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Chapter 1: Introduction to Single-Molecule
Experiments Using Optical Traps

1.1 Outline of Thesis

This thesis explores the development of opticgldrand its improved version
(termed optical torque wrench (OTW)) for force daotue measurements as well as
the application to biophysical experiments at ®nglolecule level. In the first
chapter, single molecule experiment with opticap$ is introduced. The principle,
instrumentation, and calibration of optical trapse areviewed, followed by
applications to energy landscape reconstructiomanhyc force spectroscopy, and
tracking dynamics of transcribing RNA polymerasehafter two details the
construction of an optical torque wrench and anliegiion to measure the
mechanical response of single DNA molecule undetiam. Chapter three describes
a research of mechanical stability of single nusteoe subject to tension and torsion.
Both experiments conducted using optical torquenalieand theoretical models are
summarized. Chapter four is a detailed researclutabow the measured kinetics
affected by experimental parameters in the surfmsed optical traps. Finally,

summaries and future directions conclude the thesis



1.2 Single-Molecule Experiments

Structure and function are closely related in lgatal systems of all scales.
Following the evolution of detailed molecular stwres over time can lead to the
discovery of underlying mechanisms behind biologpracesses. However it would
require synchronizing all molecular trajectories time, which is difficult in
traditional bulk biochemical assays. Ensemble studilso tend to mask rare but
potentially important events. Moreover, even ifdymamical processes are involved,
observation obtained from averaging over populattam be misleading if the
distribution of states is multimodal [1].

One solution is to track one molecule at a timeotUmeasuring many single
molecules, a histogram of observables is estalulish&tead of only average values.
The major challenge in this methodology is to detediny signal on a molecular
scale. Many tools have been developed in the pastdecades to overcome this
difficulty [2]. Single-molecule detection is oneppach [3]. For example, a molecule
can be tagged with a pair of fluorescent label$ timalergoes fluorescent resonance
energy transfer (FRET) when they are in close pnityi and conformation changes
of the molecule is tracked by detecting the FREJhai. On the other hand, in single-
molecule manipulation method [4], the molecule suially attached to an probe
which is held by external optical or magnetic figtbntrolling and monitoring such a
probe allow us to obtain dynamic information of thelecule as well as the response
to force perturbation.

Among many single-molecule techniques, optical drémr optical tweezers)

have been used to characterize various bio-molecatel biological processes in



measurements of force and displacement in picoNewtal sub-nanometer regime.
In this chapter, we will first review the principlenstrumentation, and calibration of
optical traps, which forms the basis for this teedtxperiments conducted using

optical traps in our laboratory are then summatrized

1.3 Optical Traps
1.3.1 Principle

Optical trapping has grown into an active reseafiid with many
applications since the first demonstration of AshKb,6]. An optical trap is
essentially a tightly focused Gaussian laser beseated with an objective lens of
high numeric aperture such that a dielectric plartcan be trapped near the focus.
Figure 1.1 shows for both axial and lateral dimttia stably trapped dielectric
microsphere feels restoring force when it is off trapping center which is slightly
above the laser focus. The simple explanation Fes phenomenon is that the
conservation of momentum demands the microspheteate equal magnitude but
opposite direction of momentum change with theteoad laser beam.

There are two limiting case where the optical fonoea microsphere can be
theoretically calculated [7]. When the radius otrasphere is much larger than the
wavelength of laser, Mie scattering theory may ppliad, i.e. the optical force can
be computed from ray optics. On the other hanthefradius of microsphere is much
smaller than the wavelength of laser, the condition Rayleigh scattering area
satisfied and the microsphere can be treated a®im plipole. However, the

microsphere in our application (~500 nm —r8) usually has similar dimension with



the laser wavelength (1064 nm). A more rigoroustedenagnetic theory is necessary
for an accurate description. Recently, a toolbogebdaon Generalized Lorentz-Mie
Theory has been developed to predict trappingieffay for microspheres of a range
of sizes and index of refractions [8]. In practitee change of outgoing beam is
measured by a position sensitive detector and raaéilim methods described in the

following section are applied to characterize theé in experiments.

laser momentum change

- |

_/ X __ 2>

force on microsphere

Figure 1.1: Principle of optical trapping. The microsphere is trapped at the center of a sharply
focused laser beam due to requirement of momentumoaservation. Momentum change of the
laser beam and the microsphere must have equal maigude but opposite direction, resulting a

restoring force toward the trapping center of the &ser beam.



1.3.2 Mechanical Design

The construction of optical traps is a major pdrthe study and the basis for
development of further angular manipulation andjwer measurement. Although
basic optical traps only requires an objectiveightNA value, more components are
necessary for accurate laser alignment, steeringgnsity control as well as
measurement for force and displacement [9].

Figure 1.2 shows the schematics of our design wisidonstructed on a gas-
suspended optical table for stability. A polarizettared Nd:YAG laser (1064 nm,
BL-106C, Spectra-Physics, Santa Clara, CA) is alipinto a single-mode,
polarization-preserved optical fiber (Thorlabs, Nemwy NJ) after passing through an
acousto-optic modulator (AOM, Isomet, Springfieldy ) for intensity control. The
coupling of a fiber makes the instabilities fronsda power, mode, and pointing into
the only intensity fluctuation of output beam whichn be controlled feedback by
AOM. The boxed region is constructed on a vertiggtical table for convenient
operation with sample loading. About 10% of lightdiverged to an input detector for
power monitoring. The other beam is aligned to teater of an oil immersion
objective (NA 1.49, CFI Apo TIRF 100x, Nikon Instnents, Lewisville, TX) and oil
immersion condenser (NA 1.4, Nikon Instrument). éngple chamber between the
objective and condenser is mounted on a piezo gRlgesik Instrumente, Germany)
for position control with nanometer resolution.

Light exiting condenser is collected and projected a dual-axis position
sensitive diode (PSD, DL100-7PCBA3, Pacific SilicBensor, Westlake Village,
CA) with home-made amplifying circuit. As shownhigure 1.1, relative position of

microsphere to the trapping center can be trackeanbnitoring beam deflection



using PSD. Axial sensitivity is possible by clipgithe beam with an iris, which
catches the broadening and narrowing of the bed® .ahalog signal is filtered using
a 9-pole Bessel filter (Krohn-Hite, Brockton, MAhG collected on a 16-bit digital
acquisition board (National Instrument, Austin, TX)

Another optical path using light emitting diode ?58n, Thorlabs, Newton,
NJ) images the microsphere into a CCD camera fgualization and sample

searching for experiments.

e

PBS A/2 PBS A/2 fiber

(e gy

nnltl «om LB
G (VA VAR S (1064 nm)
PSD iris <>  input
P det

cond. isolator

Pz LT P

obj. W2

ge L

LB PBS

mirror

DM Qﬁ# N\
PS mirror

O AOM
\ E: lens

\ 9 e - >

A2
ccb LB
N
mirror mirror

Figure 1.2: Schematic diagram for our home-built ogical traps. LB: laser block. /2: half-wave
plate. PBS: polarizing beam splitter. DM: dichroicmirror. cond: condenser. PZ: piezo stage.

B.E.: beam expander. PSD: position sensitive detext



1.3.3 Calibration

In order to convert the voltage measured by PSphigical unit of force and
displacement, there are numbers of method for redidn [4,9-12]. The methods we
applied are described here. The Z-axis is defiredha axial direction of laser
propagation, and x-axis and y-axis are the orthabtateral directions. The PSD
measures deflection of laser in x and y directgiming corresponding voltage signal
Vy, Vy, and the total intensitys,m Z signalV; is the normalized intensitysun Vinput

whereVinpu IS given by a separate input detector (Figure 1.2).

0.03 -

0.02 -

0.01 -

0.00 -

normalized X signal

0.01 |

0.02

0.03 -

L L
56.0 56.5 57.0 57.5
x stage position (um)

z signal
o

7 s o 1 1"
z stage position (um)

Figure 1.3: Example of position calibration in both x and z direction for a polystyrene

microsphere of diameter 820 nm. Signals are recordewhile the fixed microsphere is scanned

across the center of laser trapping center.



Position calibration is accomplished by moving acnosphere across the
center of laser beam. The microsphere is fixechéosurface of sample chamber (in
100 mM KCI and 10 mM sodium acetate pH 4.5 for heith immobilization) which
can be moved by a piezo stage. The voltage on BSDfanction of position of the
bead relative to trap center is recorded. Sizeatian of the microsphere is average
by measuring many of them. Figure 1.3 shows an planof a polystyrene
microsphere of diameter 820 nm scanned in x anidezttbn. Note that the signal is
sensitive to the displacement of microsphere fauak m in both x and z direction,
and it is linear for small displacement.

Standard method for force -calibration utilizes thewer spectrum of
Brownian motion for a freely trapped microspheres Wéscribe the physics here as it
is also important for the torque calibration dis®d in chapter 2. Considering a
microsphere subject to thermal motion in a harmgatential, for an environment
with low Reynolds number the equation of motioxidirection can be written as

(1.1)
where is the trap stiffness, is the viscous drag, anB(t) is the stochastic
(Langevin) force. The equation in frequency spaee be obtained by Fourier
transform.

(1.2)

After rearrangement, the power spectrum of x flattan can be calculated.
(1.3)

For Brownian motion, the stochastic force has whigguency spectrum due to the

vanishing correlation time, which can be set to castantand determined by



integrating . By the Equipartition Theorem, the microspherel Wwdve energy

in a 1-d harmonic potential. We obtain

- - (1.4)
Therefore we can calculate
#
" _ — (1.5)
|
The constant  $ # is obtained. The power spectrum now can be wrdten
#
(1.6)
or
# *
g2 — (1.7)

The power spectral densityg ' has a squared Lorentzian form which is
measurable. As shown in Figure 1.4, we are now &blét the measured power
spectrum to determine trap stiffnessn unit of pN/nm and drag in both x and z
direction independently. Combined with positionilmation which gives sensitivity

in unit of nm/V, the voltage signal can be conveitie physical unit of force in pN.
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Figure 1.4: Calibration of force is achieved by mesuring the power spectrum of Brownian
fluctuation for a trapped microsphere. Example datafor a polystyrene microsphere of 820 nm

diameter is shown in red. A Lorentzian line fit (buie) gives roll-off frequency 320 Hz.

1.4 Applications of Optical Traps

In this section, applications of optical traps tegte-molecule experiments are
introduced. One typical experimental setup is shawnFigure 1.5. The target
molecule (usually DNA or RNA with secondary struetuof interest) annealed
between two handle DNA is attached to a microsplae@ surface by biotin and
digoxigenin label respectively. The force is exeérten the molecule by bringing the
surface down with piezo stage to disrupt the stmecof interest while the force and
total extension of molecule and DNA handle are méed as a function of time. Force
and extension curve is the raw data from whiched#ht analyzing method and

technigue can be applied to extract informationualtile molecule of interest.
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microsphere

biotin
DNA handle 7
\La l@lget molecule
1
coverslip surface l

Figure 1.5: A typical surface-based setup for singtmolecule experiments using optical traps (not
to scale). The molecule of interest is disrupted bgnoving the coverslip surface down while the

force and extension are recorded by detecting po&hn of microsphere relative to the trap center.

1.4.1 Energy Landscape Reconstruction

In a disruption experiment shown above, the endntd distance (opening) of
target construct can be calculated by subtractiegléngth of DNA handle from the
total extension using worm like chain (WLC) the¢1g]. This information is used in
reconstructing energy landscape for an unfoldindiifig transition of bio-molecule.

The technique for energy landscape reconstructias fwrst achieved by a
constant force method [14,15]. However, the moke@ulthis scheme rarely populates
transition state. We have developed an analyzinfpadewhere the energy landscape
can be reconstructed for harmonically trapped Hyoper [16,17] which facilitate

more rapid measurement with better statistics traasition barrier.
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An intermediate step of calculating slope of thergy landscapdE/dx may
be applied to characterizing bio-molecule. As shawhigure 1.6, we disrupt -1 PRF
(programmed ribosomal frameshifting) element of @ER5 MRNA with optical
trap. CCR5 mRNA promotes frameshifting in HeLa £ealhd its structure is the key
to understanding the physical underpinnings of RFP The disruption of the
structure in our experiment is an approximatiothef process by which the ribosome
disrupts the structure as it pulls the mRNA inte &@ctive site, so the measured
unfolding energy should be indicative of the enetwzgrrier encountered by the
ribosome.

Four distinct disrupting pathways are observethbsled by colors in Figure
1.6 by classifyingdE/dx density plot. In principle, these might represdifterent
disruption pathways of a common structure, or gi8oam pathways for different
initial structure. By varying the relaxation timedameasuring the occupancies of the
conformations, it is evident that the differentrdgion pathways reflect different
initial conformations (Figure 1.7). Combined witbneputational prediction, we have
identified the blue pathway is consistent with @ymoknot structure, green is the
folding intermediate, and the red is a persistdtatrraate conformation. The strong
resistance to disruption of the pseudoknot strecaswell as the fact that the mRNA
sequence can occupy an ensemble of relatively estabhformations may be

important for the frameshifting mechanism.

12
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Figure 1.6: Example scans of CCR5 mRNA. Extensiorepresents the combined length of the
single-stranded RNA and hybrid DNA/RNA handles. Back lines: Worm-like chain theory for
hybrid DNA/RNA handles with and without 97 additional bases of extended single-stranded
RNA. Opening-time graphs show the same data as tHerce-extension plots where opening
represents the end-to-end distance of the singlerahded RNA. Change in energy per opening
distance @E/dx) calculated as described previously. Gray scaleedsity plot: The accumulated
dE/dx probability density from all scans plotted on a logscale. Colored squares:dE/dx

calculated for the single scan shown in the forcextension graph and opening-time graph.



(@) ggd (b)
@ Blue
4 Green
0.5 1 o Yellow
T I Red 3 3
T 043 — gl P )
o 0448 % 5 G
@©
Q.
3 0.3
Q
S
0‘2—1 -
Ly LT
0.1 { 3 o S 1)
3 23 o ¥ :>
00 T T B T ] T & T = T . = 1 N N >
0 5 10 15 20 25 30 35 Relaxa“on time

Relaxation time (s)

Figure 1.7: (a) Folding kinetics of the four confomations. The CCR5 mRNA structure was
relaxed at O force for the specified time and the idtribution of the four conformations was

measured. Data was fit with exponential decay fuions as a visual guide. (b) A cartoon
illustrating the proposed folding pathway. The red state is stable, but a pseudoknot
incorporating the 5’ portion of the sequence (greenis replaced by a pseudoknot (blue)

incorporating the full sequence.

Another application of energy landscape reconstradiechnique is studying
base-pair hybridization energies of nucleic acids,instance, the DNA mismatch
pair. The DNA mismatch repair system (MMR) is dical pathway by which cells
maintain the integrity of the genome. Dysfunctionthe MMR mechanisms can
directly induce cancer, so increased understandifgMR may lead to therapeutic
methods to treat disease. In Figure 1.8, we direogtasure the binding energy of
tandem GA mismatches (GA/AG) which are frequentpdssed by the MMR. We
also studied three control sequences with no midmeat (TA/AT, GC/CG, and
GA/CT). The four hairpins were identical except fwo bases in the middle of the

stem that were modified for study. The dE/dx plobws the measured energy for
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each hairpin while lines indicate a theoreticallggicted model from MFold. Our
results demonstrate that the GA/AG mismatch hasifggntly higher energy than
would be expected if the GA mismatch was simplypan loop. This is presumably
related to the reason the MMR misses GA mismatciW¥e. also demonstrate that a
single base change can be accurately measureck airtgle molecule level. This
application demonstrates that single-molecule tieglas can potentially replace bulk
assays to precisely determine all possible comioimatof binding energies, which

would extend libraries used in structure predicpnograms like MFold.
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Figure 1.8: (A) Hairpin sequence for the experimentGA/AG was replaced by TA/AT, GA/CT,
and GC/CG for control measurements. (B) dE/dx reprsentation of the reconstructed energy
landscape for tandem GA mismatch (black) and matcte control sequences (TA/AT: blue.
GA/CT: green. GC/CG: red). Symbol: measured valueSolid line: mfold prediction or our fit.

(C) Free energy required to rip the hairpin at eachbase pair. Units: kCal/mol.

1.4.2 Dynamic Force Spectroscopy

If the transition between states is irreversiblee tabove method for
reconstructing the whole energy landscape is niad;i@aowever, the properties of the
energy barrier such as its distance and heightstirbe measured using dynamic

force spectroscopy. DNA G-quadruplex is providethis section as an example.

! This section is partially adapted from [18].
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Guanine-rich sequences that can fold into highiyist G-quadruplex
conformations exist throughout the genome, oftepreitranscribed regions of genes
[19-21].Recent research provides evidence that G-quadrigtensin vivo [22], has
important regulatory functions [23], and could eras a drug target [24]. G-
quadruplex formation in the human telomeric regeafuence is of particular interest
because it can inhibit telomerase, overexpressiomhich is often found in cancer
cells [25]. G-quadruplex occurs in different formmeluding RNA, single-stranded
DNA, and double-stranded DNA accompanied by theesmonding C-rich i-motif
structure [26].

In contrast to more typical stem-loop structuresicwhcan be disrupted
progressively, G-quadruplex structures disrupt vereibly when subject to a
sufficiently large external force [27]. We used iogk tweezers to study a single-
stranded DNA G4-quadruplex from the insulin-linkealymorphism region (ILPR),
located upstream of the insulin gene [28]. G4-qupléx molecules were subject to a
force which increased linearly in time until distop was observed, or until the force
reached an upper limit of ~50 pN. Dynamic forcecsmscopy (DFS) was used to
characterize the transition state energy barridgwden the folded and unfolded
conformation in terms of the distribution of distigm forces measured.

Several theoretical models have been put forwaptedict the distribution of
rupture forces that would be observed when a systéma single transition state
barrier is subject to a force that increases ligearth time. A model proposed by
Evans [29-31] has two free parameters, the badiganced and the zero-force

unfolding ratek,. More general models which include the zero-fdreasition state
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barrier energys [32,33] were subsequently refined by Dudko ef3] In the latter

model the probability(F) that the structure ruptures at fof€és given by

11
n

p(F) — k(F)exp I(o kBT _ k(F)kBT 1- nkFd
rd rd G
) . (1.8)
d »* G nFd »
k(F)=k, 1-7F9 7 op & 1. 1. 1Fd
G ke T G

wherekg is the Boltzmann constant, is the temperature, is the rate at which the
force is increased, ands a dimensionless constant which parameterizestiape of
the energy barrier. Figure 1.9 represents theioakstip between the assumed shape
of the energy barrier and the value of the parametén the limit 1,eq.(1.8)
reduces to the Evans model [30]. The Dudko modeldaeweral advantages over the
Evans model. It takes into account the variatibthe transition state distance with

applied force and it determines the transitionesésiergyG.
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Figure 1.9: Definitions of parameters in Dudko modkefor =2/3 (purple) and =1/2 (blue). G

and d represents the height and distance for transon energy barrier.

DNA G-quadruplex molecules between two handle DN&enattached to the
surface through the digoxigenin label and attadieed.82 m diameter beads using
the biotin label as shown in Figure 1.DIhe experiment setup is similar to the ones
used for energy landscape, except the force is aygplied in both axial and lateral
direction since larger force is required. Each danmas scanned repeatedly until the
tether broke or the sample stopped showing anhdurisruptions. Between scans
the sample was brought to a relaxed state at zeoe ffor 5 seconds to allow the
guadruplex time to refold. For each individual s¢ha initial force, the maximum
accessible force, and the force of the observedumtien, if any, were recorded.
Other experimental details are described in Apperi . We took data at three

loading rates (2.1 pN/s, 7.0 pN/s, and 23.9 pNgs) dnalysis using DFS. Two
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populations of disruptions were resolved in theagathich have been identified in

prior work as corresponding to parallel and anapial conformations [27].

\ biotin
K/ &g quadruplex

ANy

surface handles

Figure 1.10: Experimental setup. The quadruplex isligated between double-stranded DNA
handles and attached to the surface and bead by digigenin and biotin labels respectively. Force

is applied along the direction of the tether.

In order to obtain information on the propertieseaergy barrier, we fit our
results to the Evans model € 1) and Dudko models (=1/2 and = 2/3) using
maximum likelihood K,). Models using these values otan be solved analytically
and are described in more detail by Dudko et dl [Since our disruptions exhibited
the two peaks that have been identified as origngadrom parallel and antiparallel
conformations, we based our analysis on a dual-ooeu distribution. The

likelihood L that an ensemble of measurements would be obserdedined as:

(T Gy 0y Gy W) =OWR(E, 10,6, ki1,) + (- WR(F, 1,,G, ki ,77)
(1.9)
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where the product is indexed over all scans Bnds the theoretical probability
density of observing a disruption event at foFgeand loading rate; for one of the
two populations. The weight indicates the fraction of the molecules in theafar
conformation (subscript p), while the fraction ihet antiparallel conformation
(subscript a) is . A simplex search algorithm was used to find thkies ofd,,

Gp, Kp, da, Ga, ka andw that produces the highest likelihobddefined by Eq. ( 1.5))
for the measured distribution & (Indistinguishable results were obtained if the

weightw was allowed to vary independently for each ofttivee loading rates.)

251 @ Final State Energy (Yu et al.) A~
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Figure 1.11: The Dudko models for =2/3 (green) and = 1/2 (yellow) using parameters ford
and G from fitting results in Table A.1: Summary of global maximume-likelihood fits for different
values of . In(L,,)/L, indicates the log of the maximum-likelihood scoreelative to the result for

=1, normalized byLq= In(N)/2 whereN = 1014 data points. Uncertainties were determinebly
bootstrapping. Weight () indicates the percentage allocated to the paralleconformation

(subscript p) while the antiparallel conformation (Subscript a) is allocated percentage (1-
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w).Table A.1for the antiparallel configuration. Dashed gray Ine indicates the undetermined
region of the full energy landscape. DFS determirsethe primary barrier (yellow or green) but
also constrains the landscape beyond the primary loder to have a slope less than that leading to
the barrier. Red shows the total free energy (2%cal/mol) to unfold the antiparallel

conformation, determined by Yu [27]).

The best fit parameters for the three models a$ agelthe corresponding
likelihoods are summarized in Table A.1 and Figarél, based on a total of
N = 1014 disruptions. In Figure 1.12, histograms gruptions at three different
loading rates are compared to the global fit olet@ifor = 2/3 (Table A.1). Blue
and red represent the contribution from the pdraltel antiparallel conformations
respectively and green represents the sum of thednformations.

The physical parameters obtained are relativelgniagive to the choice of,
allowing us to conclude that the G4-quadruplex gyebarrier distance is
approximately 10-16 A, for both parallel and antgel conformations. The release
of a nucleotide of single-stranded DNA will increaghe tether length by
approximately 5 A, so this indicates that the titims state is reached after 2-3 bases
have been pulled out of the structure. The treomsgtate distance is a small fraction
of the total amount of DNA released, and indicated the transition state is much
closer to the fully folded state than to the unéaldstate.

A schematic model for disruption of the antipadatienformation is shown in
Figure 1.13. The model illustrates hypothetical strical and nonsymmetrical
disruption pathways for the antiparallel conforromtiin which the first two base

pairs are released from the same side or oppadis sf the structure, respectively.
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(Analogous models can be formulated for the pdralse.) Formation of the
quadruplex appears to be highly cooperative, it ahalatively small perturbation to
the structure is required to reach the transititatesand progress to complete

dissociation.

probability
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0.12 - parallel + antiparallel
0.10 - parallel
0.08 - antiparallel

1 data

probability
o
S
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force (pN)
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Figure 1.12: Global fit of G4-quadruplex data at tiree loading rates (2.1, 7.0, and 23.9 pN/s) for
=2/3. Blue and red show the theoretical distribubn for the parallel and antiparallel
conformations respectively. Green represents theum of the two conformations. The binned

results are for representation only. The best fitwas determined from maximum likelihood

analysis.

Figure 1.13: A model of G4-quadruplex disruption. (a) Original antiparallel conformation.
Applied force causes two bases to be released frahre G4-quadruplex, either antisymmetrically

(b) or symmetrically (c). (d) Upon release of the'3base, the entire structure disrupts.

In conclusion, the energy barrier height and distaoan also be measured
using optical traps with DFS even the transitiomrisversible. We have demonstrated
this by measuring the disruption force and operdisgance of a G4-quadruplex at
three loading rates, resolving two force distribnd which have previously been
shown to originate in two distinct quadruplex conmfations. The high mechanical
stability previously demonstrated originates frdma short steep barrier we measured

for both forms of the quadruplex. These paramétake implications for regulatory
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processes. The high-force resistance associatédthatshort barrier distance would
make G-quadruplex difficult for a processive enzyimalisrupt. However, thermal
fluctuations may assist an enzyme beyond the mahdarrier where disruption can

progress more easily.

1.4.3 Tracking Transcription Dynamics of single RNA Polymerase

Optical trapping is also used in another type opesknents where the
dynamics of motor proteins can be tracked in realet providing not only
demonstrative result but also new insight into naeidm of many biological
processes. The molecular motors that have beeredtudthis manner include DNA

polymerase, RNA polymerase, ribosome, kinesin[35e39].

RNA transcript

RNAP
/
DNA template_ )

HA

Figure 1.14: Experimental setup for studying transdption dynamics of RNA polymerases in
assisting mode. Force on the bead can be controlledy adjusting laser power. When
transcription starts, the length between RNAP and lie bead increases and is recorded in real

time.
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We apply optical trapping to study transcriptiontta single-molecule level.
As shown in Figure 1.14, a transcribing RNA polyass attached to the surface
changes the DNA template length that can be redondeeal time. By analyzing
time traces of RNAP position on template DNA, tlyaamics of transcription can be
obtained. Assisting or resisting force can be addegending on the template
direction. Figure 1.15 shows an example traces. Jpeed distribution of RNA
polymerase is bimodal, representing pausing anubdtrébing states. Less frequent
events during transcription such as pausing anktizaking of the RNA polymerase
are also observed. Upon collecting many tracesp#use density or pause-velocity
relation can be studied [40—42].

An application of this method is to investigate th& of transcription factors
in gene regulation [43]. A more complicated assay be used to directly observe
polymerase transcribing through nucleosomes [44-A&jng with optical torque
wrench, both positional and angular information d¢sn collected simultaneously.
These experiments will potentially provide detaiiegight into the central dogma of

molecular biology.
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Figure 1.15: Representative trace of RNA polymeras@RNAP) transcribing template DNA under

3 pN assisting load. (a) RNAP position on templatas a function of time. Arrows show where
RNAP paused shortly and restarted. (b) Instantaneos velocity of RNAP. (c) Velocity
distribution fits well to the sum of two Gaussiansindicating two states with velocity 15.6 + 0.4

bp/s (transcribing) and 0.7 + 0.3 bp/s (pausing).

1.5 Improving Optical Traps

Surface drift is a source of error in the surfaesdd optical trap. For
experiments with a longer time scale of minutedhasgtranscription, it would lead to
difficulties. Although a dual trap setup is frefecontact with the surface, precluding
drift issue and leading to higher stability, a agd-based assay is simple to apply and
necessary for angular manipulation introduced enrtext chapter. While maintaining

the original optical trap setup, we develop an pefelent measurement to track the
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surface height by sending in another weak lasembsaad detect the reflection due to
surface height change.

The principle is shown in Figure 1.16. A sepamaéak laser beam is scanned
by acousto-optical modulator (AOD) from red to gre&he reflective beam goes
back to the same spot if the cover glass is notetiolf we place a position sensitive
detector in the conjugate plane of AOD, the smatt df cover glass will translate to
a scanning dot on the detector. Since the inpar lssmodulated by AOD, we can
measure the PSD signal for the certain frequeninygdsck-in amplifier.

Figure 1.17 shows an example that we move therajass by a piezo stage.
The detected height tracking signal can follow skege command. Our results show
that it can be sensitive to one nanometer of cglass drift. Therefore, the calibrated
signal can be used for feedback control on theasarheight when a real single-

molecule experiments is performing, increasingsh&tial resolution.
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Figure 1.16: Setup for height tracking beam. The smning laser enters from below and reflected

«—

AOD

by the cover glass and goes back to the same spfahie cover glass is not moved. AOD: acousto-

optical deflector. BFP: back focal plan. M.O.: micioscope objective.

—— Height Tracking Signal
2 ——— Stage Command

Height (nm)

Time {s}
Figure 1.17: A piezo stage moves the coverslip irxial direction for a step of one nanometer is

followed by the height tracking signal.
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Chapter 2: Optical Torque Wrench

2.1 Introduction

Optical tweezers and its applications have beeondoted in chapter 1. While
most experiments using optical tweezers charaetdace and displacement, torque
and angular motion play significant roles in biot@j phenomena such as DNA
replication and transcription [47], ATP synthedi8] or bacteria propulsion [49,50].
However, there have been relatively few reportsoosgue and angular measurements
of bio-molecule due to limited methods to directlyanipulate and detect such
guantity. In this thesis, effort has been put teedi@ such technique based on optical
traps.

In this chapter, we first present the principle fangular trapping. Two
different particles used for angular trapping irstthesis are squashed microspheres
and birefringent quartz cylinders. Methods for fehting large quantities of
birefringent cylinders rapidly and at low cost wginanosphere lithography (NSL)
[51,52] is developed and detailed here. The desmmsideration is described and
compared with other methods. Nanocylinders of diame-500nm and height
~800nm are shown to provide stable angular trappmg@ptical torque wrench
(OTW) for single-molecule experiments. Finally, derand torque generated using
the cylinders are calibrated, and linear and amgulanipulations of twist-stretched

DNA are demonstrated and discussed.
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2.2 Principle

The optical torque wrench [53,54] has been develdpeangular manipulation
and precise detection of torque via an opticallig@mopic particle trapped in a laser
beam. Figure 2.1(a) shows a birefringent particleose ordinary axis § and
extraordinary axis ¢) misaligned to the external electric field. As@sequence, a
restoring torque § from the cross product of induced polarizatié®) &nd external
electric field €) tends to align the extraordinary axis with théeexal electric field.
The resulting torque can be quantified by measutirg spin angular momentum
transfer of the photon, i.e. imbalance of left- arght-circular components of the
transmitted beam as shown in Figure 2.1(b).

Figure 2.2shows a typical OTW setup for single-molecule expents. Similar
to an optical trap setup using microsphere, thgetabio-molecule is now attached
with one end to the glass slide and the other end birefringent particle (not
necessarily a cylinder) trapped by a tightly focu§&aussian beam. Controlling the
position of surface and state of the input lasanballows us to simultaneously
stretch and rotate the molecule. Note the mul@piachments make the torsion added
to the molecule possible. Force and torque respansietected by monitoring the

position and polarization state of the transmittag beam.
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Figure 2.1: (a) Schematic diagram of an anisotropicparticle whose extraordinary axis
misaligned to the external electric field E). Torque is generated when induced polarizationR) is
not aligned to the electric field E). (b) Schematic diagram of the torque detection IO TW. The

torque signal is measured by detecting the imbalarcof left- and right-circular component of the
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Figure 2.2: Schematic of OTW setup using fabricatedquartz cylinders for single molecule

experiments. The target bio-molecule is rotationayl constrained. tethered to the cylinder which

is linearly and angularly manipulated by controlling both laser and surface.

2.3 Sources of Optical Anisotropy

Efforts have been emphasized to design and fabriaatoptimal particle in
OTW [55-57]. The requirement of optical anisotraqan be obtained from shape or

material.

2.3.1 Squashed Microsphere

In the case of form birefringence, anisotropic €hagnd the resulting
anisotropy of polarizability make angular trappipgssible. For instances, oblate
particles were used in previous works [58]. Wetstath this particle in our OTW

setup.
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The oblate particles are obtained by mechanicalippressing polystyrene
microspheres [58,59]. Microspheres of 970 nm diametere suspended in water
(<2% by volume) and flattened between two slidesumied in a vise with two
machined aluminium blocks. The vise is padded withber to maintain uniform
pressure. The compression is achieved by tightefongbolts holding the vise and
maintaining the pressure for 5 min at room tempeeatThe deformed particles are
collected by washing the slide and scrapping withaale. Microcentrifuging is used
to concentrate the product. A fraction of presdueated particles have aspect ratio
~3 which can be easily distinguished in a light imscope. We note that the yield and
uniformity of good squashed particles is relatedthhe suspending concentration
which needs to be optimized because higher stactingentration tends to lower the
yield but smaller starting concentration requireansn cycles of compression to
obtain enough patrticles for experiments.

These squashed particles can be stably trappegticabtraps. Furthermore,
using the optical torque wrench setup, it can bated by controlling the direction of
polarization of input laser beam, as shown in Feg2u3. Furthermore, a rotationally-
constrained DNA is attached one end to biotin-abatelate particle and the other
end to the surface, allowing us to apply rotatiteng its axis. The unwinding of
DNA after turning off the laser acts as a rotati@m@ing and can be observed by the
reverse rotation of the particle.

In chapter three, the oblate particles are usedttatying mechanical stability

of mononucleosome under tension and torsion.
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Figure 2.3: A sequence of bright field images (a-gjpr an oblate particle being rotated in the
OTW. The particle is squashed from 970 nm polystymge microsphere. Time between frames is

0.1 s. White rectangle is a fixed object for visuakeference.

2.3.2 Nanofabricated Quartz Cylinders 2

Although it is possible to perform single-molecebgperiments using squashed
microsphere, there are several difficulties. Fitisg¢ yield for compression procedure
is low. Second, the uniform coating of biotin makies searching for ideal geometry

time-consuming. The DNA molecule has to be tethédtie equatorial position for a

2 Collaboration with Edward T. Yu lab, The Univeysitf Texas at Austin.
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successful experiment, which is statistically aeraevent. Moreover, the non-
uniformity causes the difficulties to obtain conyieg results.

Birefringent quartz cylinders are devised and fadied recently for use in
OTW and have several advantages. First, the falmicgprocess makes it easy to
produce with large quantity and high uniformity.c8ed, the elongated shape makes
the symmetric axis of the cylinder aligning withetipropagation direction of the
incident light, leaving the only rotational degreefreedom to be controlled by the
external field. Finally, for the use in single-malée experiments, the cylinder can be
selectively functionalized only on the top surfagecreasing the efficiency in
searching appropriate geometry for measurement.

Previous methods for fabricating such cylindersaateieved by optical [59,60]
or electron beam lithography [61]. However, theabritation methods are either
restricted by minimum feature due to diffractiomili or extremely time-consuming,
and generally very expensivéVe develop a fabrication process using nanosphere
lithography (NSL).NSL has been previous developed and applied inrafiiction
coating, sensing, and photovoltaics [52]. We adb@tNSL technique and fabricate
guartz nanocylinders with tunable sizes.

The fabrication process and consideration for ojgtimg experimental

parameters are detailed here.
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Figure 2.4: Schematic diagram of the fabrication pocess flow and scanning electron micrograph
at each step: (a) A single crystal quartz substrates covered with 10nm Cr/100nm Si@, followed
by NSL using 2 m diameter PS nanospheres. (b) A series of dry eticly process is used to reduce
the sphere size and transfer the hexagonal latticpattern to the underlying Cr layer. (c)
Nanocylinders form by single crystal quartz by dryhg etching using Cr mask which is later
removed by wet etch process. (d) Nanocylinder buriein PMMA with only the top surface

exposed to amino-group functionlization.
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Figure 2.4 shows the key fabrication process foe thirefringent
nanocylinders. The single crystal quartz subst(fteut, University Wafer) is first
cleaned with piranha solution (mixture of 30%Q4 and 96% HSO, with a volume
ratio of 1:2, from Sigma Aldrich) for 30 minuteshd single crystal quartz (X-cut)
substrate is deposited by 90nm Cr/10nm ,SKy e-beam evaporation. A self-
assembly monolayer of 2n diameter polystyrene (PS) nanospheres is theosdep
on the SiQ surface using Langmuir-Blodgett method [51] asvaihan Figure 2.4(a).
A clean Petri dish filled with deionized water, amalean glass conduit placed £60
on the side are prepared. The diluted PS solutimrtgre of Ethanol with volume
ratio of 1:1, from Sigma Aldrich) is slowly injectento the conduit into the water-air
interface, and the resulting PS monolayer can lsemvked as a colored layer due to
diffraction. After aggregation of sufficiently laggarea, the PS monolayer can be
transferred to the Cr/SiOcoated quartz substrate. For our implementatiomhisf
process, defect-free hexagonally close packed megbnanospheres typically extend
over distances of ~10@n, separated by cracks between boundaries and a few
vacancies.

Reactive ion etching (RIE) is used to etch the PBBemses to reduce the
diameter to 1.5-Im depending on etch time. As a guide, the diamefethe
nanospheres is reduced by RIE with 200sccm 0&i@l radio frequency (RF) power
of 200W for 5-7 mins, resulting in nanospheres .&f th to 1 m. These nanospheres
then serve as an etch mask to transfer the hexbgattarn to the underlying Cr,

which acts as a hard mask with diameter ~500nm dutiie subsequent quartz
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etching process to achieve the desired high asp#otstructure as shown in Figure
2.4(b).

The quartz substrate with Cr hard mask on top uneler RIE with 20sccm of
CHF; and RF power of 100W for 60 minutes to provide +80@theight as shown in
Figure 2.4(c). The Cr mask and residual polymeulted during dry etch is removed
by a standard wet etch process (Transene chromicinarg 1020). The diameter of
the nanocylinder is typically ranged from 50nm tanldepending on the size of the
sphere and total etching time and the height obagimder is ranged from In to
2 m, depending on the thickness of Cr mask. We rfwdé the resulting torque in
OTW is proportional to the size of the nanocylinderce the signal is measured by
the total angular momentum transfer of the nanodgi. The aspect ratio of the
nanocylinder should be also large enough to agsesalignment of the long axis of
the nanocylinder with the laser beam. With thesesterations, the final size of
fabricated birefringent nanocylinders with diamet®0nm and height ~800nm are
proven to be suitable for single-molecule experime®TW.

In Figure 2.4(d)the cleansed substrate is then spin coated with RVivid
etched away the excess PMMA so that only the tofases of the nanocylinders are
exposed. For application in single-molecule expents, we selectively functionalize
only the top surface of the nanocylinder with amgroup which is necessary for
further avadin coating. The above wafer is incuthate 1% Vectabond reagent
(Vector Laboratories, Inc.) for 5 minutes and tfangd to acetone for 30 minutes to

remove PMMA. The wafer is air-dried and cylindere aollected using microtome
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blade (C.L. Sturkey, Inc.) Last, Avadin (Vector losbtories, Inc.) are coupled to
amino-functionalized cylinder using Glutaraldehyite(Polysciences, Inc.)

Individual nanocylinders are collected by manualktyaping with microtome
blade as shown in Figure 2.5he size distribution mainly due to the limit of BRI
machine is measured by SEM and shown in Figure\®®.note that the distance
between each nanocylinder and the aspect ratiucsat to avoid incomplete removal
of the nanocylinders and undesired quartz residiies. 4 inch quartz wafer is
typically used and processed, providing £b@nocylinders which is sufficient for
calibration and measurement of single-molecule ewxmmt. Compared with
conventional lithographies, NSL is a rapid, low{gdarge-area nanoscale patterning

technique with a wide range of size choices.

Figure 2.5: SEM image shows single quartz cylindersan be mechanical removed and collected

for single-molecule experiments.
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2.4 Mechanical Design

The optical torque wrench setup is modified basedaostandard optical
tweezers described in chapter 1. Figure 2.7 shbers¢hematic of setup. The major
difference is the incorporation of a half wave platounted on a motorized rotator
(NSR1, Newport Corporation) for controlling lineggolarized laser beam. A more
sophisticated setup can be used with electro-dpticadulator (EOM) for faster
control of polarization state of input beam [599r Ehe experiment considered in this
thesis, a rotating half wave plate satisfied ourppse and is simpler to apply. The
torque is measured by the angular momentum trabsfereen the nanocylinder and
the photon detected via imbalance of left- and tr@ftular component of the

outgoing beam.

Figure 2.7: Schematic diagram of optical torque wrach setup. LB: laser block. /2: half-wave
plate. PBS: polarizing beam splitter. DM: dichroicmirror. cond: condenser. PZ: piezo stage.

B.E.: beam expander. PSD: position sensitive detext PS: periscope.
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2.5 Calibration

Accurate calibration of force and torque is required perform precise
guantitative measurements for a trapped nanocylimdl®TW. For the cylinders of
size discussed here, the calibration of force asitipn follows the standard protocol
for polystyrene (PS) particle of similar dimension®ptical tweezers as described in
chapter 1.

Analogous to force calibration introduced in chagdtethe calibration of torque
and rotation can be achieved by measuring the p@pectrum of torque signal
(intensity difference in two detectors) for a tragpnanocylinder [53,59,62]. The
power spectra of torque signal can be fitted by caehtzian line shape due to
Brownian fluctuations in rotational motion [7]. BhiLorentzian characteristic is

therefore modelled as

%, ' — (2.1)
I+
with corner frequency
P (2.2)
and amplitude
* 2.3
S (2.3)

where , is the angular stiffness of the trap,is rotational drag coefficient, is the
Boltzmann constant, andis temperature in degrees Kelvin.

As shown in Figure 2.8(aye observe that the measured power spectrum for a
birefringent nanocylinder is in good agreement with fitted Lorentzian line (solid

line), showing the birefringent nanocylinder is alagly trapped; whereas the PS
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nanosphere (diameter 820 nm) is not trapped dubetdack of birefringence. The
angular sensitivity is measured by rotating poktian on a cylinder fixed to the
surface. Figure 2.8(b) shows that the torque sigmadiulates sinusoidally, where
rotating at 1.8 rad/s is the angle between thectime of electric field and the
extraordinary axis of the nanocylinder as shownFigure 2.1(a) andvy is the
maximum voltage obtained at45’.

Therefore, any measured torque signatan be converted to physical unit by

(2.4)

o
Using the fitted parametér, /0$ Hz and*, 1234/ 56\/?Hz from example

data as well a¥, =011V in Figure 2.8, we obtain,=2.1 pN.nm.s, , 274

/ 8 pN.nm/rad, and torque signal sensitiviy2” 10° pN.nm/V. We note the
experimentally determined rotational drag coeffitibere is consistent with other
experimental [62] and theoretical works [63] for npaylinders with similar
dimensions. The maximum torque which can be gea@iiat~1300 pN.nm, given the

nominal laser power ~300 mW measured before rotaitioalf-wave plate.
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Figure 2.8 (a) Measured power spectra of torque sigl for birefringent nanocylinders and PS
spheres with radius of 410nm. The solid line indides the Lorentzian fit for birefringent
nanocylinders. (b) Torque signal of a fixed birefrngent nanocylinder scanned by a rotating

polarization vector.
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2.6 Application to Twist and Stretch DNA

We further demonstrate the application of the hingent nanocylinder in
single-molecule experiment by measuring a twisted stretched DNA undergoing
structural transition. The twisted state of DNAegulatedn vivo by topoisomerases
and influences the accessibility of DNA to many amoproteins. Therefore the
mechanical properties of DNA under tension andidardiave profound implication
in many biological contexts.

Using feedback to the surface position we applystamt force on a torsionally
constrained double-stranded DNA (dsDNA) as thendr is rotated and record the
extension of the dsDNA as a function of rotatiomnguadded. The rotationally-
constrained DNA was ligated from three pieces of ADshade separately by
polymerase chain reaction (PCR). Two short pienesrporate multiple digoxigenin
(322 base pairs) and biotin (336 base pairs) labeflucleotides, which allows for
torsionally constrained binding to the sample chamlisurface and cylinder
respectively.

Figure 2.9 shows the measured and theoreticallyettemtiextension of dsDNA
recorded as a function of rotations under diffegnetching forces. Positive rotation
is defined as the direction to overwind dsDNA. Wabsitive torsion, the extension
curves remain constant at low total turns (<3). IO¥gs region, the extension of
dsDNA starts to drop abruptly and monotonicallyt@sl turns are added, indicating
the dsDNA buckles to form a plectoneme. The critanber of turns for this sharp
transition increases with the applied force dudhi® increased rigidity of dsDNA

under tension. Upon negative rotation, the extenssponses with higher force (2.5
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and 3.6pN) remain almost constant because dsDNfergréo unwind rather than
buckle, therefore no plectoneme is formed. For lowece (1pN), the dsDNA
unwinds and buckles simultaneously when the tqgiplied turn increases so that the
extension curve drops without a sharp transitiomalfy, for even lower force
(0.3pN), the symmetric extension response is erpebly phase transition model
[64,65]. The force is small enough such that unigdof helix structure is
unfavourable and only the stretched and plectonestates are allowed. These
characteristics we observed are consistent with saremnent performed using

magnetic tweezers [66,67] and OTW [68—71].

Figure 2.9: Measured rotation-extension curve for adouble-stranded DNA at different fixed

forces. Gray dashed line indicate model predictioffor low force limit.
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2.7 Summary

In this chapter, we described the quest for angoianipulation and torque
measurements in single-molecule experiments. lreldping optical torque wrench
for this purpose, we use oblate polystyrene pagiads well as developing novel
technique to fabricate quartz cylinders. Large gtias of birefringent nanocylinders
are fabricated by low-cost, rapid-patterning nahese lithography, and the use in
single-molecule manipulation of dsDNA with opticarque wrench is demonstrated.
Nanosphere lithography is superior to conventiditabgraphies with wide range of
sizes, uniformity and quantities compared with pres approaches. The
requirements in optical trapping and fabricationtade of these birefringent
nanocylinders are also discussed. The calibratidaroe and torque in optical torque
wrench, together with a measured extension curvedafble-stranded DNA is
demonstrated experimentally to confirm the compléyb of our birefrigent

nanocylinders in optical torque wrench.
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Chapter 3: Mechanical Stability of Single Nucleosom e

In this chapter, we apply the optical torque wrehztprobe the mechanical
stability of nucleosome under both tension andidorsPrior studies have exerted
linear tension to stretch single or multiple nuslemes, providing information on the
nature of the free-energy barrier for a particidaruption pathway. However, not
only force but also torque is generated by helsapelymerases, and other motor
proteins to progress through the nucleosome. Toexeit is important to examine the
influence of torsion on nucleosome stability. Harsing optical torque wrench, we
disrupt mononucleosomes under constant twist. iResgupercoiling is found to
lower the mean disruption force while negative twidses not change the disruption
behavior significantly. We further present a théioe model to explain this
phenomenon. By determining the influence of supkngoon the disruption barrier
we demonstrate that torsion is crucial towards tstdading the kinetics of

nucleosome unwrapping.

3.1 Introduction

Genomic DNA in eukaryotic cells is highly organizethe fundamental
packing unit is the nucleosome, where 147 bases mdiDNA are wrapped in 1.7
turns around a core histone octamer in a left-hdno@nner [72]. The crystal
structure of a nucleosome core particle is shownFigure 3.1. During DNA

metabolism, motor proteins such as polymerasesa@uisomerases must overcome
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the barrier imposed by the nucleosome in orderetéopm their functions. Therefore,

the dynamic nature of the nucleosome plays a alitade in gene regulation.

Figure 3.1: The crystal structure of nucleosome car particle (PDB code: 1KX5). 147 bp of DNA
(gray) is wrapped around the histone octamer, whictconsists of two copies of H2A (orange),
H2B (green), H3 (red) and H4 (blue). This figure igprepared using the software package: Visual

Molecular Dynamics (VMD) [73].

Micromanipulation tools such as optical traps analgnetic tweezers have
been applied to DNA molecules with multiple andgén nucleosomes [74-79].
Applying force on a mononucleosome results in atirstige transition where a

reversible unwrapping of 0.7 turns of DNA at lowfarce is followed by an
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irreversible release of the remaining DNA at higfoece [80,81]. The energy barrier
for the second transition was measured to be g3 Khis is unexpectedly high
compared to the estimated net adsorption energyeleet histone proteins and DNA
of 15 IgT [82]. The relatively high energy barrier measubsdthe optical trapping

experiments was later interpreted as an effecthef underlying geometry of the
nucleosome [83,84].

While most of these experiments are without tomiorconstraint,
nucleosomesn vivo are subject to both tension and torsion at the siime The
torsional state of chromosomal DNA can affect neal biological processes and it
is natural to explore torsional effect on nucleosemPrior experiments using
magnetic tweezers have addressed the torsionabnsspof a chromatin fiber and
revealed its structural plasticity [85,86]. Howevell previous optical trapping
experiments on nucleosomes allowed the DNA to eoshdng its axis freely. Here,
we carried out the first unwrapping experimentsaofingle nucleosome under
torsional constraint using an optical torque wrefE$59] and demonstrated that the
kinetic barrier is sensitive to torsional manipidas in this biologically relevant

context.

3.2 Material and Methods

3.2.1 DNA Template

The rotationally-constrained tether was ligatednfrthree pieces of DNA
made separately by polymerase chain reaction (PE&®shown in Figure 3.2, the

middle piece (1351 base pairs) contains a singl@ 60cleosome positioning
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sequence. Two short pieces randomly incorporatdiptaildigoxigenin (322 base
pairs) and biotin (336 base pairs) labeled nudiesti which allows for torsionally-
constrained binding to the sample chamber surfack cylinder respectively. For
experiments without torsion, the template DNA (193&se pairs) with one 603
nucleosome positioning sequence was synthesizednas piece by PCR with
digoxigenin and biotin labeled primers. Both kinafsSDNA were phenol extracted

before nucleosome reconstitution.

Figure 3.2: DNA template for single nucleosome unvapping experiments without torsion (a)

and with torsion (b). NPS: nucleosome positioningegjuence.

3.2.2 Nucleosome Reconstitution

Chromatin donor was purified by Studitsky abThe nucleosomes were
reconstituted on the template DNA by stepwise dialtysis [87,88]. Briefly, In order
to obtain single nucleosome on one DNA template, dptimum chromatin:DNA

weight ratio for reconstitution was determined emepily by Clal enzyme restriction

% Collaboration with Vasily Studitsky, University dfedicine and Dentistry of New Jersey.
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and gel mobility test (Figure 3.3). The reconsétutproducts were diluted right

before injecting into sample chamber.

Figure 3.3: Determining optimal chromatin/DNA weigh ratio for nucleosome reconstitution. L:

1kb plus DNA ladder.

All experiments were performed at 22 °C with fibalffer conditions: 50 mM
sodium phosphate buffer pH 7.0, 50 mM NaCl, 2mM Ng0.02% Tween-20, and

oxygen scavenger solution to protect the DNA frtwn laser damage.
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3.3 Experimental Results

3.3.1 Nucleosome Unwrapping Without Torsion

We first disrupted nucleosome without torsional stoaint as setup shown in
Figure 3.4(b), i.e. no supercoiling can be built e DNA. The typical force-
extension curve is shown in Figure 3.4(b). Nucleesoundergoes two-stage
transition when subject to end-to-end force: théeoW.7 turns of DNA opens
reversibly at lower force while the inner full tuof DNA unwraps irreversibly at
higher force, as reported in the previous litemat{80,81,89,90]. We measured the
inner turn disrupting at 22.3£0.3 pN at force lompirate ~23 pN/s. This is
comparable to chromatin fiber (multiple nucleosomeaulling experiments
[80,91,92], but slightly higher than other monomedome results [81,90], which
may be attributed to various force increasing ratieistone octamer sources,

positioning sequences, and buffer conditions uselda experiments.

Figure 3.4: (a) Setup for disruption experiment wihout torsional constraint. (b) Typical force-

extension curve.
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3.3.2 Nucleosome Unwrapping With Torsion

We next conducted nucleosome experiments with iootally-constrained
DNA and optical torque wrench. Each molecule wasally stretched with no
applied twist to determine if a single nucleosomaswpresent. Then we applied
positive and negative twists at constant lineacdaof 3 pN to verify that the tether
was properly rotationally constrained (Figure 3.0fce a validated tether was
confirmed, it was given a prescribed twist withdinear tension and then stretched
with increasing force while constraining this fixedst. Each molecule was stretched
repeatedly at negative, zero, and positive twisthwbh seconds relaxation time
between each scan. Supercoiling densjtgefined as twist turns * 3.52 nm / contour
length of DNA, was used as a normalized quantitgt thpecify the amount of

torsional constraint added.

Figure 3.5: Verification of a properly rotational constrained DNA is achieved by measuring the

rotation-extension curve at constant force 3pN.
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Figure 3.6: Effect of torsion on nucleosome disrupbn. (a) Experimental setup for nucleosome
disruption with torsion. (b) Representative scans wh different torsional constraint. Disruption

events are identified by discontinuity on the forceextension curve as arrows indicate. Disruption
force is lower with positive twist (red) but unchamed under negative twist (blue), comparing to

no twist (green). (c) Disruption force (mean £ s.d.m.) as a function of twist turns added.
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Figure 3.6(b) shows the resulting force-extensiorves at negative, zero, and
positive twist. We focused on the inner turn tréaasi which is indicated by the
arrows on each curve. With no twist (green curg®ruption of the nucleosome
occurred at force 252 pN, identical with experimsewithout torsional constraint.
With large enough positive twist  +0.15) disruption force was significantly lower
to 14+2 pN or unidentified. Negative supercoiliopg~ -0.15) resulted in a mean
disruption force which was indistinguishable froro Bupercoiling. Figure 3.6(c)

shows the mean disruption force as a function afttadded.

3.4 Theoretical Modeling

To further quantify the effect of torsional congttaon nucleosome stability,
we developed a model of the energy landscape ®rstistemEsys containing the
contribution from nucleosomig,,cand the flanking DNAE;. It is a function of DNA
desorption angle ( = 0 for one full turn of wrapped DNA and= when the DNA
is fully unwrapped), histone tilt angle ( = 0~ ), and experimental controllable
parameter force F, and supercoiling density

9.. ,<= ,> O, ,<t ¢ ,> (3.1)
The total energy of the nucleosome part are tdeateDNA adsorbed on a
spool surface along a predefined helical path [83tan be decomposed into three
terms:

9?@/ 9ADEF 9GHDE 9:IJBB ( 3.2 )

where9aper, 9cnpe: @and9.;gg describe the competition of the adsorption and the

applied force, the geometrical energy stems froengdin or loss of potential energy
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by spool opening and rotation, and the stiffnesthefdesorbed DNA, respectively.

Specifically,
9aDEF - K Lun: O
V
9%HDE ,<* K FQR<ST " #0O ST<\
(3.3)
9 <: 3XY z o[ -\ K R<OR v ST<A
BB <" &Q Q ™ _

K is the radius andH is the pitch height for the helical path of the ANround

nucleosomel.: is the adsorption energy density for the DNA-mstanteractionB

is the DNA bending stiffness at room temperaturel e K bc—z This model

agrees nucleosome stretching experiments withasitottal constraint and explained
some of the discrepancy between data from biochgnmassays and single-molecule
experiments.

The energy for flanking DNA employed a phenomegmal model
accounting DNA phase transition under force andjuer[64,65,68]. Under the
combination of torsion and tension, one or morehef following DNA states are
assumed to be coexisted: L-DNA (favored when stioigdo large negative twist),
B-DNA, and supercoiled state (sc-DNA, favored wiseibjecting to large positive

twist). The energy of the flanking DNA can be exgaed as

9% ,> de f. ,> (3.4)

wherelL is the length of DNAS ;is the free energy density for each state, and
the fraction of each statd. £ B, L, or sc stands for B-DNA, L-DNA or supercoiled

state) For each state, the energy der@itgan be approximated as
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f. > qOh; —i;" >0> (3.5)
whereg;$s the energy offset, ar ;$s the relaxed degree of supercoiling for the

stateh; andij' are stretching energy and torsional coefficiests &nction of

force which can be derived from polymer theory:

h; juk O[ — I
J J

. (3.6)
nJ[

;! Nk Ol

m

where* ; is the persistence length;lis the torsional modulug,; is the stretch
modulus ang ;is the contour length ratio to that of B-DNA foaah state. ,

# 027pq is the contour-length rate of rotation of the xeld double helix.

59



parameter value parameter value

Table 3.1: Parameter values used for modeling nuebsome unwrapping energy landscape.

* The step function accounts the DNA-DNA repulsidntlee two adjacent helical gyres which acts
only for more than one turn present.
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Figure 3.7: Energy landscape for nucleosome disrujain. Both 3d surface (top) and contour plots
(bottom) are shown for modeled energy landscape fdhe system under force 10pN and twist (a)
0 and (b) +10 turns. The inner turn transition whenmechanically disrupting a nucleosome is
equivalent to a Brownian particle diffusing from state ii to iv on this force- and twist-dependent
energy surface. The transition barrier height (enegy difference in state iii and state ii) is lowered

due to the effect of twist.
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For a given set of force and twist, we now haveegpression for the total
energy of the system as a function odnd . Figure 3.7 plots an example, the total
energy is sensitive to the twist applied undergame tension. The parameter values
used are listed in Table 3.1: Parameter valued t®emodeling nucleosome . Our
stretching experiment is equivalent to a Browniartiple diffusing on this force- and
twist-dependent two dimensional energy surface.défene the barrier height for the
second unwrapping transition as the energy diffe¥dmetween the initial state (state
il on Figure 3.7(a), local minimum near, () = (0,0)) and the saddle point connecting
initial and final state (state iii on Figure 3.7 (cal minimum near ( ) =(, )).

We now consider how twist affects the energy batreaght. Figure 3.8 plots
effective barrier height as (a) a function of forageder different twist and (b) a
function of twist under various constant forcesté\itat under constant force, barrier
height is lowered at large positive twist while @mconstant for negative twist. This

is consistent with our experimental results.

62



Figure 3.8: Modeled energy barrier height is sensite to torsion. The prediction of the effective
barrier height as a function of (a) force and (b) wist. The barrier height is lowered when
subjecting to positive twist while remaining constat for negative twist, consistent with

experimental observation.
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3.5 Discussion and Conclusion

Our result provided another view to the long stagdiquestions that
nucleosome poses a huge barrier that seems imfgodsib a motor protein to
overcome, while it must be accessible to be prezkss the cell. Kulic and
Schiessel's model provided an explanation thats#wond turn of DNA is much
weakly bound to the histone due to the electras@aNA-DNA repulsion [83,84]. As
long as the first turn of DNA is desorbed and absdrin a consistent manner, there
is no extra energy for the protein to progress.rdioee, the DNA deep inside the
nucleosomes can be accessed easily despite theeha&lgy barrier. On the other
hand, our work suggests that the barrier heightsomeal by previous pulling
experiments without torsional constraint may ngiresent the biologically relevant
situation.

The fact that torsional constraint effectively lowehe nucleosomal barrier
height can be put into cellular context. Duringnseription elongation, positive
(negative) supercoiling is generated downstreanst(eam) of an RNA polymerase
[93]. Recentin vivo studies have also shown the importance of trgoiswn-
dependent dynamic supercoiling to gene regulat8sir-96]. According to our data,
we propose a scheme that the twist generated biph¥ motor protein itself can
destabilize the nucleosome and facilitate the sylesgt DNA transaction. Moreover,
the speed for propagation of positive torsionaésstrmay be one of the factors that
regulate the transcription.

In our present analysis, one must bear in mindtt@anucleosome is assumed

not undergoing structural transitions. However,oomatin statein vivo is highly
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dynamic in both its extent of DNA wrapping or thengposition and stoichiometry of

core particle [97]. Recent magnetic tweezers erpamt proposed that under large
positive torsional stress a canonical left-handedleaosome can make a chiral
transition to a metastable righ-handed form (termeackrsome) [86]. This indicates

that molecule we stretch under positive superapitimy be reversome. In any case,
this does not change our conclusion that positmsidn destabilizes canonical

nucleosomes.

We also note that for the data with torsion onlgsi molecules that can be
stretch repeatedly with at least a cycle of zeegative and positive supercoiling are
presented, which represents less than 20%. Mostaulals exhibited no disruption
for the stretch following ones with positive twistdicating complete or partial
histone loss. Additionally, with positive superaog, some disruption broke into
several steps (right most curve in Fig). We ass$edizese observations to hexasome
or tetrasome formation during polll transcriptieported in previous literature [98—
100], and proposed that the various torsional statddNA is one of the physical
mechanism for H2A/H2B dimer loss which is one ot tkey factor for gene
regulation.

In this chapter, we conducted nucleosome unwrappmRrgeriments, with
torsional constraints for the first time, and destoated that the disruption force is
significantly lowered if large enough torsion wasnstrained, while negative
supercoiling does not alter the disruption forcen Analytical model was also
developed and found to be consistent with our empeital data. Our result

demonstrates that torque is a crucial parametearitisvunderstanding the mechanical
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stability of the nucleosome, which has regulatonplications. Our work naturally
leads to other single-molecule experiments to arpllbe torsional effect on histone-
DNA interactions with histone tails, histone vat@n and other chemical

modifications.
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Chapter 4:Effect of handle length and microsphere
size on transition kinetics in single-molecule
experiments °

When subject to constant tension, a DNA or RNAgiaimwill typically make
abrupt transitions between the open and closed. sAdthough the transition kinetics
are an intrinsic property of the molecule, the ¢iaon rates measured in single-
molecule experiments can be influenced by the gardition of the measurement
system. In this chapter, we investigate the tramsiinetics for a DNA hairpin held
under constant force by an optical trap as a fonabf microsphere size and double-
stranded DNA handle length. We find the appareandition lifetime cannot be
expressed as a function of the drag coefficienthef microsphere alone or as a
function of time scales relevant to the opticaptrahe apparent transition lifetime is
found to be a linear function of the factQk - nhandgle Where ¢ is the effective drag
coefficient of the microsphere near the surface aggeis the stiffness of the DNA
tether. The results provide insight into the pdration to the hairpin transition
kinetics due to experimental configuration and guawk for designing single-

molecule experiments which determine the intrimsatecular kinetics.

4.1 Introduction
Single-molecule techniques such as optical trapasgnetic tweezers, and
atomic force spectroscopy, are powerful tools faplering the kinetics of bio-

molecules. Force is generally applied to a single@lecule construct via linked

® This chapter is partially adapted from [101].
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‘handles’ — usually double stranded DNA or DNA-RNw#brid — which connect the
two ends of the construct to a force transducehe molecular construct may be
tethered between a surface and a trapped micrasphenagnetic particle, or may be
tethered between two particles. In our study a DiNdepin is tethered between a
surface and a trapped microsphere (Figure 4.1jhdnabsence of applied force, the
folded conformation of the molecule typically haswer free energy and is
thermodynamically favored. Applied force biases tbaquilibrium towards the
unfolded conformation (Figure 4.2(a)), and traosisi between the folded and

unfolded conformation can be detected by trackiggmicrosphere.

Figure 4.1: Experimental setup. The molecule is sétched in the axial direction of laser beam.

Aside from modifying the relative stability of th#slded and unfolded

conformations, the attachments to the molecule leare a complex effect on the
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transition kinetics. Transitions between differezdnformations are driven by
thermal fluctuations and the fact that handles Hmen attached to the molecule may
hamper its intrinsic conformational dynamics. Theesence of the trapped
microsphere can also subject the molecule to aohditi drag and fluctuations.
Experimental factors such as force field stiffnefssce mode (passive or force-
clamped), feedback bandwidth, handle lengths, asxbus drag on the microsphere
can therefore affect the rate at which the moleculebserved to fluctuate between
conformations, making extraction of the intrinsinétics of the molecule difficult
[102-105].

Among these factors, handle length is of particulégrest because it can be
varied over two orders of magnitude. The best Immn stability has been obtained
from a geometry in which the molecule is tetheretileen two microspheres held in
separate optical traps, which requires a totaletetbngth of several thousand base
pairs [102]. In contrast, Forns et al. demonstiateat the signal/noise ratio for
extension measurement is improved by the use gfstert handles (totaling 58 base
pairs) [105], which is consistent with theoretieald experimental results indicating
that the energy landscape is measured with higtsalution when shorter handles are
used [17,106].

Previous theoretical and experimental results skawat the transition rate of
a hairpin can be influenced by handle length [10&}1In the limit that there is a
clear separation of time scales between the dyrsaaofithe hairpin and those of the
microsphere, Hyeon et al. found that the theorktreasition rates for a hairpin are

reduced by the presence of the handles and theeshandles minimize this effect
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Figure 4.2: Concept and analysis for coexistencddiime. (a) Energy landscape for a typical two-
state folder. (b) Definition of coexistence lifetim. (c) Representative trace of data for total hanel
length 1224 bp. (d) Zoom-in plot of boxed region irfc). (e) Fitting overall dwell time distribution
to an exponential function gives coexistence lifetie for a single molecule. (f) A Gaussian fit to

the lifetime distribution for all molecules with total handle length 1224 bp.
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[106]. However, an experimental study in a difféargegime of experimental
parameters found a faster transition rate for lorfgendles than for shorter ones
[105].

Here we report an extended experimental study irclwive characterize the
extent to which the single-molecule measurementesysperturbs the transition
kinetics of a DNA hairpin. In this study we vahethandle length and microsphere
radiusR, while keeping other properties of the measuremgstem, such as the force
clamp feedback loop, the intrinsic stiffness of thatical trap, the surface-based
experimental configuration and the solution tempeea and viscosity, constant.
Since the transition kinetics are not knospriori it is not possible to determine the
absolute amount by which the measurement systetarpsrthe transition kinetics.
However, it is possible to determine how the péedrtransition kinetics depend on
L andR. As we will describe below, we find that the argrd transition lifetime is
determined by the product of the effective dragfoment of the microsphere and the
coupling strength between the molecule and theaspdrere. The apparent transition
lifetime approaches an asymptotic value as theaspirere drag vanishes, or as the

coupling becomes weak.

4.2 Materials and methods

4.2.1 Sample preparation

DNA hairpins (sequence gagtcaacgtctggatcctgtitimmgggacgttgactc) were
prepared as described in our previous work [17pkt¢hat double-stranded DNA
handles were produced with lengths of 1030, 347,284 base pairs on the

microsphere side (biotin-labeled) and 2686, 14@&3, 394, or 100 base pairs on the

71



surface side (digoxigenin-labeled). The ligateddpicis were chosen to contain total
handle length of 428, 803, 916, 1130, 1224, 1562911636, 2432, or 3716 base
pairs. Two different microspheres (Bangs Laborawrinc., Fishers, IN) with radii
255 nm and 410 nm were used.

Experiments were conducted with 50 mM sodium phaspbuffer pH 7.0, 50
mM NaCl, 10 mM EDTA, 0.02% Tween 20, and oxygenvecaing solution for
protection from optical damage (721 mg/ml glucoselase (Sigma, St. Louis, MO),

144 mg/ml catalase (Sigma), and 3.9 mg/ml glucfi<®j].

4.2.2 Optical trapping method and data analysis

Since the model hairpin is essentially a two-statieler with first-order

kinetics, at a given forck, the probability that the molecule will dwell ihe folded (

P (t,F)) or unfolded (,(t,F ) conformation for timet follows an exponential

relation,

Pf(t,F):exp% , Pu(t,F):exp% , (4.1)

wheret, (F) and¢,(F ) are the mean lifetimes of the folded and unfoldisdes. In

addition, ¢, (F) and¢ ,(F ) depend exponentially on the foreg29,30],

X R =, 0 exp PR

B B

1 (F)=t; O)exp (4.2)

wheret, (0) andz, (O)are the intrinsic lifetimes at zero forc¥, and X, are the

distances from the folded or unfolded state totthasition state along the reaction

coordinate (end to end extension of the hairpirthis case)kg is the Boltzmann
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constant, and is the temperature. IF,,, is the force such that the hairpin has equal

probability of occupying the folded or unfolded émmation, then we can define the

coexistence lifetime ag,,,° ¢, (F,,) =t,(F,, JFigure 4.2(b)) [108]. The trap
intensity is controlled by an acousto-optic modulgtAOM) and the value oF,,,

was determined by adjusting the trap intensitytitaim equal probabilities of being in

the folded and unfolded conformation. Constant doet F,,, (force clamp) was

implemented using feedback to the trap intensitpwSeedback on the piezo-stage
position compensated for surface drift by requirihgt the probability of occupying

either state is between 40 — 60 % in a 10-15 s wwneow. The average trap power
was constant during measurements. The nominahesi$f of the optical trap without
the force clamp would be 0.05 pN/nm. Other det@iilthe optical trapping apparatus
and calibration have been described elsewhere [17].

Data were taken at 20 kHz or 10 kHz for ~150 s pedecule (>500
transitions) and boxcar filtered to 1 kHz for arsidy A representative trace of the
data is shown in Figure 4.2(c) and (d). The haitptal opening size is determined by
the distance between the two peaks of double GausBi to the extension
distribution. A transition is identified when thaitpin extension crosses the half-way
point (=9 nm). The filtering of the data ensurestthaise in the extension
measurement does not result in detection of spsiti@nsitions. The dwell time is the
time difference between an opening and closingsttimm, or vice versa. For each
molecule, 1, was determined by fitting the combined dwell tidistribution to Eq.
4.1 (Figure 4.2(e)). For each set of handle lengbs100 molecules were measured

in 1-4 sample chambers. For each sample champgwas determined as the mean
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of the Gaussian fit to the distribution @f, (Figure 4.2(f)). In cases where all
molecules were collected on a sample chamber, dbeltrof this Gaussian fit is
reported. In cases where more than one samplebsranas used, the average of the
Gaussian fits is reported. Total uncertainty idelsi contributions from the statistical
uncertainty of the Gaussian fits and systematidbiion error, estimated to be
~10%. Below, we consider the dependencé;pfon handle length and microsphere

radius.

4.3 Result and discussions

4.3.1 Coexistence lifetime is correlated with the t otal handle
length

First we consider how the total handle length iefices the measured
coexistence lifetime. The red circles in Fig. 4)3how that 1/, decreases 3-fold for
the 410 nm radius microsphere, as the total hdedigth was increased 4-fold. The
black squares in Fig. 4.3(a) show that decreases 2-fold for the 255 nm radius
microsphere, as the total handle length was inece@dold. For a given microsphere
radius, the coexistence lifetime depends on thal tedndle length, The trend that
measured coexistence lifetimes get longer as harmdéemade shorter is qualitatively
consistent with recently reported results [105]Jur @sults also demonstrate that the
measured coexistence lifetime approaches an astimpttue which is independent
of the microsphere radius in the limit of very lohgndles. However, for short

handles, the lifetime depends on the microsphers as we discuss below.
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The DNA hairpin used in this study is identicathat used by Woodsidst al
[15]. The value oty we measured using 1,636 base pairs handles (52n&) 5s
consistent with their result (55 = 17 ms) despite tdifferent experimental
configuration employed by Woodside et al. (doubdesin trap with intrinsic force
clamp and somewhat different buffer conditions).hisTis consistent with the
assumption that in the limit of long handles, theasured kinetics is not sensitive to

drag on the microspheres and trap stiffness.

H1 H2 Total L handle ty off [1/2 R N
(bp) | (bp) | (bp) | (nm) | (pN/nm) | ('s) | (6 nm) | (pg) | (NM)

194 234 428 140 2.88 10.56 1640 162+ 16 410 52
569 234 803 263 1.53 13.07 1100 104 £ 11 410 112
569 347 916 300 1.34 13.75 1020 91+9 410 112
100 1030 1130 369 1.09 15.02 908 60+6 410 88
194 1030 1224 400 1.01 15.54 872 59+6 410 98
1402 100 1502 491 0.820 17.12 789 55+ 6 410 73
569 1030 1599 523 0.770 17.64 767 52+5 410 68
1402 234 1636 535 0.753 17.84 759 52+5 410 62
194 234 428 140 2.88 4.75 738 92+9 255 35
569 234 803 263 1.53 6.25 524 667 255 36
194 1030 1224 400 1.01 7.77 435 53+5 255 25
569 1030 1599 523 0.770 9.06 394 45+ 5 255 25
1402 1030 2432 795 0.506 11.76 347 45+5 255 23
2686 1030 3716 1220 0.331 15.60 315 40+ 4 255 22

Table 4.1: List of data for all handle lengths andmicrosphere sizes. H1: length of handle
connected to the surface. bp: base pairs. H2: lertytof handle connected to the microsphere.

Total: total handle length. L: extension of handleat 13.2 pN.#, : microsphere relaxation time.
ofr. effective drag coefficient/,,: coexistence lifetime. R: microsphere radius. N: mmber of

molecules.
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Figure 4.3: Coexistence lifetimef,, of hairpins for various combinations of microsphee radius
and handle length. (a)t1; as a function of handle length for two microsphereadii. (b) #,,, as a
function of effective drag coefficient. (c)#1, as a function of microsphere relaxation timet
including the effect of the handles. (d¥i, as a function of the relaxation time accounting fo

DNA tether only.

4.3.2 Coexistence lifetime is correlated with the m  icrosphere size

Now we consider how the kinetics depends on therasphere radius.
Comparing the data for 410 nm and 255 nm microgghier Fig. 4.3(a), for the same
handle length, the coexistence lifetime obtainadtlie large microsphere is longer,

but the difference becomes negligible as the hadedigth increases. The fact that the
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lifetime is longer for the larger microsphere swgjgethat drag on the microsphere
impedes the transition kinetics, and the loss nésity to the microsphere size with
long handles can be attributed to the fact thasttiness of the linkage between the
microsphere and hairpin decreases with the haedigth. It is apparent that neither
the handle length nor the microsphere size isgalfitsufficient to determine how
much the coexistence lifetime is perturbed by tleasarement system, but that the

observed lifetime depends on both quantities.

4.3.3 Relationship of coexistence lifetime with pro  perties of the
optical trapping assay

We first consider whether the perturbation to tfegime is dominated by one
of the physical parameters of the measurement myst®ne possibility suggested
above is that the drag on the microsphere impedeshairpin folding dynamics,
reducing the transition rate. For a sphere in rmite fluid volume the drag
coefficient is given by the Stokes latv= 6p/ R, where/1 is the viscosity an® is the
radius. However, when the microsphere approadmessurface the effective drag
coefficient increases, and this could explain @t that the coexistence lifetime gets
longer as the handle length is reduced. The éffedrag coefficient for a sphere
near a planar surface isg= 6p/IRg whereg is the surface correction factor, which is
given as a function of the heightof the microsphere center relative to the surface
Schéfferet al [109],

11 -1

7 h 1

4+ -

h h
R 200 R 25 R

-12
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The heighth is related to the length of the tether by R=L/R+ 1. For large./R,
the correction factor approaches 1 andl/&sapproaches zem» R/L. In Fig. 4.3(b)
we plot the coexistence lifetintg,, as a function of the effective drag coefficient,
where the nominal tether lengthis determined by applying the worm-like chain
model to the handles, witl, = 13.2 pN [15]. It is clear that the two microspé
diameters produces a distinct curvestgi vs e. This means that configurations
with the same value of.z produce different values ofi,, depending on the
microsphere radius. The perturbation to the coence lifetime is not determined by
eff.

The drag on the DNA handles themselves may alsa faetor that affects
transition kinetics of the hairpin. In the highrde regime the handles may be
modeled as rigid rods, allowing the drag coeffitieanqeto be approximated as that
of a cylinder in a steady axial flow at low Reym®ldumber. This giveSmange= 40AL
/ (In(L/d) + 2 In(2) — 0.5) [110], where d ~ 2 nm is the efiee diameter of double-
stranded DNA. This predicts a drag coefficient viahilecreases with and which is 3
to 90 times smaller than that the drag coefficieftthe microsphere in our
experimental configurations. Drag on the handlesexsluded as the dominant
perturbation of the transition kinetics by the dnwalue of the DNA drag coefficient
relative to the microsphere and by the fact that dbserved hairpin dynamics get
faster (not slower) dsincreases.

Another hypothesis is that the coexistence lifetis)affected by a timescale
associated with the optical trapping assay. Faillsdisplacement of the microsphere

from its equilibrium position the microsphere wile subject to a linear restoring
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force characterized by a stiffnegsand will return to the equilibrium position with
relaxation timef; = ¢q/a. If we takea to be the stiffness of the optical trap, the time
scale we obtain is the free microsphere relaxdime #. Since the trap stiffness is
the same for all data rung,is proportional to ¢ Therefore Fig. 4.3(b) also shows
that the perturbation tt, by the measurement system is not determinef. bif we
assume that the feedback loop stabilizing the fanethe microsphere is slow
compared with the dynamics of the hairpin, the vate relaxation time, for the
tethered microsphere would be one whens taken to be the combined stiffness of
the trap and of the DNA handles (where the deperelehthe stiffness on the handle
length is taken into account) [111]. As plotted Rig. 4.3(c), it is clear that the
effective t1, cannot be expressed as a functiopoff the force feedback is assumed
to be fast compared with the hairpin dynamics thecave trap stiffness would be
zero, and the relevant time scdlga would be one where the stiffness is given by
the DNA tether alone. As shown in Fig 4.3(d), #fifective 71/, cannot be expressed

as a function of this time scale either.

4.3.4 Coexistence lifetime is determined by the com  bination of
microsphere drag and tether stiffness

In the section above, we concluded that the peatioh to the transition
kinetics by the optical trap could not be explaimederms of the microsphere drag
coefficient or in terms of one of the charactecidtme scales of the measurement
system. However, the fact that the transition miserved for a given tether length

slowed when the microsphere size was increasecestgythat the drag on the bead is
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important. The fact that the observed transitiate mpproached an asymptotic value
as the handle lengthwas increased suggests that long handles caneighkahairpin
from the influence of the microsphere. In viewtbése observations, we plot the
coexistence time as a function of the product fdative microsphere drag coefficient
et and the handle stiffnessangie at the coexistence force. Hergnge iS meant to
parameterize how strongly the hairpin ‘feels’ thaglof the microsphere. Modeling
the DNA handle as an elastic rod, the stiffnesa given force is given bpoE/L,
whereAqE is the product of the effective cross-sectionahaand Young's modulus,

SO that X handgle IS given by RgL)(6phAE). Neglecting constant coefficients, the

product X handielS proportional to the dimensionless fadRyyL.

Figure 4.4: Coexistence lifetimet,, is linear to the dimensionless factor Rg/L and th@roduct of

effective drag coefficient for the microsphere andtiffness of DNA handle.
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As shown in Fig. 4.4, the measured valueg;pfcollapse onto a single curve
when plotted as a function ofxx nangle  This indicates that the dimensionless number
RdJL determines the extent to which the coexistencsinife is perturbed by the
measurement system (when other parameters of tlasurmeament system are held
fixed). The least-squares linear fit to the data 5
t1,=(37.7 £ 2.1) ms +RgL)(11.1 + 1.0) ms. Extrapolating tBg/L=0 gives an
asymptotic hairpin coexistence timef@h = 38 + 2 ms.

Previous results indicated that while long hand&sslt in the most accurate
measurement of the intrinsic transition rate ofi@rholecule [103], short handles
provide higher resolution for reconstructing enerdégndscapes [106]. Our
experiments indicate that when measuring the tianskinetics, the radius of the
microsphere sets the effective scale for the haladigth, and that the more reliable
measurement of the transition rate is obtained wh»erR. Smaller microspheres as
well as longer handles can be used to reduce théciat influence of the
measurement system on the transition kinetics. s Timit appears to represent a
minimum perturbation to the hairpin transition Kine by the measurement system.
However, even in this limit we must allow for thessibility that other effects, such
as drag due to the handles themselves, are catigengbserved transition rate to

deviate from the intrinsic rate.

4.4 Conclusion

We have measured the transition lifetime for a staie hairpin using a range

of handle lengths and two sizes of microspheree dlserved transition rate did not
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exhibit a simple functional dependence on the tetlbagth, the effective drag
coefficient of the microsphere, or on the charastier time scales of the optical
trapping assay. The perturbation to the intrinsamsition rate is a function of the
dimensionless parametRg/L. This result is consistent with the assumptiat thrag
associated with the microsphere is the dominartbfac slowing down the transition
kinetics. The perturbation to the intrinsic trdiogi rate increases with increasiRg
(which increases the drag coefficient on the mighese) and decreases with
increasingL (which weakens the coupling between the microsphed the hairpin).
However, we are not aware of an argument from firstciples which would explain
the functional dependence &gL. We believe that further theoretical work may

elucidate the details of these mechanisms.
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Chapter 5: Conclusion and Perspective

In this thesis, we develop methods for force anque measurement and apply
them to various single-molecule experiments. Usopgical traps, we study the
unfolding pathways of CCR5 mRNA, DNA mismatch enerBNA G-quadruplex
disruption, and transcription dynamics of RNA pogmase. On the other hand, we
construct optical torque wrench and fabricate bmgent quartz cylinder to achieve
simultaneous force and torque control and measureridis is applied to measure
mechanical properties of twisted and stretched DNArthermore, we study
nucleosome unwrapping under tension and torsionfemdthat torsional effect is
crucial towards understanding the biological preess

Recently there are more researches intending tidelie the role torsion plays in
biological system. A natural extension of this theis to study transcription of
polymerase through nucleosome under torsion, whighy give us insight of
underlying mechanism. We expect the methodologgldg@ed in this thesis can serve

as basis for future study and lead to more frurdslults.
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Appendix A: G-quadruplex Disruption With DFS
A.1 Experimental Details

Double-stranded DNA handles were generated by P@Rdigoxigenin and
biotin labeled primers and digested with Btgl otXBsenzymes to produce 4-base
sticky ends. Data was taken using two differentdi@arconfigurations with total
lengths 3716 or 2432 base pairs. A control hairgtimdied previously [17] was
synthesized with sequenceagtcaacgtctggatcctgttttcaggatccagacgttgactdhe
guadruplex was synthesized with seque(a&aggggtgtggganca identical to that
used in previously reported results [27]. The qupbtix and control hairpin were
ligated between the handles and gel purified. Suréace of the sample chamber was
coated with blotting buffer to prevent interactiondth the surface. Final buffer
conditions were 100 mM KCI, 2 mM EDTA, 10 mM Trisffer (pH 8.0), 0.02%
Tween 20, and oxygen-scavenging solution (784ml glucose oxidase, 1449/mi
catalase, and 3.9 mg/ml glucose) which increasedifittime of the samples under
exposure to the trapping beam. Data was collembeal single-beam optical trap at 10
kHz using an 8-pole 5 kHz Bessel filter

To provide a reliable force loading rate, feedb&wkhe stage position was
used to maintain the bead at a fixed position ikedab the optical trap as the optical
power was increased at a constant rate using amst@eoptic modulator. For each
individual scan the initial force, the maximum agsible force, and the force of the
observed disruption, if any, were recorded.

Each sample was scanned repeatedly until the tdtluke or the sample

stopped showing any further disruptions. Betwemms the sample was brought to a
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relaxed state at zero force for 5 seconds to atfevquadruplex time to refold. In
order to ensure that the disruptions in our staissample came from quadruplexes
that had formed under identical circumstances, iseadded the first disruption from
each molecule.

In order to verify the force and displacement aaliion of our measurements
and confirm slide-to-slide consistency, each sangpi@mber was prepared so that
roughly half of the tethers had the G4-quadrupletetule and the remainder had the
control hairpin. The type of molecule linked toyagiven tether is easily determined
from the nature of the disruptions observed. Mesments of the control hairpin
yielded opening size 17.5 nm with standard dewali&y nm, and disruption force of
approximately 13 pN, in agreement with previoustparted values [15]. Typical

scans of the control hairpin and quadruplex areveha Figure A.1.
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Figure A.1: Raw data scans at 24 pN/s for quadruple(red) and control hairpin (blue) overlaid
on a worm-like chain model with persistence lengtdl nm, stretch modulus 1277 pN, and
contour length per base of 0.338 nm. Each scan waseceded by a relaxation period at zero

force for 5 s.

We expect the 25-mer G4-quadruplex to release alkdutbases after
accounting for the width of the quadruplex struetur Opening distances were
converted to the number of single-stranded baseg asworm-like chain model [13]
for the single-stranded DNA with persistence lenpb nm, contour length of 0.625
nm/base, and neglecting enthalpic contributios&e measured an opening size of
20.3 bases, standard deviation 2.5 bases, shoWwigume A.2. To assure that each
tether analyzed had a single-molecule attachmenexetided tethers that failed to
produce the expected low-force stretch curve arekhibited asymmetry for andy

stretching. To exclude improperly folded moleculesn the sample we excluded
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disruptions for which the number of bases released more than 2 standard
deviations from the mean value or for which muétigisruptions were observed on a

single scan.

Figure A.2: Opening distance for the G4-quadruplexwith mean 20.3 single-stranded bases
released and standard deviation 2.5 bases. The datvas filtered two standard deviations from

the mean (green boundaries).
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A.2 DFS Fitting Details

The Dudko models are preferred in principle, sitioey correctly take into
account the dependence of the transition statéi@osin force and avoid some of the
inconsistencies which have been encountered imppécation of the Evans model,
including underestimation ofl and overestimation dt [32,34]. In addition, the
Bayesian information criterion, that likelihood st increase by IlN)/2 for each
additional fitting parameter, is satisfied for thadko models, which includé&; and
G; as fitting parameters [112].

Fitting the distributions of disruption force in td#, rather than simply
analyzing the most likely or mean disruption foasea function of loading rate, gives
a more exhaustive comparison of data with theond allows the overlapping
distributions associated with the parallel and -patiallel conformations to be

identified.
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A.3 Further Discussions

The Dudko models indicate that the height of theergy barrier is
approximately 1&sT. An applied force will tilt the energy landscapeding a term
- Fx to the effective energy as a function of the opgniistancex, and disruption
typically occurs when the force cancels the slopahe native landscape. The
guadruplex has a high disruption force becausé@fshort distance and steep slope
to the principal barrier, despite its modest heighbwever, DFS measurements will
not be sensitive to one or more secondary barbey@ndd with a more shallow
energy slope [113].

The DFS measurements provide an interesting caninéis previous results
by Yu et al., in which the energy of the fully uldfed state of G-quadruplex was
measured with respect to the folded state. Inreidullwe present a model of the
energy landscape of the antisymmetric conformatitich consists of the primary
barrier determined by our DFS analysis followed éynore shallow slope which
connects the primary barrier to the energy of thly unfolded state, as measured by
Yu et al. The combination of the two measuremeefines the broad properties of
the energy landscape for disruption: a sharp risenergy for initial disruption of the
structure (2.5 kcal/mol for each base releasedpwed by a more gradual increase
of energy as the remaining portion of the strucisreisrupted (an average of 0.9
kcal/mole for each additional base released). itigely similar results are
obtained for the parallel conformation. This lacajse implies a highly cooperative
unfolding process, where a disproportionate portwdrthe binding energy comes

from the initial stages of disruption.
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Full knowledge of the configuration of the energndscape can be related to
the resistance of the system to different disruptisodes, including disruption by
progressive enzymes, The probability of occupyingstate of energyH is
exp( H/ksgT) so the quadruplex is much more likely to reacdh tilansition state than
the fully open state as a result of thermal exoitatThis implies that a processive
enzyme that would otherwise be stalled by the fdahbie disruption force could take
advantage of thermal fluctuations to reach thesitem state, then progress more
easily along the more shallow regime of the endaiggscape.

The results of Table A.are comparable with those reported in a prior AFM
study of a bi-molecular form of a different G4-quaglex sequence, though the
previous study assumed a single unknown conformatype [114]. The results
reported in the AFM study appear to be consistetit the parallel conformation (see
Figure A.3). The high precision of the opticalptrexperiments made it possible to
resolve the two distinct conformations of the ILBRjuadruplex sequence identified
by Yu et al. This facilitated comparisons betwélea corresponding barrier height

and final state energies.
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Figure A.3: Comparison of most probable force fromour data, Yu, and Lynch. The alignment

of our parallel data points suggests that Lynch wafditting to a parallel form. Our data points

and uncertainties are generated from the global fivalues determined in Table A.1.

G
-1 -1 Gp a
IN(Lm)/Lo w do(A) da(A) log kp(s?) logka(s™) (kCallmol) (k(;zla)llm
1 0 0.33+0.05 68+09 61+0[9 -1.7+02 203 - -
2/3 +2.2+1.0] 0.29+ 0.0 13+ 3 10+2 24+0.3-33%05 5.3+0.4 51+1p
12 +2.3+0.9] 0.31£0.04 16 + 3 14+4 -27+03-40x08 5.5+ 0.5 712
Table A.1: Summary of global maximum-likelihood fits for different values of . In(L)/Lo

indicates the log of the maximum-likelihood scoreelative to the result for

Lo=In(N)/2 where N = 1014 data points.

= 1, normalized by

Uncertainties were determinedby bootstrapping.

Weight (w) indicates the percentage allocated to the paralleonformation (subscript p) while the

antiparallel conformation (subscript a) is allocat& percentage (1w).
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