

Older AFMs that were designed primarily for imaging may not be equipped with
sensors that directly measure the positions of the piezoelectric actuators. Newer
commercial AFMs that are designed for both imaging and force spectroscopy, such as the
PicoForce (Veeco) or the MFP-3D BIO (Asylum Research), are equipped with position
sensors that provide adequate measurements of the position of the piezoelectric actuator

that controls the extension of the molecule (Rabbi and Marszalek 2008).



1.2.2: Basics of AFM Pulling

An AFM used for pulling has four main components; laser, cantilever,
piezoelectric positioner, quadrant photodiode. A laser is reflected off the back of the
cantilever onto the center of the quadrant photodiode. The sample, covered by a drop of
solution, is attached to the piezoelectric positioner and moved up to contact the cantilever
tip. This allows the unbound parts of the molecules to adsorb to the tip. In this way, the
molecules form bridges between the substrate and the tip (Figure 1.1C). Usually,
multiple bridges are formed between the tip and the many molecules absorbed onto the
substrate (Figure 1.2), but by lowering the surface density of the adsorbed molecules and
the time interval during which the tip interacts with the sample, it is possible to greatly
limit the number of molecules adsorbed to the tip. These molecules can be stretched in a
controlled manner by moving the substrate away from the tip and can be relaxed by
moving the substrate back towards the tip. The stretched molecule exerts a mechanical
force on the cantilever, thereby deflecting it. This deflection is measured by the
photodiode as a change in the voltage generated by the movement of the incident laser
beam off of the photodiode center. The experimental result is a force-extension curve

(force spectrogram) that reflects the elasticity of a single molecule.



loseT

PD Bias
MD+A)-(C+B))
V((C+D)-(B+A))
V(A+B+C+D)
v+

GND

V-

XY Positioner

switch
—

]
) ) S Y

-Cantilever Holder

7 L-Cantilever
3 ./‘ A -

> s .-Sample
g ”O I P
x =

o =/

: OF ............. -Extender
- (.\

< Pl-

3_‘? V((A+D)-(C+B))/S e

@ + Strain Gaug% 5

.

o Q

L PC/DAQ XYZ Stage
Interface O |

B l C cantilever
l_F = KAZ, X=AZp-AZz
2500
Z 2000
= 1500

200 400 nm
Extension, X/nm <—

Figure 1.1: AFM Based Force Spectrometer: (a) Overview of an AFM used for force
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Figure 1.2: Detaching Multiple Molecules from the Tip (Rabbi and Marszalek 2008)

1.2.3: Benefits and Limitations of AFM as a Force Spectroscope

As previously stated, AFM can subject molecules to very high loads compared to
optical or magnetic tweezers. The piezoelectric stages in AFMs can apply newtons of
force, and the stiff cantilevers can detect large forces on the order of nanonewtons. Also,
cantilevers and substrates can be functionalized with all types of chemistry, even
covalently bonding to the sample. Contrarily, optical and magnetic tweezers are limited
by trap and magnetic field strength, respectively (Bustamante, Macosko et al. 2000).

The properties that make AFM so well suited for high force measurements are also what
limit its function in the low force regime. The stiff cantilevers that can detect forces in

the nanonewtons also exhibit much higher force noise, compared to the soft optical traps
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(Bustamante, Macosko et al. 2000). Table 1.1 summarizes the force and spatial limits

for these various force spectroscopy methods.

Table 1.1: Force and Spatial Limits of Common Force Spectroscopy Methods

Method Force Range (N) Spatial Advantages
Resolution (m)
AFM 10" 107 107" High Spatial Resolution
High Applied Forces
Magnetic 10 -10™"" 10° High force Resolution
Tweezers Able to Induce Torque
Optical 107 -107 10”7 High Force Resolution
Tweeezers

Other limitations of AFM include the risk of picking up multiple molecules, or
nonspecific binding of molecules as previously explained (Figure 1.2). This is due to the
fact that, unlike optical and magnetic tweezers, where unbound molecules are flowed
away, the AFM tip probes the substrate for molecules. Lastly, AFM suffers from
thermal drift of the cantilever and sample, and nonlinear voltage response of the
piezoelectric actuators, which limit the instruments to relatively high loading rates

(Bustamante, Macosko et al. 2000).
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1.2.4: Cantilever Selection

The cantilever is the component of the AFM that has the largest effect on force
resolution. As it is in solution, molecules constantly collide with it, causing it to vibrate.
This cantilever vibration manifests as noise on the photodiode signal in the AFM. The
amplitude of this vibration is related to temperature by the energy equipartition theorem
(Florin, Rief et al. 1995; Bustamante, Macosko et al. 2000), and is related to frequency by

the fluctuation-dissipation theorem (Bustamante, Macosko et al. 2000).

(Ax?) = zi—iT Energy Equipartition Theorem
2 _ 2kpT : C
(Ax*(w)) = Tw2ra?) Fluctuation-Dissipation Theorem

where (Ax?(w)) is the mean-square amplitude of vibration, k¢ is the spring constant of
the cantilever, o is the frequency, vy is the friction coefficient, w.= k¢/y is the corner
frequency, kp is the Boltzmann Constant, and 7 is absolute temperature. From these
relationships, we see that two of these parameters characterizing AFM cantilevers
influence the noise during force spectroscopy measurements; spring constant, k¢
(pN/nm), and corner frequency, o, (Hz). A stiffer cantilever produces less noise, but is
less sensitive. Signal to noise ratio (SNR) during a force spectroscopic experiment is
related to these parameters by (Viani, Schaffer et al. 1999; Bustamante, Macosko et al.

2000):

SNR = F/\[2yk,TB
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where F is force and B is bandwidth. Thus, we find SNR is independent of cantilever
spring constant, and the cantilever with the highest corner frequency, or lowest friction
coefficient will have the highest SNR. To attain the lowest possible friction coefficient, a
cantilever will have the smallest dimensions (Viani, Schaffer et al. 1999; Bustamante,

Macosko et al. 2000).

The most sensitive and least noisy cantilevers (in the low-frequency bandwidth,
0-1000 Hz) will have a small spring constant (k¢ < 10 pN/nm) and the highest possible
corner frequency. For example, the ultra-small Biolever cantilevers from Olympus, with
an rms (root mean square) force noise of ~3 pN (1-500-Hz bandwidth), fulfill these
conditions. These cantilevers are expensive and very fragile (easy to damage even by
immersing in solution), but they are excellent for measurements of protein

unfolding/refolding for forces up to ~500 pN.

For force spectroscopy where forces higher than ~500 pN are required,
microlevers with a spring constant of 10-20 pN/nm (e.g., from Asylum Research or
Veeco) or even regular “wide and long” silicon nitride cantilevers from Veeco, with a
spring constant of 100-160 pN/nm and an rms force noise of ~12 pN/nm (1-500-Hz
bandwidth), are a good choice. This is because at high forces, Biolevers begin to behave
nonlinearly, and in some experiments, it is desirable to stretch e.g. DNA to the highest
possible forces (F >1 nN) to make precise length normalization. Therefore, force

resolution in the single-piconewton range is not a must.
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1.2.5: Cantilever Spring Constant Calibration

The spring-constant values of AFM cantilevers that originate even from the same
wafer can differ quite significantly (up to £50%), and the value provided by the
manufacturer should be used for orientation purposes only. Therefore, each individual
cantilever must be calibrated before measurement. There are different methods for
calibration, including the added mass (Cleveland, Manne et al. 1993) and the thermal
method (Florin, Rief et al. 1995). Out of several different methods to calibrate AFM
cantilevers (for a review, see (Butt, Cappella et al. 2005)), the thermal method seems to
be the most popular among SMFS investigators (Hutter and Bechhoefer 1993; Florin,
Rief et al. 1995). This method is based on the energy equipartition theorem, which, when
applied to a cantilever system modeled as a simple harmonic oscillator, states that the
average potential energy of the cantilever, 1/2kc<z">, is equal to the “thermal energy,”
1/2kgT, where k¢ 1s the cantilever spring constant, z is the amplitude of its random
oscillations in thermal equilibrium, &z is the Boltzmann constant, and 7 is the absolute

temperature. Thus, calibrating the cantilever involves the determination of <z*>.

In practice, <z*> is not measured directly but is determined from the measurement
of <V*>, where V is the voltage of the split photodiode generated by the laser beam that
traces the movement of the cantilever. To convert <V*> to <z*>, it is necessary to
determine the sensitivity, s, of the photodiode voltage, V, to the amount of the cantilever
bending, z, using the equation s=V7/z. To determine s, the cantilever is pushed
vertically—and, therefore, bent—by the (calibrated) piezoelectric actuator of the AFM.

z (in nm) and V (in volts), corresponding to the bending, are directly measured. This
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method assumes the substrate is infinitely stiff. <J*> is typically NOT evaluated in the
time domain, but is converted to the frequency domain by performing the Fourier
transform on the time signal, V(7). This approach permits the screening of low-frequency
mechanical (non-thermal) noise that contributes to the motion of the cantilever. Figure
1.3 illustrates the two steps in cantilever calibration. On commercial instruments, <V>>
is evaluated in air or in fluid by fitting a Lorentzian curve to the first peak of a noise
spectrum of the deflection amplitude of the cantilever. Note that the thermal methods

determine the spring constant within ~10-20% of the values obtained by other methods.

A 0 B
-20 /
@ -40 =
= c
> 60 =T .%
a
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200 2000 20000

Frequency (Hz) Piezo Position (nm)

Figure 1.3: Calibration: (a) Sample power spectrum of a cantilever. <F>> is obtained
by integrating between the two red lines. (b) Example curve of cantilever pressed into
hard substrate. The sloped region of the curve indicates the cantilever is bent as it is

pressed against the surface. To calculate the slope, the red line is divided by the green
line.
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1.2.6: Force-Extension Curves
A single stretch and relax experiment involves the following steps:

1. Simultaneously:
a. Generate a voltage ramp to drive the piezoelectric actuator downward
and upward
b. Measure the photodiode signal and capacitive sensor signal off
actuator
To filter out noise and smoothen the curve, the capacitive sensor
signal is fitted with a polynomial function

2. Display and save force-extension data

Two data are recorded in a single experiment; the deflection of the cantilever, and
the displacement of the sample throughout the cycle. Using these two data, a force-
extension curve is easily constructed. Force is calculated by multiplying the deflection
of the cantilever with the calibrated spring constant, while extension of the molecule is
calculated by subtracting the deflection of the cantilever from the sample displacement

(Figure 1.1B,C).

1.3: Polymer Elasticity Models

When an external stretching force is applied to a polymer molecule, the Kuhn
segments (statistically the shortest segment that can be considered independent) are

17



forced to align with the direction of the force. This causes the configurational entropy of
the polymer to decrease, and the molecule develops a tension that tends to restore the
polymer’s random configuration. Because of this tension, polymers are called “entropic

springs.”

The elastic behavior of a linear polymer can be described by a model that treats
the polymer backbone as a freely jointed chain (FJC) of orientationally independent,
inextensible Kuhn segments (Figure 1.4A) (Flory 1953). An alternative model assumes
that the polymer resembles a rod made up of an elastic material, and its stiffness is
characterized by a characteristic distance over which the polymer remains in its initial
orientation, the persistence length (the worm-like chain model, WLC; Figure 1.4B) (Flory
1988; Bustamante, Marko et al. 1994). These models can be further expanded by
considering an intrinsic, enthalpic elasticity of monomeric constituents (ky) (Smith, Cui et
al. 1996; Wang, Yin et al. 1997)). Table 1.2 lists various expanded polymer elasticity
equations along with their applications and limitations. The experimental force curves
obtained by AFM may be used to test theoretical models of polymer elasticity based on

the FJC or WLC models.
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Figure 1.4: Polymer Elasticity Models: (A) Cartoon and equation of freely jointed
chain (FJC) model; (B) Cartoon and equation of worm like chain (WLC) model (Rabbi
and Marszalek 2008)
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Table 1.2: Different Extended Polymer Elasticity Models and Applications

Model Equation Applications
Extended Deviates by
Fe (ka) 1 1 N X F
WLC “\p 4 (1 _x vy )2 4 Leon kol | ~10% at F=0.1
/LCOTL kO
pN
Extended 1/k,T\"? F Fits well above
X = Leon [ Y <_) -
2\F
WLC P ko F=9 pN
Extended y=1 [coth (F_lk ) _ kT ( _F ) Fits well with
- eon k,T) Fl, ko
FJC polymers that
behave as FJIC

1.4: Molecular Dynamics Simulations

The force spectra obtained from AFM stretching experiments provide detailed
elastic properties of single molecules, but they do not provide any concrete structural
information. Thus, computer simulations can be used to better understand the structural
transitions that molecules undergo when stretched. One popular simulation method is
molecular dynamics (MD). In MD simulations, Newton’s laws of motion are applied to
and solved for all the atoms in the system to output a trajectory of their positions and

velocities. The trajectory is obtained by solving

dzxi _ Fi

dtz N m;
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the differential form of Newton’s second law for an atom i , where F is force, x is
displacement, m is mass and ¢ is time. The force fields for the atoms are derived from the
potential energy of the system with N atoms, U (V).

k; k;
u@N) = Z El(li - li,o)2 + Z 71(91' - 9i,o)2

bonds angles

+ z %(1 + cos(nw —y))

torsions
N N o\ 12 o\ ° 04
ij 1 L1]
+Z Z (48” [( > B (r_> ] + 4me r--)
sS4 ij olij

i=1j
The first term models bond stretching, the second term models bending bond angles, the
third models bond rotations (torsion), and the last term models non-bonded interactions
such as van der Waals and electrostatic interactions (Leach 1996; Phillips, Braun et al.
2005). More advanced force fields can have more terms. The accuracy of the
simulations depends greatly on the accuracy of the force-field parameters. Stability of
the simulation is also dependent on time step length (Leach 1996). Another constraint on
MD simulations is the simulation time. With current available computing resources,
many simulations are limited to time scales shorter than those of biologically relevant
conformational changes (Shaw, Maragakis et al. 2010). However, as computation power
increases over time, simulation time will become less of a constraint. As of 2010,
researchers, with the aid of a supercomputer, have used MD to simulate protein folding

over one millisecond (Shaw, Maragakis et al. 2010).
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1.4.1 Steered Molecular Dynamics

Steered molecular dynamics (SMD) is a molecular dynamics protocol for
simulating stretching experiments. It can be used to force large conformational changes
on molecules, similar to AFM stretching experiments. SMD involves two constrained
atoms. One atom is fixed in space, and another atom (the SMD atom) is attached to a
spring of which the other end is a reference point moving at a constant velocity (Phillips,
Braun et al. 2005; M. Bhandarkar 2010). These constraints are analogous to a molecule
in an AFM with one end attached to the substrate and the other end attached to a
cantilever tip, as can be seen in Figure 1.5. By moving the spring, the constrained
molecule is either stretched or relaxed. SMD has been used to stretch and observe forced
conformational changes in DNA (Harris, Sands et al. 2005), proteins (Lu and Schulten
1998; Krammer, Lu et al. 1999; Lu, Isralewitz et al. 1999; Lu and Schulten 1999; Lu and
Schulten 1999) and polysaccharides (Lee, Nowak et al. 2004), in silico. The potential

applied to the system is computed by:
- 1 — 12
U(Rt) = sk [vit — (RL(t) — Ry) - 7]

where k; is the spring constant, v; is the pulling speed in 7 direction, ¢ is time, and R_l) is

the position of the SMD atom (Phillips, Braun et al. 2005; M. Bhandarkar 2010).

Due to the simulation time constraints discussed previously, SMD simulations are
usually done at high speeds (~100-1000 nm/ms) relative to stretching experiments

(~0.001-10 nm/ms). These high speed SMD stretching simulations are most likely out of
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equilibrium, and thus, their output sometimes differ from corresponding experimental

results (Lee, Nowak et al. 2004).

— R

SMD AFM

Figure 1.5: Cartoon Comparing SMD and AFM: (A) During an SMD simulation, a
molecule is tethered at both ends; an atom on one end is fixed in space, while an atom on
the other end is attached to a spring. As the spring moves with velocity v;, it stretches
along with the molecule. (B) During an AFM stretching experiment, as the sample
substrate is moved away at velocity v,, the molecule is stretched and the cantilever bends.
The force applied to the molecule is calculated by the bending of the cantilever F,=k,(x,-

Xc).

1.4.2 Constant Force Simulations

Another mode of molecular dynamics simulations is constant force pulling. It is
similar to SMD in that one atom on the molecule is fixed, and another atom is moved to
stretch the molecule. However, unlike SMD, the molecule is not stretched at a constant
rate, but rather, it is subjected to a constant force, and a trajectory is output (Phillips,
Braun et al. 2005; Isgro, Phillips et al. 2009). Therefore, this type of simulation is

analogous to a force-clamp experiment where the extension of a molecule is constantly
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corrected such that the force probe registers a constant force (Fernandez and Li 2004;
Schlierf, Li et al. 2004; Szymczak and Marek 2006; Garcia-Manyes, Brujic et al. 2007).
Constant force simulations tend to exhibit relatively low noise. Researchers previously
utilized constant force simulations to complement AFM stretching experiments and
discovered the cause of an intermediate in the unfolding force spectra of the protein titin

(Marszalek, Lu et al. 1999).

1.4: Nuclear Magnetic Resonance Spectroscopy

Nuclear Magnetic Resonance Spectroscopy (NMR) is a technique to probe the
structure, composition and dynamics of molecules, and has been used to determine the
structure of various nucleic acids (Olsthoorn, Bostelaar et al. 1980; Saenger 1984;
Isaksson, Acharya et al. 2004). It is based on the principle that certain nuclei possess a
spin, /. This spin creates a magnetic dipole. If a nucleus with spin is placed in a strong
magnetic field, it aligns with the field. However, due to the spin, the nucleus begins to
precess about the magnetic field direction. This can be visualized as a gyroscope

precessing within a gravitational field, as in Figure 1.6 (Jacobsen 2007).

24



(:!e <--_. |‘:
I
GI\Z_)) |
B el
| |
Gyroscope Precessing Nucleus

Figure 1.6: Diagram of Precession: Precession of a nucleus with spin within a
magnetic field can be visualized as a spinning nucleus precessing similar to a gyroscope.

The rate of this precession is called the Larmor frequency, vo:

2
Vo= om

where By is the strength of the magnetic field and y is the gyromagnetic ratio, a property
of the nucleus (Bloch 1946; Jacobsen 2007). For the case of a spin-half nuclei, nuclei
which have /=1/2, in the absence of a magnetic field, the nucleus will be in equilibrium of
two spin states, spin up and spin down. These two states have equal energy. However,
when placed in a magnetic field, the up nuclei will align with the magnetic field, and the
down nuclei will be aligned opposite the magnetic field. Thus the down nucleic will be at

a higher energy level. This energy differential is:

YBo
AE = hvy = h—
Vo 21
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where /4 is Planck’s constant (Jacobsen 2007). As can be seen from this relation, AE is
directly related to field strength. Therefore, if a stronger field is applied, there will be a
larger energy differential, and more nuclei will be in the up state. If a photon of energy
equal to AE is absorbed by an up nucleus, it will move to the higher energy level. When
it relaxes back to its original energy, it will give off a photon of AE and that can be
detected. Thus, by applying an RF pulse of energy, AE, to excite a nucleus in a magnetic
field, an energy peak at its Larmor frequency can be detected as it relaxes back to the
lower energy state. As all nuclei of the same atom have the same Larmor frequency,
they should display on a spectrum as a single peak. However, due to shielding by
electrons around the nucleus, the effective field acting on the nucleus is different,
depending on the chemical environment. These slight changes in frequency due to

shielding are how chemical data are obtained by NMR spectroscopy (Jacobsen 2007).

As previously stated, Larmor frequency is dependent on magnetic field strength.
Thus, spectra from different machines would provide different spectra, for the same
molecules. To provide a standard to compare spectra from different machines, the

chemical shift, 5, is used in place of frequency:

Vo — Vrums
§ =100 ———=
V1ums

where vy 1s the Larmor frequency of Tetramethylsilane, a reference molecule, taken
with the same spectrometer. Chemical shifts have the units of parts per million (ppm)

(Keeler 2004; Jacobsen 2007).
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A single NMR experiment would involve putting the sample within the machine,
then applying a strong magnetic field to the sample to align the nuclei. Next an RF pulse
would be applied to the sample to excite all frequencies of the nucleus of interest. As the
nuclei are relaxing, they induce a signal into a receiving coil. A Fourier transform is then

applied to this signal, and the spectrum is output (Keeler 2004; Jacobsen 2007).

Analysis of coupling of nuclei, and 2D NMR spectroscopy are utilized to obtain
more structural data about molecules. Scalar or J coupling is magnetic coupling of nuclei
through chemical bonds. These would appear as multiplets on the spectra, as opposed to
single peaks (Figure 1.7A). 2D NMR spectroscopy is done by observing if magnetization
is transferred between nuclei either through bonds (Correlation Spectroscopy; COSY) or
through space (Nuclear Overhauser Effect Spectroscopy; NOESY) (Keeler 2004). 2D
experiments are done by applying two RF pulses in series, instead of one. By recording
the signal after the second pulse, the transferred magnetization can be observed. By
adjusting the phase and timing between pulses, different information can be obtained
(Keeler 2004). A 2D spectrum is usually plotted as a contour map, as can be seen in
Figure 1.7B. Peaks along the diagonal indicate no coupling, while cross peaks indicate
coupling. Similar 2D experiments can be done to correlate different types of nuclei, such

as carbon and hydrogen to extract even more structural information.
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Figure 1.7: Coupling in NMR: (A) Comparison of nuclei in the same chemical
environment (i) and with coupled nuclei in different environments (ii). As can be seen,
from the spectrum in (i), since all four hydrogen atoms have the same chemistry, they
appear as a single peak. Contrarily, in case (ii), one hydrogen is different from the other
three, thus it has a peak at a different frequency. However, since all hydrogen atoms are
connected through chemical bonds, their peaks appear as multiplets. (B) Example of a
2D spectrum. Blue circles are diagonal peaks and indicate those nuclei are uncoupled.
Red circles are cross peaks, and indicate those nuclei are coupled. COSY and NOESY
spectra are symmetric about the diagonal.
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Chapter 2: Development of High Performance Molecular
Puller -

2.1: Introduction and Motivation

AFM is a powerful tool to discover properties of many materials and molecules.
However, an AFM is an expensive instrument, and many pulling AFMs are multifunction
commercial instruments that both image and pull, or are hybrid commercial/home-built
instruments. As with any machine that serves more than one purpose, design
compromises have to be made. For example, the Veeco Multimode commercial
instrument was originally designed for imaging, and later retrofitted for force
spectroscopy using the PicoForce Controller. It accepts different cantilever holders
which position the cantilever different distances away from the laser. Therefore, the
laser is focused, not on the cantilever, but in between the two different cantilever
positions. Also, the PicoForce scanner is fairly noisy, so during pulling experiments,

subtle length changes in the molecule of interest will be lost in the noise.

Hybrid systems in our laboratory use the commercial head, the component that
houses the laser, cantilever and photodiode, and mount the sample on a high performance
piezoelectric stage. The AFM is connected to a computer via high bandwidth data
acquisition cards. The benefits of the hybrid over the commercial options are that
components can be customized to suit our needs and troubleshooting and repair can be
done in-house. For example, while stretching molecules, only a high performance single

axis stage to mount the sample is necessary. Thus a base with a single actuator, without

" Laura Manson helped with CAD drafting and machining of the AFM
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any of the bulk and extra expense of extraneous features, can be designed. The hybrid
design will still have some of the design compromises as the commercial instrument,

since the commercial head is still being utilized.

The next logical step would be to design, from the ground up, an AFM with the
sole purpose of stretching biomolecules. This would ideally, not have any of the design
compromises of the commercial or hybrid AFMs while also being significantly less

expensive.

2.2: Performance Metrics

The objective of SMFS is to gain insights into the structure and properties of
different biomolecules. To do this the AFM has to be able to resolve very subtle changes
in reaction force and length of the molecule in question. The new custom built AFM
puller should provide equal or better performance to commercial and hybrid systems at a
fraction of the cost. A high performance instrument should have low mechanical noise,

little optical interference, and low drift of both the sample and cantilever.

2.2.1: Mechanical Noise

Many of the mechanical noises in AFM come from building vibrations. AFMs
should be placed on vibration isolators, such as an optical table. These tables are heavy
and low stiffness, and thus filter out most of the vibrations from the building. The AFM
design thus needs to be sturdy enough to keep all components rigidly aligned. Force
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measurements with the hybrid AFM have a baseline RMS noise of ~4 pN using Biolever

cantilevers (OBL, Veeco, Santa Barbara, CA, USA).

2.2.2: Optical Interference

AFMs use the deflection of a laser reflected off the cantilever on a photodiode to
detect the cantilever’s deflection. Since a laser is a coherent light source, there is the
possibility of optical interference from stray light reflected off the sample during pulling
experiments. There are ways to decrease interference, such as tilting the sample, so the
reflected light does not shine onto the photodiode. Also, a lower coherence laser diode

can be used to broaden its spectral line, and thus reduce interference.

2.2.3: Drifts

Many drifts in AFM can be reduced by simply waiting. Drifts due to temperature
will stop when a sample and cantilever reach thermal equilibrium. Mounting the sample
well will also reduce mechanical drifting. Some other drifts can be controlled by design.
Keeping all components locked tightly in place can reduce small mechanical drifts.

Also, having a closed loop piezoelectric positioner for the sample will prevent it from
creeping. The hybrid AFM with a closed loop actuator drifts 12.5 nm/min (MSNL

cantilever, Tris-EDTA buffer, mica sample).

2.2.4: Cost

Another benefit of completely home built instruments that is often overlooked is

the cost. A homemade AFM puller could potentially be a tiny fraction of the cost of a
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commercial instrument, while performing its intended function very well. The low cost
could, especially be helpful to spread nanotechnology to researchers in other fields,
undergraduate laboratories and even to high school students. The cost of a commercial
instrument is more than $150,000 and each additional head is $13,000. Thus a hybrid

instrument costs on the order of $25,000.

2.3: Ground-up designed AFM single molecule puller

Equipment List is found in Appendix A.

2.3.1: Choice of Components

Components were selected to maximize performance of the new AFM.

¢ (Quadrant Photodiode: The QP50-6SD2 from Pacific Silicon Sensor is a quadrant
photodiode with all of the sum and difference circuitry attached. It has a high
responsitivity at red and IR wavelengths. This design greatly simplified our
electronics work. It has a fast sampling speed of 150 kHz. This photodiode
cannot be used to calibrate stiff cantilevers, with resonant frequencies higher than
150 kHz in air, but for our force experiments we tend to use cantilevers in fluid,
with a resonant frequency from 1-10 kHz.

e Laser: The 51nanoFCM diode laser was specifically designed to be used for
AFM applications by Schifter + Kirchhoff. The diode is “chirped” at 350 MHz.
Chirping, or intensity modulation is always accompanied by some frequency

modulation. Thus, this intensity modulation broadens the laser’s spectrum, and
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reduces interference (Petermann 1991). The spectrum of a modulated versus
unmodulated laser is 1.5 nm FWHM (Full width at half maximum) and .14 nm
FWHM, respectively. The laser also has focusable optics, so that it will be
focused exactly onto the cantilever. Figure 2.1 illustrates the significant
reduction in optical interference caused by using this modulated laser.
Piezoelectric Stage: The P-753 is a very high performance stage. It has a travel
of 12 pm with sub nanometer (0.05 nm) resolution. It has a capacitive sensor to
measure position. This allows sub-nanometer (0.2 nm) measurement of
molecular extension.

Data Acquisition Card: The AFM requires at least three analog input channels for
the sum, difference, and position signals, along with one analog output signal to
ramp the positioner. The NI PCI-6259 has 32 analog input and 4 analog output
channels, which is more than necessary. More importantly, it has a high sample
rate of over 1 MS/s and high resolution of 16 bits. It has a voltage range of
+10V, which is compatible with the photodiode and the PZT amplifier. The 16
bit resolution allows us to apply and resolve 0.18 nm steps in the movement of the
piezoelectric actuator.

Micropostioning stages: The DS series stages from Newport are stable dovetail
stages with a resolution of 1 um. They to be less susceptible to shock and
vibration compared to bearing stages which have 0.5 pm resolution. They are

also lockable if necessary. As these stages position the laser and photodiode
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relative to the cantilever, stability is more important than resolution, since

vibrations along the optical path will translate into force noise on force curves.

Force (pN)

0 100 200 300

Extension (nm)

Figure 2.1: Comparison of Force Baseline of AFM with Unmodulated and
Modulated Lasers: (A) force baseline of unmodulated red laser; (B) baseline of
modulated IR laser; (C) superpositioning of (A) and (B). As can be seen from these
curves, the force baseline with the modulated laser shows no optical interference,
compared to the wavy baseline of the instrument fitted with a red unmodulated laser.
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2.3.2: Design

The AFM design was originally based on architecture very similar to the previous
hybrid AFMs. There was a separate head and base. This design allowed the mounting
of Veeco Multimode heads onto the base if necessary (Rabbi and Marszalek 2008).

Later the design was modified to lose the backwards compatibility, but gained a more
integrated design. The benefits of the new integrated design include a smaller footprint,
and a more rigid structure.

An overview of the AFM architecture is shown in Figure 2.2, and CAD drawings
and assembly diagrams are in Appendix B. The whole instrument is situated on a %"
thick aluminum base plate. The piezoelectric actuator is positioned on the base. On top
of the actuator is magnet which firmly holds the sample in place. The rest of the
components rest on top of the XYZ stage. This stage is to coarsely engage the tip on the
sample, and will also make it possible for the cantilever to move relative to the sample to
probe different areas. The photodiode and a second XY stage are connected directly to
the XYZ stage, mounted at an angle of 30 degrees above the horizontal. The photodiode
has its own stage to adjust its position so that the laser shines directly on its center, and is
angled so that the laser will shine normal to it. The cantilever holder slides into a groove
and locks into place with two set screws, with the cantilever above the center of the
sample. The laser is mounted on a stage, 6 cm (its focal length) away from the
cantilever. The laser stage is to position the laser so that it is focus directly on the back
of the desired cantilever. The laser and cantilever section detaches from the rest of the

AFM to position and focus the laser on the cantilever.
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Figure 2.2: Schematic of Custom High Performance AFM Force Spectrometer

2.3.3: Electronics

The analog divider is wired to the photodiode to normalize the photodiode
difference signal by dividing it by the sum signal. This normalization allows for
consistent photodiode readings even if the laser intensity is not constant. The
photodiode and the piezoelectric actuator are connected to the PC/DAQ interface. Two
outputs from the photodiode, V(A+B+C+D) and V((A+D)-(B+C))/V(A+B+C+D), and
the output from the strain gauge on the PZT sensor/controller are connected to three

analog input channels on the PC-mounted data acquisition (DAQ) interface (Figure 2.2).
36



The V((A+D)-(B+C))/V(A+B+C+D) output reports the force on the cantilever. It is
connect to the DAQ interface using the low-pass, 8-pole Bessel filter. Typical filter
settings for force measurements are between 500-1000 Hz. When acquiring the power
spectrum of the cantilever, it is set to ~50 kHz. The piezoelectric actuator control
voltage of the LVPZT amplifier module is connected to one analog output channel.

Appendix C has a more detailed electronics diagram.

2.4: Performance

Both the hybrid AFM and the new homemade instrument, positioned on isolation
tables, using Olympus Biolevers, on gold subrates, filtered at 500 Hz exhibit a baseline
RMS force noise of ~4 pN, indicating no real benefit of the new design in terms of noise
(Figure 2.3). Neither instrument showed excessive amounts of mechanical noise or
optical interference. Drifting is significantly lower on the new AFM. We find it to drift
only 2.5 nm/min, compared to 12.5 nm/min of the hybrid instrument, using the same
cantilever and sample. This lower drift is most likely because the new instrument is a
single unit, which prevents the cantilever and sample from moving relative to one
another, unlike the hybrid instrument of which the head is attached to the base with
rubber bands. Reduced drift is of significance for cyclic stretch and relax measurements,
where drifting of the cantilever into the sample can cause multiple molecules bind to the

tip, and drifting away can prevent full relaxation of the molecule. Lastly, the new
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instrument can be completely constructed for ~§10K, which is significantly less

expensive than a commercial (>$100K), or even hybrid, instrument.
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Figure 2.3: Comparison of Baseline Force Noise: Hybrid AFM free scan (black)
versus homemade AFM free scan (red) using Biolever cantilevers. We see a similar
noise level ~4 pN RMS for both hybrid and homemade instruments.

2.5: Added Functionality

2.5.1: Improved WLC Fitting with Segment Elasticity

As described in sections 1.2 and 1.3, after obtaining force curves with the AFM

we analyze them by fitting different polymer elasticity models, such as the worm-like
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chain (WLC) and freely-jointed chain (FJC) models, and extract the contour length of the
molecules. The original force curve analysis software was not able to fit the extended
WLC model, which takes into account enthalpic contributions to elasticity. Thus we
added this functionality to the software. Originally the software used the following

equation for WLC fitting:

4 (1 B x/Lcon)z

where F is force, x is extension, p is persistence length, k; is the Boltzmann constant, 7 is
absolute temperature, and L., is contour length. The extended WLC equation adds the
parameter, k,, which is the segment elasticity of the polymer. This extended WLC

equation follows:

F =

+ -
4 Lcon kO

(ka) 1 1 X F

P/, (1 —% 4 F/ko)z

Given F and x from the force curves, it is difficult to extract L.,,,. Thus we implemented
the following approximate extended WLC equation, which is valid above 9 pN (Wang,
Yin et al. 1997):

1 (ka)l/z F
Fp

X = Lcon [1 — E + k_()
As the majority of our experiments involve stretching molecules well beyond 10 pN, this

approximate model is valid.
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2.5.2: Lock-in Amplifier

A possible method to greatly increase signal to noise ratio of the AFM is by
utilizing a lock-in amplifier. Lock-in is a technique to filter a weak periodic signal out of
a noisy background by multiplying it with a reference of the same frequency and then
applying a heavy low-pass filter (Scofield 1994). This process works by the principles of

multiplying periodic functions:
AB
Acos(w;t) B cos(w,t) = - [cos((w; + w,)t) + cos((w; — wy)t)]
if w;and w, are the same frequency, w, then this relation simplifies to:

AB
A cos(wt) B cos(wt) = = [cos(Qwt) + 1]

If the signal of interest is A cos(wt) and a reference signal is B cos(wt), then by
applying heavy low-pass filtering to filter out all non-DC signals, the only remaining
signal is a DC signal with the value AB/2. The original signal can thus be easily extracted

(Scofield 1994).

For AFM measurements, the signal of interest is the photodiode difference signal.
Lock-in would work by applying a sinusoidal force reference signal, and then multiplying
the reference signal and the photodiode difference signal to produce integrated force
curves. Schlierf, et al (Schlierf, Berkemeier et al. 2007), showed that by using a lock-in
technique, in which the sample was oscillated at low frequency and amplitude as a

reference, “fast” AFM drifts could be filtered out from force-extension curves and noise
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levels were also reduced to ~400 fN. Their method performed all of the lock-in

procedures after acquisition, in software.

We implemented a hardware lock-in (Model 7220 DSP Lock-in Amplifier,
EG&G Instruments Corporation). This scheme has the benefit of allowing us to
simultaneously acquire standard force curves along with corresponding locked-in force
curves and phase information. Also, the amplifier has a built in oscillator, so a reference
signal could be generated by the amplifier directly, without introducing any phase lags.
Figure 2.4 displays the block diagram of the lock-in amplifier along with a schematic of

our lock-in AFM system.
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Figure 2.4: Lock-in AFM System: (A) Block diagram of lock-in amplifier. Built in
oscillator is used as the reference signal. Different signal from photodiode is fed to input
A (red arrow). The outputs (red circles) are lock-in amplitude and phase. (1996) (B)
Schematic of AFM lock-in system. The piezoelectric actuator is oscillated at the
reference frequency by the internal oscillator of the lock-in amplifier. The difference
signal from the photodiode is fed to the input of the lock-in amplifier 4. The lock-in
magnitude / and phase 2 are output along with the standard force-extension curve.
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From Figure 2.4, a single lock-in AFM experiment involves adding the reference signal
to the voltage ramp applied to the piezoelectric actuator. As the actuator is coupled to the
cantilever by the attached molecule, the cantilever also oscillates as the molecule is being
stretched. Simultaneously, the difference signal from the photodiode is fed to the input of
the lock-in amplifier and to the DAQ. The force-extension curve can be displayed as

with a standard AFM. There are two outputs from the lock-in amplifier; the lock-in
magnitude, and the lock-in phase. The phase can also directly be displayed; however the
lock-in magnitude must be processed to obtain a force curve. The signal is integrated

over time and then multiplied by a correction factor:
2v
Lock-in Force = gf(Lock-in Magnitude) dt + C

where v is the ramp speed in V/s and 4 is the oscillation amplitude in volts. Appendix D
has a derivation of this conversion factor. Figure 2.5 is a comparison of lock-in and

standard force curves.
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Figure 2.5: Comparison of Lock-in and Standard Force Curves: Black curve is the
lock-in force curve of poly(dA); red curve is the corresponding standard force curve.
Noise of the lock-in is too low to measure. Lock-in curve overestimates molecule
stiffness.

From Figure 2.5 we see that the oscillation of the actuator for the lock-in measurements
induces vibrations in the standard force curve. The lock-in curve is very smooth with
noise too low to measure. However, these curves seem to overestimate molecule
stiffness. This may be caused by an error in the integration function of the software, or
possibly due to the time-independent molecular stiffness assumption in the correction

factor derivation. This issue requires further investigation.
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2.6: Conclusions

We have met our goal of designing and creating an AFM based force
spectrometer that has performance equal or better to a commercial instrument in terms of
noise and drift level, at a fraction of the cost. We have also implemented a new WLC
fitting model that takes into account enthalpic contribution to elasticity. With the
addition of a lock-in amplifier to our AFM, we can reduce force noise to well below 1
pN. However, the locked-in force curves overestimate molecule stiffness, and the
calculation and implementation of the correction factor in software needs to be

investigated further.
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Chapter 3: Nanomechanics of Canonical Double-Stranded A
and Z DNA Structures |

3.1: Introduction and Motivation

Elasticity is an essential property of DNA. During cellular processes like
replication, transcription, packaging, repair and homologous recombination, DNA is
subjected to various mechanical forces which greatly deform its original structure.
Enzymes stretch, bend and unwind the DNA double helix (Bustamante, Bryant et al.
2003; Chen, Yang et al. 2008; Chaurasiya, Paramanathan et al.). A firm understanding
of the reaction of DNA under force is useful when examining these processes.
Additionally, an appreciation of DNA mechanical properties is relevant in the field of
DNA nanotechnology and will allow for the design of novel nanostructures with different
forms and functions, such as DNA origami (Douglas, Dietz et al. 2009), or twisting DNA

shafts (Mao, Sun et al. 1999; Seeman and Belcher 2002).

Over the past two decades, many discoveries have been made with regards to the
mechanical properties of nucleic acids; researchers have quantified the elasticity, bending
and torsional rigidities of single DNA molecules (Xiao, Johnson et al. ; Bustamante,
Marko et al. 1994; Cluzel, Lebrun et al. 1996; Smith, Cui et al. 1996; Wang, Yin et al.
1997; Leger, Romano et al. 1999; Rief, Clausen-Schaumann et al. 1999; Bustamante,
Macosko et al. 2000; Clausen-Schaumann, Rief et al. 2000; Cocco, Monasson et al. 2002;
Williams and Rouzina 2002; Williams, Rouzina et al. 2002; Bustamante, Bryant et al.

2003; Cocco, Yan et al. 2004; Calderon, Chen et al. 2009; van Mameren, Gross et al.

" Laura Manson performed some experiments and data analysis.
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2009; Williams, Rouzina et al. 2009; Chaurasiya, Paramanathan et al.). A major
breakthrough was the discovery of the B-S over-stretching and partial mechanical
melting transition of double stranded B-form DNA, where the DNA double helix begins
unwinding and is stretched a characteristic 70% longer than its initial contour length at a
force of ~65 pN (Cluzel, Lebrun et al. 1996; Smith, Cui et al. 1996; van Mameren, Gross
et al. 2009). Another significant finding was a second, higher force plateau, sometimes
referred to as the melting transition, where strands are separated by force. This plateau
occurs between 65-300 pN, depending on stretching speed and DNA sequence (Rief,
Clausen-Schaumann et al. 1999; Clausen-Schaumann, Rief et al. 2000; Calderon, Chen et

al. 2009).

DNA elasticity was also investigated in terms of hydrogen bonding between
different base pairs. Double stranded DNA polymers with only A-T base pairing were
compared to those with G-C base paring. Force spectra of poly(dA-dT) exhibited an
over-stretching transition at a lower force than those of poly(dG-dC) because the A-T
pair is stabilized by two hydrogen bonds rather than the three hydrogen bonds for G-C
pairs (Rief, Clausen-Schaumann et al. 1999; Clausen-Schaumann, Rief et al. 2000).
However, the effect of helical structures formed by certain base sequences on DNA

elasticity was not investigated.

While most of the previous work on DNA elasticity focused on the B-form DNA,
other known canonical DNA structures and their elastic properties have not yet been
systematically characterized, despite their importance to many natural processes (Barber,

Zhurkin et al. 1993; Warne and deHaseth 1993; Herbert, Alfken et al. 1997; Kim,
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Muralinath et al. 2003; Rich and Zhang 2003; Kim, Lowenhaupt et al. 2004). In this
study, we aim to link these other helical structures and their mechanical properties.
Specifically, we use atomic force microscope (AFM) based force spectroscopy to
compare the force spectra of A-form and Z-form DNA. The A-form of DNA is a wider,
shorter helix compared to the standard B-form, whereas the Z-form is a comparatively
narrower, extended left handed helix (Saenger 1984). Table 3.1 lists the rise per base pair
of the three predominant DNA helix forms and the helical structures of some model DNA
sequences. Based on the structural differences between A and Z-form helices, we would
expect A-form DNA to have a shorter initial length than the Z-form when stretched with
the AFM before the onset of over-stretching. As model systems, we use double stranded
poly(dG-dC) in high ionic conditions for the Z-form and poly(dG)poly(dC) for the A-
form. These DNA polymers have the same base composition, but differ in helical

structure. Thus, we can attribute differences in force spectra to differences in helix form.
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Table 3.1: Helical Structures of different Poly Nucleic Acid Sequences (Saenger

1984)

Rise per Base
Sequence Helix Form

Pair
poly(dG)poly(dC) | A 2.56 A
Lambda phage B 338 A
poly(dG-dC) B 338A
poly(dG-dC) 2.5 M

V4 3.7A

Na+

3.2: Methods and Materials

Poly(dG)poly(dC) (P3136) and poly(dG-dC) (P9389) were purchased from Sigma

Aldrich (St. Louis, MO, USA).

According to the manufacturer, poly(dG-dC) is prepared by chemically
synthesizing single strands. These polydisperse single strands are then annealed together
to form double stranded DNA. Poly(dG)poly(dC) is manufactured by chemically
synthesizing single stranded poly(dC) and then enzymatically polymerizing guanines to
form double strands. Figure 3.1 illustrates how the annealing and polymerization
processes leads to nicks (breaks in the DNA backbone) in both DNA polymers and single
stranded regions amongst the double strands in poly(dG-dC).
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Figure 3.1: DNA Manufacture Process by Supplier: Diagrams depicting the (i)
annealing of poly(dG-dC) and (i1) polymerization of poly(dG)poly(dC). The green Pac-
man shapes represent the DNA polymerase. Both processes potentially produce nicked
DNA (red arrows). The annealing process also produces double-stranded DNA with
single-stranded regions.

3.2.1: Single strand removal

To remove single stranded regions, poly(dG-dC) was incubated with Mung Bean
Nuclease (MBN, M0250, New England Biolabs, Ipswich, MA), an enzyme that digests
single-stranded DNA. We performed 40 pL reactions with a DNA concentration of
~20pg/mL and a MBN concentration of 150 units/mL at 30°C for 30 minutes in 1X
Mung Bean Nuclease Reaction Buffer. The reaction was stopped and the DNA purified

using the DNA Clean & Concentrator-25 kit (D4033, Zymo Research, Orange, CA).

3.2.2: Nick repair

To remove nicks poly(dG-dC) and poly(dG)poly(dC) were incubated with 9°N
DNA Ligase (M0238, New England Biolabs), an enzyme that removes nicks, but does

not join blunt or sticky ends of DNA. We performed 40 pL reactions with a DNA
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concentration of ~10pg/mL and a ligase concentration of 100 units/mL at 45°C for one
hour in 1X 9°N DNA Ligase Reaction Buffer. The reaction was stopped and purified as

previously described.

3.2.3: AFM imaging of DNA

To determine the extent of single stranded regions within the double strands of
poly(dG-dC), we incubated and imaged poly(dG-dC) and A DNA Bste II Digest (D9793,
Sigma Aldrich) with Single Strand Binding Protein (SSB, M2401S, New England
Biolabs). Before imaging, we incubated 10 pg/mL of untreated poly(dG-dC), MBN
treated poly(dG-dC), or A DNA with 2.5 pg/mL SSB in PCR Buffer (10 mM Tris-HCI,
1.5 mM MgCl,, 50 mM KCI) for one hour at room temperature. The DNA-protein
solution was then diluted 10 times into 10 mM MgCl, to a final DNA concentration of 1
png/mL before depositing 20 puL onto freshly cleaved mica. The solution was incubated
on mica for one minute before rinsing with DI water and air dried. For imaging, we used
a Multimode AFM with Nanoscope V controller (Veeco). All images were 2 um x 2 pm,

taken with either RTESP or SNL cantilevers (Veeco) at a scan rate of 1 Hz.

We flattened and exported all images to JPEG format with the Nanoscope
software (version 7.30rlsr3). Using Imagel image analysis software, we determined the
length of DNA with the Segmented Lines tool. SSB forms tetramers when bound to
single stranded DNA, and thus would appear as large bumps on top of bound DNA
(Raghunathan, Kozlov et al. 2000). We counted the number of SSB tetramers on the

DNA molecules to determine extent of single strand regions (Figure 3.2).
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3.2.4: DNA stretching experiments

Poly(dG)poly(dC) was diluted into 10 mM Tris-EDTA (TE) buffer with 150 mM
NaCl to a final concentration ranging from .100 to 1.00 mg/mL. Poly(dG-dC) was either
diluted into 10 mM TE buffer with 150 mM NaCl or with 2500 mM NacCl to a final
concentration between .100 and 1.00 mg/mL. We deposited 50 uL of solution onto
freshly evaporated gold substrates and incubated for a minimum of 3 hours. Molecules
bound by non-specific absorption onto the substrate. Alternately, molecules were
incubated on 1-(3-aminopropyl) silatrane-functionalized (APS) mica (Shlyakhtenko, Gall

et al. 2003) for 10 minutes.

All stretching experiments were carried out on custom built AFMs, with
piezoelectric scanners from Physik Instrumente (Karlsruhe, Germany) and either custom
(Rabbi and Marszalek 2008) or commercial detector heads (Veeco). AFM cantilevers
were calibrated to determine their spring constant using the thermal method as described
(Florin, Rief et al. 1995). We used gold-coated cantilevers with spring constants between
5 and 15 pN/nm (Biolever or MSNL, Veeco, Santa Barbara, CA, USA) or APS
functionalized silicon cantilevers (MSNL, Veeco) with spring constants between 15 and
25 pN/nm. Experiments were performed by pressing the cantilever in contact with the
sample surface at a relatively high force of ~1 nN for 30 seconds to one minute. DNA
would non-specifically bind to the cantilever. The sample would be moved away from
the tip by the piezoelectric actuator at a set distance and speed, stretching the molecule
and registering the force. The distance ranged from 300 to 2000 nm, and the speed

ranged from .300 to .500 nm/ms depending on DNA length.
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3.2.5: Extension normalization

We normalized the resulting force spectra of our DNA molecules independent of
contour length. When a molecule was stretched to a high enough force (greater than 450
pN), its extension at that force was normalized to 1. Normalized force spectra of
different molecules were then superimposed and compared (Figures 3.3B; 3.4; 3.5B;

3.6B,3.7A).

3.2.6: Determination of initial and final contour length

To determine the initial contour length of the DNA before overstretching, we
fitted to the force curve before the overstretching plateau an extended worm like chain
(WLC) model that takes into account enthalpic contributions to elasticity (Wang, Yin et
al. 1997) (Figure 3.7A, dashed gray curve). The fitted contour length before the plateau is
our characteristic initial length. We utilized a similar procedure to determine the
molecule’s fully stretched contour length, fitting a WLC to the force curve and
extrapolating the contour length (Figure 3.7A, solid gray curve). The initial length
relative to the fully stretched length is calculated by dividing the initial length by the fully

stretched contour length and is presented as a percentage.

3.3: Results and Discussion

3.3.1: Poly(dG-dC) contains single-stranded fragments

Because of the assembly method used to create poly(dG-dC), we expect these

structures to contain single stranded fragments with variable lengths. The presence of
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such single stranded fragments may cause significant departures of the duplex structure
from the expected canonical form. In order to determine the extent of these single
stranded regions, we used an AFM to image poly(dG-dC) with single-strand binding
protein (SSB). Figure 3.2 is a 500 nm x 500 nm representative image of the DNA-protein
complexes. In this image, the blue features are double-stranded DNA, and the large
white dots are SSB tetramers, which only form on single stranded regions of 35 or 65
nucleotides (Raghunathan, Kozlov et al. 2000). Based on our image analysis, an average
of 778 SSB bound per million base pair of untreated poly(dG-dC) and an average of 748
SSB bound per million base pair of MBN treated poly(dG-dC). For a double stranded
control, we also imaged A phage DNA and found an average of 272 SSB per million base
pair. Assuming 35 or 65 nucleotides per SSB bound to DNA, and subtracting out the
background binding of SSB to A phage DNA, we find 1-3% of the length of both

untreated and MBN treated poly(dG-dC) is single stranded.
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Figure 3.2: Image of SSB with Poly(dG-dC) on Mica: White dots on the DNA are
counted as bound SSB. Based on image analysis of 319 molecules (18 images) of
untreated and 472 molecules (17 images) of MBN treated poly(dG-dC), we find, on
average 778 SSB bound per million base pair and 748 SSB bound per million base pair,
respectively. If we assume a liberal 65 nucleotides per SSB bound to DNA, and subtract
out the background binding A DNA and SSB (272 SSB per million base pair, n=78 DNA
molecules (8 images)), we obtain a value of ~3% of both untreated and MBN treated
poly(dG-dC) is single stranded.
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3.3.2: Elasticity of untreated poly(dG-dC)

Because the images showed no discernable difference in the extent of single
stranded regions between the treated and untreated poly(dG-dC), we performed stretching
experiments on untreated DNA. Figure 3.3A displays representative force spectra of four
untreated poly(dG-dC) molecules stretched in TE buffer with 150 mM NaCl. As can be
seen from the force spectra in the figure, the maximum extension, or total length, of these
molecules varied greatly, and therefore, it is necessary to normalize our spectra, which
are displayed in Figure 3.3B. The normalized force spectra in the figure exhibit two
characteristic force plateaus: the over-stretching plateau and the high force plateau. The
over-stretching plateau occurs at the expected 65 to 100 pN, and the high force plateau is
of varying force (Cluzel, Lebrun et al. 1996; Smith, Cui et al. 1996; Clausen-Schaumann,
Rief et al. 2000; Calderon, Chen et al. 2009; van Mameren, Gross et al. 2009). The blue
force curve also displays a low ~25 pN force plateau. Despite these similarities, the
normalized force spectra are quite different in terms of DNA initial length. As can be
seen in Figure 3.3B, the black curve has a relative short initial length, while the blue
curve has a relatively long initial length. Molecules with force spectra like the black
curve in Figure 3.3B may have been pulled at a large angle rather than vertically (Ke,
Jiang et al. 2007), but this would not account for molecules with force spectra like the
blue curve. Single stranded regions in the DNA could cause longer initial lengths in the
force spectra, but we concluded from the images that only 1-3% of the poly(dG-dC)
sample is single stranded. However, because untreated poly(dG-dC) has self-

complementary strands, the single-stranded regions in the DNA may have formed
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hairpins, preventing the SSB from binding to the DNA and causing us to underestimate
the extent of single stranded regions in the untreated poly(dG-dC). Furthermore, SSB
binds exclusively to single stranded regions of 35 or 65 nucleotides (Raghunathan,
Kozlov et al. 2000), so if the untreated DNA contained many single stranded regions
shorter than 35 nucleotides, the protein would not recognize the regions, once again
leading us to underestimate the extent of single stranded regions. The presence of single
stranded regions is further supported by the ~25 pN force plateaus in some recordings,
which were previously attributed to G-C hairpins unzipping (Rief, Clausen-Schaumann et
al. 1999; Clausen-Schaumann, Rief et al. 2000). Therefore, it can be assumed that the
single stranded regions in untreated poly(dG-dC) are extensive and greatly affect the

mechanical properties and the overall helical structure.
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Figure 3.3: Elasticity of Untreated Poly(dG-dC): (A) Representative force spectra of
untreated poly(dG-dC). (B) Normalized force spectra of different untreated poly(dG-dC)
molecules. Dashed gray curve is WLC fit used to extrapolate fully extended length.
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3.3.3: Elasticity of enzyme treated poly(dG-dC)

In order to minimize the effects of the single stranded regions on the mechanical
properties of poly(dG-dC), we treated the molecules with MBN and ligase before
performing stretching experiments; Figure 1E illustrates three representative normalized
force spectra. Similar to the force spectra of the untreated poly(dG-dC), the force spectra
in Figure 1E exhibit both the overstretching plateau and the high force plateau at the
expected forces, however, the force spectra of enzyme treated poly(dG-dC) in Figure 3.4
have a narrower range of initial lengths. Slight differences in initial length and
overstretching plateau force are noticeable, but can be attributed to experimental
variables such as pulling geometry (Ke, Jiang et al. 2007). Given the difference in the
results of the untreated and enzyme treated experiments, it is apparent that the MBN and
ligase treatment affects the DNA structure and mechanical properties by effectively
removing hidden single-strand regions and repairing nicks. Clearly, the enzyme

treatment is a necessary step to prepare uniform DNA samples.
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Figure 3.4: Normalized Force Spectra of Poly(dG-dC) after MBN and Ligase
Treatment: These force-extension curves are much more uniform compared to the
curves obtained from the untreated DNA.

59



3.3.4: Elastic profile of Z-form double-stranded DNA

As a template Z-form DNA, we stretched MBN and ligase treated poly(dG-dC) in
the presence of 2500 mM NaCl (Saenger 1984). We picked up molecules of varying
lengths (Figure 3.5A, inset), but Figure 3.5A shows that the normalized force spectra of
these molecules superimpose well with a characteristic overstretching force plateau
between 65 and 100 pN. To determine the initial length of the DNA, we fita WLC on
the force spectra before the overstretching plateau with a persistence length of 16 nm and
an elastic modulus of 665 pN/nm. To determine the final length of the DNA, we used a

simple WLC fit with persistence length in the range of 0.7 nm.

Based on the WLC fits from 110 force spectra, the initial length, before
overstretching, of Z-form poly(dG-dC) was found to be 594+0.4% of the fully extended
length. The force curves also display very little force hysteresis when the molecules were
stretched and relaxed (Figure 3.5B) and did intermittently display subtle second force
plateaus (Figures 3.5A arrow) at a pulling speed of 0.5 nm/ms, however, we usually did

not observe any second force plateau.
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Figure 3.5: Elasticity of Z-form Poly(dG-dC): (A) Normalized representative force
spectra of Z-form poly(dG-dC). Inset displays the same force curves before
normalization. The arrow in A points to the second force plateau of the red curve. Some
force curves exhibit this plateau to varying degrees, and some curves do not exhibit the
plateau at all. The average initial length of the Z-form DNA is 59+0.4% of the fully
extended length (n=110 experiments on 37 molecules). (B) Superimposed stretching
(black) and relaxing (gray) traces of the same DNA molecule. There is very little force
hysteresis when the molecule is relaxed.
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3.3.5: Elastic profile of A-form double-stranded DNA

As a template A-form DNA, we stretched ligase treated poly(dG)poly(dC).
Similar to the AFM experiments on poly(dG-dC), we picked up molecules of different
lengths (Figure 3.6, inset), but when normalized, as can be seen in Figure 3.6, the force
spectra of these molecules superimpose well with similar relative initial lengths before
the onset of over-stretching. The force spectra of A-form DNA exhibited a characteristic
force plateau between 65 and 100 pN followed by small deviations from simple polymer
behavior and eventual behavior of a WLC with a persistence length of 0.2-0.3 nm, as can
be seen in Figure 3.7A (solid gray curve). We determined the initial length of A-form
poly(dG)poly(dC) by fitting a WLC to 91 DNA force spectra with a persistence length of
25 nm and elastic modulus of 665 pN/nm, and we found it to be 45+0.6% of the fully
extended length. Interestingly, force spectra of A-form poly(dG)poly(dC) also did not
exhibit second force plateaus at our pulling speed of 0.5 nm/ms (Figure 3.6). This second

force plateau seems to be a property of the force spectra of B-form DNA.
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Figure 3.6: Elasticity of A-form Poly(dG)Poly(dC): Normalized representative force
spectra of A-form poly(dG)poly(dC). Inset displays the same force curves before
normalization. The non-specific absorption features from the black curve in the inset
were removed from the normalized curve for easier visualization. The average initial
length of the A-form DNA is 45+0.6% of the fully extended length (n=91 experiments on
66 molecules).

3.3.6: Comparison of the elastic properties of different Double-Stranded DNA
structures

From our experiments we found that the initial length of A-form
poly(dG)poly(dC) (Figure 3.7A black curve) is 45+0.6% of the fully extended length and
that the initial length of Z-form poly(dG-dC) (Figure 3.7A blue curve) is 59+0.4% of the
fully extended length. Therefore, the initial length of Z-form poly(dG-dC) is 28.2%
longer than that of A-form poly(dG)poly(dC). Based on a two sample t-test of our data
(161 degrees of freedom), we obtain a t-value of 18.3, significantly larger than the 1.66

critical t-value at 0.05 significance level. This value indicates that the probability that our
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A and Z-form DNA force curves are from the same population is virtually zero (2.6x10°
*). These results illustrate the importance of structure to the mechanical properties of
DNA because both types of molecules are composed of the same bases with the same
base pairing, but the Z-form of poly(dG-dC) has a significantly longer initial length and

will, therefore, not overstretch as much when subjected to loading.

The result that the initial length of Z-form poly(dG-dC) is longer than that of A-form
poly(dG)poly(dC) is consistent with our expectations, since Z-form DNA is already
extended compared to A-form DNA. However, based on the accepted rise per base pair
of A and Z-form DNA (Table 3.1), we should see a 44.5% longer initial length of the Z-
form of poly(dG-dC) compared to that of the A-form of poly(dG)poly(dC), but we only
see 28.2% (Saenger 1984). This discrepancy may be caused by DNA not being in an
exact A or Z-form, but possibly in an equilibrium of A/B or B/Z-form, which would

decrease the difference in initial length.
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Figure 3.7: Comparison of the Elasticity of A and Z-form DNA: (A) Representative
force spectra of A-form (black curve) and Z-form (blue curve) DNA. Based on 91 force
curves of 66 molecules of A-form poly(dG)poly(dC) and 111 force curves of 37
molecules of Z-form poly(dG-dC), we find the initial length of A-form DNA to be
4540.6% of its fully extended length and the initial length of Z-form DNA to be 59+0.4%
of its fully extended length, 28.2% longer than that of the A-form. (B) Histograms of
initial length of A-form (black) and Z-form (blue) DNA. (A) The dashed gray curves are
the WLC fits to the force spectra before the onset of over-stretching to determine the
initial length of the molecules. The solid gray curve is the WLC fit to the force spectrum
to determine final stretched extension.
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3.4: Conclusions

Based on our results, helical structure of double-stranded DNA greatly influences
its elastic properties, specifically with regards to initial length before the onset of the
overstretching force plateau. The force spectra of A-form double helices exhibit a
relatively short initial length compared to the fully stretched length, in contrast to those of
the Z-form, which exhibit a much longer initial length. These properties may be
exploited by cellular machinery as they stretch, bend, twist and unwind the DNA.
Furthermore, the properties could be utilized in functional DNA nanomachines, where
high, controlled yielding would be required. Further studies into the effect of helical
structure on the mechanical properties of DNA would include studies on the difference of
torsional rigidity between A and Z-forms, and studies of how torsionally restraining A

and Z-forms of DNA during stretching affects their force spectra.
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Chapter 4: Nanomechanics of Single-Stranded Nucleic Acids *

4.1: Introduction and Motivation

As previously stated, nucleic acids are mechanically functional molecules, and
much research has been done to mechanically characterize them (Cluzel, Lebrun et al.
1996; Smith, Cui et al. 1996; Rief, Clausen-Schaumann et al. 1999; Clausen-Schaumann,
Rief et al. 2000; Liphardt, Onoa et al. 2001; Bustamante, Bryant et al. 2003; Seol,

Skinner et al. 2007; van Mameren, Gross et al. 2009).

Important findings with regards to DNA mechanics include the B-S transition,
where the DNA double helix overstretches 70% beyond its initial length at a
characteristic 65 pN force, as it begins to straighten out and bases begin to unpair (Cluzel,
Lebrun et al. 1996; Smith, Cui et al. 1996; van Mameren, Gross et al. 2009) and the
melting transition as DNA is stretched further, its force-extension curves exhibit a
second force plateau between 100 and 300 pN (Rief, Clausen-Schaumann et al. 1999;

Clausen-Schaumann, Rief et al. 2000).

We aim to further this research by trying to better understand the forces that
stabilize the helical structures of nucleic acids. Nucleic acid geometry is defined by a set
of backbone torsion angles. They are named by the greek letters a-{. Figure 4.1
illustrates these angles. The predominant factors stabilizing the double-helix and
defining these torsion angles are base pairing and base stacking. Base pairing occurs

between bases of complementary strands, while base stacking occurs along the axis of

* Laura Manson performed some experiments and data analysis. Dr. Hanna Gracz performed all NMR
experiments and helped with data analysis.
67



between bases of the same strand. Base pairing involves hydrogen bonding between
guanines and cytosine (G-C) or adenines and thymines (A-T). The G-C base pair
involves three hydrogen bonds to the two hydrogen bonds in A-T pairs. The effects of
different base pairing on DNA elasticity has been previously studied; G-C base pairing
leads to higher force plateaus compared to those of A-T pairs (Rief, Clausen-Schaumann

etal. 1999).
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Figure 4.1: Nucleic Acid Backbone Torsion Angles: Red letters are the numbered
backbone atoms. Black greek letters are the torsion angles. a is the torsion along the P-
05’ bond; B is the torsion along the O5’-C5’ bond; v is the torsion along the C5’-C4’
bond; § is the torsion along the C4’-C3’ bond; ¢ is the torsion along the C3’-O3’ bond;
and ( is the torsion along the O3’-P bond. 3§ is the torsion angle that defines the pucker of
the (deoxy)ribose sugar (Saenger 1984).

The mechanical strength of base stacking, however, still requires further
investigation. Base stacking, unlike base pairing, is stabilized by hydrophobic
interactions and London dispersion (Saenger 1984). Various values of stacking energy
have been calculated, and consistently purine-purine sequences have the strongest
stacking, and pyrimidine-pyrimidine sequences have the weakest stacking (Saenger 1984;

Sponer, Leszczynski et al. 1996; Turner 2000). Single-stranded polynucleotides are
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appropriate model systems to study base stacking, as the bases can stack without pairing,
and the molecules can form single helical structures (Rich, Davies et al. 1961; Leslie and
Arnott 1978; Olsthoorn, Bostelaar et al. 1980; Saenger 1984; Isaksson, Acharya et al.
2004). Previous studies on the relationship of base stacking and nucleic acid elasticity
included comparisons of poly-adenylic acid (poly(A)) and poly-cytidylic acid (poly(C))
(Seol, Skinner et al. 2007), and poly-deoxyadenylic acid (poly(dA)) and poly-
deoxythymidylic acid (poly(dT)) (Buhot and Halperin 2004; Ke, Humeniuk et al. 2007).
Results from these studies are that the force spectra of poly(A), poly(C) and poly(dA)
exhibit a low force plateau of ~20 pN, and that the force spectra of poly(dA) exhibit a
second higher force plateau of ~150 pN. These force plateaus are attributed to unstacking
of bases and flipping of the backbone sugar pucker. We aim to expand upon this research
and more precisely explain these force transitions and possibly link these to the force

transitions seen in the force spectra of double-stranded molecules.

We use AFM based SMFS supplemented with all atom MD simulations and NMR
spectroscopy to further characterize structurally and mechanically these polynucleotides.
As template molecules with stacked bases and single helical structures, we stretch
poly(A), poly(dA) and poly(C) (Rich, Davies et al. 1961; Leslie and Arnott 1978;
Olsthoorn, Bostelaar et al. 1980; Saenger 1984; Isaksson, Acharya et al. 2004). As an
unstacked reference, we stretch poly(dT) (Saenger 1984; Sponer, Leszczynski et al. 1996;
Turner 2000). We also stretch poly(dC) to investigate whether or not it forms a single
helix as poly(C) does. Molecular dynamics simulations are used to visualize the

structural transitions that occur as the molecules are stretched. NMR spectroscopy, for
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the first time, is performed on a 30 nucleotide dA oligomer to determine how the helical
structure of short dA fragments persists in longer polynucleotides. We aim to understand
the extent base stacking affects the mechanical properties of these polynucleotides, while
also uncovering other potential structural transitions as these molecules are loaded under

tension.

4.2: Materials and Methods

Single-stranded poly(A) (Product # P9043), poly(dA) (Product # P0887), poly(C)
(Product # P4903) and poly(dC) (Product # P5444) were all purchased from Sigma-

Aldrich, Inc. (St. Louis, MO, USA).

4.2.1: AFM Stretching Experiments

Single-stranded nucleic acid polymers were diluted into 10 mM Tris-EDTA (TE)
buffer with 150 mM NaCl to a final concentration ranging from .100 to 1.00 mg/mL We
deposited 50 uL of solution onto freshly evaporated gold substrates and incubated for a
minimum of 3 hours. Molecules bound by non-specific absorption onto the substrate.
When poly(dA) was stretched in solution without salt, stock poly(dA) was initially
dialyzed against DI water or 10 mM Tris-EDTA with the Slide-A-Lyzer (Product #
69576, Thermo Scientific, Rockford, IL, USA) and diluted and deposited on gold

substrates as previously described.

All stretching experiments were carried out on custom built AFMs, with
piezoelectric scanners from Physik Instrumente (Karlsruhe, Germany) and either custom

(Rabbi and Marszalek 2008) or commercial detector heads (Veeco). AFM cantilevers
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were calibrated to determine their spring constant using the thermal method as described
(Florin, Rief et al. 1995). We used gold-coated cantilevers with spring constants between
5 and 15 pN/nm (Biolever or MSNL, Veeco, Santa Barbara, CA, USA). Experiments
were performed by pressing the cantilever in contact with the sample surface at a
relatively high force of ~1 nN for 30 seconds to one minute. Molecules would non-
specifically bind to the cantilever. The sample would be moved away from the tip by the
piezoelectric actuator at a set distance and speed, stretching the molecule and registering
the force. The distance ranged from 300 to 1000 nm, and the speed ranged from .300 to

.500 nm/ms depending on molecule length.

4.2.2: Extension Normalization

We normalized the resulting force spectra of our molecules independent of
contour length. This normalization is based on the assumption that since these molecules
have the same backbone, when stretched to a high enough force, the backbones will be
forced into the same conformation, and the extension at that force will be the contour
length of the molecule. Thus the extension divided by the contour length is the
normalized extension. When a molecule was stretched to a high enough force (1000 pN),
its extension at that force was normalized. Normalized force spectra of different
molecules were then superimposed and compared. If molecules were not stretched to
1000 pN, extrapolated contour lengths from freely jointed chain (FJC) fits were used for

normalization.
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4.2.3: Contour and Plateau Length Determination

To determine the contour length of the molecules before and after any force
transitions, we fitted to the force curves an extended freely jointed chain (FJC) model that
takes into account enthalpic contributions to elasticity (Wang, Yin et al. 1997). We then
calculated contour lengths before transitions as a percentage of the extrapolated fully
stretched contour length. Force plateau lengths were calculated by dividing the
difference in contour length of the molecule before and after the plateau by the contour

length of the molecule before the onset of the plateau.

4.2.4: Constant Force Molecular Dynamics Simulations

For all molecular dynamics simulations we used NAMD (version 2.7) all atom
molecular dynamics software (Urbana, IL, USA) with the CHARMM27 force-field
(MacKerell, Banavali et al. 2000). Nucleic acid PDB structures were made with 3DNA
software (Lu and Olson 2003). dA;4 and dA4dT;4 were modeled with standard B-form
single and double-stranded helices, respectively (Olsthoorn, Bostelaar et al. 1980;
Saenger 1984; Isaksson, Acharya et al. 2004). A4 was modeled as an A-form single
helix (Rich, Davies et al. 1961; Saenger 1984; Isaksson, Acharya et al. 2004). C;4was
modeled as a modified A-form single helix, defined for poly(C) (Leslie and Arnott 1978;
Saenger 1984). The dT)4 structure was made by removing dA 4 from dA4dT 4.
Molecules were solvated in a water box with TIP3P modeled water using the solvate

plug-in of VMD (Urbana, IL, USA) molecular visualization software. Salts were added
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to the water box using the autoionize plug-in of VMD to a total concentration of 0.300 M

NaCl.

Simulations were run with a 0.5-1 fs time step for 1-10 ns with an applied force of
100 and 1000 pN on dA 4, Aj4 and Ci4; 1000 pN on dT;4; and 200 and 1000 pN on
double-stranded dA 4 dT,4. Periodic boundary conditions were applied to the system.
Additional harmonic constraints were applied on simulations of double-stranded dA 4
dT)4 to torsionally constrain the double helix. From these simulations, we can extract

molecular extensions, bond angles and torsion angles.

Torsion angles extracted from the simulations were averaged using the following
formula:
n n
_ 1 _ 1
6 = atan2 —Z sin Gj,—z cos 6;
n . n .
J=1 J=1

where

atan2(y,x)=tan"!

R

but depending on the signs of y and x outputs a result between -180 and 180 degrees.

4.2.5: NMR Spectroscopy

All NMR spectroscopy experiments were peformed by Dr. Hanna Gracz of North
Carolina State University, Raleigh, NC. NMR spectra were obtained on a 9mM sample
of dAso (Integrated DNA Technologies) in the presence or absence of 150 mM NaCl.
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All 1D 'H /'P and all 2D pulsed field NMR experiments were performed on a
Bruker AVANCE 500 MHz Spectrometer with Oxford Narrow Bore Magnet(1989).
The NMR inversed probe was tuned to °C frequency of 125.75 MHz in the 500 MHz

spectrometer ('H frequency -500.128 MHz).

When the Bruker 500 MHz instrument was not available, a Bruker AVANCE III
700 MHz Spectrometer equipped with a cryoplatform and Bruker cryoprobe 5 mm ID
CPTCI "H/"C/""N/D) probe with Z- Axis Gradient and Topspin 2.1 software was used.
The NMR probe was tuned to °C frequency of 176.25 MHz in the 700 MHz

spectrometer ('H frequency -700.13 MHz).

The world's first actively shielded 950 MHz spectrometer , the Bruker AVANCE
IIT 950 MHz Spectrometer equipped with a cryoplatform and Bruker cryoprobe 5 mm ID
CPTCI "H/"C/">N/D) probe with Z- Axis Gradient and Topspin 2.3 software was used

to run the temperature studies in the 15-75 °C range.

The standard instrumental parameters for acquisition and data processing were
used. Topspin 2.1 (Bruker software)) was used exclusively for data processing and
interpretation. COSY and TOCSY spectra were processed using a sine-bell zero shifted
function, and NOESY spectra using a sin-bell squared 90 degree shifted function. HSQC

spectra were processed using a sin-bell squared 90 degree shifted function.

Zero filling was performed in both dimensions to obtain 2k by 2k data sets.
The NMR samples were prepared by dissolving each sample in approximately 0.25 ml of
D,0 and transferred to a Shigemi 5-mm NMR tube for analysis.
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The HDO resonance at 4.79 ppm vs (DSS at 25.5° C) was used as a reference for spectra

run in D,0.
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4.3: Results and Discussion

4.3.1: Elastic Profile of Poly(dT)

As an unstructured reference molecule, we stretched poly(dT) with the AFM
(Saenger 1984; Turner 2000; Buhot and Halperin 2004). A representative force spectrum
is displayed in Figure 4.2. This force spectrum, indeed, looks like that of a simple

polymer chain with Kuhn length ~0.33 nm and segment elasticity of 24000 pN/nm.
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Figure 4.2: Representative Force Spectrum of Poly(dT): As can be seen from this
force spectrum, poly(dT) behaves as a simple polymer chain.

4.3.2: Elastic Profile of Poly(C)

Poly(C), unlike poly(dT) is known to have a single-stranded A-helical structure
(Leslie and Arnott 1978; Saenger 1984). Previous force spectroscopic studies on poly(C)
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using optical tweezers reported that force spectra of poly(C) are not like those of random

polymers in that they exhibit a force plateau of ~20 pN (Seol, Skinner et al. 2007).

We also stretched poly(C), using an AFM. Inset of Figure 4.3A displays some
representative force spectra. These molecules are of different lengths, but when
normalized, these molecules overlap fairly well, as can be seen in Figure 4.3A. We see a
force plateau of 24.3+0.6 pN in all force spectra, similar to previous studies. Figure 4.3B
displays a curve with a clearly visible force plateau. When stretched beyond the force
plateau, poly(C) behaves like simple polymer poly(dT) with a slightly longer Kuhn
length of ~0.3 nm (Figure 4.3B, gray curve), indicating that poly(C) does possess a
secondary structure, and once a molecule undergoes this forced transition, all bases
unstack and it loses its structure. When fitted with a FJC of Kuhn length of 1.91 nm and
segment elasticity of 2630 pN/nm (53 force curves, 14 molecules), the initial contour
length of poly(C) before the force plateau is calculated to be 50.4+0.7% of the fully

extended length.
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Figure 4.3: Elasticity of Poly(C): (A) Normalized representative force spectra of
poly(C). Inset displays the same force curves before normalization. (B) A single
normalized force curve to better illustrates the force plateau. The average initial length of
the poly(C) is 50.4+0.7% the fully extended length (n=53 experiments on 14 molecules).
Gray curves are FJC fits used for normalization and initial length determination.
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4.3.3: Elastic Profile of Poly(dC)

As poly(C) is well structured, and its force spectra reflect this structure, we also
probed poly(dC) using AFM. A representative force spectrum is displayed in Figure 4.4.
This force spectrum, looks like that of a simple polymer chain with Kuhn length ~0.25
nm and segment elasticity of 15000 pN/nm, and is very similar to that of poly(dT). This
result indicates that despite having the same base composition as poly(C), poly(dC) does
not form a well defined secondary structure. This may be due to the fact that
deoxyribonucleotides, in general, have their backbone sugar in the longer C2’-endo
conformation (Figure 4.1), weakening base stacking interactions (Saenger 1984) and

preventing the formation of a helical structure.
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Figure 4.4: Elasticity of Poly(dC): As can be seen from this force spectrum, poly(dC)
behaves as a simple polymer chain, similar to poly(dT).
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4.3.4: Elastic Profile of Poly(A)

Like poly(C), poly(A) forms a single-stranded A-helix (Rich, Davies et al. 1961;
Saenger 1984; Isaksson, Acharya et al. 2004). Previous force spectroscopic studies on
poly(A) using optical tweezers reported that force spectra of poly(A) are not like those of
random polymers in that they exhibit a force plateau of ~20 pN, confirming the existence

of a secondary structure (Seol, Skinner et al. 2007).

We also stretched poly(A), using an AFM. The Inset in Figure 4.5A shows some
representative force spectra. These molecules are of different lengths, but when
normalized, these molecules overlap fairly well, as can be seen in Figure 4.5A. We see a
force plateau of 19.7+0.4 pN in all force spectra, similar to previous studies. Figure 4.5B
displays a curve with a clearly visible force plateau. When stretched beyond the force
plateau, poly(A) deviates from the simple polymer behavior of poly(dT). These force
spectra of poly(A) exhibit a linear increase in force with extension after the force plateau
up to a force of ~200 pN (Figure 4.5B, arrow). When stretched further, poly(A) exhibits

entropic elasticity with a Kuhn length of ~0.6 nm.

To determine the contour length of the molecule before and after each force
transition, we performed FJC fits with Kuhn length and segment elasticity, respectively,
of 7.1 nm and 2483 pN/nm before the first plateau, 0.93 nm and 2483 pN/nm for the
linear extension region, and 0.61 nm and infinite segment stiffness after the linear
extension region to extrapolate the fully stretched contour length. We find the initial

length of poly(A) before the first force plateau to be 48.2+0.6% of the fully extended
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length, and the length before the linear extension region to be 83.6+0.3% of the fully
extended length (n=95 experiments on 27 molecules). This linear region and relatively
long Kuhn length in poly(A) force spectra are markedly divergent from the force spectra
of single-helical poly(C) until the end of the linear force region, as can be seen in Figure
4.6. This deviation in the force spectra of poly(A) from those of poly(C) indicate poly(A)
is preserving some second order structure beyond the force plateau, possibly due to

persistent, strong base stacking of the adenines.
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Figure 4.5: Elasticity of Poly(A): (A) Normalized representative force spectra of
poly(A). Inset displays the same force curves before normalization. (B) A single
normalized force curve to better illustrates the force plateau. The arrows call out the
linear force region on the curve. The average initial length of the poly(A) is 48.2+0.6%
of the fully extended length, and the length before the linear extension region to be
83.6+0.3% of the fully extended length (n=95 experiments on 27 molecules). Gray
dashed curves are FJC fits used for normalization and plateau length determination.
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Figure 4.6: Comparison of Poly(A) and Poly(C) Force Spectra: Normalized force
spectra comparing poly(A) (black) and poly(C) (blue). There is a clear difference in
force spectra of poly(A) and poly(C), particularly the linear force region, which is absent
from the poly(C) force curve.

4.3.5: Elastic Profile of Poly(dA)

Poly(dA) also has a helical structure, but unlike the A-form of poly(A) and
poly(C), it forms a B-type helix (Olsthoorn, Bostelaar et al. 1980; Saenger 1984;
Isaksson, Acharya et al. 2004; Ke, Humeniuk et al. 2007). Researchers have previously
stretched poly(dA) with an AFM, and shown that its force spectra exhibit two force

plateaus (Ke, Humeniuk et al. 2007).

We expand on this research by better characterizing the force spectra of poly(dA)
in terms of precise measurements of plateau lengths and chain stiffness with AFM based

force spectroscopy. Similar to experiments on other nucleic acid polymers, when
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stretching poly(dA), we would pick up molecules of different lengths (Figure 4.7A,
inset). When normalized the force spectra of the molecules superimpose fairly well, as
can be seen in Figure 4.7A; all showing two characteristic force plateaus of 21.7+0.6 pN
and 125.343.0 pN (n=70 experiments on 23 molecules). Figure 4.7B is displays one

poly(dA) force curve to more clearly present the force plateaus.

To determine the contour length of the molecule before and after each force
plateau, we applied FIC fits with Kuhn length and segment elasticity, respectively, of 7.1
nm and 3570 pN/nm before the first plateau, 2.66 nm and 2639 pN/nm before the second
plateau, and 1.55 nm and infinite segment stiffness after the second plateau to extrapolate
fully stretched contour length. We find the initial length of poly(dA) before the first
force plateau to be 48.2+0.6% of the fully extended length, and the length before the

second plateau to be 78.3+0.3% of the fully extended length.

The force spectra for poly(dA) are clearly very different from those of other
polynucleotides. The two force plateaus and the long Kuhn length indicate the secondary
structure of poly(dA) persists even when stretched beyond 150 pN. Comparing its force
spectra with those of poly(A), there is marked deviation in elasticity at forces as high as
300 pN, as can be seen in Figure 4.8A. As illustrated in Figure 4.8B, the elasticity of
poly(dA) is also much higher than that of poly(dT) until forces as high as 900 pN. This
second force plateau and high persistence length in the force spectra of poly(dA) is

unique.
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Figure 4.7: Elasticity of poly(dA): (A) Normalized representative force spectra of
poly(dA). Inset displays the same force curves before normalization. (B) A single
normalized force curve to better illustrates the force plateaus. The average initial length
of the poly(dA) is 48.2+0.6% of the fully extended length, and the length before the
second plateau to be 78.3+0.3% of the fully extended length (n=70 experiments on 23
molecules). Gray dashed curves are FJC fits used for normalization and initial/plateau
length determination.
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Figure 4.8: Comparing the Force Spectra of Poly(dA) with Poly(A) and Poly(dT):
(A) Normalized force spectra comparing poly(dA) (black) and poly(A) (red). This
second force plateau distinguishes the elasticity of poly(dA) from any other
polynucleotide. (B) Normalized force spectra comparing poly(dA) (black) and poly(dT)
(solid gray). As can be seen from this curve, poly(dA) is much stiffer than poly(dT) to
forces of ~1000 pN.
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4.3.6: Structure Modulation of Poly(dA)

To further probe the cause of the unique features in poly(dA) force spectra, we
stretched it in different solvents, including Tris-EDTA without salt and DI water. Figure
4.9 displays normalized force spectra of poly(dA) stretched in the different solvents.
From this figure, we see that in the absence of salt, poly(dA) behaves very similar to
poly(dT). This indicates that salts are necessary for the formation of poly(dA) single
helices, and that in solutions without salt, poly(dA) is a random coil. This result also

indicates that the second force plateau is a property of a helical poly(dA).

To test this hypothesis that salts are necessary for helix formation, we obtained
NMR spectra on dAsp in solution with and without NaCl. All NMR spectra are displayed
in Appendix E. From the proton-31P spectra, we see an island coupling the P3” and H4’
atoms of the sample with salt, but not in the sample in water. This indicates the backbone
of the sample in salt is more compacted than that of the sample without salt, possibly due
to a helical structure. Also, from the proton COSY and NOESY of both samples, with
and without salts, we see that the sugar is always in the C2’-endo form (Davies 1978).
This finding suggests the second force plateau of poly(dA) force spectra is not due to the
sugar flipping from a shorter C3’-endo form, as it is already in the longer pucker. Thus
the second force plateau of poly(dA) force spectra may be due to a backbone bond

rotation (Figure 4.1).
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Figure 4.9: Comparison of Force Spectra of Poly(dA) with and without Salts: Black
curve is of poly(dA) in TE Buffer with 150 mM NaCl. Blue curve is of poly(dA) in TE
Buffer with no salt, and pink curve is of poly(dA) in water. Gray curve is of poly(dT).
As can be seen from these curves, in solutions without salts, poly(dA) loses its structure
and behaves like a random coil.

4.3.7: Verifying Normalization of Force Spectra

We normalize extension of the force spectra of molecules at a common high force
of 1000 pN to allow us to compare force spectra different types of molecules, and
molecules of different length. For our normalization, we made the assumption that since
single-stranded polynucleotides have the same backbone, that when stretched to 1000 pN
they will all be in the same backbone conformation. To verify that a normalization force
of 1000 pN is valid, we simulated Ci4, dT14, dA 4 and A4 with a 1000 pN constant force.
Table 4.1 displays the extension per base and backbone torsion angles for all four

polynucleotides (Figure 4.1 defines all torsion angles).

89



Table 4.1: Extension per Base Calculated from Constant Force MD Simulations

Torsion Al4 dAy Cus dT 4
Angle
o 192.72 180.43 188.04 184.40
B 179.68 177.89 176.48 172.90
Y 122.75 141.97 117.64 132.92
o 150.06 136.64 145.93 141.77
3 230.99 202.84 229.48 205.45
¢ 204.58 206.28 195.68 191.22
Extension per 7.3 7.2 7.2 7.4
Base (A)

As can be seen from the table, these values are similar, indicating that the backbones of
all these molecules are in a similar conformation and that the normalized experimental
force spectra of poly(A), poly(dA), poly(C) and poly(dT) would converge at forces of ~
1000 pN. Also, we can use these values of extension per base at 1000 pN to renormalize
the experimental force spectra, as can be seen in Figure 4.10. With these renormalized
force spectra, we can calculate the length of nucleotides before and after each force
transition. Thus we find the initial length of poly(A) to be 3.5 A/base and the contour
length after the force plateau to be 6.1 A/base. Poly(dA) also has an initial length of 3.5
A/base, and has a contour length before the second force plateau of 5.6 A/base. Poly(C)

has a slightly longer initial length of 3.6 A/base. These initial length values of poly(A)
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and poly(C) are consistent with previous studies using optical tweezers (Seol, Skinner et
al. 2007). Using these characteristic extensions along with constant force MD
simulations of relevant forces we can link features in the force spectra with force induced

conformational changes in the molecular structures.
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Figure 4.10: Renormalization of Force Spectra using MD Extensions: Force spectra
of (A) poly(C), (B) poly(A), (C) poly(dA) renormalized using the extension per base
from constant force MD simulations 1000 pN. Green dots are extensions per base
extracted from constant force MD simulations. Gray dashed curves are FIC fits used for
normalization and initial/plateau length determination. The extensions from the
simulations match well with the renormalized force spectra.
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4.3.8: Nature of the Low Force Plateau in Single-Helix Polynucleotide Force
Spectra

To investigate the structural transitions helical polynucleotides undergo when
stretched, we ran 100 pN constant force simulations on dA 4, Aj4 and Cy4. As can been
seen in Figure 4.10, the constant force simulations match the extensions of the
experimental results quite well. Previous studies report that the ~25 pN force plateau in
the force spectra of poly(C), poly(A) and poly(dA) are due to unstacking bases and
unwinding their helical structure (Buhot and Halperin 2004; Ke, Humeniuk et al. 2007;
Seol, Skinner et al. 2007). Using our MD simulation results, we aim to expand this
explanation by examining the trajectories and determining which backbone bonds rotate
during this force plateau. Table 4.2 lists average torsion angles and extension per base
for dAj4, A4 and Cy4 before and after applying 100 pN of tension (Figure 4.1 defines all

torsion angles).
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Table 4.2: Torsion angles of dA14, A4 and C4 with no and 100 pN Applied Force

Molecule dA4 Ay Cus
Torsion 0 pN 100 pN 0 pN 100 pN 0 pN 100 pN
Angles

a 319 194.78 296 263.81 303 251.62
B 136 177.42 154 171.90 173 177.89
Y 38 93.07 53 64.39 47 69.96
0 139 124.92 83 95.75 83 90.80
€ 227 209.13 215 213.39 231 212.54
o 203 218.05 290 253.60 295 218.95
Extension
per Base (A) 34 5.8 2.9 5.9 3.1 5.6

Geometrically, torsion angles which are close to 180 degrees (trans) lead to the longest
chain length. Thus, by examining the zero-force torsion angles we can predict which
bonds will need to rotate during the force plateaus. We see that a and y are the most
distant from 180 degrees for all three molecules, and thus are most likely to rotate during
this transition. Also, within the A-form structures of poly(A) and poly(C), & and { may

also rotate.

Based on the 100 pN MD simulation trajectories, we see that the angles that

rotated the most are o and y for poly(dA) and o and C for poly(A) and poly(C). However,
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it should be noted that y does not rotate to ~90 degrees in poly(dA) at 100 pN force, but
rather switches between its initial angle of 50 degrees and other angles, as can be seen in
Figure 4.11. Thus, the angle that rotates predominantly during the force plateau of
poly(dA) is a. These two angles, a and {, are along the P-O bonds that position
nucleotides relative to each other. Thus, the main transition during the force plateau is

the straightening out of helices.
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Figure 4.11: Torsion Angle, v, of dA;4 during Constant Force Simulations at 100
pN: As can be seen from the chart, y predominantly stays in the 50 degree range, but
switches rapidly to other angles before returning back to ~50 degrees.

Using this torsion angle analysis we cannot visualize exactly the structure of the

molecules. Figure 4.12 displays sections of the simulated dA 4, A4 and C;4 molecules.
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From these structures, we see that during the force plateau, that some of the adenines in
poly(A) and poly(dA) remain somewhat stacked, with poly(A) preserving a larger
proportion of stacked bases. Conversely, the cytosines in poly(C) unstack during this
transition. This difference may be due to the weaker stacking of cytosines in poly(C).
Based on these trajectories, we see that the ~20 pN force plateau in the force spectra of
poly(dA) and poly(A), is caused by the helices straightening out and some bases
beginning to unstack, while in the case of poly(C), all bases unstack during the transition
along with the unwinding of the helix. This result is consistent with our expectations, as

purines stack more strongly than pyrimidines.

96



Figure 4.12: Snapshots of 100 pN Constant Force Simulations: Snapshots from
trajectories of (A) dAj4, (B) A4, and (C) Cy4 simulations at 100 pN. In (A) and (B)
arrows point to bases which remain stacked in A4 and dA 4. Bases in Cj4 completely
unstack.
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4.3.9: Nature of the Linear Force Region in Poly(A) Force Spectra

By comparing the torsion angles of fully stretched poly(A) and those of poly(A)
after the first force plateau, we aim to determine which angles rotate to produce the linear
force region in the poly(A) force spectra, and thus determine what structural changes
occur (Figure 4.5, 4.10B). Table 4.3 lists the torsion angles of A4 during constant force
MD simulations at forces of 100 and 1000 pN, and Figure 4.13 displays a section of A4

stretched to 1000 pN (Figure 4.1 defines all torsion angles).

Table 4.3: Average Torsion Angles of A4 During Control Force MD Simulations

Torsion Angle 0 pN 100 pN 1000 pN
o 296 263.81 192.72
] 154 171.90 179.68
Y 53 64.39 122.75
) 83 95.75 150.06
€ 215 213.39 230.99
¢ 290 253.60 204.58
Extension per Base (A) 2.9 5.9 7.3
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Figure 4.13: Snapshot of 1000 pN Constant Force Simulation of A;4: Snapshot from
the trajectory of constant force simulation of A4 stretched with a constant force of 1000
pN. Arrows point to ribose sugars flipped to the C2’-endo pucker. All adenines are
unstacked at 1000 pN, and backbone is straightened out.

We see that when stretched from 0 to 1000 pN, the angles y and 6 only flip when the
molecule is stretched to a force higher than 100 pN, indicating that rotation of these two
torsions require enough force to surpass a high energy barrier. The rotation of y from ~60
to ~120 degrees requires OS5’ to rotate past O4’. The repulsion between the lone electron
pairs of the oxygen atoms is a potential barrier to this motion The torsion angle, 9, is
directly related to the pucker of the ribose ring, thus its rotation is indicative of the sugar
flipping from C3’ to C2’-endo. From the structure in Figure 4.13, we see that all the
bases have unstacked and that the sugars have flipped to the C2’-endo conformation.
Thus, this linear force regime in the force spectra of poly(A) can be attributed to adenines
unstacking, the rotation of y to a trans conformation, and ribose sugars flipping to the
C2’-endo conformation. Similar bonds rotate in poly(C) as it is stretched; however its

bases are already unstacked after the first force plateau. As the structure is less defined
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from this disrupted base stacking, possible force plateaus due to sugar flipping and y

rotation per nucleotide may be averaged out on the polymer level.

4.3.10: Nature of the High Force Plateau in Poly(dA) Force Spectra

By comparing the torsion angles of fully stretched poly(dA) and those of
poly(dA) after the first force plateau, we aim to determine which angles rotate to produce
the second force plateau in the poly(dA) force spectra (Figure 4.6, 4.10C). Table 4.4 lists
the torsion angles of dA 4 during constant force MD simulations at forces of 100 and
1000 pN, and Figure 4.14 displays a section of dA 4 stretched to 1000 pN (Figure 4.1

defines all torsion angles).

Table 4.4: Average Torsion Angles of dA;4 During Control Force MD Simulations

Torsion Angle 0 pN 100 pN 1000 pN
o 319 194.78 180.43
B 136 177.42 177.89
04 38 93.07 141.97
o 139 124.92 136.64
€ 227 209.13 202.84
o 203 218.05 206.28
Extension per Base (A) 3.4 5.8 7.2

We see that when stretched from 100 pN to 1000 pN, only one bond in poly(dA)

significantly rotates, y. As previously stated, rotation of y to the #rans conformation
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requires O4’ and OS5’ to rotate past each other. This motion is hindered by repulsion of
the lone electrons of the oxygen atoms. Importantly, from the structure in Figure 4.14,
we find the backbone of the molecule is straightened out and the bases are completely
unstacked. These results strongly suggest the mechanism of the second force plateau in
the force spectra of poly(dA), which has been unresolved until now, is the unstacking and
rotation of y to the trans conformation. Since the other backbone torsions of poly(dA)
are already extended, this transition is more abrupt and pronounced compared to the

linear force feature in the force spectra of poly(A).

g bt

Figure 4.14: Snapshot of 1000 pN Constant Force Simulation of dA4: Snapshot
from the trajectory of constant force simulation of dA 4 stretched with a constant force of
1000 pN. All adenines are unstacked at 1000 pN, and backbone is straightened out.

4.3.11: Linking the Elasticity of Double and Single-Stranded Helices

The two force plateaus in the force spectra of poly(dA) are very similar in length
to the force plateaus observed in the spectra of B-form double-stranded DNA, as can be
seen in Figure 4.15A, which displays superimposed normalized force curves of poly(dA)
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and A-phage double-stranded DNA. The two force plateaus in both curves have very
similar lengths, despite the higher force of the plateaus in the force spectrum of double-
stranded DNA. The second force plateau of double-stranded DNA force spectra has
been attributed to the forced melting of strands. However, this striking similarity in
length between the force plateaus of poly(dA) and of double-stranded B-form DNA,
along with the lack of the second force plateau in the force spectra of A and Z-helical
double-stranded DNA indicates that this second force plateau may be a force transition

related to B-form helices.

To compare the structural transitions through which the double-helix undergoes
upon stretching with those of single stranded poly(dA), we ran constant force MD
simulations on dA4dT4 modeled as a B-form double-helix at 200 and 1000 pN, and
compared the trajectories and torsion angles with those of dA 4 simulated at the same
forces. Table 4.4 displays the torsion angles of dA4dT4 during constant force MD
simulations at forces of 200 and 1000 pN along with the torsion angles of dA 4 stretched
to 100 and 1000 pN (Figure 4.1 defines all torsion angles). Figure 4.15B and C displays

a section of dA4dT)4 stretched to 200 and 1000 pN, respectively.
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Figure 4.15: Comparison of Elasticty of Poly(dA) and B-Form Double-Strand DNA:
(A) Superimposed normalized force spectra of poly(dA) (black) and A-phage DNA
(blue). Green dots are extensions per base extracted from constant force MD simulations
on dA 4. Red dots are extensions per base extracted from simulations on dA4dT 4. (B)

Snapshot from trajectory of dA;4dT4 stretched with 200 pN force and (C) 1000 pN force.
All bases are unstacked in both snapshots.
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Table 4.5: Torsion angles of dA4, A14 and dA4 dT4 with 100 and 1000 pN Applied

Force
Strand dAi4 dA14d T4 (A- dA;4d T4 (T-
Strand) Strand)
Torsion Angles | 100 pN | 1000 pN | 200 pN | 1000 pN | 200 pN | 1000 pN
a 194.78 180.43 240.24 191.60 226.34 185.37
p 177.42 177.89 180.16 195.37 178.48 185.96
v 93.07 141.97 91.90 151.78 91.97 149.99
0 124.92 136.64 118.56 136.09 117.20 134.99
€ 209.13 202.84 208.19 195.54 222.19 191.17
¢ 218.05 206.28 236.86 193.33 207.10 190.10
Extension per
Base (A) 5.8 7.2 5.6 7.0 5.6 7.0

One marked difference between the trajectories of dA4dT 4and dA 4 is that due to the

conserved twist of the double-helix, dA4dT;4 cannot stretch to the same extension as

dA4. Also, from Figure 4.15A we see that the extension from the 200 pN simulation is

shorter than the force-extension curve at the same force. This discrepancy may also be

due to the constraints put on the simulated system, which prevent the end atoms from

translating along the axes orthogonal to the force direction, and thus prevents the

molecule from completely straightening out.
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From the trajectory at 200 pN, we see how base pairing is already completely
disrupted, and that all bases are unstacked, but their backbones are still forced into a
similar conformation as dA 4 due to their initial B-form helical structure. These
structural changes can be linked to the B-S transition in the force spectra of double-
stranded DNA, which has already been attributed to unwinding and partial melting of
strands (Smith, Cui et al. 1996; Rief, Clausen-Schaumann et al. 1999; Clausen-
Schaumann, Rief et al. 2000; van Mameren, Gross et al. 2009). Once stretched to 1000
pN, we observe the same flipping of y to frans conformation in dA4d T4 as in the
simulations of dA4. As constant force MD simulations apply force at a high rate, these
simulations more closely resemble stretching of a molecule with a high loading rate of
which the second force plateau is more pronounced (Clausen-Schaumann, Rief et al.
2000). Thus, this second force plateau in the force spectra of B-form double helices may
actually be due to the same bond rotation as in single-stranded poly(dA), and not due to

strands melting apart.

4.4: Conclusions

We utilize AFM based force spectroscopy, molecular dynamics and NMR
spectroscopy to investigate the structure and mechanical properties of single-stranded
nucleic acids. Based on our findings, base stacking and initial helical structure greatly
influences the mechanical properties of nucleic acids. We confirm that the low force

plateau in the force spectra of single-stranded helices is due to the straightening of the
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helix, and unstacking of bases in the case of poly(C). We find the strong stacking of
adenines to persist even as a molecule is stretched to forces of 100 pN. This, in turn,
leads to unique force features as the bases unstack and the backbone bonds rotate, such as
linear extension in the case of poly(A) and force plateaus in the case of poly(dA). Our
results indicate that the high force plateau in poly(dA) force spectra is due to bases
unstacking and rotation of the y torsion, while the linear force region in poly(A) force
spectra is due to a combination of these transitions, along with the ribose sugar flipping to
the extended pucker. Our results also suggest the behavior of B-form DNA double
helices is related to the mechanical properties of B-form poly(dA) single helices. The
initial structure of B-form double-stranded DNA guides the stretching pathway of the
molecule to possess a similar force profile to poly(dA). Specifically, the second force
plateau in double-stranded B-form DNA force spectra may be caused by the same forced

structural transitions as poly(dA), not by forced strand separation.

These findings link the mechanical properties of nucleic acids to their structure.
Further studies include performing MD simulations on longer nucleotide sequences for
longer times to better represent the real force spectroscopic experiments. MD
simulations on A-form and Z-form double helices also need to be done for more
comprehensive comparisons. Also, further NMR experiments and analysis need to be

done to fully characterize the structure of poly(dA), and other polynucleotides.

106



Conclusions

In this work, we aim to link nucleic acid structure and mechanical properties
using single-molecule force spectroscopy. To perform our experiments, we successfully
designed and purpose-built a single molecule puller at a fraction of the cost of a
commercial AFM instrument. This instrument has similar force noise to hybrid
instruments, while also exhibiting significantly lower drift, on the order of five times
lower. This instrument allows the measurement of subtle transitions as a molecule is
stretched. With the addition of a lock-in amplifier, we possibly could obtain better force
resolution, the order of femtonewtons. This instrument, along with other hybrid

instruments was used for all force spectroscopic experiments performed for this research.

We find that helical structure does indeed have an effect on the mechanical
properties of double-stranded DNA. As the A-form double helix has a shorter, wider
structure compared to the B-form helix, it also has a shorter initial length before
overstretching, compared to B-form DNA. Contrarily, the Z-form double helix has a
narrower, more extended helical structure than B-form DNA, and we see this fact
manifest in the force spectra of Z-DNA, which has a longer initial length before
overstretching. Also, interestingly, we find that neither A, nor Z-DNA force spectra
display the second melting force plateau. Indicating this plateau is not necessarily cause

by melting of strands apart, but rather a feature of B-DNA.

To better understand the forces that stabilized these different structures,

specifically base stacking, we mechanically characterize different single-stranded helical
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polynucleotides using AFM based force spectroscopy. We confirm previous studies that
demonstrate single helical polynucleotides undergo a force transition at a force of ~20 pN
as they are uncoiled. We expand on these findings by showing that when stretched
beyond this force transition, the molecules behave differently depending on base
sequence and backbone sugar. Specifically, the force spectra of poly(A) possess a linear
force region after the force plateau, which persists to ~300 pN. We also observe that
poly(dA) is comparatively stiffer than other polynucleotides after undergoing two force
transitions. By supplementing our force spectroscopic data with MD simulations and
NMR spectroscopy, we find that base stacking between adenines is quite strong,
persisting above 100 pN. Our results indicate initial helical structure, which is defined by
base stacking and backbone sugar, guides the stretching pathway of the polynucleotides.
Specifically, the high force plateau of B-helical poly(dA) force spectra is due to bases
unstacking and rotation of the y torsion, while the linear force region in A-helical poly(A)
force spectra is due to a combination of these transitions, along with the ribose sugar
flipping to the extended pucker. These finding can possibly be extrapolated to the
elasticity of double-stranded B-DNA, as B-form double helical DNA undergoes similar

force transitions as poly(dA) upon stretching.

By drawing on the strengths of AFM based force spectroscopy, molecular
dynamics simulations and NMR spectroscopy, we have linked the structure and

mechanical properties of different double and single helical nucleic acid structures.
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Appendices

Appendix A: AFM Equipment list

1.

2.

AFM cantilevers (e.g. from Veeco, Asylum Research, or Olympus, Inc.)
Vibration Isolation Table (Newport, RS 4000 Sealed Hole Table Top with Tuned

Damping and 4 x 1-2000 Series High Performance Laminar Flow Isolators)

. Analog divider (Texas Instruments, MPY634KP)

Data acquisition (DAQ) interface (M Series Multifunction DAQ with 16 analog
inputs and 2 analog outputs at 16 bits, right-angle PWB mounting with a 68-pin male
connector, and NI-DAQ software on a PC; National Instruments, NI PCI-6259)
Focusable laser and optics (Schifter + Kirchhoff) <!>
a. Laser diode beam source (51nanoFCM)
b. Focusable fiber collimator (60FC-4-M60-10)
c. Micro Focus Optics (focal length [f’] = 60.2 mm; numerical aperture [NA] =
0.125) (13M-M60-10)
This is equipped with a movable lens that allows one to focus the laser
precisely on the back of the cantilever.
d. Power supply (100-240 volts AC; 5 volts DC) (PS051004)
Cantilever Holder (Veeco, FC Fluid Contact Mode Cantilever Holder)
Quadrant photodiode with built-in sum and difference circuitry (Pacific Silicon
Sensor, QP50-6SD2)

Single-axis piezoelectric actuator with control system (Physik Instrumente)
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a. Linear actuator with integrated capacitive sensor (P-753.11C LISA)

=

Controller basic chassis (9.5”) (E-501.00)
c. LVPZT amplifier module (-20 to 120 volts, 3 channels) (E-503.00)
d. PZT sensor/controller module with strain gauge sensor (E-509.S1)
9. Stage for laser positioning (Newport, DS25-XY)
10. Stage for photodiode positioning (Newport, DS40-XY)
11. Stage for sample positioning (Newport, DS40-XYZ)
12. Stock 6061 aluminum alloy
Aluminum is a good choice of material. It is not ferromagnetic, rust-free in
nature, and easy to machine.
13. Tunable active filter (low-pass, 8-pole Bessel filter) (Frequency Devices, Inc.,

950L8L) for noise filtering
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Appendix C: AFM Wiring Diagram
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Appendix D: Lock-in Conversion Factor Derivation

Cantilever movement equals difference voltage multiplied with sensitivity.
Ze =VSc

Piezoelectric actuator movement equals voltage applied to actuator multiplied by

calibration constant of actuator (nm/V).

Voltage applied to actuator is a ramp speed multiplied by time.
Vp, =vt
Calculated force is spring constant of cantilever multiplied by movement of cantilever,

which is equal to molecule stiffness multiplied by molecule extension.
F=kZ, =kn(Z,—Z.)

We can solve the above equation for Z, and take the derivative (assuming molecule

spring constant is time independent).

5 tmZy _ _knSp
© ketky ketky?

137



B  knSy dVy kS,
at dt kot k, dt Kk, + k=

When we add the lock-in amplifier we have two new factors, the reference signal, and the
new voltage applied to the actuator, which is the reference signal added to the applied

voltage ramp.

Ref = Acos wt
Vi = vt + Acos wt

The output of the lock-in amplifier is the force multiplied with the reference signal

k.Z.Ref =k VoiRef

“k, +k

ke

(vt + Acos wt) Acos wt = k

1+ cos Za)t)

(vt Acos wt + A? >

mOp
k. +k “ke + kyy,

Once the low-pass filter with 100 ms time constant is applied, only the DC component of

the above expression remains.

kmS, A? dZ. A% dF A2

ket kym 2 dt2v dt2v

dFAde:—FA2 +C
dt 2v 2v
] 2v
Conversion Factor = T

The lock-in amplifier divides out the reference amplitude and applies a 5X gain

2v
Real Conversion Factor = ﬂ
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Appendix E: NMR Spectra

H1-C13 HSQC for assignments of protons
H1 COSY comparing poly(dA) with salt and without salt

J1»=10 Hz and J»=6 Hz, J,-3=10 Hz and J,3-=6 Hz, indicates C2’-endo sugar pucker

for both samples

H1 NOESY comparing poly(dA) with salt and without salt
HS8 and H2’ coupling indicates C2’-endo sugar pucker
H1-31P comparing poly(dA) with salt and without salt

Island coupling P3’ and H4’ in solution with salt indicates more compact backbone,

possibly due to helical structure.
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