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Helicases are enzymes that unwind double-stranded nucleic acids [e.g., deoxyri-
bonucleic acid (DNA)]. Unwinding occurs by converting chemical energy [e.g., adenosine
triphosphate (ATP) hydrolysis] into a translocation-induced unwinding event, although
the exact mechanism of how ATP is coupled to unwinding along DNA is unknown. The
first step in understanding this mechanism is to determine the step size of movement.
Structural data suggests that the mechanical step size of unwinding is one base-pair (bp)
for each ATP molecule hydrolyzed, while biochemical data suggests that the rate-limited
kinetic step size for unwinding is multiple base-pairs (~4 bp). To address this question,
we directly measured the translocation step size of a helicase, the E. coli RecBCD heli-
case, using a single molecule assay. Previous single-molecule measurements of RecBCD
failed to resolve steps due to limited resolution (~6 bp). We increased resolution to 1 bp
in a precision optical trapping assay by actively stabilizing the microscope and reducing
multiple types of trap laser noise. With this precision assay, we observed both forwards
and backwards steps that were variable in size and had an average step size of 4.4 bp.
The variability and multiple base-pair step size are in part due to ATP-independent, +3
bp conformational dynamics in the RecBCD-DNA complex. Thus, our results support a
mechanism in which the RecBCD helicase has a variable step size; the average of which

quantitatively agrees with the previously determined kinetic step size.
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Chapter 1

Introduction

Helicases are ubiquitous enzymes that are present in almost every cellular process
involving nucleic acids, either DNA (deoxyribonucleic acid) or RNA (ribonucleic acid)
[65, 93, 111]. As an initial step in nucleic acid metabolism, helicases must unwind
double-stranded nucleic acids into their constituent single strands by translocating along
the nucleic acid template and disrupting the bonds between the two strands. Helicase
research has focused on answering the basic scientific question of how these enzymes
are able to convert chemical energy into the mechanical work of movement and strand
separation [65, 66, 93, 111]. This is often difficult due to the exquisitely small movements
of helicases, Angstroms to nanometers (3, 19, 24, 28, 30, 61, 68, 67, 83, 109, 125, 142],
and the monumental task of synchronizing an ensemble of helicases to measure the time-
dependent process of chemical energy conversion to movement [12]. With the advent
of single-molecule studies in the last fifteen years, the dynamics of unwinding can be
tracked in individual helicase molecules [19, 28, 83], removing the need for synchronicity.
Plus, in the last three years, the tracking of single molecules has reached the Angstrom-
scale [1, 76, 83], making it the right time to answer this basic scientific question. Our
research focuses on directly measuring the unwinding of DNA by the RecBCD helicase
found in FE. coli using a precision optical trapping assay. These measurements offer
insight into the mechanism of helicase unwinding and shed light on the first steps of

many DNA processes.



While the double helix structure of DNA allows for stable packaging of the
genome, this double helix must be unwound into its two complementary strands for
any DNA metabolism to occur [65, 93, 111]. DNA structure has four bases (cytosine,
C; guanine, G; adenine, A; and thymine, T) that are linked into strands via a backbone
of alternating deoxyribose sugars and phosphate groups (Fig. 1.1). This backbone is
antisymmetric such that the 3’ end of DNA has a terminal hydroxyl group from a de-
oxyribose sugar ring while the 5’ end terminates with a phosphate group. The strands
are joined through multiple hydrogen bonds in Watson-Crick, complementary base-pairs
(A with T, 2 hydrogen bonds; G with C, 3 hydrogen bonds) to form the double helix.
The sequence of bases forms a genetic “code” that gives instructions on how to build
proteins. The code is “read” when (i) DNA is copied into RNA in transcription and (i)
the RNA is translated into a sequence of amino acids, the building blocks of proteins,
during translation. To pass along the genetic code, DNA undergoes replication, where
the double-stranded DNA molecule is copied to form two double-stranded molecules.
Processing also occurs during repair or in recombination, a pathway that allows for the
breakage and rejoining of two double-stranded DNA molecules such that genetic infor-
mation can be swapped or double-stranded breaks can be repaired. During all of these
processes the double helix of DNA must be unwound to expose the underlying bases.

Helicases are enzymes that unwind either DNA or RNA by translocating along the
nucleic acid and disrupting the hydrogen-bonding of the base-pairs [41, 65, 66, 93, 111];
as such, helicases are employed in almost every process in the cell that involves nu-
cleic acids, from transcription and translation to DNA recombination [65]. This highly
diverse functionality leads to a number of mechanistic and structural differences be-
tween helicases. Helicases bind to various substrates (single- or double-stranded, RNA
or DNA), move along the nucleic acid in different directions (3’ to 5’ or 5’ to 3’), and
belong to one of six structural super families (SF1-SF6) [38, 111]. SF1 and SF2 helicases

are structurally similar and contain two “RecA-like” folds, while SF3-SF6 helicases are
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Figure 1.1: DNA structure. Two DNA strands are twisted together to form a double
helix. Each strand contains nitrogenous bases and a backbone of repeating sugar and
phosphate groups. Strands are held together through weak hydrogen bonding of the
bases that must be disrupted for unwinding to occur. Figure credit: adapted from the
U. S. National Library of Medicine.
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composed of six “RecA-" or “AAAT-like” folds that form a hexameric ring. Addition-
ally, within each super family there are further structural motifs that subdivide them.
However, in all cases helicases are motor proteins that convert chemical energy from
the hydrolysis of a nucleoside triphosphate, generally adenine triphosphate (ATP), into
mechanical work, which both translocates the helicase and unwinds the nucleic acid du-
plex. This leads to several structural similarities among the super families, termed core
domains [111]. These core domains consist of a pocket for the binding and hydrolysis of
the nucleoside triphosphate and an “arginine finger” for coupling of chemical energy into
a physical conformational movement of the enzyme. The differences between helicases
support the diverse functionality needed for nucleic acid metabolism, while the helicase
similarities allow for the coupling of chemical energy into the unwinding of the nucleic
acid duplex.

An important and basic question in helicase research is how helicases convert
chemical energy from ATP hydrolysis into a translocation along the nucleic acid [65,
66, 93, 111]. Since we are interested in this question as it applies to the SF1 helicase,
RecBCD, we will focus on SF1 or SF2 helicases moving along DNA. Previously, x-ray
crystallography has been used to observe helicase-DNA complexes in different stages
of ATP hydrolysis. In this way these structural studies have postulated a 1 base-
pair (bp, 3.4 A) movement of the helicase along the DNA given the hydrolysis of one
ATP molecule [13, 61, 125, 141]. This movement per ATP is the mechanical step
size. Additionally, biochemical assays have been used to measure the kinetically rate-
limited translocation step by synchronizing an ensemble of helicase molecules moving
along DNA. This rate-limited translocation is the kinetic step size. Under conditions
where ATP is rate-limiting one would expect that the rate-limited translocation and the
translocation per ATP would be the same; that is to say the kinetic step size would equal
the mechanical step size of 1 bp. However, measurements of the kinetic step size in these

conditions have yielded multiple base-pair steps, typically ~4 bp [24, 28, 68, 67, 124].



Thus, there is a conundrum in the field as to why the ATP-limited kinetic step size does
not correspond to the mechanical step size.

Currently, there are two leading models to explain the observed data [66]: the
inchworm model [124] and the Brownian ratchet model [62]. In the inchworm model,
there are multiple ATP hydrolysis events that rapidly occur before a slower, rate-limited
process moves the helicase by the same multiple of base-pairs, allowing for a mechanical
step size of 1 bp and a multiple base-pair kinetic step size. The model is termed
inchworm because it assumes that the rapid ATP hydrolysis events move one section of
the helicase along the DNA by 1 bp until the tension in the helicase allows for a large
conformational change that moves the rest of the molecule. There is some evidence for
this model. The SF1 helicase, UvrD, has a kinetic step size of 4 bp with 4 ATP hydrolysis
events per step [124], and the SF2 helicase, NS3, has a 3 bp rate-limited translocation
step with 3 faster kinetic steps per rate-limited step [83]. In the other leading model,
the Brownian ratchet model, the helicase weakly binds the DNA when bound to ATP
and moves forward when thermal fluctuations disrupt the hydrogen bonds between the
DNA bases. Once forward, ATP is hydrolyzed and the helicase tightly binds the DNA
preventing the rebonding of the bases. In this model the energy from ATP hydrolysis
and the thermal bath are used to affect movement, allowing for a multiple base-pair
kinetic step size. This model was proposed after the SF2 helicase, NS3h, was shown
to unwind several base-pairs without ATP [62]. While other models are conceivable to
explain the observations, these two models are the most popular.

All of the models that explain helicase unwinding can be classified as either active
or passive [66]. Generally, one might think that an active helicase is an enzyme that
uses ATP, while a passive helicase does not require an energy source, but since all
helicases require a nucleoside triphosphate for unwinding to occur, active and passive
have taken on different meanings. An active helicase uses a mechanism to actively

melt the bonds between base-pairs while a passive helicase is an enzyme that waits for



thermal fluctuations to open the bonds (Fig. 1.2). In this terminology, the inchworm
model is an example of an active helicase model, and the Brownian ratchet model is an
example of a passive helicase model.

Our goal was to measure DNA unwinding by a particular helicase, RecBCD, and
determine which model, if any, best describe RecBCD unwinding. More specifically,
we measured the translocation step at rate-limiting ATP concentrations using a single-
molecule technique [15]. By observing translocation at rate-limiting ATP we hoped
to confirm or refute previous data showing multiple base-pair steps. By using a single-
molecule technique we could directly measure RecBCD movement without synchronizing
an ensemble of helicases and without measuring an average translocation. Both the
previous structural and biochemical studies measure an ensemble of molecules and are
limited to an average measurement. Averages in populations are sometimes misleading
because they smear out dynamic fluctuations, obscure multimodal behavior, and mask
rare but interesting events [12]. A direct measurement of RecBCD motion revealed the
actual kinetic step size and suggested a model to reconcile the structurally determined
mechanical step size with biochemical measurements.

In addition, measurements of RecBCD gave us insight into how a complex protein
processes DNA. RecBCD is a multifunctional enzyme in E. coli responsible for both
excising foreign DNA and repairing double-stranded DNA breaks through the DNA
recombination pathway [56, 59, 112]. When RecBCD binds blunt end DNA, it uses its
helicase function to unwind the DNA while digesting the double-strands with a nuclease
until it recognizes a specific sequence only present in E. coli DNA, the chi site (Fig. 1.3
A). During chi site recognition the enzyme pauses [114], then after chi recognition it
switches tasks from that of foreign DNA excision to DNA repair. The helicase slows
down, the nuclease cleaves only one strand, and the enzyme begins to load the protein
RecA to form a filament that is targeted for DNA recombination [110, 114]. This

complex function leads to a complex structure (Fig. 1.3 B). RecBCD is a heterotrimer



Helicase DNA

Passive / \ Active

J_”|/|>|>?_I—H_m ||||“HIHH
N/

%N—rn—m
NEEL T JEEEEEN

Figure 1.2: Models of DNA unwinding. In an active unwinding model the helicase opens
the DNA bonds, while in a passive unwinding model thermal energy disrupts bonding
between the two strands.



with two motor domains, RecB and RecD, that translocate along opposite polarity
DNA strands and are each SF1 helicases [110]. Unlike other motor protein domains
which generally work together to move the enzyme, RecB and RecD are decoupled from
one another and move at different rates [25, 26, 122]. Before chi recognition RecD is
faster, and thus the lead helicase, whereas after chi recognition RecB is faster [122]. The
RecC subunit is intimately coupled to RecB and contains the domain for chi recognition
along with a “pin” structure that contacts the double-stranded DNA [110]. The nuclease
domain is found in the RecB subunit [110]. This complex structure allows for one of the
highest unwinding rates, 1 kbp/s, and processivities (number of base-pairs unwound in
a single binding event), 36-48 kbp, though the reason for both are unknown [66]. Future
direct measurements of RecBCD movement may elucidate this functional behavior of
the enzyme.

To directly measure single-molecule RecBCD motion, we used a precision optical
trapping assay (Fig. 1.4) [18]. Previous measurements of individual RecBCD molecules
using optical trapping techniques were limited by a 20-A resolution [96]. In the previous
experiment, a DNA molecule (~2.4 pm) was stretched between two points: a RecBCD
helicase biochemically linked to the surface and a micron-sized polystyrene bead. Bead
position relative to the trap center was measured by a detection laser. As RecBCD
unwound the DNA, the bead was pulled toward the helicase and the corresponding
bead motion was used to calculate the change in DNA length. Since step sizes in DNA
length could be as small as 1 bp or 3.4 A, we needed to reduce the 20-A noise in the
assay. There were three main sources of noise. The first source of noise was Brownian
motion of the bead, which has a zero-mean, and therefore, can be averaged away given
enough time [18, 94]. The second source of noise was microscope drift between the
surface (where RecBCD is attached) and the objective (which controls movement of
the optical trap, and thus, the bead) [89]. To reduce this surface-based noise, we

actively stabilized the microscope to 1 A in 3D (bandwidth, Af = 1-25 Hz) [17] by
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Figure 1.3: RecBCD structure and function. (A) RecBCD is a complex helicase built for
processing double-stranded DNA breaks in E. coli . When RecBCD binds a blunt DNA
end, it unwinds and digests the double-stranded DNA until it reaches a specific sequence
only present in E. coli DNA, a chi site (x). After chi site recognition, RecBCD slows
down, deregulates DNA digestion, and loads RecA. (B) To perform these complicated
tasks RecBCD has two helicase motor domains, one in the RecB subunit and the other
in RecD that bind the DNA with opposite polarity and move at different speeds. The
RecC subunit contains a ”pin” structure which contacts the double-stranded DNA and
acts as the separation point for the duplex. RecC also has the amino acids that recognize
the chi site. RecB contains the nuclease domain that digests the DNA. Figure adapted
from Singleton et al. [110].
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measuring the position of a fiducial mark on the surface (fabricated post) and using
this position in a feedback loop to the stage controller to keep fiducial mark position
(and hence surface position) constant [17, 16]. Finally, the last source of noise was the
lasers. Pointing instability causes a movement of the trapped bead with respect to the
detection laser and intensity noise in the trap causes both movement of the trapped
bead, if under load, and fluctuations in the force on the bead [18]. To counteract laser
noise, we also used an active stabilization technique that reduced pointing instability to
0.5 A (rms, Af = 0.03-100 Hz) and intensity noise to ~0.01% (rms, Af = 0.2 2000
Hz) [18]. The resulting optical trapping assay with both surface and laser stabilization
was capable of resolving 1 bp motions along DNA [18]. In comparison with other high
resolution techniques [1, 76], this method is surface-coupled for easier assay development,
reduces fluctuations in force, and allows for high-resolution positional data after force
perturbations.

Using this precision optical trapping assay we were able to measure RecBCD
motility with sub-nanometer resolution. We observed that RecBCD moved both for-
ward and backward at low ATP concentrations. Steps were variably sized with an
average step of 4.4 bp, agreeing with the previously measured biochemical kinetic step
size of 4 bp [68, 67]. In addition, there were large (£3 bp) fluctuations that occurred at
higher frequencies than RecBCD stepping. These fluctuations were ATP-independent
and were only present when single-stranded DNA engaged the RecD helicase, indicat-
ing that the fluctuations were actually conformational dynamics of the RecBCD-DNA
complex. RecBCD-DNA conformational dynamics were not affected by the presence of
an ATP-analog or mutations in the ATP-binding pocket, suggesting that the confor-
mational dynamics are not movements within the enzyme of the ATP-binding pocket.
However, the conformational dynamics were dependent on the sequence of the upstream
base-pairs, indicating that RecBCD is interacting with the upstream double-stranded

DNA in the absence of ATP and unwinding it. The different conformations are then
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Figure 1.4: Precision optical trapping assay to measure RecBCD motion. A DNA
molecule is stretched between the RecBCD helicase and an optically trapped bead.
One detection laser (pink) measures the bead position (1), which is used to calculate
DNA length. The other detection laser (green) measures the position of a fiducial mark
(zfq), which is used to stabilize the surface. The trap laser (not shown) is also stabilized
to reduce multiple types of laser noise.
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translocations of RecBCD along the DNA template even in the absence of ATP. These
data suggest a model for helicase movement where the enzyme is able to move in multi-
ple base-pair steps without ATP and uses the chemical energy of ATP to drive forward
motion. Thus, our findings are consistent with helicase models with large multi-base-
pair steps [66], but not with models that require an ATP-rate-limited, translocational
step size of 1 bp [13, 61, 125].

Further explanation for these findings can be found in the remaining pages of the
document. The general experimental technique for building the instrument, preparing
the biological assay, taking the data, and analyzing the output traces can be found in
Ch. 2. In Ch. 3, active stabilization of the microscope to 1 A is discussed and closely
follows the publication in Applied Optics by Carter et al. [17]. A modified version of this
stabilization technique can be used to stabilize an atomic force microscope (AFM). This
diversion from the main topic is dealt with in Ch. 4 and closely follows the publication
in Optics Express by Carter et al. [16] and the submitted work by King, Carter et al.
[61]. In Ch. 5, we discuss active stabilization of the trap laser to ~0.01% and the
application of both trap and microscope stabilization to an optical trapping assay. The
result is a precision optical trapping assay sensitive to 1 bp motion along DNA. This
chapter closely mimics the submitted work by Carter et al. [18]. The last topic covered
in Ch. 6 is measurements of RecBCD movement and conformational dynamics, which

draws from information in the prepared work by Carter et al. [15].



Chapter 2

Experimental technique

One of the most important themes in this work is that by actively stabilizing both
the microscope and the lasers we can achieve Angstrom-scale sensitivity in an optical
trapping experiment. Moreover, it is this active stabilization that allows for precision
studies of the RecBCD helicase and gives rise to an ultrastable AFM. In this chapter we
detail the experimental techniques of these stabilized assays: the optics and electronics
that make up the instruments (Section 2.1), the preparation of the biological samples
(Section 2.2), the software routines for data collection (Section 2.3), and the methods

to analyze the data (Section 2.4).

2.1 Instruments

2.1.1 Optical trapping microscope

Our highly stable optical-trapping system, based on earlier work [17, 89], consisted
of a high-powered, neodymium-doped yttrium orthovanadate crystal laser (Spectra-
Physics, Millennia IR, 10 W, A = 1064 nm) for trapping and two diode lasers (Blue Sky
Research, VPSL, 50 mW, A = 785 nm and 850 nm, line width = ~0.5 nm FWHM) for
detecting bead motion and stage drift (Fig. 2.1 and Fig. 2.2). All three lasers were
coupled into the microscope (Nikon, TE-2000) using dichroic mirrors (Chroma) and
focused by a high numerical aperture objective (Nikon, PlanAPO-100X-IR, numerical

aperture = 1.4). In the image plane, the two diode lasers were positioned so as to scatter
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light off either a fiducial mark or an optically trapped bead. Both the forward-scattered
light and the incident beams were collected by the condenser and were imaged onto
a quadrant photodiode (QPD, PerkinElmer Optoelectronics, YAG-444-4A) to detect
position [100, 128]. The lasers were separately translated in the image plane by piezo-
electric, lead zirconate titanate (PZT) mirrors (Physik Instrumente, S-330.2SL) that
were placed in a conjugate plane to the back-focal-plane of the objective. Pure rotations
in this plane lead to pure translations in the image plane. We translated the sample
using a 3D, closed-loop PZT stage (Physik Instrumente, P517.3CD). This instrument
was also used to stabilize a microscope to 1 A (see Ch. 3). In this incarnation, both of
the diode lasers measured stage drift, while the trap laser was not used.

The apparatus was designed to both passively and actively minimize mechanical,
thermal, and laser noise. The trap laser head was mounted on a research-grade optical
table (TMC), while the diode pump lasers were housed in a different room to minimize
acoustical and thermal noise. The fan in the trap laser head unit was disabled and
replaced with an always-on, ducted, 18.6-L/s fan to reduce 0.4-Hz intensity noise caused
by transient heating of the neodymium-doped yttrium orthovanadate crystal. The diode
lasers were both current and temperature stabilized. The current controller electronics
consisted of a proportional-integral servo controller capable of 25 ppm/°C at 137 mA,
5 VDC (similar to 505B, Newport). Diode laser temperature controller electronics
consisted of a proportional-integral-differential servo controller capable of +1 millidegree
at £2 A, 6 VDC (similar to 350B, Newport). The temperature controller variables were
set by the Ziegler-Nichols closed-loop tuning method [143]. All three lasers were actively
stabilized (see Section 2.1.4) to reduce pointing, mode, polarization, and intensity noise.
We passed each laser through an acousto-optic modulator (AOM; Isomet, 1205C-2,
lead molybdate crystal) to modulate intensity; a single-mode, polarization-maintaining
fiber (OZ optics, SMJ-A3A4P-35-1064-6/125-3AS-3-1) and a polarizing beam splitter

(Newport, 10FC16PB) to convert pointing, mode, and polarization noise into intensity
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Figure 2.1: Diagram of the optical trapping microscope. The trap laser (TL) and
two diode lasers (DL, A = 785 nm and 850 nm) were actively stabilized (see Section
2.1.4) by a feedback loop using an acousto-optic modulator (AOM). All three lasers
were then coupled into the microscope via dichroic mirrors and were focused by the
objective (Obj). In the image plane (black bozx), the two diode lasers scattered off either
a fiducial mark or an optically trapped bead, and the forward scattered light was imaged
onto a quadrant photodiode (QPD). Each laser was independently translated in the
imaging plane by mirrors in a plane conjugate to the back-focal-plane of the objective.
Acronyms represent the following: polarizing beam splitter (PBS), optical isolator (OI),
photodiode (PD), piezo-electric (PZT, lead zirconate titanate), half-wave plate (\/2)
and beam sampler (BS). Blue-shaded components and green-shaded components are in
optically conjugate planes.



16

\ wri N
biwkd
upa

=%

Figure 2.2: Pictures of the optical trapping microscope. Top. Optical trapping instru-
ment. Middle. Zoom-in of the microscope and detector arm. Bottom. Zoom-in of the
laser optics before the microscope.
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noise; a beam sampler (Newport, 20B10NC) and photodiode to measure the intensity;
and an electronic feedback loop to the AOM to minimize the resulting intensity noise.
We improved the mechanical stability of the microscope by stiffening the condenser
pillar with an aluminum trapezoid (12.5-mm thick). Also, the objective and stage were
mounted with custom-built monolithic parts, and the whole apparatus was mounted
on a research-grade optical table, separate from the trap laser. Cables to and from
the microscope were stress-relieved using monolithic mounts, and multiple cables were
tied together to increase stiffness. We supported the detection optics directly off the
vertical condenser pillar with a 0.15-m cage assembly. Thermal noise was reduced by
coupling the lamp to the microscope with a liquid light guide (Roffin, 3-mm diameter).
To minimize laser noise, optics external to the microscope were mounted on 38-mm-
diameter monolithic posts (where possible), enclosed in a box, and the beam path was
further enclosed in 25-mm-diameter tubing (where possible). We also reduced the beam
path length before the microscope to ~1 m. Measurements were made in an acoustically
quiet (NC30), temperature-regulated room (£0.2°C). For a detailed list of custom parts
see Appendix D.

Vibrational testing suggested that the current limitations in the mechanical sta-
bility of our system are the fiber launches and the QPDs. In vibrational testing, the
position of a fiducial mark was measured (see Section 2.3.4) as different optical or me-
chanical components were tapped lightly by hand. In general, the system was passively
reducing enough noise if tapping did not create more than 2-nm spikes at 100 Hz. For
this test, a normal noise level was 0.2 nm peak-to-peak at 100 Hz for the lateral direc-
tions and 0.5 nm peak-to-peak at 100 Hz for the axial direction. Components that show
larger noise levels than 2 nm needed to be mechanically tightened or stress-relieved.
After vibrational testing, the system needed to mechanically settle (usually over a day
or s0) before actual measurements could be made. For the optical trapping microscope,

the main sources of noise were the fiber launches and the QPDs. The fiber launch sta-
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bility directly couples into the pointing stability of the laser, and the QPD is held by a
long attachment to the condenser lens (see Appendix D) creating unwanted motion. To
improve the optical design of these components in the AFM application, we switched to
a back-scattered detection (BSD) scheme with the QPDs firmly mounted to the optical
table, removing the need for optics attached to the condenser lens. We also launched
both lasers from the same fiber (see Section 2.1.2), increasing the differential pointing

stability.

2.1.2 Modified microscope for the AFM application

We modified our general microscope design for the AFM application (Fig. 2.3
and Fig. 2.4). In the optical trapping microscope we detected forward-scattered light,
however this detection scheme is not compatible with AFM due to limited or poor
quality optical access opposite of the imaging objective. BSD, initially demonstrated
over 10 years ago for optically trapped beads [33], is a viable alternative. In our BSD
setup, two stabilized diode lasers (see Section 2.1.4; Lumics, ~100 mW, A = 810 nm
and 845 nm) were focused at the image plane and the back-scattered light was collected
using a single, high numerical aperture objective. BSD often suffers from inefficient
use of light (0.02-0.1%) [44], with prior work separating BSD signals from the incident
light via partially reflective mirrors that decreased the power of both the incident and
back-scattered light [44, 50, 49]. While increasing the laser power would increase the
amount of back-scattered light, a low laser power minimizes potential perturbation in
future applications. For instance, in an application involving AFM where we want to
measure the position of a metal-coated cantilever in vacuum, deflection due to laser
heating can be substantial ( 1 nm/uW) [4, 6]. Thus, we sought to minimize laser noise
while maximizing the efficiency of photon collection. To do so, both lasers were directed
into the back of the microscope objective using a dichroic mirror [17]. Efficient collection

of the back-scattered signal was achieved using an optical isolator, which consisted of a
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polarizing beam splitter and a quarter-wave plate. We further increased this efficiency
by under-filling our 10-mm-diameter QPD with a 6-mm back-scattered beam, in contrast
to previous experiments that used an overfilled QPD [33] or BSD in combination with
a reflective element [50, 49] to deduce vertical position. As a result, with only 1.3 mW
incident upon the objective (and 60% of that at the sample [88]), we achieved a high
collection efficiency (5%) of the input light at the QPD. This efficiency enabled us to
use low laser power (800 uW at the laser focus) while achieving high sensitivity (see
Ch. 4). Independent control of both lasers in the sample plane was achieved with two
separate mirrors in a conjugate plane to the back-focal-plane of the objective.

In verifying microscope stabilization, we used one laser to detect sample position
(810 nm) and the other laser as an independent verification (845 nm). However, in
the AFM application, we stabilized the sample with respect to the AFM tip, where
both the sample and the tip were detected by lasers. We therefore introduced two
lasers that by design share a largely collinear beam path. Common-mode noise (e.g.,
mechanical motion of the fiber tip) was suppressed in this differential measurement
scheme. Thus, the differential stability between the lasers will be the ultimate limitation
[19 pm laterally, 73 pm vertically, Af = 0.1-50 Hz, see Ch. 4].

For the AFM application, we custom-built an AFM assembly that mounted di-
rectly onto the optical microscope frame. Detailed drawings of the AFM assembly that
contain the AFM tip are presented elsewhere [20]. In the AFM application, we sepa-
rately measured the position of the AFM tip and a fiducial mark on the sample with
two diode lasers and back-scattered detection, as discussed above. Sample and tip po-
sition were controlled with a pair of 3D, closed-loop PZT stages (Physik Instrumente,
P363.3CD and P733.3DD), which were both mounted on coarse-positioning stages. The
six axes of motion (i.e., x, y, z on both stages) were controlled with custom software (Na-
tional Instruments, LabVIEW 8.5) and a field programmable gate array card (National

Instruments, PCI-7833R). Commercial silicon and silicon-nitride tips were used [Mikro-
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Figure 2.3: Diagram of the atomic force microscope (AFM). (A) Detailed view of the
image plane where the AFM tip and sample positions were detected by focused lasers
scattering off a fiducial mark on the sample and the apex of the tip. (B) Two diode
lasers (DL) were actively stabilized by the combination of optics shown in the gray box.
The stabilized diode lasers (SDL) were coupled into the microscope similar to Figure
2.1. Because the AFM tip is in the forward-scattered direction, the back-scattered light
was imaged onto the QPD. The combination of the polarizing beam splitter (PBS) and
quarter-wave plate (A/4) led to highly efficient back-scattered detection. Each laser
was independently translated in the imaging plane by mirrors in a plane conjugate
to the back-focal-plane of the objective. Acronyms represent the following: optical
isolator (OI), acousto-optic modulator (AOM), photodiode (PD), piezo-electric (PZT,
lead zirconate titanate), half-wave plate (A/2) and beam sampler (BS). Blue-shaded
components are in optically conjugate planes.
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Figure 2.4: Pictures of the AFM. Top. AFM instrument. Bottom. Inside the acousti-
cally isolated box is the microscope and laser optics.
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Mash, CSC38/noAl (stiffness = 0.08 N/m); Veeco, DNP-S (stiffness = 0.06 N/m)]. For
AFM imaging, we deduced cantilever deflection via a third diode laser (A = 785 nm)
in a standard optical-lever geometry [75]. More specifically, we reflected the 785-nm
laser off the back side of the AFM cantilever and detected its deflection with a QPD.
We calibrated each cantilever by contacting the AFM tip to the cover slip, yielding a
typical sensitivity of ~30 mV/nm. To minimize thermally induced cantilever deflection
[6], we used cantilevers without a metallic coating (or removed the metallic coating
chemically). Nonetheless, we maintained a deflection sensitivity of <20 pm (rms, Af
= 0.1-1000 Hz). We deduced the mechanical response time (~100 ps) of the silicon
nitride cantilever by measuring the resonance width (FWHM) of the thermally driven
fundamental resonance peak in air.

As in the optical trapping microscope, the AFM apparatus was constructed such
that passive and active stabilization reduced mechanical, thermal, and laser noise. There
were a few instrumental differences. To further reduce mechanical vibrations, an optical
breadboard (TMC, 77-113, 91.6-mm-tall with adapter) was mounted on the optical table
as a riser to shorten mount height. In addition, the microscope pillar was replaced by a
0.4 m X 0.18 m X 0.09 m monolithic aluminum column. We also placed lead bricks in
strategic locations on the optical table to more equally distribute the table weight; we
did not see an appreciable difference in stability by doing this. The whole assembly was
enclosed by a custom-built, acoustically isolated box. To image the sample, the mercury
lamp was replaced by a gooseneck light-emitting diode (McMaster-Carr, 6799T1). The
room was not temperature-regulated, but during experiments the air-handling system
was turned off, all of the doors were closed, and the room temperature was allowed to

equilibrate.
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2.1.3 Detection electronics

The position of the fiducial mark or trapped bead was detected by a QPD (250
kHz bandwidth with custom electronics; ~40 pW laser power at detector). Lateral
motion was deduced from the normalized intensity difference on the QPD while vertical
motion was deduced by the sum signal — the total light falling upon the four quadrants
of the QPD. The normalized differences, as well as the offset-amplified sum signal, were
digitized using 16 bits at either 4 or 10 kHz, and the resulting voltages were converted
to positions (see Section 2.3.1). More specifically, the four currents from each QPD
were converted into voltages using a transimpedance amplifer with a resistance of 100
k. Then a summing and subtraction circuit using operational amplifiers (similar to the
circuit in the UDT application note “Quadrant/Bi Cell Photodiode”, Fig. 2.5) generated
the x (left quadrants - right quadrants), y (top quadrants - bottom quadrants), and z
(sum of all quadrants) voltage signals. The z and y signals were normalized by division
to reduce the effect of amplitude changes on the QPD. The voltages were then filtered
with an 8th-order, low-pass, elliptic filter (Frequency Devices), and digitized with a
16-bit, 20-V-range data acquisition card (National Instruments, PCI-6052E). In the
modified microscope for AFM, the data acquisition card was upgraded to an 18-bit
data card (National Instruments, M-series High Accuracy) and a field-programmable
gate array card (National Instruments, PCI-7833R). Prior to digitization the z signal
undergoes a further amplification stage (50-1000X) using a differential amplifier with
an offset. After digitization, we used software calibration curves to convert the voltages
into position records (see Section 2.3.1). Customized software was written in LabVIEW
(National Instruments, version 7.1 or 8.5) on a computer (Dell Dimension 9200) with a

fast processor (Intel Core2-Duo, 2.66 GHz).
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2.1.4 Laser stabilization

To reduce laser noise, we used active stabilization (Fig. 2.6 A). Specifically, we
passed the laser sequentially through an AOM, a single-mode, polarization-maintaining
fiber, and a polarizing beam splitter. The AOM diffracted the laser and we selected the
first order beam using an iris and beam blocks. The combination of the single-mode,
polarization-maintaining fiber and the polarizing beam splitter transformed pointing,
mode, and polarization noise into intensity noise. We then sampled 10% of the light
onto a large-area (10-mm-diameter) photodiode (PerkinElmer Optoelectronics, YAG-
444-A). The photodiode signal was analyzed using custom-built feedback electronics
that output a voltage signal to the AOM to modulate the power in the diffracted beam
so as to stabilize the output laser intensity. The photodiode current was converted
to voltage using an analog transimpedance amplifier with a resistance of 10 k2. The
custom-built feedback electronics consisted of a low-delay, proportional-integral analog
servo controller operating at a bandwidth of 200 kHz. The circuit diagram for the
feedback electronics is listed in Appendix D.

Simple application of this active stabilization method to the trap laser resulted
in a gain inversion when the output intensity of the AOM was changed substantially.
The gain inversion was caused by transient heating of the AOM crystal, resulting in
index changes that shifted the diffraction angle (A#) of the beam. Previous measure-
ments of pointing instability after large intensity changes (almost the full range) in a
different AOM crystal (germanium) have been as large as 4 mrad in just 2 s [53]. In
our experimental geometry, the transient pointing error was converted into a time- and
history-dependent intensity error. In other systems, this AOM-induced error would lead
to translations of the trap laser focus — uncorrected this could correspond to an 8 yum
lateral motion [Af foh;, where fop; is the effective focal length of the objective (2 mm)].

To minimize the effects of the AOM pointing instability, we imaged the AOM crystal
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Figure 2.6: Diagram of laser stabilization and performance. (A) Optical layout for
laser stabilization. Acronyms represent the following: optical isolator (OI), photodiode
(PD), beam sampler (BS), polarizing beam splitter (PBS), and acousto-optic modulator
(AOM). (B) Diode laser intensity prior to stabilization (gray) and after stabilization
(black). Traces were smoothed with a box-car window and decimated to 100 Hz.

Figure 2.7: Picture of the laser stabilization implemented on the 785-nm diode laser.
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(Fig. 2.1) on to the fiber mount coupling lens, eliminating lateral translation of the
laser beam on the coupling lens that would otherwise accompany a changing diffraction
angle.

To verify the performance of the intensity stabilization, we sampled 10% of the
intensity onto a second photodiode (Fig. 2.6 A, PD2). Voltages from this second pho-
todiode were digitized, filtered, smoothed with a box-car window and decimated to
100 Hz, and normalized. Without stabilization, the intensity fluctuated 2.5% peak-to-
peak for the 785-nm diode laser, greater than the manufacturers specification of 0.5%
peak-to-peak (Fig. 2.6 B). Measurements of intensity before the AOM were within
specification, thus the excess noise probably arose from the other laser noise sources
(pointing, mode, or polarization). With stabilization, we decreased the intensity noise
by 580-fold to achieve a normalized stability of 1.7x107® rms at 100 Hz. Similar sta-
bilization of 5x107° and 4.0x10~% was achieved for the 850-nm laser and trap laser,
respectively. This result demonstrates the effectiveness of our scheme whereby a vari-
ety of noise sources can be systematically minimized without directly measuring and
individually addressing each one.

To maximize the performance of the feedback loop, we tuned the parameters
of the AOM, fiber, photodiode, and servo electronics. The AOM diffraction efficiency
was maximized at the expense of the loop closure time by passing a collimated, 2-
mm-diameter beam through the AOM. At near-infrared wavelengths and this beam
diameter, the diffraction efficiency was measured to be ~70% while the AOM rise time
was nominally ~1 pus. The AOM driver was set so that the “bias adjust” knob was
turned all of the way down and the “power adjust” knob was turned such that diffraction
efficiency was maximized (all of the way up and then backed off a quarter of a turn).
The power efficiency through the fiber was tuned when the AOM output was at 60%,
see Appendix E. The photodiode resistance (R, 10 k2) was selected so that the incident

power (~1 mW) matched the voltage range (0-10 V) of the servo electronics. Incident
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power is related to voltage through the responsivity of the photodiode, which was 0.45—
0.5 W/A for our wavelength lasers. In addition, the photodiode resistance was selected

to maximize the bandwidth of the photodiode (~1 MHz), i.e.,

_ Af ain
Af= \ QWéR’ 21)

where A fgain is the gain bandwidth (45 MHz) and C is the total capacitance of the

circuit (40 pF). We tuned the servo electronics to minimize the noise and maximize the
loop closure time, see Appendix E. The feedback loop closure time was limited by the
response of the silicon photodiode to infrared light [7, 97]. Increasing the amount of
incident light on the photodiode decreased this problem, but limited the output power.
We selected a 10% beam sampler as a compromise between bandwidth and output
power. Hence, we maximized the performance of the feedback loop by compromising

between power efficiency and bandwidth.

2.1.5 Microscope stabilization

Drift between the objective and sample is a long-standing problem in microscopy.
However, the introduction of a fiducial mark, or a reference point, into the system
provides a means to measure and minimize objective-sample drift. Historically, the
fiducial mark has been a micron-sized bead affixed to the microscope cover slip [14,
115]. However, these beads tend to exhibit >1 A motion relative to the sample (see
Section 3.4), so we fabricated micron-sized posts on the cover slip to provide stable
fiducial marks (see Section 2.2.1). We measured the position of the fiducial mark using
laser-based detection to directly measure the objective-sample distance (the laser focal
position is subject to objective drift, while the fiducial mark position is subject to
sample drift). Since we have a measure of objective-sample drift we now have a means of
reducing it. Previously, our group sought to passively subtract drift [89], however, as the

microscope drifts farther out of alignment simple subtraction is not possible. Here, we
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actively stabilized the objective-sample position to minimize instrumental drift. Active
microscope stabilization was achieved by (i) measuring the position of a fiducial mark
on the sample, and (4i) using this position in a feedback loop to a PZT stage to keep

sample position constant (Fig. 2.8).
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Figure 2.8: Diagram of microscope stabilization. We first detect sample position by
scattering a laser beam off a fiducial mark. The light from the scattered beam is
collected by a quadrant photodiode detector that outputs a voltage, which is calibrated
into position (zgq). A feedback loop compares zgq to a reference position, xyef, and
outputs a signal to the piezo stage to keep the sample at the reference position.

To test the performance of the microscope stabilization we used a second laser to
monitor the position of a second fiducial mark on the surface. Using this method, we
report a microscope stability of 1 A rms in 3D over 1-25 Hz using forward scattered
light (see Ch. 3). We also achieve similar stability using back-scattered light: <1 A rms
in 3D over an order of magnitude larger bandwidth, 0.1-50 Hz (see Ch. 4). The slightly
better stability using back-scattered detection is probably due to the more compact
optical design and the decreased pointing noise of the lasers, which have been launched
out of a single fiber.

To maximize the performance of the microscope stabilization we tuned the pa-

rameters of the detection electronics and the feedback loop. The detection electronics



30

measure the voltage of the incident light on the QPD (see Section 2.1.3), which is then
calibrated into a position of the fiducial mark using a calibration curve (see Section
2.3.1). We set the gain on the detection electronics such that the fiducial mark posi-
tion had a 0.2-nm peak-to-peak noise level, laterally, and a 0.5-nm peak-to-peak noise
level, vertically, over a bandwidth of 1-100 Hz (for a micron-sized glass post, x-y gain
= 4.5, differential gain = 1, post gain = 1, and vertical gain = 50). Too much gain
led to amplification of noise, while bit noise persisted at low gain levels. In addition,
we maximized the software feedback loop by tuning the gain and bandwidth parame-
ters. The inputs to the feedback loop were the current position of the fiducial mark
(e.g. xgq), the desired position of the fiducial mark (e.g. xf), the gain (g), and the
threshold for loop output. The algorithm calculated the difference between the desired
position and the current position. If the difference was above the input threshold value,
it was multiplied by the gain, and output as a relative movement of the PZT stage
(Fig. 2.8). We set the desired position to zero in 3D, the gain to 0.05 in all dimensions,
and the threshold values to 0.05 nm, laterally, and 0.1 nm, vertically, though the gain
and threshold values vary with the bandwidth of the feedback loop. To tune the gain
values, we increased the gain until oscillation and backed off until the noise decreased
to a plateau. The threshold value was set to about a quarter of the peak-to-peak noise
level for fiducial mark position over the desired bandwidth; for example, at 100 Hz, the
peak-to-peak noise level is 0.2 nm, laterally, so the threshold value is 0.05 nm, laterally.
In the optical trapping microscope, the feedback loop was software-based (LabVIEW)
with a maximum bandwidth of 100 Hz that was limited by the computer processor and
data collection algorithms (see Section 2.3). In the AFM application, the feedback was
upgraded to field-programmable gate array control that ran at a 500 Hz bandwidth
[21], the resonance frequency of the loaded PZT stage. The larger bandwidth increased

performance three-fold.
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2.1.6 AFM tip stabilization

AFM tip stabilization was similar to microscope stabilization except for a few key
differences. We measured AFM tip position at 300 nm above the surface (see Section
2.3.4), instead of fiducial mark position. Focusing of the lasers and alignment of the
beams was done with the aid of micrometer stages to move the fiber tip relative to a
collimating lens and to move the fiber tip-lens assembly relative to the piezo mirror.
AFM tip position measurements required compensating for crosstalk, which we did
with a linear compensation algorithm. The software-based feedback loop was run in
LabVIEW 8.5 to accommodate the M-Series data acquisition card, instead of LabVIEW
7.1, though the bandwidth was still 100 Hz. Finally, the gain of each axis of the tip
PZT stage had to be individually set. Setting of the PZT stage gain followed published
protocols by Physik Instrumente.

In the actual AFM experiment this software-based tip stabilization was upgraded
for field-programmable gate array control [21, 51] with an increased bandwidth. In this

scheme, the PZT stage position was updated every 1 ms.

2.2 Biological assays

2.2.1 Fiducial mark fabrication

Melted polystyrene beads. The easiest fiducial marks to produce were melted
polystyrene beads. We first cleaned microscope cover slips in ethanolic 6 M potassium
hydroxide (see Appendix E) and constructed sample chambers (see Section 2.2.2). Sec-
ond, we flowed in 0.1-1 pM polystyrene beads (Interfacial Dynamics, surfactant-free) in
10 mM Tris buffer. After 5 min, the flow chamber was rinsed with 100 mM magnesium
acetate and allowed to sit for 10-20 min. Then, we rinsed with ethanol and removed the
excess liquid. When the flow chamber was dry, we heated it in the oven at 100 °C for 15

min, and then filled the chamber with water. Unfortunately, these melted beads were
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not firmly affixed to the cover slip and demonstrated significant (>1 A) motion (see
Section 3.4). To address some of this concern the above procedure for melting beads
was changed with varying success. The current best procedure for melting polystyrene
beads is listed in Appendix E.

Low-index glass posts. Symmetric nano-scale low-index glass posts were fabricated
on cover slips using hydrogen silsesquioxane (HSQ, Dow Corning, FOx-16) and e-beam
lithography (Fig. 2.9 A,B). First, we cleaned the cover slips in a 10 min piranha etch
(100 mL sulfuric acid and 15 drops hydrogen peroxide at 80°C, see Appendix E). The
cleaned cover slips were spin coated at speeds of 1-5 krpm with HSQ to produce posts
with heights ranging from ~400-1000 nm. Then, thin aluminum films (nominally 15 nm)
were vapor deposited to prevent charging during the next step, e-beam lithography (38
keV, 450 1C/cm? dose). When exposed to electron irradiation, HSQ cross-links to form
glasslike features as small as 20 nm [85]. This fine control allows for highly symmetric,
circular structures to be fabricated. Asymmetric structures lead to crosstalk between
the x and y motions on the QPD. After e-beam exposure, the aluminum was etched
(10 s in 16:1:1:2 phosphoric acid to nitric acid to acetic acid to distilled water), and the
HSQ was developed (10 min) by using tetramethylammonium hydroxide. Finally, to
ensure the HSQ was fully cross-linked, samples were thermally cured at 400 °C for one
hour. A more detailed protocol is listed in Appendix E.

Silicon disks. We fabricated 1 mm? arrays of silicon disks in a 6-um grid (Fig.
2.9 C,D) on cover slips via physical vapor deposition of silicon through a silicon-nitride
shadow mask [54]. Mask fabrication began by spinning e-beam resist (Zeon, ZEP-520)
onto 200-nm thick, 2 X 2 mm silicon-nitride membrane windows (Silson). The resist
was then exposed via e-beam lithography (38 keV, 15 pA, 50 xC/cm?) and developed.
Holes were then etched through the window in a reactive ion etcher (tetrafluoromethane,
16 scem, 20 Pa, 100 W, 90 s). Next, 3-um-tall standoffs were fabricated around the

perimeter of the patterned window via optical lithography with SU-8 (Microchem).
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Clean cover slip

Spin on HSQ at
1-5 kKRPM
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Al etch
HSQ develop (TMAH)
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(Vapor Phase)
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Figure 2.9: Fiducial mark fabrication. (A) Atomic force microscope image showing an
array of hydrogen silsesquioxane (HSQ) posts (radius, » = 500 nm; height, h = 600
nm). Inset: zoom-in of post. (B) Protocol for making HSQ posts. (C) Atomic force
microscope image showing three silicon disks (r = 250 nm; h = 56 nm). Inset: line
scan across a disk. (D) Cartoon of shadow mask procedure to make silicon disks. (E)
Atomic force microscope image showing an array of etched holes (patterned r = 50-300
nm). Inset: zoom-in of hole. Image credit: Theresa Ulrich. (F) Protocol for making
etched holes.
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Prior to depositing silicon, the glass cover slips were cleaned in ethanolic 6 M potassium
hydroxide, see Appendix E. Finally, silicon was deposited through the shadow mask in
an evaporation chamber (0.1 nm/s, 1x10~* Pa). The diameter and height of the silicon
disks were measured by AFM with a high aspect ratio tip (MikroMasch, STING tip).
One general advantage of physical vapor deposition through a shadow mask is that the
material composition (and thus the index of refraction) of the disks is highly tunable.
Additionally, by using four shadow masks in parallel, four cover slips were made per 30-
min cycle, where cycle time was limited by evaporator pumping time. A more detailed
protocol is listed in Appendix E.

FEtched holes. We etched holes (Fig. 2.9 E,F) by spin coating cleaned (ethanolic
6 M potassium hydroxide, see Appendix E) cover slips with polymethyl methacrylate
resist (300-nm thick) and then vapor depositing a thin layer of aluminum (nominally
15 nm). Next, a chromium layer was deposited to the back side of the cover slip, to
prevent etching. Then, we exposed a grid of filled circles with varying radii using e-beam
lithography (38 keV, 350 uC/cm? dose). After removing the aluminum and developing
the resist, we etched the underlying cover slip with buffered hydrofluoric acid to obtain
isotropic holes. Finally, the cover slips were cleaned in methyl isobutyl ketone to remove

the resist.

2.2.2 Sample preparation

We fabricated fiducial marks (see Section 2.2.1) onto cover slips for use in active
stabilization. To enhance usability in single-molecule assays, the cover slips were cleaned
with a 10-min piranha etch (100 mL sulfuric acid and 15 drops hydrogen peroxide at
80°C, see Appendix E) after nanofabrication. We constructed epoxy-rigidified flow
chambers (internal volume 15 uL) for enhanced stability using double-stick tape (3M)
as a spacer and 5-min epoxy (Devcon) for rigidity. Cover slips were recovered (>20

times) and cleaned after use by soaking the flow chamber in boiling water for 1 hour (to
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remove the cover slip) and piranha cleaning the cover slip for 10 min. Surface chemistry
after such cleaning was compatible with single-molecule biophysics experiments.

For experiments with only a trapped bead, we used 10-fM polystyrene beads
(Interfacial Dynamics, 330-nm-diameter) in WB [25 mM Tris acetate (pH = 7.5), 1
mM magnesium acetate, 1 mM sodium chloride, 1 mM dithiothreitol, 0.4% Tween-
20 (BioRad), and 3 mg/ml bovine serum albumin (concentration cited is that before

filtration through a 0.2-um filter)].

2.2.3 DNA preparation

For experiments with a DNA molecule, we prepared double-stranded DNA by
polymerase chain reaction (PCR; Applied Biosystems, GeneAmp XL PCR Kit) using
one digoxigenin-labeled and one biotin-labeled primer (Integrated DNA Technologies).
Labelling the DNA permitted biochemical linkage. We bought M13mp18 plasmid and
used this as a template for PCR. To make different lengths (L = 556 nm, 1007 nm,
2413 nm), we used different primers and gel purified the final product. Concentrations
cited were spectrally determined (1 absorbance unit at 260 nm = 50 ug/mL of double-
stranded DNA) using an ultraviolet-visible absorption spectrometer (Jenway, Genova).
Another analytical gel verified the single DNA band of the appropriate size.

Preparation of the 20TS06/T4 DNA hairpin (Fig. 2.10 A) followed published
protocols [136, 135]. Specifically, we prepared two DNA handles using PCR. Handle A
was made using M13mp18 template DNA, a biotin-labeled primer for the top strand,
and a bottom-strand primer with an abasic site (deoxyribose spacer) followed by ~10
nucleotides to create a 5’ overhang. Handle B used the same template DNA. The
top-strand primer had ~10 nucleotides that were complementary to the 5’ overhang in
Handle A, followed by the 20TS06/T4 hairpin, an abasic site, and a complementary
region of DNA to the M13mp18 plasmid. The bottom-strand primer was digoxigenin-

labeled. After PCR, each handle was gel purified, concentrations were determined, and
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a diagnostic gel verified the appropriate lengths. Ligation of the two handles was done
by T4 DNA ligase (Invitrogen, 16 °C for 16 hours, 1:1 molar ratio of Handle A to Handle
B) resulting in two double-stranded labeled regions flanking the single-stranded hairpin.
The final DNA product was gel purified, concentrations were determined, and a final
diagnostic gel was run, as above.

For experiments with RecBCD, we prepared DNA by PCR with M13mp18 plas-
mid template and with one biotin-labeled primer and one unlabeled primer (Fig. 2.10
A). This created a blunt-end DNA molecule (L = 2413 nm, 993 nm) void of chi-sites
and with only one biochemical linkage for attachment to the optically trapped bead. We
then purified the DNA and verified the concentration and length, as above. To make
tailed DNA we cut the 993-nm-length blunt-end DNA with BsmBI restriction endonu-
clease (New England Biolabs) at a restriction site such that the purified product had an
L = 901 nm. We purchased two DNA oligos to make a tailed substrate: one with a 3’
poly-T tail (dT = 5 or 6) and a 5’ end that is complementary to the BsmBI overhang,
the other with a 5’ poly-T tail (dT = 10) and a sequence that is complementary to the
first oligo up until the 5’ end (Fig. 2.10 B). The two oligos were annealed at 70°C,
slowly cooled (4 °C increments held for 30 s) to room temperature, and ligated using T4
DNA ligase to the cut DNA (16 °C for 16 hours, 50:1 molar ratio of tailed substrate to
cut DNA). The final double-stranded DNA length of the tailed substrates was 908 nm.
We gel purified the product and concentrations were determined, as above. To verify
that the final product was a tailed DNA we further cut an aliquot of the product with a
DrdI restriction endonuclease (New England Biolabs) at a site upstream of the BsmBI
site. This produced a 829-nm-length DNA molecule containing the biotin label, and a
78-nm-length DNA molecule with the tailed substrate. If the digestion or ligation were
faulty then bands would appear at other lengths (a 164-nm length indicated the blunt-
end DNA molecule and a 72-nm length indicated the DNA molecule with the BsmBI

cut end and no ligation). There were three different tailed substrates that were created:
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a GC-rich substrate, an AT-rich substrate, and a substrate with a mixed sequence (Fig.

2.10 B).

2.24 DNA tethered particle assay

Tethering DNA to the surface required biochemical linkage. DNA was prepared
as above with one biotin-labeled primer and one digoxigenin-labeled primer. These la-
bels enabled us to attach a DNA molecule at one end to a streptavidin-coated bead
(Spherotech, 320 nm diameter) and at the other end to an antidigoxigenin-coated cover
slip (Fig. 2.1). Coated cover slips were made by incubating 20 pg/ml antidigoxigenin
antibody (Roche) suspended in 0.1 M sodium phosphate buffer for 1 hour in flow cham-
bers. Bead-DNA complexes were made by incubating streptavidin-coated beads (900
pM) at a 9:1 molar ratio with labeled DNA at room temperature. After washing the
flow chamber with WB, the bead-DNA mixture was flowed into the chamber and al-
lowed to incubate for 1 hour before washing again. A more detailed protocol is listed

in Appendix E.

2.2.5 RecBCD assay

RecBCD preparation protocols were adapted from those in earlier studies [27, 96]
based on the biotinylated RecBCD derivative, RecBCD-bio. RecBCD-bio unwinding
rates agree, within experimental uncertainty, to the wild type unwinding rates in both
bulk and single molecule experiments [8, 27, 114]. Both RecBCD-bio and RecBCD-
bio with a knockout RecD helicase were expressed and purified by our collaborators
(Hung-Wen Li and Hsiu-Fang Fan). Streptavidin beads were sonicated, then incubated
for 1 hour with DNA (9:1 mol ratio, 900 pM beads) in WB. Concurrently, biotinylated
bovine serum albumin (Vector) at 10-100 mg/ml in 100 mM sodium phosphate buffer
(pH = 7) was incubated within a flow chamber for 30 min at room temperature to

promote adsorption. After washing with WB, the chamber was incubated with 5 mg/ml
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Figure 2.10: DNA constructs. (A) We used four DNA constructs. We made DNA
tethers using DNA labeled with a biotin (bio) and digoxigenin (dig). For DNA hair-
pin constructs, we prepared two DNA handles, one with a hairpin, and ligated them
together. The abasic sites in the two handles were used to stop the PCR extension
reaction. For RecBCD DNA constructs, we made DNA with a blunt-end for RecBCD
binding, the other end was biotin labeled for bead linkage. There are two endonuclease
sites within this DNA construct for preparation of the last construct, the tailed DNA.
The BsmBI site was used to cut the DNA so that tails could be attached, the Drdl site
was used to cut the DNA to check ligation. (B) DNA tailed substrates had 6 T’s on the
3" end and 10 T’s on the 5’ end, GC-rich constructs contained 3 G-C base-pairs before
the tail, while AT-rich constructs contained 4 A-T base-pairs before the tail (yellow
bozes).
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streptavidin (Molecular Probes) for 30 min. After further washing, RecBCD-bio at 15
nM was introduced and incubated for 2 hours. After washing again, the bead-DNA
mixture was introduced and incubated for 40 min and then washed with WB. A more
detailed protocol is listed in Appendix E. Enzymatic reaction was initiated by flowing
in WB supplemented with 2 uM ATP, 1.1 mM E. coli single-stranded binding protein
(Promega), and an oxygen-scavenging system (6 mg/ml glucose (MP Biomedicals), 0.2
mg/ml glucose oxidase (Roche Applied Sciences), 30 units/ml catalase), unless otherwise
stated. Where indicated, 2 uM ATP was substituted for 2 mM AMP-PNP (adenylyl
imidodiphosphate, Sigma-Aldrich) or 2 mM ADP (adenine diphosphate, Sigma-Aldrich)

in the above solution.

2.3 Data collection

Data collection relied on data cards (National Instruments, PCI-6052E, PCI-
6703, and M-series) and a software suite in LabVIEW (see Appendix C). The methods

outlined below were automated for reproducibility and ease of use.

2.3.1 Positional calibration

Data collection requires calibrating the voltage from the QPD into position. To
do this, we sequentially scanned the fiducial mark through the detection laser focus in
all three axes using the PZT stage and recorded the resulting QPD signals (Fig. 2.11).
We fit the QPD lateral response to a 7th-order polynomial over a 180 nm monotonic
range, and the vertical response to a 1st-order polynomial over a £50 nm linear range.
The fit coefficients were then used to calibrate voltage from the QPD into a position in
nanometers. Since fiducial marks and conditions vary, this calibration is repeated for
each experimental trace. To determine sensitivity, or the slope of the curve, we fit both
the lateral and vertical response to a 1st-order polynomial over a +50 nm range.

Motion in one axis that leads to an optical signal on an orthogonal axis (Fig. 2.11)
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Figure 2.11: Position calibration curves. Calibrations were measured by moving the
stage in one axis, while monitoring the on-axis (thick line) and off-axis response (thin
line). Signals in x, y, and z are represented by green, red, and blue, respectively.
Centering the fiducial mark in the laser beam required fitting the derivative of a Gaussian

to the lateral response (dashed line).
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complicates detection. Thus, we sought to minimize such optical crosstalk between axes.
To remove most of the crosstalk, we precisely centered the fiducial mark relative to the
laser beam using an automated routine. Centering was achieved by fitting the lateral
response along the horizontal axes to the derivative of a Gaussian and then translating
the PZT stage to the Gaussian center point. Further crosstalk removal required careful
mechanical adjustments of the fiber tip (translations in z, y, and z) to align the laser
focus axially in the microscope. Axial alignment consisted of (i ) measuring the crosstalk
in one axis and determining the slope, (77) translating the fiber in that axis until the slope
was minimized, and (i) repeating this minimization for the other axes. Additionally,
the back-scattered signals required rotating the quarter-wave plate and the QPD and
fixing the mounting angle of the quarter-wave plate such that back reflections off it did
not enter the QPD. Using these techniques we obtained ~2% crosstalk between axes
over a 200-nm region. For raster-scanning applications, increased accuracy, or for large

displacements, we parameterized the residual crosstalk [24].

2.3.2 Mirror calibration

In the optical trapping microscope we use PZT mirrors to translate the 850-nm
and 1064-nm lasers in the image plane. While the PZT mirror input is in voltage, we
request these translational movements in nanometers, requiring a mirror calibration.
This mirror calibration was done once and was valid unless mirror position on the
optical table changed. We calibrated the PZT mirror by scanning a fiducial mark in a
grid using the calibrated PZT stage and determined the PZT mirror voltages associated
with the center of the fiducial mark at each stage position. We plotted the 2D grid of
voltage coordinates, and checked for linearity; a tilted grid means that mirror movement
in one axis will generate significant crosstalk on the other axis. The mirror position in
the mount was rotated to minimize this crosstalk and create a linear grid. We then

determined the calibration for nanometers into volts by linearly fitting the data and
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using the slope in each axis along with a linear crosstalk term. To check this calibration,
we scanned both the fiducial mark and laser in a grid using the PZT stage and PZT
mirror, respectively. The distance of the laser from the fiducial mark center was recorded

and verified to be within 5%.

2.3.3 Trap calibration

In the optical trapping experiment we can change the force on the bead (Fr) either
by changing the bead position (zpq) or the trap stiffness (kr), as Fr = krxpq. To change
the trap stiffness, we adjust the intensity of the trap (I). This is because the potential of
the trapped bead (U) is both proportional to trap stiffness, [U| = [ F = 1k < 214 >2,
and given by the potential of a dipole in an electric field (E), |[U| = aE? = al, where
« is the polarizability. The trap calibration converts trap stiffness (in pN/nm) to a
voltage for the trap intensity servo.

There are three methods to calibrate trap stiffness: the equipartition method, the
power spectrum method, and the drag method. These three methods have been reviewed
extensively [87, 94, 118]. Briefly, the equipartition method draws on the equipartition
theorem that allows %kBT of energy per degree of freedom, kg is Boltzmann’s constant

and T is temperature. Applying this theorem to our trapped bead yields

kT
kT = 2 )
< Tiq >

(2.2)
where kr is trap stiffness and zpq is the bead position. The power spectrum method
relies on the fact that the responsivity of a trapped bead, as measured by a power
spectrum, will roll-off at a particular frequency (fy) given a particular trap stiffness.

The full equation is

kr = 27 fo, (2.3)

where (3 is the drag coefficient of the trapped bead (3 = 6mnrpq far from a surface, 7 is

the viscosity of the liquid and 7,4 is the bead radius). Finally, in the drag method, the
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stage is moved at a particular velocity (v) so as to create a drag force on the trapped
bead. By calculating the drag force and measuring the bead position we can determine

the trap stiffness,
_ P

Tbd

K (2.4)

By calibrating trap stiffness using all three of these methods, we can easily check our
stiffness calibration for inconsistencies. The equipartition method does not depend on
the drag coefficient (and therefore the bead size or the viscosity of the liquid), the power
spectrum method does not depend on the positional calibration, and the drag method
will measure the linearity of the trap and so this does not have to be assumed.

We first calibrated the trap stiffness by measuring bead position at ten different
voltages of the trap intensity servo. Using this bead position and the resulting power
spectrum, we calculated the stiffness given by both the equipartition method and the
power spectrum method. For stiffness measurements that were not within 10%, we
followed a series of steps to correct the inconsistencies. First, we checked to make sure
the measurement axes were aligned with the trapping axes (Fig. 2.12). This is important
in the equipartition method where one degree of freedom is measured along the trapping
axis. Rotating a half-wave plate moved the trapping axes into alignment. Second, we
used all new buffer and sample chambers, since the power spectrum method is sensitive
to the viscosity of the liquid. In addition, the power spectrum method is very sensitive
to the height above the surface, so we selected the height before every measurement to
remove drift or we used a fiducial mark to stabilize the stage in z. Finally, if the trap
calibration still did not agree, we rechecked the mirror and positional calibrations, as
the equipartition method is sensitive to these calibrations.

We then measured the linearity of the trap and the trap stiffness with the drag
method. We measured the bead position at multiple velocities of the stage, plotting drag

force vs. bead position. By fitting a line to this curve and measuring the residuals we
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Figure 2.12: Trap calibration is sensitive to polarization. Left panels. Trapped bead
position (ypq vs. zpq) fit to a line to show polarization orientation. Right panels. For
the trapped bead in the left panels, the stiffness vs. trap power is shown for both the

equipartition method (orange) and the power spectrum method (red).

Polarization

orientation must be aligned with the measurement axes for the equipartition method
and power spectrum method to agree.
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assessed the linearity of the trap; within 5% for 100 nm. The slope of the line (fit over
+50 nm) was the trap stiffness. It is important when taking this data to account for the
slope of the stage and to set the height appropriately. We repeated this measurement
of trap stiffness using the drag method at the same ten different intensity servo voltage
levels used above.

Finally, using the equipartition, power spectrum, and drag data, we determined
the trap calibration. We plotted the trap stiffness measured by each of the three methods
against the trap voltage (Fig. 2.13) and verified the stiffness at each value. The data
was within 10%. A line was fit to the data (in voltage vs. stiffness) and the linear
coefficients were written out as the trap calibration. This calibration was repeated
for each bead size and buffer condition, though once taken the calibration is valid as
long as the instrument does not change. We checked the calibration by uploading the
calibration file and using it to send a voltage to the trap intensity servo. We measured
the difference between the desired and measured trap stiffnesses and verified that the
difference was +5%. We also verified that the stiffness of the trap was not sensitive
to the position above the surface by measuring trap stiffness at various heights. From

100-1000 nm above the surface the stiffness decreased by ~2

2.3.4 Positional measurement

We want to measure the position of a fiducial mark over time to both characterize
the sample drift and to actively stabilize the sample. In Section 2.3.1 we calibrated the
position of a fiducial mark, here we want to use that calibration to take positional
measurements over time. To measure fiducial mark position, we first coarsely centered
the fiducial mark in the laser focus using a camera. Second, we scanned the sample
laterally and fit the resulting QPD voltage curve with a Gaussian to find the fiducial
center; we then moved the stage or laser so as to laterally align the fiducial and laser.

Next, we scanned the sample in z and selected the center position. We repeated the
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Figure 2.13: Trap calibration. Stiffness is calculated by the equipartition method (red
cross), the power spectrum method (green circle) and the drag method (blue triangle).
All data points are simultaneously fit with a line (black) and the residuals are plotted
at the top of the graph (black diamonds).
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lateral centering and then took positional calibration curves in 3D, see Section 2.3.1.
Finally, we used the calibrations to measure the position vs. time. For monitoring the
fiducial mark position detected by two laser beams, one beam was aligned using the PZT
stage (785-nm laser) and the other was aligned using the PZT mirror (850-nm laser).
Note: In the modified microscope for the AFM experiment there were no PZT mirrors so
both lasers were aligned using the PZT stage and movement between the lasers was done
by turning a mirror knob by hand. A differential measurement was taken by subtracting
the positional data recorded by the lasers (e.g. Zdif = ZTmonitor — ZLin—loop)- Active
stabilization was achieved by inputting the in-loop positional data into the software
feedback loop and using the monitor positional data as the definitive measure of stability.

In the ultrastable AFM experiment we also want to measure and stabilize tip
position. To measure tip position, we first coarsely centered the AFM tip on the 810-
nm laser focus using a camera. Second, we touched the tip to the surface and retracted
it 300 nm with the AFM PZT translation stage. We then aligned the tip with respect
to its laser to minimize crosstalk accompanying lateral motion. This alignment was
achieved by dithering the AFM tip along each axis sequentially and changing the center
position of the dither. This procedure collapsed the majority of the crosstalk (which
was deterministic and reproducible) onto the vertical axis. Next, we translated the tip
about its optimum alignment point on each axis sequentially and fit the center portion
(£50 nm) of the resulting curves to first-order polynomials. The linearity of the signal
and the crosstalk within this restricted region allowed us to use a linear parametrization.
This calibration was then used to convert voltage from the 810-nm QPD into position.
Finally, we measured position over time and used this measurement as the in-loop
signal to stabilize the tip. When monitoring the stability of the technique, we aligned
a second laser, the monitor laser, to the tip to measure position as well. For imaging,

we calibrated while in contact with the surface.
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2.3.5 DNA elasticity measurement

A DNA elasticity measurement stretches the DNA while recording the force on
the DNA at each extension value. This measurement is used to laterally align the tether
point to the laser, as well as determine the DNA contour length and persistence length.
First, we trapped a DNA-tethered bead. We then determined the vertical location of the
surface by monitoring the z voltage on the QPD as the tethered bead was brought into
contact with the surface [87], and we lowered the stage 300 nm. Next, bead position was
calibrated. Finally, the program laterally moved the stage to stretch the tether, while
measuring bead position to determine both force and extension [131]. The resulting
elasticity curve was fit with the modified Marko-Siggia formula [71] to determine the
tether point, DNA contour length, and DNA persistence length. The tether point, which
is the position of the tether anchor relative to the laser focus, was used to align the tether
to the laser. We stretched the DNA twice in both lateral directions to center the tether
and a third stretching curve was used to determine DNA contour length and persistence
length. The error in the tether point and persistence length measurement was ~2 nm,
while the error in the DNA contour length was 7 nm rms due to the uncertainty in
the bead radius. If the elasticity measurement showed a larger error we rechecked the

positional, mirror, and trap calibrations.

2.3.6 DNA length measurement

To measure DNA contour length, we first determined the vertical location of the
surface by monitoring the sum signal as a tethered bead was brought into contact with
the surface [87]. We calibrated the trapped bead position and then lowered the stage 300
nm. We found the lateral tether point position by performing a 2D elasticity-centering
procedure, which also returned the persistence length. Bead-DNA complexes anchored

by multiple DNA molecules (determined by a low persistence length) were not studied.
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We next centered the 850-nm laser on a nearby fiducial mark by moving the laser with
the PZT mirror and calibrated fiducial mark position. Finally, we stretched the DNA
along the y-axis using the PZT stage to a specified force (with a corresponding move of
the fiducial-tracking laser). After recalibrating the fiducial mark, we actively stabilized
the sample using a simple software-based feedback loop with a 100 Hz update rate and
a proportional gain of 0.05. Concurrent with measuring fiducial mark position, the
software also measured the trapped bead position to determine DNA length [131].

For measuring DNA hairpin dynamics under constant force, we implemented a
force clamp in parallel with the above stage stabilization. We modulated kt at 100 Hz
such that the force (Fp = krzpq) was maintained to ~0.01%. Modulations in k1 were
about ~20% to maintain constant Fr.

For measuring RecBCD movement, we implemented a pseudo force clamp in
parallel with the above stage stabilization. RecBCD movement causes motion of the
bead relative to the trap center, which changes the force. To keep the force within 15%
of the initial value we allowed movement of the trapped bead to 10 nm from the clamp
position (70 nm). Bead motion larger than this triggered the stage to reset the bead
position back to the clamp value, with a corresponding movement of the PZT mirror

that controls the fiducial-tracking laser.

2.4 Data analysis

2.4.1 Data processing

Raw data was collected at 4 or 10 kHz and filtered using an 8th-order, low-pass,
elliptic filter. The data was digitized with a 16-bit, 20-V-range data card in the optical
trapping experiment and an 18-bit, 20-V-range data card in the AFM application. We
then used a software filtering algorithm in IGOR. We smoothed the data with either a

moving box-car window or a moving Savitzky-Golay window [101]. The box-car window
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smooths out higher frequency signals and introduces a bias into the data if the signal has
a nonzero second derivative, as compared to the Savitzky-Golay window [101]. For an
illustration of how the two windows smooth differently see Figure 2.14. Where indicated,
we also decimated the smoothed data so that each point was independent, that is we

removed all of the overlapping windows from the smooth function.

2.4.2 Noise determination

To determine the noise level of the data, we used three different metrics. The
first metric was to take the standard deviation (o) of the data smoothed with a box-car
window; the upper limit in the bandwidth is the smoothing frequency while the lower
limit in the bandwidth is the inverse time interval. The second metric was to calculate
the integrated noise over a particular bandwidth. We first calculated the power spectrum
of the raw data using a scaled power spectrum function (Power Spectral Density.ipf in
IGOR), a Hann window, and the largest window size possible. Then, the square root
of the integral of the power spectrum over the specified bandwidth was calculated to
give the integrated noise. Theoretically, the standard deviation and the integrated noise
should be equal given Parseval’s theorem; experimentally, they were within 5%. The
final metric was to plot the histogram of the data and measure the HWHM. For a
Gaussian peak the HWHM is related to the standard deviation by a factor (HWHM =

V21In20).

2.4.3 Step detection

To determine steps within the data, we used three different metrics. The first
metric was to plot the histogram of the data. Step size was the distance between peaks
and the noise level was the HWHM. The second metric we used was a pair-wise distance
difference of the data. The pair-wise distance difference is a measure of the distance

between pairs of points in the data. By plotting a histogram of the pair-wise distance
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Figure 2.14: Window type affects data smoothing. We simulated 100-Hz, raw, positional
data (black, top) by adding Gaussian noise to an ideal 1-nm stepping signal. At first,
steps occur every 10 s, then 5 s, then 2 s, and finally 1 s, as separated by the orange
dashed lines. The raw data is smoothed to 10 Hz (pink), 1 Hz (gray), and 0.1 Hz (red)
using a box-car window (middle top), a Savitzky-Golay window (middle bottom), and
a binomial window (bottom). Data is presented as back-and-forth steps for clarity. If
we instead plot linearly increasing steps (data not shown) and fit these steps with a
step fitting algorithm [48], we can quantitatively compare the smoothing algorithms.
We define the parameter rpest as the ratio of the smoothing frequency at which we fit
90% of the steps with the correct height and the dwell time, divided by the stepping
frequency of the simulated data. For the box-car window 1.5t = 2.7; for the Savitzky-
Golay window 7pest = 1.0; and for the binomial window rpes; = 0.2.
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difference there will be peaks at intervals of the step size; the noise is defined as the
HWHM of the peak. In addition, we took the power spectral density of the pair-wise
distance difference histogram; a peak in the power spectrum will occur at the most likely
distance-difference, the step size. Finally, we fit the data using a step finding algorithm
based on a maximum likelihood parameter [48]. The data was assumed to be either
increasing or decreasing. One step was fit to the data and the likelihood parameter was
found. Then two steps and so on until the algorithm reached the user defined stopping
point (300 steps) and output the plot of likelihood vs. number of steps, which contained
a peak. The user then input the number of steps just to the left of the peak and the
program output the fit steps, the mean and standard deviation of which was the step

size and the accompanying noise level, respectively.



Chapter 3

Microscope stabilization to 1 A

3.1 Introduction

Mechanical drift between the objective and sample is a long-standing problem in
microscopy that occurs in all three dimensions. Typical drift rates, around ~1 nm/s
[52, 89], can be caused by mechanical settling of the objective or stage, thermal heating
of the objective or sample, or acoustic vibrations. Such large drift increasingly limits
the localization precision of the microscope. Localization of a single object is not limited
by the Rayleigh criterion and has been widely used in single molecule experiments to
resolve nanometer-scale motion of beads [119], fluorophores [138], and organelles [58].
Localization in vivo can also resolve features down to 16 nm [133], well below the diffrac-
tion limit (~200 nm). In addition, there is a strong desire to increase the localization
precision to 1 A for a myriad of biophysical applications [77], including measuring [1]
enzymatic motion along DNA. As researchers increase localization precision to measure
smaller and smaller distances, the mechanical drift between the microscope objective
and the sample becomes increasingly problematic.

Moreover, in surface-coupled optical trapping assays this unwanted mechanical
drift is the dominant source of instrumental noise [89]. The goal of our research is
to use surface-coupled optical trapping experiments to measure the discrete motion of
a helicase as it unwinds the DNA duplex. Motion can be as small as 1 bp (3.4 A)

[61, 125], while mechanical drift limits localization precision to ~6 bp (20 A) [89, 96].
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In a surface-coupled optical trapping assay (Fig. 2.1), the enzyme is typically anchored
to the surface, while an optically trapped bead, indirectly coupled to the enzyme by
a protein or a DNA molecule, detects the enzymatic motion [5, 11, 45, 48, 64, 120,
132, 140]. Drift is then coupled into the bead-enzyme distance measurement, obscuring
the underlying motion. Ideally, such unwanted drift would be eliminated in all three
dimensions, since many experimental geometries are sensitive to both horizontal and
vertical drift [96, 130, 131].

The introduction of a fiducial mark, or a reference point, into the system pro-
vides a means to measure and minimize objective-sample drift. Commonly, the fiducial
mark is a micron-sized bead affixed to the microscope cover slip, the position of which
is deduced using video-imaging analysis [14, 115]. Such measurement has been used
in a feedback loop to stabilize an optical microscope in three dimensions [14, 115],
achieving 0.8-nm stabilization at 25 Hz [14], though without independent verification.
Compared to video-based techniques, laser-based detection [33, 37, 128] offers signifi-
cantly enhanced bandwidth and potentially sub-picometer resolution [23]. Laser-based
detection also depends on the relative position of the laser (set by the objective) to a
fiducial mark (attached to the cover slip) in three dimensions [100] and is, therefore, a
promising candidate for 3D stabilization of the objective-sample position. The problem
is that, historically, instrumental noise particularly at low frequencies (0.1-100 Hz) has
limited laser-based detection measurements [37, 49, 128].

We overcame this instrumental noise and used laser-based detection to achieve
Angstrom-scale stabilization of an optical microscope in 3D. We first measured the
position of a fiducial mark coupled to the microscope sample with a detection laser (A =
785 nm), the in-loop laser. Then, we used a software-based feedback loop to a PZT stage
to compensate for drift in the fiducial mark position (Fig. 3.1). Hence, we effectively
stabilized the microscope sample position to the in-loop laser focus, which is coupled to

the objective, stabilizing the sample-objective distance. Several factors contributed to
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Figure 3.1: Basic principle of microscope stabilization. We measured the position of the
sample (e.g. Tin_loop) by detecting the scattering of a focused laser beam (A = 785 nm)
off a fiducial mark. This position is then used in a feedback loop to a piezo-actuated
stage to keep sample position constant. To monitor stability, we measured the position
of a second fiducial mark (Zmonitor) using another focused laser (A = 850 nm).
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this experimental realization: decreasing the low-frequency instrumental noise apparent
in laser-based detection, increasing the sensitivity of laser-based detection to vertical
motion, and fabricating a fiducial mark that was firmly coupled to the sample (and
thus, an accurate representation of sample position). Using this technique, we achieved
a stability of 1.1 A, 1.0 A, and 0.9 A (rms, Af = 1-25 Hz) in z, y, and z, respectively.

The stabilities reported here are independently verified with a second detection
laser (A = 850 nm), the monitor laser, which monitors fiducial mark position (Fig.
3.1). The simple application of feedback loops, without independent verification of their
performance, can lead to erroneous conclusions of stability. Let us consider one source
of instrumental noise: laser-pointing instability. Such pointing noise causes apparent
motion between the objective and the sample that is erroneously compensated for by
the feedback loop. Without independent verification, we have no knowledge about this
erroneous compensation. We note that the use of a monitor laser is not always a truly
independent verification since the monitor laser is immune to common-mode fluctuations
that both lasers share, such as air currents and vibrations of optical mounts. However,
in our system a large fraction (40%) of the optical path is not common-mode, and
the common-mode optical elements (excluding the objective) are rigidly attached to
the microscope frame or the optical table by custom-made, large-diameter (38-mm)
aluminum posts. Vibrational testing suggests that the limits in the mechanical stability
of our system are the fiber launches and the QPDs, which are independent for each laser.
Therefore, in our system, the monitor laser did represent an independent measurement

of microscope stability.

3.2 Decreasing low-frequency laser noise

More than a decade ago it was shown theoretically that laser-based measurements
could achieve subpicometer localization of micron-sized beads [23]. However, instrumen-

tal drift, particularly at low frequencies (.01-100 Hz), limited such measurements [128].
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To overcome this instrumental drift, we significantly increased the low-frequency stabil-
ity of laser-based detection by addressing multiple sources of laser noise.

Previously, our group addressed one source of low frequency noise, laser pointing
noise, by using fiber-coupled lasers and holding the fiber end in a stable, mechanical
mount [89]. However, fiber coupling a laser translates pointing instability into intensity
noise. Additionally, coupling a laser into a single-mode polarization-maintaining fiber
translates mode and polarization fluctuations into intensity noise. This added intensity
noise adversely affects position measurements, particularly in z, where measurements
are proportional to intensity.

To minimize the effects of various laser noise sources, we used an AOM-based laser
intensity stabilization (see Section 2.1.4). The active stabilization method consisted of
passing the laser sequentially through an AOM, a single-mode, polarization-maintaining
fiber, and a polarizing beam splitter (Fig. 2.6). Then we sampled 10% of the light onto
a photodiode to measure intensity, which was stabilized by a feedback loop to the AOM.
This method decreased the intensity noise of both detection lasers to 0.002—-0.005% over
the low-frequency bandwidth of 0.02-100 Hz. In this manner, a number of noise sources
(pointing, mode, and polarization) were minimized by translating them into intensity
noise that was also minimized, in turn, by the intensity feedback loop. In addition, we
have stabilized the low-frequency laser noise responsible for limiting previous positional

measurements.

3.3 Increasing the sensitivity of laser-based detection

Previously, our group showed that laser-based detection is sensitive enough to
track the position of a fiducial mark in the lateral directions (x and y) with 1 A precision
at 1 kHz [89]. We now needed to increase the sensitivity of the signal in the vertical
direction, z. The z positional signal is deduced from the sum voltage of the QPD (see

Section 2.1.3), which is proportional to intensity. More specifically, this vertical signal
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arises because laser intensity is phase-shifted by the Guoy phase shift at the focus of
the laser [100]. This phase-shifted intensity scatters off the fiducial mark and interferes
with the incident beam in the back-focal-plane of the condenser. The interference leads
to a small modulation on top of a comparatively large signal that is proportional to
intensity. Hence, fluctuations in intensity appear as fluctuations in z.

The inherent sensitivity (in volts per nanometer, see Section 2.3.1) in z was small
(0.2 mV/nm), as deduced by moving the fiducial mark vertically through the laser
focus (Fig. 3.2 A, purple). To increase this sensitivity, we used an offset amplifier
to optimally match the variable portion of the sum signal to the 20-V dynamic range
of the 16-bit data acquisition card. This amplification led to an enhanced sensitivity
of 27 mV/nm, sufficient to resolve 1 A motion (with a digitization of 0.3 mV/bit).
Finally, the combination of offset amplification with intensity stabilization yielded an
additional benefit: small, periodic oscillations in the sum signal were eliminated. Since
intensity was stabilized before the laser entered the microscope, these oscillations are
not cavity effects between the bead and the cover slip that are forward-scattered [86].
We speculate that these oscillations result from a small amount of reflected light that
feeds back into the diode laser cavity (making it through both the AOM and the optical
isolation system) and cause mode-hopping of the laser.

After increasing the sensitivity of the signal in z, we measured the noise level
of the signal using differential detection, as was done previously for z and y [89]. In
this technique, the position of one fiducial mark is measured with two detection lasers.
The difference in the position records is calculated (e.g., Zdif = Zin—loop — Zmonitor)s
which computationally removes any mechanical drift and leaves residual laser noise
[89]. Even after removing mechanical drift, the original z signal was shown to be too
noisy to achieve 1 A stability in zgj (Fig. 3.2 B). This excess noise was primarily
intensity noise. Thus, in the intensity-stabilized zg; measurement there was marked

improvement. However, only by coupling intensity stabilization with offset amplification
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Figure 3.2: Vertical sensitivity enhancement. (A) Height calibration signals for an
affixed bead that was scanned vertically through the detection laser. The traces repre-
sent the inherent signal (purple), offset-amplified signal (black), offset-amplified signal
with intensity servo active (blue). (B) Differential measurements of vertical motion
(2dif = Zin—loop — Zmonitor) Using two lasers and a 400-nm-diameter affixed bead as a
fiducial mark. Traces represent the inherent signal (purple), the intensity-stabilized
signal (gray), and the offset-amplified signal with intensity servo active (blue). Traces
displaced vertically for clarity.
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did we achieve a 1 A differential stability. More quantitatively, the average short term
(1-25 Hz) differential stability was 1 A, determined from the average standard deviation
of a non-overlapping series of one-hundred 1-s intervals (7,). Long-term differential
stability was <3.3 A as measured by the standard deviation over a 100-s interval (02,
Af =0.01-25 Hz). We note that, as before [89], lateral differential stability was excellent
(Fig. 3.3), achieving sub-Angstrom precision (5, = 0.4 A, oy, =04 A). Since differential
stability is a measure of the residual laser noise in the system, it represents an ultimate

limit for microscope stability using this technique.

3.4 Firmly coupling fiducial marks to the sample

The enhancements in laser stabilization and sensitivity can only improve mea-
surements of sample position if the fiducial marks are firmly coupled to the cover slip.
Previously [89] and in Figure 3.2, 400-nm-diameter polystyrene beads, melted to the
cover slip, were used as fiducial marks. Unfortunately, our melted beads still demon-
strated significant motion. When differential detection or video-based detection was
used to detect the position of one fiducial mark, fiducial movement relative to the sur-
face was undetected (Fig. 3.3 A). However, if differential detection was used to detect
two fiducial marks, then fiducial movement relative to the cover slip was visible. In
fact, in ~80% of our traces, beads moved >1 A relative to the cover slip (Fig. 3.3 B).
Such motion limited our ability to stabilize the microscope and presumably limited the
stability of the work of others as well, though in such cases this added motion would
have been unseen without an independent measurement.

To surmount these challenges, we fabricated an array of fiducial marks that were
an integral part of the cover slip. Low-index glass posts (see Section 2.2.1) yielded
excellent optical signals with sensitivities in z, y, and z sufficient for sub-Angstrom
resolution and were, as expected, stable relative to the cover slip (Fig. 3.3 C). To

elucidate how these sensitivities scaled with volume, we constructed a range of posts
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Figure 3.3: Fiducial mark movement as displayed by a differential measurement in x
(xdif = Zin—loop — ZLmonitor, green) and y (ydif = Yin—loop — Ymonitor, Ted)~ (A) Both
lasers measure the position of one affixed bead (inset), masking the underlying bead
movement. (B) Each laser measures the position of different affixed beads (inset) so
that bead motion is apparent. The displayed trace is truly an average response with a
noise level that is the median value for ten trials. (C) Each laser measures the position of

a fabricated post (inset), which does not display movement. Traces displaced vertically
for clarity.
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with varying w (350-725 nm). Interestingly, the sensitivity was proportional to the
volume of the post (Figure 3.4 A), agreeing with a model of the post as a point with a
polarizability proportional to its volume [37, 100], even though the dimensions for larger
posts were comparable to the wavelength of the laser (A = 785 nm).

As an alternative fiducial mark, we also investigated etched holes (see Section
2.2.1). Holes with different openings, w, gave different signals (Fig. 3.4 B). For the
smallest openings investigated, 100 nm, we measured an approximately linear signal
over an extended range. However, for larger openings, the response was nonlinear in
the middle of the hole. We conclude that hemispherical holes yielded high quality
signals, but flat-bottom holes did not. Additionally, holes have their optical center ~1
pm below the plane of the trapped bead, which requires detector beam foci to be in

different planes, an added complication.

3.5 Active microscope stabilization

To actively stabilize the microscope, we first measured post position with the
in-loop laser. Then the stage position was updated at 100 Hz to keep the position
constant in all three axes. The monitor laser, recording the same post, independently
determined microscope stability (Fig. 3.5 A). We note that this independent verification
of microscope stability, once performed, is not necessary in day-to-day stabilization
applications. Using the monitor laser, we achieve short-term microscope stabilities, as
described in Section 3.3, of 6 = 1.1 A, gy = 1.0 A and 5, = 0.9 A (Af = 1-25 Hz);
and long-term stabilities of o = 1.7 A, oy =12 A, and o, = 3.5 A (Af = 0.01-25 Hz).
We note that the bandwidth of our feedback loop (100 Hz) is limited by the resonance
frequency of the stage (unl