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ABSTRACT OF THE THESIS

Single Molecule FRET Sequencing on Consumable Microfluidic Devices

by

Jeremy Yuenchen Huang
Masters of Science in Electrical Engineering (Photonics)
University of California, San Diego, 2015
Professor Yu-Hwa Lo, Chair

We present a technique based on Fluorescent Resonance Energy Transfer (FRET)
mechanism that enables single-molecule sequencing with a minute amount of starting
cells or tissues. During DNA polymerase catalyzed nucleotide incorporation, a donor
fluorophore conjugated onto the polymerase acts as a transition state for a highly

localized transfer of energy to a recipient fluorophore on a target deoxyribonucleotide
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triphosphate (ANTP). This enables local signal amplification in four target wavelengths
eliminating the need for DNA amplification through PCR or waveguide-mediated signal
boosting. The donor particle is stimulated using a 532nm laser in a total internal
reflection microscope (TIRFM) setup that reduces background noise by using
evanescently propagating waves to interact only within 100nm of the surface of the glass
substrate. The sample can be prepped using fluidics in low concentrations (< 100pM) and
is attached onto a biotin-streptavidin functionalized surface. Since the fluorescent dNTPs
are not end-terminated, all templates exposed to the dNTP solution will sequence,
regardless if they are being observed. Our solution is a microfluidic polydimethylsiloxane
(PDMS) device that is capable of individually addressing isolated sequencing sites. We
demonstrate the viability of the complete system to provide accurate short template
sequencing and provide a proof of principle for DNA methylation detection and long-

template sequencing on our next-generation protocols and devices.



CHAPTER ONE
1.1 Introduction

The availability of next generation sequencing (NGS) tools has enabled rapid
advances in genomic science within the past five years® 2. Current high-throughput
techniques such as Illumina/Solexa’s sequencing-by-synthesis (SBS), Roche’s 454, and
ABI’s SOLID are capable of sequencing an entire human genome within several days®.
The flexibility of systems like Illumina’s SBS allows for protocol modifications such as
RNA-seq*, MethylC-Seq?, and CHIP-Seq® to analyze the transcriptome, methylome, and
DNA-protein interactions. However, these high-throughput techniques are limited to
sequencing short read-lengths which greatly restricts the amount of structural variation in
the genome that can be detected” 8. Furthermore, these methods have complicated library
preparation steps and necessitate PCR amplification which introduces PCR-specific
biases® and phasing issues?.

Current approaches that attempt to achieve accurate high-throughput long-
template sequencing include: fluorescent observation of single-nucleotide incorporation
events in zero-mode waveguides!! and measurements of conductance fluctuations across
nanopores®? 3, In particular, Pacific Bioscience’s single-molecule real-time (SMRT)
sequencing platform recently demonstrated near 85% single-base accuracy over lengths
of up to 15kb'**°, However, these methods still need a significant amount of starting
DNA to sequence, have lengthy library preparation steps, and fabrication challenges
which restrict their ability for introduction into the sequencing market.

An integrated single-molecule sequencing process that is capable of sequencing

kilo-base or mega-base long templates with simple library prep, picomolar input DNA



concentration, and without necessitating DNA amplification has yet to be demonstrated.
Such a tool will enable better understanding of structural variations, repeats, and possibly
open the door for single-cell amplification-less sequencing.

In order to address this need we introduce a novel high-throughput FRET-based
sequencing platform that utilizes resonance properties between two fluorophores. This
FRET-based solution utilizes one excitation source and is able to accurately sequence
DNA strands at pico-molar concentrations. Individual single-stranded DNA templates are
able to be anchored onto an un-patterned surface and spaced out by dilution only,
simplifying surface prep and protocol. Individually toggled microfluidic reaction sites
provide potential for an entire genome being sequenced on a single consumable PDMS
chip. Simplicity of consumable fabrication through soft-lithographic techniques boosts
out platform’s accessibility for laboratory and high-throughput commercial and
laboratory needs. We provide proof-of-principle for a high-throughput short-template
sequencing and give a proof-of-concept for long-template sequencing using a parallelized
short-template sequencing technique.

1.2 Overview of FRET Mechanisms

Fluorescence resonance energy transfer is a phenomenon that describes a
distance-dependent transfer of energy between light-sensitive particles®® 1’ Its use in
detecting interactions at the nanoscale has been well documented*® °. In this phenomena,
electrons in the donor particle are first stimulated to an excited state by an external light
source. Through dipole-dipole coupling, energy is transferred to an acceptor particle and
the subsequent relaxation and energy release gives off an emission in a lower energy

band. Response time for an individual excitation and emission event is on the order of



nanoseconds and the efficiency of this system is inversely proportional to the distance

(Figure 1) between the donor and acceptor particle.

Acceptor Fluorophore Donor Fluorophore

‘ Relaxation

FRET

Excitation: Fluorescent
532nm Emission: 568nm Fluorescent
Emission: 700nm

¥

Figure 1: Jablonski diagram of FRET resonant energy transfer between donor and acceptor fluorophores.
In this case, coupling is demonstrated between Alexa Fluor 555 dye and Alexa Fluor 700.

Efficiency of FRET is a function of the inverse-sixth-power of distance, R,
between the donor and acceptor fluorophores?. This is expressed in the following
equation:

1
E=—"s% (1)

6
1+ [R%]
Where R is the distance between the donor and acceptor particle in media, R,is the
constant where energy transfer E is 50% efficient. R, is defined by the following
equation?°:

Ry = 0.211[J () pan~*k2]"1/6  (inR) (2)



J is the spectral overlap between the donor and acceptor (figure) and ¢ is the donor
quantum yield, n is the index of refraction of the medium and x? accounts for the
orientation of the dipoles (in most systems 2 is assumed to be 2/3). Spectral overlap is

determined by Equation 3:
1= [ Fme@ata (3)
0

where ¢ is the extinction coefficient of the acceptor, Fj, is the emission spectra of the
donor, and lambda is the wavelength.
1.2.1 The Starlight FRET System

By conjugating a donor fluorophore onto a DNA polymerase and acceptor
fluorophores onto dNTPs, we can reliably discern single-molecule FRET interactions
during DNA synthesis. During incorporation of a single nucleotide in our sequencing by
synthesis approach, the acceptor nucleotide is within 4nm of a field of up to 15 donor
fluorophores which are located near the surface of the DNA polymerase. Our sequencing
chemistry utilizes Alexa Fluor 555 as our donor particle and four different acceptor
fluorophores DY 634, AF 647, AF 676, and AF 700, attached to the four different
nucleotides. The long emission tail of the Alexa Fluor allows multiple fluorophores to
couple with a single donor (Figure 2). As shown in Equation 2, FRET efficiency is
proportional to spectral overlap and thus we selected four dyes which excitation spectra

interact efficiently with our Alexa Fluor 555’s emission.



100

==AF555 Emission
wn )YB634 Excitation
AF647 Excitation
- 80 = AF676 Excitation
.*5 = w==AF700 Excitation
@ ,
[0)
g 60
©
0]
N
© 40
£
o
Z

20

t
R
R

mumu\m\ummu

!
o
o
'

e

Oz
()]
o

o

o

600

%, %, S S
"ll;,,‘"“Mu\nl'h»}ll;ll|||||n|||||||||||l||||||n\“ o

700 750 800
Wavelength (nm)

Figure 2: Emission-Excitation spectra of tested fluorophores for Starlight Chemistry. Long emission tail of
Alexa Fluor 555 allows for FRET interaction with multiple fluorophores.
Acceptor fluorophores are also carefully selected to minimize emission overlap.
However, single-molecule events are difficult to resolve even with the sensitivity of an
Electron Multiplying Charge Coupled Device (EMCCD) and thus we need broadband
filters to capture as much light as possible, while still being able to individually
distinguish each fluorophore. Ratios of signals from different channels, caused by filter
bleed-through is utilized to determine the identity of the incorporating nucleotide. Figure
3 demonstrates the emission spectra of our four fluorophores and the creation of three
channels utilizing broad-band filters. The filter set was designed such that there was
minimal interaction with the strong emission signature of the Alexa Fluor 555 molecule
and to facilitate base-calling utilizing our combination of distinct signals from three
channels (Figure 4). During data acquisition our camera is optically sectioned into three

different regions, each corresponding to the same field-of-view on the chip but containing
a different filtered spectrum.
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Figure 3: Emission spectra of acceptor fluorophores. Filters were designed so that there was minimal
interaction with the bright fluorescent emission of AF555. Signals are distinguished in post-processing as
the combination of signals from three channels.
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Figure 4: Single-base Starlight sequencing example. Base calls are determined by combination of signals
from three channels. Each channel observes the same field-of-view but is filtered in a different spectrum.

Corresponding circles highlight a single sequencing site (a single dot), consisting of one template and one
DNA polymerase. Each of the colors in the signals on the left correspond to a filter mentioned in Figure 3.



We utilize a custom two-camera TIRF setup (Figure 5) to observe our multi-
channel signal. A 532nm laser is coupled to our Olympus 1X81 inverted microscope as
our excitation source. A 100x oil immersion TIRF objective interfaces with our mounted
microfluidic device Free-space dichroic cubes, mirrors, and filters localize the three
different channels spatially on our primary EMCCD. A secondary EMCCD takes the
emission from the Alexa Fluor 555 fluorophore to use as a reference data set for DNA

site alignment.

Mounted Microfluidic Device

Control/Aquisition i
Workstation )
Piezoelectric Stage \
& Oil-lmmersion

TIRF Objective

532nm Laser TIRFM Illuminator
-E;

Filter Array
l d Dichroic Mirrors

Secondary EMCCD

¢

¢ ' .
e, Olympus IX81 Microscope
Andor EMCCD y_

Figure 5: Schematic of integrated TIRFM setup. Microfluidic device is mounted on a remotely controlled
piezo-electric stage and FRET sequencing sites are individually toggled and excited through coupling of a
532nm laser source.

Due to the high concentration of nucleotides in solution, there is an abundant
number of non-specific interactions with the donor dye contributing to an increase in

background noise. Any acceptor fluorophore that is within the FRET criteria will interact



with the donor fluorophore. However, the time-averaged interaction of an unbound
fluorescent nucleotide in solution within an ample efficiency radius is measured in the
nanoseconds because they are not anchored and quickly carried away by Brownian
motion and fluid flow. Incorporation frequency is measured on hundred millisecond and
second timescales and the integration time of the EMCCD is also in the milliseconds,
reducing floating dNTP interactions to slightly increasing the background noise. We are
able to not only confine our sequencing interaction to within several nanometers, but also
limit the amount of background auto-fluorescent noise measured using TIRF microscopy.
1.3 Overview of Total Internal Reflection Microscopy

Though we are able to localize the majority of our excitation energy in a small
window utilizing FRET, background fluorescence and scattering in the media and the
device still significantly impede the signal to noise ratio (SNR). In order to maximize
SNR, we confine donor fluorophore excitation energy to within 100nm of the substrate
by utilizing total internal reflection microscopy (TIRFM) 2% 22 In total internal reflection,
a propagating wave that strikes an index of refraction transition boundary at greater or
equal to a critical angle will reflect. At angles slightly greater than the critical angle, there
is a limited amount of evanescent wave energy that penetrates into the media. This
energy dies down exponentially as a function of distance into the media and thus is a
prime source of localized excitation energy for our near-substrate FRET interactions.

The interaction distance intensity (localization of the intensity) is based on a set of
commonly known equations. We first have the incident total internal reflection angle

based on the equation for total internal reflectance given by deriving Snell’s Law.



0. = sin‘l(:—;) (4)

where 6, is the critical angle, n,is the refractive index of the media before the interface,
and n5 is the refractive index of the media after the interface.
Intensity decays as a function of distance z from the interface?? and is given as:

1(z) = 1(0)e~%/4 (5)

where the penetration depth d is:
A
d = 2[(ns)sin?(6) — (n,)?]7/2 (6)

and 4, is the wavelength of the incident light and 6 is an angle greater than the critical
angle 6..
1.4 Single-Molecule Sequencing Process

We combine both TIRF and FRET in our DNA sequencing by synthesis approach
(Figure 6). A polyethylene glycol-biotin functionalized surface to capture in-media
floating DNA templates. These templates are terminated at either end with biotin attached
to an extended adenosine chain and also ligated with known primers to facilitate DNA
polymerase incorporation. We treat the functionalized biotin surface with free-floating
streptavidin proteins in buffer solution to cover all free biotin strands. Low-concentration
of free-floating templates are introduced and through experimentation, approximately
1500 per 100 um? are allowed to bind to the surface. Mutant phage B103 DNA
polymerase is conjugated with several donor fluorescent particles and introduced in the
media, binding onto the primer on the parent strand. This B103 polymerase is engineered
to slow down incorporation events from tens of milliseconds to seconds to increase signal

integration time for capture on EMCCD cameras.
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onor Fluorophore

K‘ Engineered
Polymerase
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Figure 6: Schematic of DNA sequencing mechanism. Streptavidin® on the 3 end is conjugated with a
biotin ligated parent template and anchors to the biotin? on the surface. DNA polymerase? (in our case
B103) is conjugated with a streptavidin that is coated with multiple AF 555 fluorophores. TIRF
illumination excites the donor fluorophore which in turn resonates with the acceptor fluorophore
conjugated on the cytosine.

Our DNA sequencing reaction is initiated by filling the reaction site with
fluorescently labeled dNTPs in oxygen scavenging buffer to assist in prolonging
polymerase lifetime. These dNTPs have additional phosphate groups attached to the 5’
triphosphate to enable conjugation of a fluorescent acceptor particle. During a specific
incorporation event (Figure 7), the acceptor fluorophore receives energy from the donor
fluorophores located on the outside of the B103 polymerase and individual spectra are
discernable for different nucleotides. The polymerase proceeds to incorporate nucleotides

until the entire strand is synthesized.
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a. b.

50% FRET Efficiency Radius ..

Figure 7: Process of an individual sequencing reaction. (a) Polymerase advances towards open template
base. (b) Complimentary base-pair attaches, a reaction that takes approximately 300 milliseconds fora T
and up to several seconds for a G. (c, d) When incorporation is complete, the fluorophore is cleaved off and
Brownian motion or fluid flow carriers the particle outside of FRET range.

It is clear that the Starlight sequencing chemistry, in conjunction with a TIRFM
setup, can help discern individual sequencing events on a single strand of DNA.
However, in order to determine the genetic code of an organism in a cost-effective
manner, thousands of sequencing reactions need to be observed in parallel. In the
following two chapters, a high-throughput short-template sequencing platform utilizing

the Starlight FRET sequencing chemistry is demonstrated.



CHAPTER TWO

2.1 Consumable High-Density Microfluidic PDMS Device

As a proof of principle for the integration of Starlight chemistry on a high-
throughput platform, we fabricated a custom microfluidic device that has the capability of
monitoring thirty-two individually addressable sequencing sites. To enable high-
throughput sequencing on-chip, isolation of individual reaction sites is paramount. Once
a dNTP is incorporated onto the parent strand, the DNA polymerase continues to
incorporate additional nucleotides until it reaches the end of the template. Unlike current
high-throughput amplified sequencing techniques like [llumina’s sequencing by
synthesis, incorporated nucleotides are not end terminated and retain their 3> OH group.
This presents a significant challenge; namely, any DNA template exposed to nucleotide
solution will automatically begin DNA synthesis even when not under direct observation.
Due to the narrow field-of-view of our microscope setup, we can only directly image up
to a 100um x 100um area of which there can be 1500 individually observable short-
template strands. In order to approach whole-genome sequencing on one or several

consumable devices, it is clear that we need to create isolated sequencing sites.

Figure 8: Photograph of our PDMS device.
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Our solution is a high site density PDMS microfluidic device that utilizes

pneumatically actuated valves (Figure 9) to sequentially address individually isolated
testing sites. Fabrication of these devices utilizes a two-mask soft-lithographic process. In
AutoCAD, we created mask schematics for two different layers, the flow layer, which
provides the path for fluid, and the control layer, which pushes down upon the flow layer
to pinch off fluid flow. By utilizing a 10 to 1 width to height design parameter, we are
able to ensure that the push-down valve completely seals off any fluid flow, as

demonstrated by the Quake group®.

Functionalized Glass Substrate

Figure 9: Diagram of push-down PDMS valves for isolation. Flow channel is where reagents, including
DNA and nucleotides, are introduced. The control channel is primed with deionized water. When the
control channel is toggled pneumatically, the PDMS membrane pinches down and shuts the flow channel.

Silicon masks were fabricated using standard lithographic process and the wafer
mold of the flow layer was reflowed to create sloped walls for the flow channel. PDMS is
poured onto the surface of the mold and lifted off for each layer. The two PDMS layers

are bound together using oxygen plasma after they are aligned. The finished multi-layer
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PDMS device is then subsequently bonded onto a functionalized glass coverslip by
baking. Typical PDMS-to-glass bonding involves oxygen-plasma bonding to strengthen
adhesion onto the surface of the PDMS?'. In our device, however, plasma bonding would
render the polyethylene-glycol to biotin surface unusable. We tested several methods of
binding onto the glass coverslip and found that heat curing the device is the quickest and
most efficient way of providing good PDMS-to-glass adhesion. The maximum amount of
rated input pressure the device control channels can sustain utilizing this method is 20
psi. At pressures above this point, we observed liftoff of the PDMS from the glass
surface, resulting in rapid PDMS to glass delamination. Any delamination in a port will
expand in size with use and render the entire device unusable. A 3DS Max rendering of

the device is shown in Figure 10.

Figure 10: 3DS Max rendering of microfluidic PDMS device. Green channels represent the pneumatic
control valves and the red channels represent the reagent flow channels. Thirty-two individual reaction sites
are integrated on this chip iteration.
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The design of the flow layer itself took into consideration two criteria: the need
for isolated and selectable testing sites and potential for scalability. In order to solve the
first these aims, we utilized a combination of binary tree design and a flow-based
isolation method based on hydrodynamic focusing we call “purging flow” (Figure 11).
To individually select sites we utilized pairs of valves in a binary tree format as
individual bits. Thus, the number of control valve pairs increase linearly while the
number of individually addressable sites scales exponentially. However, individual sites
must be at least 100pum x 100um in dimension and be separated by at least 200um to
allow for efficient flow layer access. Additionally, the channels and system were
deliberately designed to ensure reagent consumption efficiency is high and the entire flow

volume is measured in nanoliters.
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Figure 11: AutoCAD schematic of chip design and purging flow. Individual testing sites are located just
before the outlet ports. Flow lanes are shown in red and control lanes are shown in green.
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2.2 Hydrodynamic Focusing for Nano-Sized Particle Isolation

Simple methods to guarantee against backflow include incorporating a parallel set
of control valves, individual outlets, or extremely long outlet ports. Each of these
methods decreases the effective testing site density in the device. We devised a flow-
based system based on hydrodynamic focusing?® that wicks away any particulates from
contaminating subsequent testing sites. Inspired by hydrodynamic flow confinement in
high-throughput FACS machines?=°, our “purging flow” system creates a high-velocity
transverse flow to minimize backflow into currently unobserved and un-sequenced areas
of the chip. To examine such interactions at the micron-level we utilized COMSOL to
model compressible flow in non-slip conditions for a T-junction interface (Figure 12)

where the baseline COMSOL Navier-Stokes equation is below.

p(%+u -Vu)=—Vp+V-(/,t(Vu+(Vu))T—gu(V-u)I>+F (7)

Where u is fluid velocity, p is fluid pressure, p is the fluid density, u is the fluid viscosity,
and F accounts for external forces applied to the fluid. This is solved in conjunction with

the continuity equation.
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Figure 12: Simulation of T-junction purging flow. 100nm particulates are introduced and monitored over
time for contamination in subsequent testing sites
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dp _
TV (=0 (8)

COMSOL modeling software was utilized to simulate isolation effectiveness in a
complex volume. The layout was created in AutoCAD and integrated into the simulation
system. On-chip testing on a non-biotin functionalized surface utilizing micro-molar
concentrations of streptavidin labeled with Alexa Fluor 555 was completed in order to

capture real-time data on the device isolation functionality (Figure 13).

Clean Buffer
Purging Flow

Fluorescent
Contaminanfc

;

é

Figure 13: On-chip demonstration of purging flow utilizing high concentration of streptavidin labeled with
Alexa Fluor 555. High-velocity transverse flow limits particle interaction at the interface and prevents
backflow of contaminants into subsequent “clean” testing sites

However, in a real sequencing scenario, we introduce nucleotides in a much
smaller concentration and in order to test the validity of our system in long timeframes
we introduced 400 pico-molars of adenosine nucleotide tagged with Alexa Fluor 555 into
a chip with a biotin-functionalized surface. Contaminants would thus not only have a
chance to bind onto the surface, but also float in the channels, contributing to background
noise. We took average observed fluorescent intensity measurements over a period of

thirty minutes for three individual testing sites in succession (Figure 14). As predicted,



diffusion has a significant impact on site contamination over minute time scales while
when purging flow was toggled on, observed increase in intensity over time is
minimized. This result demonstrates our device’s capability to isolate multiple testing

sites, enabling hands-off sequencing tests.
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Figure 14: Comparison of contamination when purging flow is off/on. Three individual sites were tested.

Overall dip in intensity from 0 to 800 seconds can be explained by photobleaching of background
contaminants

2.3 Device Control and Operation

Sequential toggling of target sites while simultaneously limiting reagent flow to
an observable area requires pneumatic and piezo-electric control. In order to precisely
actuate our control valves we utilize Festo solenoid valves attached to a programmable
WAGO fieldbus controller (Figure 15). A combination of C packages and MATLAB

output the binary step-wise outputs we need to create our binary tree fluidic isolation
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system on our device. Baseline MATLAB interface package with the WAGO system was
written by Rafael Gomez-Sjdberg from Lawrence Berkeley National Laboratory’s
Microfluidics Lab. The solenoid valves are attached to a regulator fed by house air and
feed 20 psi of pressure into the control lanes when toggled. We utilize a piezoelectric
stage to precisely move from site to site during the sequencing process and the locations
are stored so that each individual run (lasting for more than an hour) can be completed in

an automated fashion utilizing a custom program (Figure 16).

Figure 15: Overview of control elements. (a) Computer controlled pneumatic system including Festo
solenoid valves, WAGO Fieldbus Controller and Power supplies. (b) L-shaped metal connectors are
inserted into control layer access-holes punched into the PDMS.

B vatee Control =[] =

Figure 16: MATLAB automation allows for hands-off reagent delivery, sequencing, and data acquisition.
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In order to prevent the PDMS-Glass or PDMS-PDMS interfaces from

delaminating, we designed a custom pressure-control system for priming our control
valves and loading our reagents into the flow channels. Each control valve must be pre-
primed with water or oil in order to guarantee the absence of air transfer from the control
layer to flow layer. PDMS is a porous material and because the valve barrier is extremely
thin (several hundred microns), air is semi-permeable through the membrane, causing the
creation of micro-bubbles in our reagent channels. Because of our device’s pressure
limitations, stemming from the non-plasma bonding properties, we cannot use traditional
syringe pumps to load our control channels. Instead, our high-throughput priming system
couples individual actionable Festo pneumatic valves with a pressure regulator and

several 2 ml test-tubes.

Figure 17: Photograph of integrated Starlight sequencing and control setup.



CHAPTER 3

3.1 Characterizing Data Output

To parse the data received by the EMCCD and perform correct sequencing base
calls requires robust computer vision and signal analysis tools. For ease of integration,
our entire post-processing pipeline is scripted in MATLAB. TIFF video outputs are
aligned and interpreted to create hundreds of individual strand-specific time series traces.
These traces can then be interpreted to produce base-calls and collated to produce a
sequencing read.
3.1.1 Raw Output Signal Processing

As mentioned in Section 1.2.1, the overlapping emission spectra of our acceptor
fluorophores necessitates a base-call to be determined from the combination of signals
from three channels. The spatial location of an individual DNA template is fixed and
marked by the fluorescent emission signature emanating from the Alexa Fluor 555.
Because our signal is split utilizing free-space optics, each channel needs to be spatially
aligned to the reference signal (Figure 18). We utilized the MATLAB Computer Vision
System Toolbox to align relevant sequencing sites utilizing the Blob Analysis algorithm
(Figure 19). The algorithm analyzes high intensity features in the field, which
corresponds to a single tethered DNA parent strand and accompanying polymerase, and
distinguishes it from the background. Once we have a feature map for each of the three
channels, we compare each individual channel to the reference channel utilizing a

Geometric Transform Estimator function to predict spatial misalignment and scaling.
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Figure 18: Starlight sequencing raw data. The left three channels are comprise of signals from the
following spectra: 645-675nm, 705LP, and 675-705nm. The right channel is the AF555 reference signal.

a. Misalignments b. Local ROl Matching c. Aligned Image

Figure 19: Channel alignment to reference signal. (a) Misalignments caused by local and global distortions
are apparent. (b) Region of Interest matching using Blob Analysis is performed. (c) Channel is
geometrically transformed to match reference signal.

Once we successfully aligned the output of our three channels to the reference, we
gather the three time-series intensity traces, collate them, and compare the time-series
data to determine our sequencing base calls (Figure 20). To insure that each trace has a
functioning polymerase, a mean intensity integration over the first two-hundred frames
recognizes sequencing sites that have non-functional polymerases. Once these regions are

identified, their traces are not processed, saving computational power.
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Figure 20: Example output trace from a sequencing read. Each peak represents a single base and the
combination of three signals, green, red, and blue, indicate the specific nucleotide.

3.1.2 Manual Read-Length and Accuracy Distributions.

Read-length distribution and sequencing accuracy of the Starlight system
sequencing chemistry was determined utilizing a known oligo 64 base-pairs in length
with the following sequence: CCTTTAATTGCTCCTTTTGATAAGAGGTCATT
TTTGCGGATGGCTTAGAGCTTAATTTTTACCCCTTCCTCCTCCTCCGTTTCGTG
TAGGGAAAGAGTGT/3bio/. After acquiring the traces from individual polymerases,
we polled 387 active sequencing sites (1 base call or above) (Figure 20). By comparing
the known sequence to the traces, we were able to determine the read-length distribution
for the 65 bp oligo. The average read length was found to be 17.44 bases. Of that subset
of data, we looked in-depth at sequencing reads above 15 base-pairs (Figure 21) and
found a mean single-base sequencing accuracy of 77.94% by comparing manual traces to

the known oligo sequence with a Smith-Waterman alignment algorithm3! (Figure 22).
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Read Length Distribution of 65bp Oligo (n = 387)
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Figure 20: Histogram of read length distribution for traces with bp>0. Average read length is 17.44 bases.
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Figure 21: Histogram of read length distribution for traces with bp>15.
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Figure 22: Histogram of single-base accuracy with bp>15. Mean single-base accuracy was 77.94%.

3.2 Automated Base-Calling Algorithms

As manually curating sequence reads is ultimately untenable, we are developing
algorithms to clear up the high frequency background noise which is pervasive in our
reads. To achieve this we individually look at the absolute intensity histograms for all
three channels an individual trace and fit the histogram to a bimodal Gaussian
distribution (Figure 23). To create these intensity histograms, we poll the absolute
intensity at each point in our time series output trace. The bimodal characteristic of the
intensity profile indicates the normalized distribution of the noise and of our signal. We
can also utilize the bimodal Gaussian distribution to estimate the SNR of our traces by
utilizing the mean of the signal and noise curves. In testing the traces of 6 sequencing
sites, we found that the average SNR was 3.74dB, the high was 6.3dB the low was
2.32dB. We noticed, however, that sites with lower SNR had much fewer active traces
and thus in the future the SNR estimate may be utilized as a site-to-site quality control

mechanism. Code to determine SNR is included in the linked supplementary repository.
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Figure 23: Demonstration of Bimodal Gaussian curve fitting. Utilized to determine and suppress noise
distribution.

Once the noise mean and standard deviation are determined for each channel, we
create a table of p-values utilizing a normalized probability density function. A
Benjamini Hochberg®? *® False Discovery Rate (FDR) method then analyzes the signal

with regard to the p-value table created and identifies and highlights true signals while
suppressing the background noise (Figure 24). This technique is particularly powerful
because it also normalizes variation in overall signal intensity between sequencing traces,
simplifying subsequent thresholding-based base-calling determination algorithm reads.
We are currently investigating a number of methods to utilize our cleaned signal
to provide accurate base-calling. Ideal ratios of thresholding for a particular sequencing
site can be determined through iterative recursion of returned sequencing scores from a

local alignment algorithm by Smith-Waterman3! that we call from the MATLAB
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Bioinformatics Toolbox. Recognition of individual base-pairs are heavily dependent on
observed intensity ratios and thus is susceptible to non-uniform background variations.
Thus, each dataset is also pre-processed utilizing a rolling ball radius normalization in
ImageJ. Our current algorithms are limited to iterative thresholding approaches; however,
machine learning and Hidden Markov Model based algorithms are currently in
development. An example output dataset of our automated threshold-based base-calling
algorithm is demonstrated in Table 1. An example program will be uploaded onto the
code repository listed in the supplementary.
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Figure 24: Comparison of data before and after Benjamini Hochberg FDR processing.

Table 1: Example processing of automated base-calling outputs with Benjamini Hochberg FDR pre-
processing and thresholding approach. Smith-Waterman alignment is used to determine single-base
accuracy

Output from threshold-  Smith-Waterman Processing Accuracy
based algorithm

23bp Read: Reference: GGGGTRAARATTAAGCTCTAAGC 20/23 = 87%
GGGGGTAAAAATTAA  Matches: RRRRRRRRR R R Al

GATCAGCTT Output:  GGGGTARARATTAAGATC--AGC

26bp Read: Reference;: GGGGTRARRRATTRAAGCTCTRAGCCATCC 18/26 = 69%
GGGGGAAAAATAGCC  Matches: SRR o1
ccccceeeccce Output: GGGGGAAAAA-T-AGCCCCCCCCCCCCC




Chapter 4

4.1 Discussion

Our demonstration of a short template DNA sequencing provides the basis for the
continued development of the Starlight sequencing system. Continued modifications to
protocols, methods, and devices will take aim at the emerging needs of next-generation
sequencing platforms including: long-template sequencing, Giga-base yields, and
detection of DNA base-pair modifications. The following sections document our plans
towards solving the various challenges that still remain.
4.1.1 Increasing Read-Length and Long Template Sequencing

The advantages of our FRET-based sequencing system is theoretical capability of
a polymerase that sequence thousands or even tens of thousands of base-pairs. Current
derivatives of phi-29 polymerase are known to sequence up to 15kb without degradation
and directed evolution of such enzymes utilizing the Kapa Biosystems platform promises
for even longer read lengths. Our enzyme was primarily evolved to increase
incorporation time and not for resistance to photodamage. The latest unpublished data for
Starlight polymerases indicate an increase of accuracy from ~78% to ~85% and an
increase in average read-length to ~ 200 base pairs. In anticipation of continued advances
in polymerase evolution, we designed a microfluidic device that utilizes high-velocity
fluid flow to stretch long-template DNA (Figure 25). Since we utilize a TIRF setup to
excite our donor fluorophore, as mentioned in Chapter 1, it is necessary to ensure that the
polymerase remains within 100nm of the glass substrate as the evanescent wave energy
decreases as a function of distance, as mentioned in Equation 5. By stretching out the

DNA in the x-y plane, we keep the polymerase within range for excitation.
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Figure 25: Design schematic for flow-based long-template sequencing device. Minimizes turbulent fluid
interaction by reducing right angle corners.

This new design that optimizes the flow velocity by minimizing sharp corners and
designing uninterrupted widths for the flow channel, giving a device density tradeoff.
Through experimentation and scaling, we discovered we needed to achieve at least a two-
hundred centimeter per second flow rate to fluidically stretch our lambda phage DNA

template (Figure 26).

Figure 26: Photograph of long-template stretching tests on large sequencing device.
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During our stretching tests we observed that a majority of templates were looped
onto the surface (Figure 27). In order to resolve this issue, we propose to incorporate our
parent template biotin with a fifty percent probability random with the 3” and 5 poly-A
tail. Thus, there is a 25% chance of no biotin ends, a 50% chance of one-end, and a 25%
chance of both ends, resulting in two-thirds of attached DNA on the substrate being Brief
flow stretching would be initiated after free floating DNA ends are ligated with a biotin,

potentially anchoring the DNA onto the surface.
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Figure 27: Proposed protocol for loop-less long-template stretching.

The on-template characteristics of this sequencer also open the possibility of
parallel short-read sequencing using hundreds of polymerases attached onto the surface
of a long template (Figure 28). This scheme would utilize restriction nickase®* to create a

gap in the daughter strand of a DNA template.
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Nickase

AFHFH

Figure 28: Method to integrate hundreds of short read-length sequencers onto a long-template for parallel
sequencing. This procedure could also open up the window for resequencing of the same strand increasing
single-strand coverage.

For a proof-of-concept long-template sequencing of lambda phage DNA, we will
utilize a combination of Nicking Endonucleases Nt. A1wI®*®, Nt.BsmAI*¢, and
Nt.BstNBI*” which recognize the 5 bp DNA sequences GGATC, GTCTC, and GAGTC
respectively. By utilizing these nickases, cuts in a single will be created at target sites
strand (known locations when mapped back to the reference genome) in double stranded
lambda phage DNA. T4 DNA polymerase® will then be introduced with 3’ to 5’
endonuclease activity to selectively cleave off the daughter strand under specific time and
temperature restraints. Our mutant B103 DNA polymerases will then be introduced into
the medium where FRET sequencing could occur. The double-stranded DNA will be
stretched and anchored onto the substrate surface, thus enabling sequencing advancement

in the x-y plane, rather than in the z-plane (as demonstrated in short-read sequencing). In
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this fashion, hundreds of small stretches will be opened for simultaneous short-read
sequencing on a long template. Furthermore, by introducing the nickase solution
repeatedly, a single strand could be resequenced and thus provide a method to provide
multiple resquencing runs without neccessitating amplification.

4.1.2 Maximizing On-Chip Sequencing Density

By utilizing this sequencing chemistry, we are able to create a device without
need for on-substrate physical modifications or patterned surfaces. Instead, by limiting
the concentration of the DNA needs to be analyzed, we are able to get enough
localization of testing sites to resolve individual DNA templates. In a short-template two-
camera setup we are able to resolve up to 500 anchored DNA strands of up to 65bp in
length. Utilizing a four-camera setup we will be able to take full advantage of our
microscopes field-of-view and increase the number of observable DNA strands to 1500
per sequencing site. Each 32-site device can theoretically sequence up to 3.12 million
base-pairs (1500 * 65 * 32) and each site can be sequenced in two minutes. However, this
estimate is below the theoretical limit for a sequencing setup utilizing the short read-
length starlight system. Our PDMS chip form-factor is approximately 4.4 cm? and an
appropriately scaled system, up to the size of flow cells commonly used in high-
throughput sequencing like Illumina’s HiSeq as a template, could accommodate up to
four parallel lanes of one-hundred fifty testing sites each for a total of 600 sequencing
sites. This brings the total amount of base pairs sequenced per 20 hour run to 58.5
million. Total sequencing throughput utilizing these devices in a short read-length

sequencing approach would max out at 491.4 million base pairs sequenced per week.
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However, with the integration of our proposed long-template sequencing protocol
we would be able to image and entire field of stretched-out long templates in the same
time it would sequence a field of short-templates. If the polymerases are adequately
spaced, they will collectively sequence using all possible EMCCD real-estate in parallel.
Preliminary estimates utilizing lambda phage DNA indicate that we may be able to fit up
to 120 50kb DNAs per sequencing site, equivocating to 6 million readable bases. If we
are able to implement the parallel short-sequencing method outlined in Section 4.1.1, we
can read 6 million bases every two minutes. Utilizing our proposed scaled 600
sequencing site chip, we can effectively sequence up to 3.6Gb per run. A comparison of
an optimized Starlight short-read system, proposed Starlight long-read system, and next
generation sequencing (NGS) platforms®® %° is shown in Table 1.
4.1.3 DNA Methylation Tests

With the recent interest in epigenetic markers and mapping the epigenome, the
next generation of sequencing technologies attempt to detect methyl group additions on
the nucleotides themselves. The presence of methyl groups is exceedingly high in the
human genome and is an important factor in determining gene expression. It has been
demonstrated that single-molecule methods can detect the presence of methylation;
however, the coverage needed to detect these perturbations is exceedingly high (up to
504x) to resolve individual methylated bases!!. Detection of methyl bases utilizes the
observation that dissociation timing of complementary methylated nucleotides exceeds
that of non-methylated bases. However, the timing delay is not absolutely quantifiable

and is determined by an additional number of unknown factors.
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In our methylation testing protocol, complimentary methyl cytosine is
incorporated onto the sequenceable oligo. We utilized the following sequence:
TTGATAAGAGGTCATTTTTGCGGATGGCTTAGAGCTTAATTTTT/i5SHydMe-
dC/GA/i5HydMedC/GAACCCCTTCCTCCTCCTCCGTTTCGTGTAGGGAAAGAGT
GT/3bio/. Preliminary results may indicate the similar of polymerase kinetic delays as
similar to those observed by Pacific Biosciences SMRT platform®Z.

4.2 Conclusions

We have demonstrated a single-molecule FRET sequencing device and protocol
for short-template DNA sequencing. A high-throughput microfluidic PDMS device was
designed, fabricated, and tested. An automated sequencing setup, including piezoelectric
stages and pneumatic controls augmented existing Starlight free-space optics and
sequencing procedures was developed and implemented. Methods for on-chip long-
template stretching and sequencing and DNA methylation studies were also discussed.
Our platform allows for efficient and precise single molecule sequencing of short-
template DNA, potential for sequencing long-template DNA, and will enable and

accelerate discoveries in biological science.



4.3 Supplementary Materials

4.3.1 Sequencing Protocols

Regular Sequencing Loading Protocol

=

Wet all 8 sequencing lanes with 100uL 1X T/B purging buffer.

Introduce 45uL of 5nM SA for all sequencing lanes.

Static wait time of 15 minutes followed by 4 individual T/B buffer flushes for
each lane. Two flushes for each orientation (up-down and down-up).
Introduce 100uL of 10pM Life Template for all of the lanes.

Static wait time of 15 minutes followed by 4 individual T/B buffer flushes for

each lane. Two flushes for each orientation.

36

Introduce 45uL of 400-fold dilution fluorescently-labeled polymerase enzyme to

all sequencing lanes.
Static wait time of 3 minutes followed by 4 individual O2-removing buffer
flushes for each lane. Two flushes for each orientation.

Introduce fluorescently labeled dNTP reaction reagent to begin sequencing.

Methylated DNA Sequencing Loading Protocol

1.

2.

Wet all 8 sequencing lanes with 100uL 1X T/B purging buffer.

Introduce 45uL of 5nM SA for all sequencing lanes.

Static wait time of 15 minutes followed by 4 individual T/B buffer flushes for
each lane. Two flushes for each orientation (up-down and down-up).
Introduce 100uL of 10pM Control template for half of the lanes and 100uL of

10pM Methylated template for the remaining sequencing lanes.
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5. Static wait time of 15 minutes followed by 4 individual T/B buffer flushes for
each lane. Two flushes for each orientation.

6. Introduce 45uL of 400-fold dilution fluorescently-labeled polymerase enzyme to
all sequencing lanes.

7. Static wait time of 3 minutes followed by 4 individual O2-removing buffer
flushes for each lane. Two flushes for each orientation.

8. Introduce fluorescently labeled dNTP reaction reagent to begin sequencing.

4.3.2 MATLAB Code and Sequencing Video Repository Link
https://sourceforge.net/p/salkstarlightcoderepo/
Please read navigation.txt file for file definitions. Large raw TIFF files will be provided

through sftp or ssh by request. Email jyhuang@g.harvard.edu for formal file requests.

4.3.3 Journal Content Notice
Chapters 1 — 3, in part, are currently being prepared for submission for
publication of the material. Huang, Jeremy; Huang, Jeremy Y. The thesis author was the

primary investigator and author of this material.


https://sourceforge.net/p/salkstarlightcoderepo/
mailto:jyhuang@g.harvard.edu
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