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Abstract

The work presented in this dissertation is focused on the development of proximity
assay formatfor biosensor applications imedical diagnostics, biological research, and
pointof-care testing. An electrochemical promity assay (ECPA) was developed for
direct detection of a wide variety of target proteinBhe detection limit of antibod
basedreusableECPA for insulin wa0 fM, which is lower than commercially available
ELISAs, with a dynamic rangé¢hrough6.25 nM, more than two orders of magnitude
wider than the ELISAs. These improvements come with the added benefit of direct
electrochemical readout.he measurement of hormone secretion from endocrine tissue
via reusable ECPA and characterization by surface plasrasonance (SPR) permit
ECPAto be utilized in secretion sampling or higfiroughputscreening applications.

Chapter 1 introduces bastonceptsand common types of biosensors, the origin of
the concept of proximity assay which plays a crucial role in ECPA, the reason of
choosing DNAfor the development of ECPA model systems, and the properties of
apamers and antibodies as bioreceptors in bioséasianologies.In chapter 2, a simple
and rapid automated microchip electrophoresethodwas developed for measurement
of dissociation constants of DNA aptamers against proteins and small molecules.
Chapter 3 is mainly focused on the DNA model systesed for the development of
asymmetric proximity ligation assay (PLA) and ECPARredictionsfrom thesemodel

systems greatly promateimprovement of assays for detection of human thrombin,



insulin and other biomoleculesThe electrochemical proximity say is presented in
Chapter 4, where the first generation of ECPA is composed of two thrombin
aptamersnsulin antibodyoligonucleotide conjugateshich form a cooperative complex
only in the presenceof target molecules, moving a methylene blue (MBijugated
oligonucleotide close to a gold electrod®Vithout washing steps, electrical current is
increased in proportion to the concentration of a specific target profefaster, easier
and reusable ECPA is then introduced in Chaptem&reregeneratio of the base DNA
monolayer was accomplished enzymaticall\dracils were incorporated into selected
probe strands, and these stramdseenzymatically cleaved using a urabINA excision
mix. This allows measurement time to be reducedioBd for aptame-based assay, from
90 min to 3 min, without significant loss of sensitivitfhe measuremef hormones in
blood serum andfrom secretionsby pancreatic isletshows thatteCPA could bea
powerful tool for fundamental biochemistry, clinical analysier highthroughput
screening applicationsThese works are not meant to be firad proposals to include
ECPA into an electronic deviaa to integrae ECPA with other detection technologies

are outlined in Chapter 6.
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CHAPTER 1

Introduction

1.1 Motivation for Research

The termfiproteome beamepopular after the draft of human genewas done in
2003.Although it has long been known that protein levels are of fundamental importance
in biological function,technologies for proteirseparation detetion and quantitation
have seen acceleratddvelopnentwithr e s ear c h i rptoteomeé be human

For proteinseparation 2-dimentional gelelectrophoresisvas the core technology
used in 1980s. Even today, it is still a very comnseparationrmethod in clinic and
research laboratorieSodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS
PAGE) and liquid chromatography (LChave both progressed itechnologcal
development For proteinidentification mass spectrometry (MS)as beera popular
choice, and the technology of @&@S and LCMS realized the integration of protein
separatiorand detectiort> However, these analytical methods require expensive, bulky,
and complicated instrument&notheruseful method for proteirquantitationis surface
plasmon resonance (SPR), the advantageshich arenot requiring markers or dyes,
reaction process can Ipeonitored inreattime andfast. However, this optical methasl
sensitive to the environment, such as light and temperature cond#i@ha)so sensitive

to the mobile phase composition, such as ion concentration, and contaminants.



In recent years, the frequent exposure of global food safety problems and outbreak

of new diseases require more accurate food quality control methods amiiageastics.

Those medical diagnostics and food safety depend on methods that can detect and

guantify diseaseelated proteins and contamingntdten at very low concentrationi
this light, developnent of improved methods withigh-throughput, high sesitivity, and

high accuracy i main direction for protein detectiorsearch

1.2 Commonly used ProteinBased Detection Methods

Western Blotting

The namdiWestern Blod, like fiNorthern Blob, came mainly fronscientist§sense
of humor. In 1975, EdwinSouthern introduced a powerful DNA transfer and probing
techniquée’. which was namedSouthern Blod af t er . ilnt1877, Geowge Btarko r
and his ceworkers successfully transferred cellular RNA to chemically activated
cellulose papet. This technige was naméNorthern Blob i as a pun on Southém
name. In 1979, George Stark developed an early protein blotting technique, which relied
on capillary transfer from gel to celase papef.After that, Harry Towbin developed a
faster and simpler techmie for electroblotting proteins to nitrocellulose membranes,
which is still widely used todayln 1981, W. Neal Burnetidirst gave a name t®tark
and T otedhriqned Vestern Blod. At this pointt h Wesfern Blobtechniquds
about 32 yearsld, yet it has changed verylinkG0g t | e
Mathias Mann published a papentitledfiCan Proteomic Retire the Western Bipt?In
his view, mass spectrometry can cover most cellular proteins in a quantitative

experiment® which contais the ones detected by western blotting. However, with the
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improvement of gel electrophoresimiembranetechnology and increasetbmmercial
antibodies especiallythe appearance of highaffinity antibodies, the dynamic range of
western bloihg has beerextended Western blottinghas become a simpler, diverse
analysismethod andit is a very usefufjuantitative tool. Becaus# its cheap equipment
and mature technology, the Western Blot will be used for protein detection for a long
time, and it already has been applied detection of HIV, bovine spongiform
encephalopathy (BSE), lyme disease, hepatitis and other disE&ses.

More specifically, Westen bloting is a technique of proteirseparationand
detection by integrating gellectrophoresiselectrophoretidransfer and antibodybased
probes. It usegyel ekctrophoresiso separate native proteins byD3 structure or
denatured proteins by the length of the polypeptide. The proteins are then transferred to a
solid support where they are stained wiimtibodiesspecific to the target protein
detecting the target proteins from the protein mixture. Tthes methodjualitativelyor
guantitatively determies target proteins expressed in cell or tissue. There are various
protocols forWestern bltting, but more or less, it has sevebalsicsteps as showim
Figure X1A. 1) Sample peparation; as we know, proteins are composed of a variety of
amino acids, which have aminoarboxyl groups and charged R groups, so different
proteins have differertharges. If we want the protein mixture to move towards the same
direction, it has to be treated. The commonly ussmbentis sodium dodecylsulfate
(SDS), which is an anionic detergent that denatures secondary and nonditinltieie
tertiary structuresthus unfolding and linearizing the proteins completely, intbas
proteins with many negative chargéghis way the proteinscan beseparated in an

electric field strictly by their length or size, respectively. 2) Electrophoresis; the
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denatured protegare placed into the lanes of the stacking site of a polyacrylamide gel,
and put into an electric field, so they will move towards the positive pole at different rates.
3) Blotting: transfer to solid support; after proteins separated, they are transteaed
solid membrane tease labeling and detection step¥ Blocking; the used membranes
must be treated to block nonspecific binding between probes and the material. 5)
Hybridization; adding thentibodybasedprobes to the blocked membrantn Western

blot, the secondary antibody can be added after the unbound primary antibody is removed
by washing the memebrane. 6) Detectiangnzyme linked ot thesecondary antibody

will catalyze the production ofa chemiluminescenbr strongly absorbingagent in

proportion to the amount of bodmrotein (Figure 41LB).

A B
Western Blot Flow Chart Proteins separated -
by size Specific -
protein
Sample preparation band
v
Electrophoresis Substrate

T A\
Blotting ot U;. C

2 - /_ Secondary Light or
Blocklng Prlmary antibody  color
T antibody linked to
Hybridization le enzyme
¥
Detection

Figure 1-1: Western blot. A) Western blot flow chart. B) Enhanced
chemiluminescence detection for blotting analysis.



Enzymdinked immunosorbent assay (ELISA)

In 1971, Engvall et alised cellulose and polystyrene talas the solid phase carrier
for antigen or antibody adsorptionand they established an enzymelinked
immunosorbent assay, referred to as ELISAce then, the move twell-plate ELISAs
hasgreatly improved the experntal throughput? ELISA has high flexibility In the
actual operation, people cperformvarious king of ELISA reactionsaccording to their
own needs and materials on hand. Alsiee reagents and supplider ELISA
experiments have been commercializeahd the equipmenthas been morer-less
standardized Automation has further improvel ELISA, which hasbecome the core
method fordiseasediagnosticsin clinical laboratories Many authoritative international
organizationdist it as one of the priority analysis techniques.

ELISA is an enzyme immunoassay in the stationary phasethis, there are three
important requirementskirst, proteinsmust beadsorbed onto the stationary phase
without changing its antity; second, the antigen or antibodgust still maintain its
activity after crosslinking witkan enzyme;andthird, after crosdinking, enzymesnust
efficiently react with the substratew producea colored or luminescentsubstanceor
generate light inhe reaction

Public opinions on classification of ELISAre divergent. Different literatures have
different opinions about the classification of ELISA from the principle and operation.
Here, ELISA is divided into the following three categories, then dach class is
explained in detail: (1) direct ELISA; (2) indirect ELISA; (3) sandwithSA. (Figure
1-2) Direct ELISA can be regarded as the simplest type of ELISA. In direct ELI#A,

antigen is adsorbed to a plastic plate, then an excess of othangtsting bovine serum
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albumin) is added to block all the other binding sites. Then an enzyme is linked to an
antibody in a separate reaction. The enzamtgbody conjugate is allowed to adsorb to
the antigen, then excess enzyamgibody conjugate is wasll off, leaving enzyme
antibody bound to antigen in proportion to the antigen concentration. By adding the
enzymebd6s substrate, the en Zlfermdvantage ofddeecte ct e d
ELISA is that it can beperformed fasterbecause only onentibody is being used and
fewer washingsteps are required-his can be used to test specific antibéohantigen
reactions, and helps to eliminate crosactivity between other antibodies. But, in direct
ELISA, the primary antibody must be labeled individually, which can be costly; time
consuming, and inflexiblavhen performing multile experiments. Additionallythe
signal is less amplified, which can be seen as a disadvantage. With a slight modification,
indirect ELISA is a twestep method that uses a primary antibody and labeled secondary
antibody. The primarantibody is incubated with the antigen followed by the incubation
of the secondary antibody and corresponding washing steps. Although containing more
steps, this allows more flexibility in operation with different analytes. However, both of
these methodsequire immobilization of the antigen.

One of the most common types of ELISA ish sandivich ELISA. The "sandwich"
type measures the amount of antigen between two layers of antibodies (i.e. capture and
detection antibody). The antigen to be measured ourgain at least two antigenic sites

capable of binding tanantibody, since at least two antibodies act in the sandwich.



Substrate

o(

Substrate

%PC 7N

Substrate
Secondary
G( antibody
s VA
Primary Primary Ag
antibod :
} N antlbody/ N\ Capture\ /
antibody
Ag Ag
Direct ELISA Indirect ELISA Sandwich ELISA

Figure 1-2: Common ELISA formats.

Figure 13 describs the protocol of sandwich ELISA: The date is coatedvith a
suitable capture antibody, and the remaining pret@iding sites on plate are blocked; 2)
sample is added tie plate and any antigen present is bound by the capture antibody; 3)
a suitable detection antibody is added to the plate and alsotbiady antigen present in
well; 4) an enzymdinked secondary antibody is added, ahdbinds tothe detection
antibody; 5)a substrate is added argl converted bythe enzyme toa detectable form.

The sandwich ELISA has become one of the more populaiovnsrdue to its flexibility
and propensity for automation. However, a disadvantage to all forms of ELISA is the

need for multiple binding, coating, and washing steps, which also requires significant



expertise from the user. These requirements basicatyt IELISAs to clinical

laboratories rather than poiof-care or orsite measurements.

®

VA VA

LA A
Y Y Y Y Y

Figure 1-3: Protocol of sandwich ELISA.
Image modified from http://en.wikipedia.org/wiki/File:ELISA-sandwich.svg

Proximity Assay Concept

Advancements incence and technologgnd tomake complex thingsmoresimple
over time Usersare never satisfietvith the existing technologies. AlthougWestern
blots and ELISAs are very good methods for protein detection, the disadvantages are
obvious. The operationrpcess in both methods is complicated, and alsosmeettiple
wash steps. So keeping the advantaged/edtern blad and ELISAs while avoiding the
disadvantages becoma challengefor assay development. In fad/estern blat and

ELISAs can be considerdtie prototype of proximity assay



Proximity assay have two characteristics: 1) two probes binding target molecule at
different binding sitesand?2) signal based on some proximigrivenconnection between
thetwo probes. In our systems, ta thrombin as the target molecule for example, two
probes can be aptamers or DNA conjugated antibodies binding thrombin at different
sites. When pas of probes bindthrombin the free ends of theiDNA sequence
extensions are brought sufficienttjose(int o A p r ota hybridize ytaggther to a
subsequently added connectidigonucleotide Alternatively, the signal DNA molecule
binding to one probean bebrought close to another probe to hybridize togetirectly.

This coupling ofduatprobe totarge binding for protein detection was used in both
Western blotting and ELIS#\ and then developedtmsandwichELISAs. The proximity
assayconceptwas first adopted ira report byLandegreis group In 2002,their team
developed a method for in vitro ansity of proteins and other macromolecusl
termedthe methodproximity ligation assay (PLAY**® By inspection ofFigure 14,
without much thoughtone should realize that this assay is similar to the sandwich
ELISA, wheretwo probes bind the target tegule at different binding sitefn fact, he
proximity ligation assayfundamentallydepends on the simultaneous and proximate
recognition of target molecules by pairs of probes. When the probes bind the target
molecule, the ends of their DNA sequenegtensionsare brought closeinto
proximityd to hybridize to an added connector oligonucleotidext the free endsare
joined by DNA ligation,and the ligated productsanbe replicated byhe polymerase
chain reactionHCR), giving an amplifiable deteicin signalin proportion to the original

target proteinds concentration



Comparing to sandwich ELISA, based on Lande@easultsPLA has comparable
sensitivity and detection limit for thrombin, and also it has a wider dynamic range. More
importantly,this assay is homogeneous, does need washing stepsaking ita kind of
single tube immunoassay. And in PLA, the sample preparation time is less than one hour,
andthe automated)PCR assay can be finished in two hoursthetechnique isnuch

simpler and faster than sandwich ELISA.

, &
. - N Incubate sample with
— Proximity probes
4
< 7
2 ° . P
. N Add connector, ligase
_ y— And PCR components
7
/4
s W
8 X ,’,
r 'y = TE Perform quantitative PCR

Figure 1-4: The principal steps of the proximity ligation assay (PLA).
Step 1, incubation of sample with proximity probe pair; step 2, addition of
all components required for ligation and detection by quantitative PCR,;

step 3, quantitative PCR.%®

Reprinted with permission from Gullberg, M.; Gustafsdottir, S.; Schallmeiner, E.; Jarvius,
BjarnegCard, M.; Betsholtz, C.; Landegren, U.; Simon, F.; Gold, L. PNAS 2004, 10:83220
Copyright © (2013) NationaAcademy of Sciences, USA.
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The assaybtainsan amplifiable

detection signal with a gPCR R s
a Forward PCR primer Q Probe ’
nuclease assay. Muorogenic probe —

Reverse PCR primer

is frequently used irthe nuclease Amplfication Assay

b Polymerization Q ’
- e

assay, which contagn  an

oligonucleotide to which a W Probe displacement

Fluorescence
And cleavage

fluorogenic reporter dye and quencher C

dye are attached. (Figure5) During w - - = ~

. . v Fluorescence
the annealingphase in PCR, the

—_— el P
—

labeled probe annesalo the target of PCR products Slaivags prodhicts

interest between the forward primerFigure 1-5: Nuclease assay (Tagman).

_ _ a) annealing phase; b) extension phase

and reverse primer sites. In thej: ¢c) extension phase II; d) end of PCR
cycle.

extension phase, the primers bind thettp://upload.wikimedia.org/wikipedia/en/0/07/Ta
gman.png

DNA template, and a new DNA
sequencds syntheized by DNA polymerasecomplementary to DNAtemplate. The
labeled probes cleaved during extension phase, and the reporter dye wieparated
from quencher dyeagleasinghighly fluorescenteporters

In 2005, TomaszHeyduk and his group developed another assay basdtieon
proximity assay cong®, termedfimolecularpincer®.!” As shown in Figure -B, two
different aptamers bind differesites ofa protein target, and at the end of each aptamer,
short fluorophordabeled oligonucleotide@vhich were attached to the aptamers by-non

DNA linker) are assembledn the absence of the target protein, the aptamerhalf-

siteswould not associatesince thenumber ofcomplementaryligonucleotidesvastoo
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smallto promote efficient annealin§Vhenthe haltsitesof aptamersare boundo the

targetprotein it would bring the two signaling

oligonucleotidetose to each otheinto

relative proximity increasingtheir local concentrations. This result the annealing of

the signaling oligonucleotides, which briathe
pair) into proximity, resulting in a change of
fluorescencasignal.

The development of proximity assay
successfully overcomesome limitations of
Western blad and ELISAs. It makes three
breakthroughs: first, the assays are
homogeneoussuch thatno wash stepsre
neededcand measuremetitme and complexity
can be greatly reducedecond, the binding
probes can be aptamers, not just antibé®d
Third, the reaction can be done in a serall

tube, savingsignificant amounts ofeagents.

In PLA, these benefits were realized withou

loss of sensitivity compared to ELISA.

1.3 DNA as a Bioengineering Material

fluorophore anthe quenchefor FRET

Figure 1-6: Molecular beacons
for detection proteins. Molecular
beacons for detecting proteins
based on aptamers directed to
two different epitopes of the

protein.’

Reprinted with permission from Heyduk, E
Heyduk, T. Anal. Chem. 2005, 77, 144
1156. Copyright © (2013) American
Chemical Society.

Due to in the following chaptersyultiple DNA sequences are used in the model

systems forassay developmenEor this reasonit is necessary to mention the basic

concepts of DNA and its interactions.
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DNA biotechnology,arising in the 198Qsis defined byechnical developmets,
which are improving at a rate as fast or faster than improvemientsomputing
technologyi C a r @ ss alnasvh o whe prices af DNA synthesis and sequencing are

dropping exponentiallin time (Figurel-7).

Cost Per Base of DNA Sequencing and Synthesis

Rob Carlson, June 2011, www.synthesis.cc

1.0E+02

1.0E+01

1.0E+00

1.0E-01

1.0E-02

1.0E-03

US Dollars

1.0E-04

1.0E-05

= Cost: Sequencing
1.0E-06 <+ Cost: Short Oligo
Cost: Gene Synthesis

1.0E-07
1988 1993 1998 2003 2008 2013

Year

Figure 1-7: Carl sonds Law. The price

synthesis has been dropping exponentially over the past 25 years.
Image by Robert Carlson, http://www.synthesis.cc/carlson_cost%20per_base
june_2012.png

The use obiological objects in ways different from their naturallytended uses
not a new concepOne could argue thahis ideatraces back t@ncient timeswhen

people usé animalbones as a rigid material for axes and other t&fsilarly, materials
13



have beerconstantlyrefined through advancements snience and technology and the
progreson of time. Similarly, DNA and other nucleic acidare likely notthe best
materials with which we can make biosensors or nanoscale t@dlsome point in the
future, it is likely that DNA will be replaced by synthetic molecules with superior
properties. However, DNA is materiddat can becheaply and widely used today, and it
does have wellinderstood interaction propertie®NA can formdefined secondary and
tertiarystructures with specific propertiasd carbind withmoleculesa allow biosensor

studies andliagnostiaesearch.

Figure 1-8: The structure of DNA.
http://upload.wikimedia.org/wikipedia/commons/d/d8/Benzopyrene_DNA_adduct_1JDG.

png

Most people understand that DNA plays an important rol@heritance il have
my dads noseand my mon®s hair )oFigure 18 presents a molecular view of DNA,
showing that it has three compomnts: a sugar, a nitrogerontaining base, anda
phosphoric ad. Described bythe Watson- Crick structural modela DNA molecule

consists of two polynucleotide strands coiled around each other in Hiahisted ladded
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structure However,therearemanymorestructural intricacies ilDNA, not just a double
helix.

In Dr. David Yu Zhangds thess,® he explained the biophysical properties of DNA
in very vivid way by analogy t&elcro and magnets. In DNA, there are four nucleotide
bases: adenine, cytosine, guanine, and thymine (A, C, G and T) which can hybridize to
form a stable duplex (double helix) bound together by hydrogen bonds between
complementary base pairs (A and GG). Table 1-1,'® quotedfrom Zhangs thesis,

shows the names and definitions of frequently used concepts in DNA nanotechnology.

Preferredterm | _Synonyms | Definition ___|

oligonucleotide A continuous linear nucleic acid polymer

molecule covalently joined by phosphodiester bonds,
oligo typically less than 200 nucleotides.
A non-covalently linked structure of several
molecule
. strands joined by Watson-Crick base pair
e interactions.
Subsequence Several continuous nucleotides in a strand thatact
tract as a unit in hybridization, branch migration,
section dissociation, structure, or (deoxy) ribozyme function.
A particular type of domain that serves to
toehold sticky end colocalize nucleic acid strands and

complexes. Toeholds are typically short (4 to 10 nt).

Table 1-1: Common terms and their synonyms and definitions.*®
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1. Toehold initiates binding 2. Domain 1 undergoes 3. Branch migration completes;

between X and S branch migration Y and W separate
(toehold)
12 1
Strand X 1 —
Strand Y
Y192 Y1 o2 Y1 2
Complex S 1 2 Complex W
HT---- rn-nlrn-rn-ng'é
N Y12

(toehold)

Figure 1-9: DNA strand displacement overview. Panel shows one
example of this reaction. Single stranded DNA molecule X reacts with
multi-stranded DNA complex S to release strand Y and complex W. This
reaction is facilitated by the ftoeholdddomains 2 and 2: The hybridization
of these single-stranded toeholds colocalizes S and X, and allows the 1
domain to branch migrate. Branch migration is the random walk process
in which one domain displaces another of identical sequence in binding
to a complementary domain, via a series of single nucleotide dissociation
and hybridization steps. At the completion of branch migration, complex

W is formed and strand Y is released.®
Image modified from David Yu Zhang® Thesis: Dynamic DNA Strand Displacement
Circuits, California Institute of Technology, Pasadena, California, 2010.

Al so covered in Zhangos thesi sWhenroee DNA
singlestranded nucleic acid molecule hybridizes to a partially destodended DNA, it

can cause strand displacement. This reaction starts at the -singteledfitoehold
domains and progresses through a branch migration priic&gsis way, the originaly

bound DNA strand is released. An overview of the DNA strand displaceprecess is

given in Figure 19. In Chapter 2of this dissertationa competitor oligonucleotide was

used to bind with ATP aptamer to unfold its hairpin structure in the measurement of

16
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aptamersmall molecule dissociation constantin Chapter 4, the standard
electrochenual proximity assay (ECPA) adopted a short DNA competitor strategy,
wherethe DNA competitor has Bass complimentary to thiolate®NA, and aonebase
toehold from thiolatedDNA can bind with methylene blue labeled DNA (MBNA)

permitting strand displacesnt withthe help othe proximity effect.

1.4 Basic concepts of Electrochemical Biosensors

Detection systems frequently used in medical diagnostics are mainly based on
optical methods and electrochemical methSd& With optical approachesight source
andoptical sensors atgpically expensive, and measurements are sensitive to local light
andtemperatureComparing to the optical methods, electrochemical detection can offer
greaer signal stability andconsistency high sensitivity, simple instrumeation, and
great compatibility withminiaturization technologie$"?> From the beginning of this
century, electrochemical biosensors were used in many aspects in diadhi6%tits.
addition, electrochemical biosensors are easier to be developed into portable devices with
microfluidic technologie$? These are the maireasonsthat we chose¢o combine
electrochemical detection withe proximity assay concept for assay developme

Electrochemical biosensors measure the changes in the electrical properties of a
sample solution based on the chemical reactions which cause production or consumption
of ions or electrons. Typicallyan electrochemical biosensor comprises of d)
bioreeptor specifically binding to the analyte; 2) a transducer which transduces the
change taking place on the interfagigh bioreceptor tdhe electronic systemand3) an

electronic systento transfer this electrical signal to computer softwitig convers it to
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a meaningful physical parameter presented the operator. (Figure -10) The
electrochemicalbiosensors, based on the measured parameters, can be classified as
conductimetric, potentiometric, and amperometric. Usually, conductimetric biosensors
measure electrical conductance or resisteéfic83! Potentiometrichiosensoraneasure

the potential of electrochemical cells in the absence of appreciable cdfrénts.
Amperometric biosensors measure curfénGenerally, if the current is measuredaat
constant potential, it is referred to as amperometry, and if the current is measured in a

controlled range of potential, it is referred to as voltamni&try.

Electrical

Bioreceptor == Transducer Signal

Biosensor

Figure 1-10: A schematic representation of biosensors
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In the following
electrochemical proximity
assay (ECPA) and reusable
ECPA, methylene blue (MB) is
the reporter molecule, and
squarewave voltammetry
(SWV) is used to measure the
current change caused by
electrons transferring between
MB and goldelectrode. SWV
is a kind of pulse polarography,
which can offer greatspeed
and high sensitivity. The great
sensitivity of SWV can be
attributed to two reasons. First,
it can enhance the faradaic
current; second, it can decrease
the nonfaradaic  charging

current. In SWV, the current is

A
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measured twice during each Figure 1-11: Applied excitation in square-
wave voltammetry. The staircase signal in (A)
is added to the symmetrical square wave in
(B) to give the square-wave excitation signal

cycle, once tathe end of the
forward pulse, and again at the

end of reversgulse. (Figurel-

in (C).
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11C) Taking ourexperiment as an example, let us consider the events that occur on the
electrode surface as the potential is suddenly increased by 50 mV. If a MB molecule is
present near the electrode surface, there will be a surge of current that lowers the
concentration of reduced MB molecules to that demanded by the new potential. When the
potential pulse is first applied to the gold electrode, a surge in the nonfacadaict
(charging current) also occurs. However, the charging current decays exponentially with
time. By measuring the current at the end of each pulse, the charging current is greatly
reduced, and sign#ab-noise ratio is largethus enhancingensitivity.Figure1-11 shows

the excitation signal in SWV, which is obtained by stipgrosing a symmetrical square
wave onto the stair case signal. The magnitude of each pulsés Bnehalf of the peak
to-peak amplitude of the signal. The duration of each pigsenehalf the staircase
period, U/2. The frequency of thef=sildral
And the scan rate for a SWV experiment can be defined as:

Ee, (MV)
t (sec)

Scan Rate (mv/sec) = (1)

Thecurrents are measured during the last few microseconds of each pulse and the current

measured on two pulses of the same step is recorded as:

.1 B i2 (2

1.5 Aptamers and Antibodies as Bioreceptors
Biomolecules arevery commonly used as bioreceptors for biosensors in detection

and quantitation of target proteins in clinical and biomedical reséaftf Bioreceptors
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are the keyto specificity for biosensor technologies. Aptamers and antibodies are two
bioreceptors used commigndue to the development of SELEX (systemic evolution of
ligands by exponential enrichment) and monoclonal technol8gyh methods have
redued the seleabn time and priceand give these types of probesversity and
specificity.

Aptamers are short singitranded oligonucleotides, either RNA or DNA, that fold
into secondary or tertiary structures specifically bind to their targetée.g. small
molecules, peptides and proteins) with higiffinity and specificity Antibodies are
proteins consisting of varied amino acids and have very specific binding capabilities for
the target of interest.

Particulaty, aptames have several advantages compared to antibodiiess;
aptamerscan be selected in vitro for any given target, from small molecules to large
proteins and even cells. Second, aptagan be synthesized with high reproducibility
and purity from commerciaourcesThird, aptamersre usually highly chemically stable
and once denatured under high temperature, taey reform their specific structure
reversibly when the temperature is decreaslinyd, aptamers often undergo significant
conformational chages upon target bindinglowever, the binding affinities of aptamers
to target molecules are not as strong as that of antibodies, and the existing number of

aptamers is still much lower than that of antibodies.

1.6 Additional Comments
In Chapter 2 of this dsertation, two different types of aptamers are chosen, which

specifically bind to small molecules (ATP) or large proteins (thrombin, human IgE).
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There, we introduce a method to measure the dissociation corgfpot DNA aptamers

to these target molelas. Because the duahtibody recognition concept has served as a
guide to various alternative strategies in the past few y&4rsn Chapter 3, a proximity
ligation assay (PLA) is introduced and optimized using DNA model systems. As noted
before, PLAiIs a simpler and more sensitive assay format for protein detection and
guantitation comparing to standard sandwich ELISA. We show in Chapter 3 that with
careful engineering of DNA strands, experimental model systems can be developed to
accurately describérends in PLA and to ease optimization of assay conditions. In
Chapters 4 and 5, the electrochemical proximity assay (ECPA) is introduced, which
cleverly combines the proximity assay concept with electrochemical dete®imih
aptamers andngibody-oligonucleotide conjugates are used as assay probes in ECPA.
Compaed to antibodies, nucleic acids are easily modified with a variety of reporter
molecules, such asethyleneblue and ferrocene. The DN#ailso of the pais of probes

have complementary bases the DNA sequences formirgg DNA monolayer onthe
electrode surface antb methylene blue labeled DNA. So in the presence of target
molecules, the antibody part of the probes would specifically bind to the target, and the
DNA hybridization would bring themethylene blue molecule close to the electrode
surface, giving an electric current signg&lnally, general conclusions from this work,

along with future possibilities, are presented in Chapter 6.
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CHAPTER 2

Dissociation ConstantyKy) Measurement ofDNA Aptamers

2.1 Introduction

Aptamers are RNA or single stranded DNA moleculest have beeisolated
from randomsequence nucleic acitibraries byin vitro selection* > and whichfold into
unique tertiary structures, allowing them to bind targets with high affinity and specificity.
As such, aptamers have attracted attention for their potential as pharmaceutical lead
compounds or diagnostic agenifBo date, numerous aptamers haeenselected against
a broad range of targets, such as small moleéulesroteins’ ©, and even entire cells®.
Due to their similar affinity and selectivity, aptamers draw obvious comparisons with
antibodies’, yet aptamer®xhibit a number ofidvantages over antibodies as molecular
recognition elements, especially for diagnodtérst, the relative ease i vitro aptamer
isolationeliminates the need for animal hosts, chemmsatiificationof nucleic acids is
highly flexible and weHdeveloped and aptamer binding affinity can Wailored or
manipulated Furthermore, aptamers can be selected against virtuallpnatecule, even
those that are toxic or do not stimulate an immune response. Lastly, aptamers will refold

to regain functionality after exposure to denaturing conditions such as extreme pH or

25



temperature. Due to these advantages over antibodies, aptawersiow infiltrated
much of analytical chemistfy

DNA aptamersagainstthrombin, human Igand ATP were among the first
selected, thus thelyave beerthoroughlycharacterized®*?. Commonly used thrombin

aptamers include two-@uartet conformations that selectively bincatethrombin: a 29

nucleotide ligand, 6a8(29) & modified version im a med 6 THRa Ptaddda her ei
15nucl eoti de aptamer, k nowf Farsum@&ldEDofteh 6 THR a
used isa 37-nucleotideaptamerPD17.4 6 | g E a p t) &, atde canmonly usedTP
aptamer is DH25.42 6 AT P a p t ‘& Inhttes roriginah feports,hese aptante were
isolated from pools ofandomsequencesinglestranded DNA molecules byin vitro
selection and # have been characterizetb bind their targets in solution with
dissociation constasin the nanomolar or micromolar ranges

Dissociation constant (K measurements of aptameegainst theirtarget

molecuks hae beenachievedpreviously usingechniques such diter binding *% > 14

15 fiber-optic microarrays®®, affinity capillary electrophoresis (ACEY!, capillary

electrophoresis (CE)" *® nonequilibrium capillaryelectrophoresis of equilibrium

mixtures (NECEEM)>, mi cro free f 1 ow? enicechip CEhhor esi
optical biosensors using fluorescence anisotfépgnd affinity chromatography > A

common characteristic of many of these approachéseigequirement of a separation

step, namely rinsing or washing. For example, washing of unbound DNA and elution of

DNA complexes is required during selection cycles in filter binding, washing of beads is

needed during DNA immobilization ifiber-optic microarrag, and rinsing steps are

needed during aptamer coupling in teical biosensomethod Theapproaches thato
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not require awashing step prior to measurementf A CE , CE, N E CdeE M,
advantageous due to their low reagent consumptiorthbaé methods are not applicable
to measuring dissociation constants of aptasmeall molecule binding. Measurable
binding with these methods generally requires a large shdizeor chargeto-sizeratio.
Thus there is a need for a method that combines low reagent consumption, homogeneous
measurement (no separation or washing required), and the ability to measurg bfndin
small and large molecules.

In this chapter we describetwo approaches based on automated microchip
electrophoresis for aptamtarget effective dissociation constamtyfs) measurement
These approaches, which allow & measurements on aptamegainst large or small
molecules, are both based on a microchip version of the DNA mobility shift assay. The
methods &er typical advantage®f the microfluidic platform, includingminimized
reagent usereduced cost, and reduced analysis time. Adtitlg, there is no need for
laborintensive, tediousvashingsteps The first approach applies to large molecule
(protein) targets, where nafenaturing microchip gel electrophoresis separations of
DNA could be used toesolve unbound from targbbund aptamers. This approach is
similar to previously reported CE methats'® yet requires even less starting material
for measurement.The second approach adds a level of flexibility that is novel to this
work, in which an aptamer/competitor strategy was usesktend the technique to small
molecules targets such as ATPinally, we provide evidence that our approach could be
used during aptamer selection (e.g. SELEX) by accurately measuring aptasner tke

presence of a large background of randomized DNA sequences.
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2.2 Reagents and Experimental Methods
2.2.1 Reagents and Materials

All solutions were prepared with deionized, ultra filtered wéesher Scientific).
Human thrombin, IgE, and ATP weobtainedfrom Sigma Aldrich. All oligonucleotides
were obtained from Integrated DNA Technologies (IDT; Coralvilieya), with purity
and vyield confirmed by mass spectrometry aH®LC, respectively. Nucleotide
sequences of DNA aptamairsed in experiments are givenTable 2-2. Buffer reagents
were purchased from VWR. The binding buffer used for THRafittombin or
THRaptBthrombin incubations consisted ® mM TrisHCI, 100 mM NaCl, and 1 mM
MgCl, at pH 7.5;the IgE aptamer buffer consisted of BBS (138 mM NaCl2.7 mM
KCI, 8.1 mM NaHPQ,, 1.1 mM KHPQO,, at pH 7.4)with 1 mM MgCh; and the ATP
aptamer binding buffer consisted 10 mM Trig HCI, 150 mM NacCl, and 5 mM Mg¢l

atpH 7.5.
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Table 2-1. Oligonucleotide sequences used for Kq ¢ measurements of aptamer binding
to large or small molecules by automated microchip electrophoresis.

Name * Sequence

THRaptA 5'-TCG TAC CAG CTG ATG CACTTCAGT CCGTGG TAG GGCAGGTTG
GGG TGA CTT CGT GGA ACT ATCTAG CGG TGT ACG TGA GTG GGC
ATGTAG CAA GACC-3'

THRaptB 5'-TCA GCC ATT CGA ATC GTA CTG CAATCG GGT ATT AGG CTA GTG A
CTACTG GTT GGT GAG GTT GGG TAG TCA CAA AGT GACGCG ACT
AGTTACGGA-3'

IgEapt 5'-TCGTAC CAG CTG ATG CACTTG GGG CACGTTTAT CCGTCCCTCC
TAGTG GCGTGC CCCTCGTGG AAG CGGTGT AGT GGG CAT GTA G
CAAGACC-3

ATPapt 5'- ACCTGG GGG AGT ATT GCG GAG GAA GGT -3’

competitor 5- ACCTGG GAATAC TCC CCC AGG TGA AGA AGA AAG AGA GAG AAA
AGA AGA AA -3

Gs S-TTTCTTCTITTTICTCTCTCTTTCTT CT-3'

library 5’-TCA GCCATT CGA ATC GTA CTG CAATCG GGT ATT AGG CTA-Nai -G
TGA CGC GAC TAGTTACGG A -3’

* Blue text represents aptamer consensus sequences, which were previously determined during selection.
N =random nucleotide sequence generated by hand-mixing of reagents during synthesis

2.2.2 Automated Microchip Electrophoresis
I n order to form the apt amstuduée, sblutionst i on a

of THRaptA, THRaptB, andgEapt wereheated to 9 € , then cooledslowly to room
temperature (2X ) at speed ofi 3 € min" using a MastercycleéEP gradienthermal

cycler (Eppendorf). Microchip electrophoresis was performeen Experion automated
electrophoresis systeniBio-Ra d ) . According t o t he man u f
microchipused in the experiment was an Experion DNA 1K chip, in whithlsample

wells and 1 DNA sizing ladder well are includddtration sets (11 points) were carried

out in triplicate. Fixecamouwnts of THRaptA, THRaptB, or IgEapt strands wigreubated
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with variable amounts of thrombin or IgE for 2 hrabm temperature, in a total volume
of 5 mL, prior to loadinginto the chip. 1 mL aliquots of these reaction mixtures
(samples), or standards, odadder were loaded into each sample well, ahd
manufacturerdés protocol w a and fllundedcemabasdd f o r
detection using DNA intercalatingyes. The overall analysis time was30 min for
separation of allll samples and theizing ladder, inferring that each separation
(including heating and transition times) required approxim&é&ymin. The intercalating
dye used in the Experion system birtdsboth double and singlestranded DNA, with
approximately5-fold higher sensitiity toward doublestranded DNA. Sinceaptamer
structure is comprised of both doub#nd singlestrandeddNA segments, these dyes are
appropriate for detectioof folded aptamers in solution. As discussed in detail betosv,
presence of intercalating dyemay affect aptamiarget binding affinities to some
extent. Note that the Experion DNEK loading buffer is of low ionic strength, but its
compositionand the intercalating dye identity remain proprietary.
2.2.3 Dissociation Constant Determination

The effectve dissociation constant&{e) were determinedising nonlinear least

squares fitting to the Hill equatioedn(1)), with the Hill coefficients (n) set as variable.

_ - [T]”
S=S {85 S(Kd,eﬁ)u[T]” 0

WhereSis the fluorescence signal measured as a function]ofife titrant concentration
(target is typically used as the titrant} and & are the initial and final signals,
respectively; anq ¢ represents the effective dissociation constant of the lesngd

interest. Intensities of peaks of interest in microchip electropherognesres fit to the
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Hill equation after titration experimenthis simple model, which has found widespread
use inbiochemistry, physiology, and pharmacology to analyze binenglibria,>*>°
provides flexibility in measuring systems afinknown stoichiometry. Without
information on stoichiometrythis approach results in an effective dissociation constant
(Kger) measurement rather than a strict dissociation constégt ith known
stoichiometry Kq ¢t measurement is proper in the curresmirk, since in most cases little

is known about the stoichiometigyf aptamettarget interactions. For large moledule
aptamerKy . measurementd={gure 21A), we chose to measure ttecreasén the free
aptamer peak'’?° In some cases, it should bgossible to simplify theKg e
measurements using the ratiosofind and free aptamers to determine the avefage
value?! However, this methodology would be less flexible thaimg thefree aptamer
peak, since it would only apply to special casdwere the complex peak could be
detected. Furthermore, thesponse of aptamdairget complexes in our system will vary
greatly depending on the extent to which target displaces Ditbkcalating dyes. For

small moleculeaptameiKy o measurementsn aptamecompetitor schemd=({gure 26B

and Q was usedo extract binding constants, as discussed in detail below.
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Aptamer Target Aptamer-Target
Complex

C-Q“ ATP

,effl
ATPapt
competitor ATPapt-competitor

Q= O
\\\ K ATP \
\\\ d eff2

competitor-Cyg ATPapt-ATP ATPapt-competitor-Cye

\,

Figure 2-1: Schematic representations of aptameri target binding equilibria
during Kqer measurements. (A) Proteini aptamer Kqe measurements were
straightforward, where the decrease in the amount of free aptamer could be
followed with microchip electrophoresis as the concentration of target (T) was
varied. Small molecule aptamer Ky ¢t measurements relied upon (B) aptameri
competitor equilibria in the absence of target as well as (C) the complete
system in the presence of target.
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2.3 Validation of Method by Measurement of Aptamer-Protein Dissociation
Constants

As depicted by the first scheme Higure 21A, aptameiprotein dissociation
constants K4 e) were measured using the microcgDNA mobility shift assay. Upon
binding to a protein or largenolecule targe{(T), the electrophoretic mobility of the
boundfraction of the aptamer was altered, and the decreased heightaoof the free
aptamer peak (or increase in the complex p&sg monitored as a function of target
concentration to obtaira binding curve. Bce we utilize automated microchip gel
electrophoresisrather than zone electrophoresis as the separatiechanism, it is
necessary to validate that this approach canubed to obtain aptamerotein
dissociation constants that areomparable to previau reports. The microchip
electropherogramsf THRaptA complexed with thrombin at different rateor® shown in
Figure 2-2A. The concentration of THRaptA was fixeat 300 nM while thrombin was
varied from 0 to 2.88 mM iseparate 5 mL incubation mixturesniL aliquots of each
mixturewere loaded into the 11 sample wells of the electropharétiochip along with
5 mL of the Experion DNA 1K loadinguffer (Bio-Rad), lowering the concentrations of
all componentdy 6-fold (THRaptA fixed at 50 nM; thrombin vied from 0 to480 nM).
By monitoring the THRaptA peak ab0 s (filledblue peakin Figure 2-2A), a mnsistent
trend was observed in which tpeak intensity decreased as the thrombin concentration
in theincubation mixture was increased. This decrease aveesult othe mobility shift
of the ssDNA aptamer as it formed a compleith thrombin*?° The peaks at39 s
corresponded to a dgasepair internal standard for DNA sizing and concentration

measurements. The peak intensities&t s were used t@enerate a binding curve as a

33



80 o 1of —a— THRaptA
< - -a—- - THRaptB
8 o IgEapt
@ o8} —-»-—- IgEap
=
o 60F I
v =
o 3 06
g THRaptA a T
S 40F I 480 9
[ U '\2%40 N 04
(7] 60 ©
E 2 30 =
- -
o 7.5]5 [Thrombin] o 02
g 3.75 (M) =
o 18 s
0 00'9 00 F -=
'l '} L 1 assaul i aassul i s asaul " asaul P | Ad
30 40 50 60 70 ]0'9 10'3 10'7 ]0'6 10'5
Migration Time (s) Concentration of Target Protein (M)

Figure 2-2: ssDNA mobility shift assay for proteini aptamer Kg et
measurements. (A) Example microchip electropherograms of THRaptA
during titration with thrombin. The THRaptA peak around 50 s was
observed to decrease proportionally as thrombin formed complexes with a
fraction of the aptamer pool. (B) Binding curves generated from
electropherograms for aptameri target binding of THRaptA (solid line, filled
triangles), THRaptB (dashed line, filled gray squares), and IgEapt (dash-
dotted line, open circles) against their respective targets. Nonlinear least
squares analyses revealed Ky Values of 25.6 £2.9, 128 £27, and 112 +7

nM, respectively.

function of concentration dhrombin (Figure 2-2B; solid line, filled triangles), with error
barsrepresenting standard deviations of triplicate measurementsc(®chips).Using
nonlinear least squares fitting of this datdhe Hill equation, we determined tKg s Of
THRaptA bindingto thrombin to be 25.8= 2.9 nM at 30€C (running temperaturef
the microchip electrophoresis system). This value is hitftear previousneasurements,

likely due to the increasetemperature or other effects such as aptamer sequence
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differences(Table 22; discussion below). Essentially the samdges value, albeit with
larger error, was obtained when using phesumed aptamqarotein conplex peak at 107
S (data notshown). It is noteworthy that only 28.8 and 16.5 pmoltl@bmbin and
thrombin aptamer, respectively, were requireda@inglepoint K4 ¢t measurement (one
microchip, 11 samplevells), which represents a major advantagetha$ microchip
electrophoresis based approddiable 22). If duplicate or triplicateruns are desired,
these amounts must be doubled or tripled.

For further validation, this method was used to measurk¢hgevalues of THRaptB
and IgEapt against therespectivetargets. The fixed concentrations of THRaptB and
IgEapt in thefinal dilution onchip were 200 and 50 nM in these setsgperiments,
respectively. As shown by the binding curves Rigure 2-7B, the Kqe values of
THRaptB binding thrombin (ddoedline, filled gray squares) and IgEapt binding to IgE

(dashdot line, open circles) were 128 27 and 112 7 nM, respectivelytriplicate

incubations, 3 microchips). The THRaptg; .+ measurement was in good agreement
with previous reportswhich vary by about an order of magnitude depending on the
methodolog (Table 22). The IgEapt Kqe¢ measurement waslightly higher than
previous reports, again likely due to timereased temperature of measurement €30
discussed in detalbelow). The totaamounts of thrombin, THRaptB, IgE, angEapt
required for singlgoint versions of these measurememgse 239, 66.0, 28.8, and 16.5

pmol, respectively.
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Table 2-2. Method comparisons for K4 . measurements of the four aptamers analyzed
in this work. The microchip electrophoresis approach is the only one listed that can
interrogate aptameri small molecule binding without requiring a washing step; the
amount of consumedDNAreagent is also small for this approach

Dissociation Constant, K, (nM) Small
molecule Washing *Analysis *DNA  Temp.
Method THRaptA THRaptB IgEapt ATPapt binding? step time (h) used (pmol) (°C)

Nitrocellulose "

Filter Binding 0.5-1 100-200 10 yes required >2 0.6 RT
Fiber Optic 300 yes  requied >3  ~100000  NR
Microarray

Affinity Caplllar'y 450 8, 64 ho none >1 ~1700 RT
Electrophoresis

NECEEM 240 no none ~2 NR RT

Micro Free F|0\:V 48 i® e ~0.25 R RT
Electrophoresis

Optical Biosensor 50 no required >1 ~17 000 20

Affinity .
T < 50000 yes required >1 6 000 RT
G bl et sl g 128 112 70900  yes none  ~0.5 17170 30

Electrophoresis

* For equal comparison, time and amount estimates were generated by assuming an equal number of points of titration (11 points here).

**Value was estimated using flow rate and time, since syringe volumes were not reported.

NR = not reported; RT = room temperature; NECEEM = nonequilibrium capillary electrophoresis of equilibrium mixtures

2.4 Measurement ofAptamer-Small Molecule Dissociation Constants

With small molecule targets such as ATP, the ch&ogezeratio® and hence the

electrophoretic migration timésof targetbound aptamers are not significantly altered

compared tdhat of the unbound aptametbus the peaks cannot be distinguishBus

problem limits the flexibility of our approach any other electrophoretic approach, as

well

as for fluorescenceanisotropybased methods.

To remedy the

issue, an

aptamer/competitor strategy was utilized, inisiha DNA competitocomplementary to
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the aptamer could be displaced byA(Figure 2-1B and C).The equilibrium between
ATPapt (thick boldine) and competitor (thinner line) is depdtin Figire2-1B, wherea
competitor sequence with a designedasepair hairpin looppossesses a diase region

that is complementary to ATPapthis eqilibrium between ATPapt and competitor is

defined bythe dissociation constank ., . In Figure 2-1C, this aptamércompetitor

equilibrium is combineavith the ATPapt binding tas target, ATP. As small molecules
of ATP displace thecompetitor from ATPapt, the competitor hairpin reanneals,

promoting an equilibrium shift to the left where ATP is theound to its aptamer,

ATPapt. This equilibrium is dafed bydissociation constan;,. Note also that an

additional region was added in Fige 21C, nanely a 26nucleotide region

complementaryto the competitor, & (gray bold line) for the purpose @nhancing

separation. For measurementkof ¢, (Figure 26B), solutions of competitor only were

heated to 95C , then cooledslowly to room temperature (22 ) at13 € min’* using

a thermal cycler. Fixed amounts of competitor werelliatedwith variable amounts of

ATPapt for 2 h at room temperatupeior to loading into the chip. To measuke',;,

(Figure 21C), ATPapi competitoi C26 complex was heated to 95, then cooled

slowly to room temperature (22 ) ati3 € min". Theratio of ATPapt : competitor :

C26 was maintained at 1 : 1 :Hixed amounts of ATPaptompetitor C26 complex (0.5
mM) were incubated with variable amounts of ATP for 2 h at ré@mperature prior to
loading into the chip.

From Figure 21B, we define the effective dissociation constant amftamer

competitor complex as:
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e _ [competitor][ATPapt]
¢eft " [ATPapt- competitor

)

Now, we define the effective dissociation constant of dbenpetitive equilibrium

shown in Figure 21C, which is a unitlesgonstant:

e _ [competitor- Gs [[ATPapt- ATP
4oz [ATPapt- competitor- @ J[ATP. &

K. can also be defined as below, since the C26 strasidtidy complexed with

competitor and does not participaignificantly in this equilibrium:

e _ [competitor][ATPapt ATP
4e12  [ATPapt- competitor][ATP @)

It is from these two measurable equilibria that we can extiaet effective

dissociation constant of interekiy atpapi

[ATPapt][ATP] _Kiem
Kd, ATPapt= — (5)
[ATPapt- ATP] Kd,eff2

Thus, we can separately measHt€.;, and K¢, usingmicrochip DNA mobility

shift assays (Figre 23A and B) with thesystems depicted in Rige 21B and C, then &

can extracKg atpaptfrom this data using eqm). In this way, from binding curve&igure

2-3C), we determine /T, and K/1%, to be 16.1a 1.9 nMand 2.27a 0.05! 107,

respectively. Using eqn (5Kdatrapt Was then determined to be 708 8.5 mM at
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It is feasible thaKq ¢ measurements can be made in this feayaptamers against
any small molecule target, greattyhancing the flexibility of our automated microchip
electrophoresigpproach for aptamigiargetKy s measurements. Idoing so, one st
first develop a similar aptanierompetitor strategy for each aptamer to be assayed,
inferring an increasedxperimental commitment. As long as the aptamer sequences are
known, it should be relatively straightforward to design simitairpinforming
competitors for other smatholecule bindingaptamers, but the energetics of compéititor

aptamer binding wilheed to be optimized empirically.

2.5 Method and Dissociation Constant Comparisons

The measure®y ¢« values of THRaptA, THRaptB, IgEapt, aAd Paptwere 25.6
a 2.9nM, 128 27.0 nM, 112 7 nM, and70.9a 8.5 mM, respctively (Table 22).
These values agreecasonably well with previously published numbers, especially
considering the differences in temperature and solution condifldres measuredg ef
values for THRaptB (128 27.0 nM)and ATPapt (70.2 8.5 mM) were in agreement
with the publishedsalues of 50450 nM* 242730 and ~50 mM2*3* respectively.The
measured dissociation constants for both THRg@8A6= 2.9 nM) and IgEapt (112

7 nM) were higher than theublished values of 0.6 1 nM** and 8i 48 nMm?23283L132
There areseveral possibilities that could cause this discrepancy. Musirtantly, the
running temperature in our experimental satujixed at 30C , which is highethan that
used in the othemethods. A temperature increase can cause a significant indmease
measure&y value, with the magnitude of the shift dependamthe thermodynamics of

binding for each system. Second, th&lt concentrations and buffer cthgents are
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different amongneasurements, which can also significantly affect the binchngtants.
Third, the nucleotide sequences of THRaptA &tdapt (as well as THRaptB) used in
this paper were slightldifferent than those used in other measuremedur sequences
(Table2-1) include the consensus sequences from selection {@dd but also include
additional sections at thé&nd Pends foruse in proximity ligation assays>’ With the

nitrocellulose filter binding method}%32>%°

the authors used only the consensus
sequences of THRaptA and IgEapt, shown in bold in TaklleGerman et af* used
different versions of the IgE aptameamely the unlabeled aptamer (basklguences in
Table2-1) anda labeled aptamer, with a fluorestéabel at the &end using amthylene
glycol linker. Their dissociation constants weteterminedto be 64 nM for labeled
aptamer and 8 nM for unlabelegbtamer. It is obvious that the added fluorescent label
caused significant decrease in bindingiaffy. Likewise, our extendedequences at the
36and ®ends of aptamers may have affectedlimeling with target molecules. Finally,
since DNA intercalatinglyes were used to label the free aptamer in this work, these dyes
may have competed to some @ttevith target binding, increasirthe measurey e It
is noteworthy that order of magnitudéferences are often observed when compaking
measurementeported in the literature e . g. 6 THRapt B®B2), duetbthemn i n
lack of consistencyn buffer conditions, temperaturégbeling, etc. Nonetheless, our
aptamer affinity measurememare in reasonably good agreement with previous reports,
and ourapproach is greatly simplified compared to others.

Perhaps equally important is the fact thhé microchip electrophoresimsed
approach requires much less time and reagemsumption than other methods (Table 2

2). As slown in Table 22, our approach provides a ® 6-fold reduction in analysis time
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compared to all other methods except the Erfethod®* which provides~2-fold faster
analysis than our approach. Inthios mpar i son, Oanal ysis timed
for completion of washing and measurement steps, but exclygliegaration and
incubation times for titrations, which sHdibe essentially equal among the methods. The
automated microfluidicsystem also requires only 1 mL sample volumes in eadl of
sample wells, allowing 5 mL incubation volumes for eMperiments. In order to provide
egual comparisons, the tinaed amoungestimdes shown in Table-2 were generated by
assuming an equal number of points of titration (11 used lamek)scaling the vaks
reported for individual incubations. Bypmparison to all but the filter binding apéFE
methods, ouapproach provides B0 to 60006fold reduction in DNAconsumption, with
only 17170 pmol of DNA used for 11 of tHe mL incubations. Although less DNA was
required, the filtebinding approach requires washing steps and specialized equipment
for dealing with radioactive reagts. Specialized equipmeand training will also be
required for theuFFE method’ since the method is still in the development stage. On
the otherhand, this method is promising and would likely find mtitcess if made
widely available. A significanadvantage of ouapproach is the commercial availability
and ease of use of th@utomated instrumentation. Furthermore, the automated and
homogeneous nature of our method reduces instances of hem@mand avoids
repetitive washing steps.

As a final pont of comparison, our approach providesadded level of flexibility in
comparison to other homogeneousethods based on electrophor&si&®! or
fluorescence anisotropy. The scheme developed for measurement of aptamel

molecule dissociatiorrondants (Figire 21B and C and2-3) is a novel extension of
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electrophoretic affinity measurements whadlows the flexibility of our method to rival
filter binding andaffinity chromatography. In fact, our approach is the onlylmted in
Table 22 that @n interrogate aptamieamall moleculebinding without requiring a
washing step. By exploiting theherent nature of DNA aptamers to coexist in their
targetbindingform (with tertiary structure) and in their duplex fomith complementary
sequences (e.cantidotes for aptamdraseddrugs), a competitive equilibrium was
developed (Figre 21B and C).This system imparts large, measurable electrophoretic
mobility shifts that are triggered by aptamers binding to small mole¢Eigare 23).
The approach conies the power of DNAasedcomputing or structurewitching with
aptameitarget interactionso significantly improve the flexibility of our mobility shift
assays. Moreover, the ai®f DNA-based competitors could albe applied to the other
homogeneoumethods shown in Table2, such as gFE, ACE, NECEEM, or to optical

biosensors tanprove their flexibility of application.

2.6 Feasibility for Kq Monitoring during Aptamer Selection

To provide proofof-principle that the microchip DNA mobilitghift assaysould be
useful for monitoring dissociation constardaring aptamer selection processes (e.g.
SELEX®®), a mockSELEX process was carried out. A known DNA aptamer spélsed
into a random sequence DNA library at increasing ratiasimic enrichment witi the
library, and our approach wased to measure the bulk dissociation constant of these
mixtures. Solutions of increasing percentages of THRaptA in a ranB@dA library
were prepared (0, 1, 5, 10, 25, 75, 90, and 1069&gd total DNA concentrationsf o

each THRaptA/librarymixture were then incubated in 5 mL volumes (300 nM total
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DNA, or 1.5 pmol) with variable amounts of thrombin ¢htombin concentrations and 1
microchip for each mixture) foR2 h at room temperature prior to loading into the
microchip, injection, and separation. Since the DNA library and THRape of
approximately equal lengtl{100 and 97 bp, Tabl&-1), only one peak in the
electropherogram was monitored. TheRaptA/library peak was observed to decrease
with the additionof thrombin for all samples except the 0% THRaptA confrigure 2

4A). Data shown in this figure are peak heights of freRaptA/library pool, normalized

to the peak height with niarombin added. The shape of the binding curve became more
pronounced withncreasing percentage of THRaptA in the pdd. shown in Figre 2

4B, nonlinear least squares analysis reve#tatl the knowrKy ¢ of THRaptA could be
extracted from thislata at concentrations as low as 5% of the pool (75 THRlaptA +
1425 fmol libary in each incubation tube). Errbars in this data represent fitting errors

in the least squaremalysis. Th&q e Of the 1% mixture wadetermined to be 24.6

70.2 nM. Although this value was coincidentally near the tralee of 25.6 nM, with
sud large error, a onparameter-testshowed that it was significantly different from the
true value o25.6 nM (p < 0.05). In the same way, mixtures with 5% THRaptMore
were shown to be statistically equal to the true value Q&% In essence, thmeasured
Kgerf Of the pools converged on theie value of the THRaptKyer as the fraction of
THRaptA inthe library pool mcreased (Figre 24B). In a true SELEX process, thelk
Kgert sShould decrease with each round as higher affiiggnds succeed in the
evolutionary competition, rather thasontinuously converging tcavd a single value.
Nonethelessthese results suggest that our approach could be used asamnated,

homogeneous route for monitoringyer Vvalues during each round of th&ELEX
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process, requiring only825 fmol (11 incubation tubes with 75 fmol each) of binding

sequences (THRaptA) in a background of random DNA.

A B Amount of THRaptA in Incubations (mol)
5 | 0.0 05107 1.0<10™" 1.5x107"
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B
-% 4 | 90 80k
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Figure 2-4°  Mock-SELEX process in which THRaptA was spiked into a
random sequence DNA pool at different concentrations. (A) Microchip
electrophoresis binding curves for pools from 5 to 90% THRaptA. (B)
Measured Kger values of the pool converged to the true value with
increasing THRaptA fraction, and our system was able to detect
aptamers spiked into a random sequence pool at as low as 5%
population (75 fmol THRaptA). A one sample t-test showed no difference
from the previously measured value of 25.6 nM (p > 0.2) for all samples
other than the 1% sample (p < 0.05).
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2.7 Conclusions

In this work, we have demonstrated that automated micraabigrophoresis is a
useful method for measurement of aptartegetKy .+ measurements. The approach is
homogeneousiequres minimal time and reagent consumption, and caappéed to
aptameiprotein or aptamésmall molecule bindingTo achieve this flexibility, an
aptameicompetitor strategy, akito DNA-based logic operations, was used to extract
Kqerr Valuesfor aptaneri small molecule interactions. This aspect shouldgyaicable to
any electrophoretic affinity ass&g$®3'or fluorescencanisotropy assaysdeveloped to
date, which shouldreatly improve the flexibility of the assayBhe approach was also
proven feasible folKyer monitoring of DNA pools during SELEX processes. For a
typical SELEX process, only one microchip electrophoresis run can be cawtied
between selection rounds to preserve precious materiagira@dThis would still provide
11 points on the titration curve &xtract binding constants, while only consumi&25
fmol of DNA between rounds. In this respect, the advantage provid#deehyicrofluidic

platform in reducing reagent consumptihould be particuldy useful.
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CHAPTER 3

DNA Models for Development ofProximity Assays

3.1 DNA Models for Asymmetric Proximity Ligation Assays

The proximity ligation assay (PLA) is one of the mssnhsitive and simple protein
assays developed to date, gemajor limitation is the relatively narrow dynamic range
compared to other assays such as endymked immunosorberdssays. In this work, the
dynamic range of PLAvas improved by 2 orders of magnitude and the sensitivaty
improved by a factor of 1.57. To accomplish tlasymmetric DNA hybridization was
usal to reduce theprobability of targeindependent, background ligation. An
experimental model of the aptartargetconnectorcomplex (aptAT-aptB-Cyo, PLA) in
PLA was developedto study the effects of asymmetry in aptaroennector
hybridization. Connectobase pairing was varied frotine PLA standard of 20 total bases
(Cyo) to an asymmetricombination with 15 total bases gL Theresults of this model
suggested that weakening taiinity of one side of the connector to one aptameuld
significantly reduce targeindependent ligatiorfbackground) without greatly affecting

targetdependenligation (signal).
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3.1.1 Background of Proximity Ligation Assay (PLA)

The proximity ligation assay(PLA) is among the mossensitive protein assays
developedio date. PLA can be consideraddescendent of immufCR method$,in
which antibodies arattached to oligonucleotides to allow the coupling of target binding
with exponential amplification by polymerase chain reactl@R).The termfiproximity
ligationd was first named in Landegr@énpaper, the method depends on the simultaneous
and proximate recognition of target molecules by pairs of affinity probes, giving rise to
an amplifiable detection signal. In that paper, the molecule they targetedheas
homodimer of the platelaterived growth factor Bhain (PDGFBB). A DNA aptamer
with affinity for PDGFBB was extended by additional sequence elements at eithed the 5
or the $end, forming a proximity probe pair. When pairs of probes bind RBBRhe
free ends of their sequence extensions are brought close to hybridize together to a
subsequently addedonnectoroligonucleotide, allowing the ends to lsennectedby
enzymatic DNA ligationSo, he detected protein molecules promote the ligationiceact
by bringing together the free ends of the proximity probe pairs. The ligation products can
then be replicated by nucleic acid amplification through PE§ure 1-4).

In the beginning stages of PLA method development, Landemwrdnceworkers
determinedthe optimal concentrations adach proximity probe and the connector
oligonucleotide thamaximize the cooperative effect induced by target bindifiigure
3-1) andthey further proved that this cooperative effect wagrselyrelated to théy of
the proximity probes’ Major advantages dPLA are sensitivity, selectivity, and ease of

use. Furthermore, the assay requires no washing steps duehtonibgieneous nature.
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However, PLA has the limitation of r@latively narrow dynamic range. The reason for
this flaw isthe necessity to use very low amounts of proximity prdbesiinimize a

targetindependent hybridizatioand ligation (background).

Signal (arbitrary units)

Figure 3-1:  Optimization of reaction conditions for the proximity ligation
assay. (A) Effect of connector oligonucleotide concentration and time of
ligation on signal and background. (B) Influence of preincubation volume and
probe concentration. The upper, yellow layers connect the signals recorded in
reactions with 5.6 attomoles of PDGF-BB, while the lower, red layers

represent the target-independent background, expressed in arbitrary units.
Adapted by permission from Macmillan Publishers Likature biotechnologyFredriksson, S.;
Gullberg, M.; Jarvius, J.; Olsson, C.; Pietras, K.; Gistafsddtir, S. M.; Ostman, A.; Landegren
Nature Biotechnol. 2002, 20, 4437.), copyright©(2013

3.1.2 Improvement of Sensitivity and Dynamic Range in Pb&sAsymmetric
Connector Hybridization

As shown inFigure 32A, the mode of action of PLAesults in &our-part complex
composed of the targeted protainalyte (T), two proximity probes (DNAonjugated
antibodies omligonucleotide aptamers; apand apg), and a connectasligonucleotide

(Cz0,pLa). The three separate DNA molecu({es moieties) are desigd to hybridize into
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a structure thapromotes a DNA ligase enzyme to covalently couple thepreaimity
probes. In the presence of target, the foamt complex is preferred over target
independent hybridizatiofthreepart complex) due to a cooperatifiep r o X i mi t y
that essentially increases the local concentration of the-nligteotide tails:® Thus, the
amount of ligation products igroportional to the amount of protein analyte, and these
productscan be made recognizable by PCR for expaakmimplification and highly
sensitive quantitation by gPCR. Due to its simpli@tyd sensitivity, PLA has found
much interest of late and has besrccessfully utilized in a variety of applications, such
as sensitiveprotein detectiort? in situ analyss of protein localizatio, DNA-protein
interactions clinical diagnosticS,and proteirproteininteraction assay$.

Our goal in this study was to improve the dynamic randgel@f without sacrificing
LOD. To address this issue, we made twgpotheses:(1l) targetindependent
hybridization (backgroundrigure 32A, bottom) is inversely proportional to th&; of
the connector oligonucleotide at a given concentration of proxipritpes, and (2) the
width of the dynamic range is proportioi@lthe amountfoa proximity probe to be used.

If confirmed, these hypotheses suggest that dynamic range and sigbaktkground
could be improved by simply reducing the numbfebases in the connector. To test these
hypotheses, first wdeveloped and tested an expegittal model of the proximitgffect.
This model suggested that asymmetric connectors Wither Ky values could
significantly decrease targetdependenthybridization (backgrond; Figure 32A,
bottom). In turn,this would lead to higher signéd-backgraind ratios and allowhe use

of more proximity probes, which should increasedireamic range of PLA.
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apts

apts —_—> —_—>
Ligation gPCR
CaopLa signal
ligations
apts
apts _ >
L@amx1 gPCR
Caorta background
ligations
B T
apts
apta _ _
Ligation gPCR
E? Co,pLA
15<b<20

Figure 3-2. Schematics of PLA and model systems described in the text.
(A) Standard PLA, in which a connector length of 20 bases (Cyopia, OF b
= 20) is used. Ligated signal or background complexes are not
differentiated by qPCR. (B) Asymmetric PLA, in which connector lengths
of 15-19 bases (Cppia, Wh e r k< 20)%re ©sted.
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3.1.3 Reagents and Experimental Methods
3.1.3.1 Reagentnd Materials

All solutions were prepared witeionized, ultrafiltered water (Fisher Scientific).
T4 DNA ligasewas purchased from New England BioLabs. Human thrombin was
obtained from Sigm&ldrich. All oligonucleotides except th&@agman probe were
obtaned from Integrated DNA Technologi€¢EDT; Coralville, lowa), with purity and
yield confirmed by masspectrometry and HPLC, respectively. Sequences of ssDNA
strands used in the experimental model are givemable 31. Sequence Frgewas
| abel e denawith lowadlack Nguencher (IABKFQ; absorbance maximum at
531 nm). Sequendéreggswa s | a b e temeddvithaatphosphate gro@®hos) and at
i t send3nitlp 5(6)carboxyfluorescein @AM, mixed isomer; emission maximum at
520 nm). Loop strand&rable 31) were synthesized by ligation of Freand Freg using
T4 DNA ligase;Sequences | i st @ d3 Nj)Nj f or PLA or asymmetr.i
Thrombin aptamer A, apt CAG TCC GTG GTA GGG CAG GTIGGG GTG ACT
TCG TGG AAC TAT CTA GCG GTG TACGTG AGT GGG CAT GTA GCA AGA
GG; thrombin aptamerB, apt/5Phos/GT CAT CAT TCG AAT CGT ACT GCA ATC
GGG TAT TAG GCT AGT GAC TAC TGG TTG GTG AGATG GGT AGT CAC
AAA; symmetric connector, £ pa AAG AAT GAT GAC CCT CTT GCT AAA A;
asymmetric onnector,Cigpia TTA TGA TGA CCC TCT TGC TAA AA; asymmetric
connector, Gspa TAG ATG ACC CTC TTG CTA AAA; forwardPCR primer, GTG
ACT TCG TGG AAC TAT CTA GCG,; reverseCR primer, AAT ACC CGA TTG CAG
TAC GAT TC; Tagmanprobe (Applied Biosystems, ABI}-chlorofluoresceiiTGT

ACG TGA GTG GGC ATG TAG CAA GAG &arboxytetramethylrhodamine.
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Table 3-1. Oligonucleotide Sequences Used in the Experimental Model of Proximity
Hybridizationa

name sequenceP

C2o 5'-TAATACTTGCTGAGGAATAA-3' (similar to thatused
in standard PLA)

Cio 5-TAATACTTGCTGAGGAATA-3'

Cis 5-TAATACTTGCTGAGGAAT-3'

Ci7 5-TAATACTTGCTGAGGAA-3'

Cie 5-TAATACTTGCTGAGGA-3'

Cis 5-TAATACTTGCTGAGG-3'

Freea 5-NIABKFQ/GCAAGTATTATT TTTTTTTTT TTT TTI
[TTTTTTTTTTITTTCTCTTTT TC-3'

Frees 5'-/Phos/TCTTCTCTCTCTCTCTTTTTTTTTTTT
TTTTTTTTTTTT TTTATT CCT CA/6-FAM/-3'

linker 5-GAG AGA GAG AGAAGA GAAAAA GAG AAA
AAA-3'

Loop 5-/IAbFQ/GCAAGTATTATTTTTTTTTTITTTTTTITT
TTTTTTTITTTITTTCTCTTTTTC TCT TCTCTC TC
TCTCTTTTTTTTITTTITTTITTTITTITTTITITTITATT

CCT CA/6-FAM/-3'

2Bases in bold depict the variable segments of the connectors usedto alter
connector affinity (see Table 2 for affinities). PNotes: IABKFQ,lowa black FQ;
Phos, phosphorylated end; 6-FAM, 5(6)-carboxyfluorescein(mixed isomer).

3.1.3.2 Fluorescence Measurements for Model Titrations

Fluorescence measurements were conducted using a Nanodrop 3300
fluorospectrometer (Thermo Scientific). The intensity of FAMission was measured at
520 nm with LED excitation at 48%m. The buffer used for titrations was 50 mM Tris
HCI (pH 7.5),100 mM NaCl, 1 mM MgC}. Titrations sets (146 points) werecarried

out in duplicate, and each fluorescence measurementrepested six times. Fixed
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amounts of Loop or Frgeand Freg strands were incubated with variable amountsgpf C

overnight aroom temperaitre prior to fluorescence measurements.

3.1.33 Synthesis of Loop strands

Loop strands Table 31) were synthesized by ligation ¢iree. andFreg; using T4
DNA ligase. The Linker strand was used to hybridize with and adjacently position the
strands foligation. Ligation was carried out by T4 DNA ligase (New England Biolabs)
in a total vol ume Coith alioker:Fred g nfolarrratio3of 20:1.at 16
Ligated products were further concentrated
of 1.2xDNA loading dye (0.5mg/ml bromophenol blue, 8M urea, 1% (V/\V)49P1mM
Tris-HCI pH 8;}*. Then, samples were denatured at 90 € for 5 min, and quickly loaded
onto 1 M urea containing TAE 5% agarose gel. Gel electrophoresis was run on a VWR
Mini Gel appaatus at 70 volts for 5 h with a 100 nt ssDNA as well as the 50egt and
Free strands for markerd={gure 33). Under UV light, the ligated product bands were
excised and eluted using Wizard® SV Gel and PCR Glgaisystems (Promega) under
themanufacur er 6 s protocol . Ligated products we
at 260 nm and FAM absorbance at 490 nm with a Nanodrop 1000-\sshatie

spectrophotometer (Thermo Scientific).
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50 nt FAM-ssDNA

50 nt Q-ssDNA
100-nt Ligation
Product (FAM, Q)

(No Sample)

Agarose gel, Denaturing, SYBR Green (same gel, overexposed)

Figure 3-3: Schematic of Loop strand synthesis by ligation. ssDNA
separation by agarose gel electrophoresis was used to purify ligation
products.

3.1.34 Proximity Ligation Assays

Temperature control was achievesing a MastercycleeP gradient thermal cycler
(Eppendorf). Thrombin and oligonucleotide solutions were made as descrided.
amount of 4uL of a reaction mixture containing humamombin, apt, and apt was
incubated at 3T for 15 min before adding JuL of connector (G pLa Cispia OF
CoopLa)- An additionda 30 min of incubation at 22 was performed tostabilize

complexes. These gL samples were then brougta a total volume of 5L for the
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ligation and amplificatiormixture, which contained 50 mM KCI, 10 mM T#4Cl, pH

8.3, 1.9 mM MgCJ, 0.4 Weiss unit T4 DNA ligase, 48V ATP, 0.18 mM dNTPs, 0.45
MM forward and reverse PCR primels5 n M Tagman pmucledseasshyp r t h
and 1.5 unitof AmpliTag Gold polymerase (ABI). The reactions wé@nsferred to a
reattime PCR instrumentQFX96, BiocRad)for temperature cycling: 5 min at 22 for
ligation, 10 min aB5 € , and then cycling for 15 s at ¥ and 60 s at 6@ , repeated

45 times. Signato-background (S/BG) values wecalculated from the relative number
of ligation productsdetected in a sample with thrombin to that in a sample without
thrombin. The relative quantity of the ligated products wakulated by using the
comparative threshold cycle (Qt)ethod™ For measurements of PLA background, 15
pM apt and 20 pM apt were used, with different connector concentratiassfollows:
CiepLa) 178 nM; C18,PLA ) 112 nM; &£ pia) 45 NM. For asymmetric PLA, 900 pM
apta and 1200 pM aptwere used with 480 nM {gp a and for symmetric PLA, 15 pM
apta and 20 pM apt were used witd00 nM Gg pLa (Sameconditions as previously

reported).

3.1.35 ConnectoiKy Calculations

Basepairing dissociation constanter the invariable segmenK{,) and for each
variable segment Kqg) of the connectors were calculated using the -established,
thermodynamic neareseighbor model® Dissociation constants were derived from
thermodynamic parameterslculated via the BioPHP melting temperature calculator
(http://insilico.ehu.es/tm.php), a free online service that ®asnt a L u thad® 6 s me

Source code is freely downloadable hatp://www.biophp.org/.Kq s values were also
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experimentallyconfirmed in Table 32, thec o | u mn Kyaob esl heodeestulatet e

values, and t i’fﬁfﬁﬁc‘)c a |h w rxperithehtally torfidnedivalues.

Table 3-2. Analysis of Connector Sequences Used in the Experimental Model of
Proximity Hybridization®

connector length Kd,B Kggrf Kg.eﬁ S/BG [Chlopt

Cb (bases) (nM) (nM) (nM) (nM)
C20 20 16 18627 3.25+0.48 572 45
C19 19 135 149 + 11 5.54 + 0.93 26.9 80
C18 18 539 446 + 59 9.52+1.33 46.8 110
C17 17 3370 2550 + 220 7.12+1.67 358 170
c16 16 28 600 7100 £ 740 847 +£0.38 838 480
C15 15 297 000 175+£6.3 20 000

a Notes: K8, calculated dissociation constant for variable segment of connector in
100 mM salt and 1 mM Mg**; k5% and k§.s , measured effective dissociation
constants of background and signal, respectively; [Cnlopt, optimal connector
concentration for PLA; unvaried Kaa= 14.8 nM.

3.1.36 DNA Melting Curve Measurement

The melting temperatures {¥ of DNA oligomersC,s through Cyo (sequences in
Table 31) were determined using a BRad CFX96 gPCR instrumeriEigure 34).
Working solutions consisted of varying concentrations of oligomers and 200 nM of the
DNA intercalating dye PicoGreen (em ~520 nm; Invitrogen) in 50 mM-H@Gs$ (pH
7.5), 100 mM NaCl, and 1 mM Mggl Oligomer concentrations were intentionally
adjusted to approximately 3 Kqg from Table 32 (calculated values). In this way, a

constantTy, for Ci throughCx i Nf erred accur &cthgrmodyhami8ant a L
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nearesneighbor modeling approach for estimatingy s values. Fluorescence was
measured as a function of temperature, and the derivative of the fluorescence was fit to
Gaussian functions using nonlinear least squares fitting to determine Tns Yp&kak

center).
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Figure 3-4: (A) Fluorescence melting curves of DNA oligomers from
Table 3-1. (B) Melting temperatures (Tm) were kept essentially constant
using variable oligomer concentrations of 3 x Kgg.
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3.1.4 Signal and Background in Proximifigation

A schematicof the original, aptamebased PLA® is shown inFigure 32A, in the
context of protein detection with aptamer probHEse quantitative capability of PLA is
most heavily dependentpon two steps: the cooperative hybridization of finer-part
compl ex, a pt ame rB icannectar r(agpieTt aptd @.4 p@)fellowed by
the proximitydependent ligation ahe two aptamers using a DNA ligase. This process
results inan amount of ligated product that is proportional to the origamadunt of
protein anal yte ( Asi gn aladalytdindegeadent digatoh |,
products pr es dgations) Althoagh kRCR daes ribtodifferentiate signal
from background ligations, under optimized conditibhthe signalwill be dominant
over background to allow highly sensitivedirect detection of the protein analyte.
Signal enhancement ovérackground in PLA is based on the proximity effect. The
effective concentrations of two aptamers are significantly increased duéheio
proximity, afforded by simultaneous binding to the sammein®®

The chief interference in PLA is targieidependent, backgroudigiation Figure 3
2A, bottom). This background ligatidras been reported to result from twouces-3*
First, basedsimply on binding equilibria, a fraction of aptamers will alwdndbridize
with the 20base connector sequenceso(&s), evenin the absence of protein analyte,
resulting in targeindependentligations that increase the background levels in the
assay® Second, the T4 DNA ligase is capable of ligating a srinadition of SSDNA
sequences, even in the absence of a connsetprencé?° This will also increase assay
background. Importantly, the presence of this backgrdumits the amount of usable

aptamer (or antibody) probes, whielffects the sensitivity and partially defines the upper
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limit of the dynamic rangé.Methods to widen dynamic range would addrassajor

weakness of PLA and significantly improve the applicabdityhe assay.

3.1.5 Design of Experimental Model of Proximity Hybridization

We hypothesized that by decreasing connector binglifagities for aptamers using
an asymmetric carector Figure 32B), the amount of background ligation products
would be greatlyeduced comparet signal ligation products. In turn, this shoaltbw
the use of higher aptamer concentrations, whichimerease the upper limit of dynamic
range and improve sensitivityThis hypothesis was based on the inherent signal
enhancemengiven by cooperativédinding in the proximity effect? which doesnot
apply to background. To understand the impact of connéaoling affinity on S/BG
ratio in PLA, we developed a simpéxperimental model using DNA hybridization and
fluorescenceguenching Figure 35). First, we def i ne an Mfdasipthenet r i c
model system as a connector with one side shortarmedpared to the original PLA
connector, G pa Herein, modetonnector sequences are representedpybywlere b is
equalto the total number of baseas the connector that ammmplementary to the Loop
sequence. For example, thgmmetric connector used in the model is representeddy C
similar to the 2base connector used in the original Pluérk,* whereas an asymmetric
connector with only six basén the variable region is represented by Gequences are
notedin Table 31, with variable regions in bold. (Note that connectosged later for
PLA or asymmetric PLA are differentiated fromodel connectors using the subscript
APLA, 0 Sdba brCigpsa) I€ our model system, signal and background were

treated separately. The equilibria showrrigure 35 represensignal complex formation
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with a sequential binding mode ahdckground complex formation with an independent
binding mode. Theseare not blind assumptions but are based upon ddifficients
which were determined by nonlinear leaquaresfitting of our experimental data

(discussed in detail below).

Loop
signal
Co complex
Pe—
Free, Kas —
__ freeg \ X / background
C, Kas complex
—r—

Figure 3-5: Schematic of the experimental model system used to predict
signal and background in PLA methoc
Loop-Cy, whereas the fAbackgr ound a-Cydmapp
Model connectors were varied from Cy5 to Cy in this study.



To model targetiependent signal in PLA, single DNA loopwas hybridized with
connector sequenceBigure 35, top. Theapti T Tapg complex in PLA was modeled
using a 10éhucleotide DNA loop (Loop) that is capable of hybridizing watisonnector
sequence at both ends, representing the ideal icagdich aptamers possess infinite

affinities for their proteiranalyte K46 8 0). To measure the extent of hybridization, the

Loop was covalently | abel -emlplack dirdlg ahdwBhk FQ qu
FAM at-entd @greencBch). Quenching of FAM fluorescence ensued when both the

5-Ngnd 3 -Bipds of the Loop were hybridized to a connector sequeniteicking the

proximity hybridization complex in PLA (i.el, o o @, fepresents apt T 1apii Czo pLa)-

Thus, a decrease Loop fluoresceae was ref erred t dheasdelfisi gne
of background ligations in PLAF{gure 35, botton) follows from the model of signal.

The FAM- and IABkFQlabeledLoop sequence was essentially split into two free strands

(Freen and Freg), representig aptamers unbound by protein analytéfson combination

of both free strands and a connecsequence, the extent of fluorescence quenching
representediargetindependent hybridization in PLA and was proportidonathe amount

of background ligation pradtts that would bexpected (i.e., FraeCyl Fregs represents

apil Cyopa apk). Thu s, a decrease in fluoresimence W

this case.

3.1.6 Complex Formation with Asymmetric Connectors
Moving toward our goal of reduceldackground in PLA, the experimentalodel
(Figure 35) was used to determine effective dissociatonstantsKqer) of signal and

background complexes alifferent connector lengths gCwhere 150 b < 20). The
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assumption was that th€ rvalues cou represent the relativemounts of signal and
background. Separate titrations of tteop and Free strands with thg €rand gave the

correspondindlq et Values of the complexes. The S/BG was tte&loulated as

K:eff K:Sff
SIBG =i X, g

This S/BG represents the ideal case in which aptamersihBnie affinities for the
target Ks0 § 0).

Connector s0 a fgfstrand (dr foreose afmablire Ldop) eereFedeced
by decreasing theumber of complementarpases to Freeor the Loop arm Klue
segments in Figure-BB; blue text in Table-3). Basepairing dissociatiortonstants for
the invariable segmenk ) and for each variableegmentk, ) of the connectors were
calculated Table 32) using the welestablished, thermodynamic neavesighbor
model®® Starting with the 2Mase connector ¢ similar to thatused in standard PLA,
the variable segment was decreasedemmgth, resulting in five different asymmetric
connectors (g through Gg). Titrations with these asymmetric connectors dhe
symmetric control connector §§ were carried out on bottne signal and background
models Figure 35), and thalecrease in fluorescence was used to assay stability.
3.1.7 Background &luction in the Experimental Model

Modeling of cooperative complex formation has proven difficpHyticularly in the
realm of predicting the affinity of bivalerigands based on known affinities of each
individual ligand*® Rather than attempting to wigop an extensive model of tisgstem

shown inFigure 35, titration data was analyzed using tH#l equation®® a simplified
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model that has found wide usebiochemistry, physiology, and pharmacology to analyze

binding equilibria and ligandeceptor iteractions.’” According to Weiss:’ the Hill
coefficient i s best cdoeesfcfriicheednt s tdmt fiirretf é
cooperativity among multiplegand binding sites. Since it is expected that cooperativity

is inherent to the formationfdhe apii T fapgi Cy complex inP L A, or @&he LooO
complexes in our model, we employednlinear leassquares (NLLS) fitting of our data

to the Hillequdion (eq 2) to assethis cooperativity and to determii@ ¢ values.

[Co]”

S=S LSt Si
A )(Kol,eff)n +[Cho]" @

where S is the fluorescence signal measured as a function gff e connector

concentrationy and & are the initial and finasignals, respectively, an€l ¢« represents

the effective dissociationconstant of thelL o oQ,Tcomplex (KS., ) or the

Freed Col Fregs complex (Kfe; ). In this way, fluorescence measuremedtsing

titration with increasingly higher [f could befit to the Hill equation (eq 2) and #Kg ef

values could bextracted. Furthermore, each extracted Hill coefficientepresented the

extent of cooperativity in that particular syste@ur expectatiowa s t hat Cit he Lo
complexes (signalvould have significantly increased cooperativity (highpcompared

to the Fregl Cyl Fregs complexes (background).
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Figure 3-6: Results of experimental model of proximity hybridization.
Fluorescence response curves for the signal (Loop, red squares) and
background (Free, blue triangles) complexes when titrated with Cis
through Cyo. NLLS fits to the Hill equation (Eq. 2) are shown as solid
curves. It is clear from this depiction that as the connector affinity
decreases, the background stability is drastically decreased, while the
signal stability is only moderately decreased.
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Example data sets from these titrations are showhignre 36, with error bars
representing standard deviations of the triplicagasurementgigure 36 shows that the
L o o@, icomplex (red squarep is more thermodynamically favoretbmpared to the
Freal Cyi Fregs complex blue triangleg All titrations were fit toeq 2via NLLS fitting
to determineKq ¢ Values and S/BG (via eq 1) for each ragyetric connector (§);
measured and calculatedlues are shown ihable 32. This figure clearly shows that the
relative stability of the signat o mp | e x Cy,(rédosgupr@dsover the background
complex (Fregl Cyl Fregs, blue triangleyis increasing with decreasing connector length
through Gp to Cis. With the use of the symmetric connectogp,Ghe S/BGvalue was
determined to be 5.7#he S/BG value usin@is was determined to be 838. Thus, a-146
fold increase inS/BG was achieved by simply decreasing the connector lengam
asymmetric manner. Ashown inFigure 37A, the background levels with,, were 382
fold larger than the background withgCwhereaghe signal differed by only 3.1®ld.
These large decreases limckground and only modest decreases in signal gave the

expected increase in/BBG with decreasing connector affinitfFigure 37B). The

agreement between measuréflS, and calculatedKqg values was also encouraging

(Figure 37C). It must be noted that theckground complex titration experiment forsC
was impracticaldue to the expense involved in working with millimotaimcentrations
of DNA. Although, using nearesteighborcalculations® it is predicted that the S/BG

could be as higlas 1.7! 10" for Ci;s. These results provided a first step toward

confirmation of our hypothesiAlso shown inFigure 37B is a curve (dashed line)
calculated from data presented by Tian and Hey§ukho developed asimilar

experimental model using bivalent ligands of variafigities. It is clear that the general
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trend observed in our damaatches with that seen by Tian and Heyduk with an obvious
offsetin magnitude. This offset is likely due to the model differenoeshich Tian and
Heyduk used a 6 nm spacer between thmnding sites, whereas our model has
essetially no spacebetween the binding sites. Inclusion of an equivalent spacaurin
system would be unreasable, since PLA requires sulgsent ligation of the aptamers
after hybridization of the signabmplex. Nonetheless, the similarities were encangag
Figure 37B presents the relationship between S/BG andhtfigities of the variable
segments of the connectors, which @presented by the calculatids values® (Table
3-2). Thisanalysis is useful, sind&; g will ultimately become the independerdriable in
the asymmetric PLA approach. As shownthe figure, S/BG increases proportionally
with Kgg. In theory, one could increas€; g even further. In the extremexample, one
could use @ (only one base pain the variablesegment). However, the S/BG parameter
is not useful if thereis insufficient signal present with respect to the noise of
measurement, and it is likely that the amount of either signélackground (or both)
complexes using £z would benegligible. The connector length, b, could be considered
an alternative for the independent variable (shown as upperirakgure 3-7, partsA
and B), but care must be taken, sincerdmains dependent upon base composition,

making it less precisthanKg g.
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Hill coefficients (n) were also determined by NLLS fittingtbke data to eq 2. Eh
mean n values for formation of all of theckground (Freg C. Freg) and signal

( L o €pdomplexeswere 1.42¢ 0.19 and 1.76¢ 0.11, respectively. Thesalues

were shown to be statistically different €0.01). Cooperativity enhancement in the
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signal complex was expectesince this effect gives PLA the ability to discriminate
signal from background. Furthermore, as reported by WéistheseHill coefficients
suggest that the signal complex forms iseguential manner, whereas the background
complex forman an independent manner, as reflecteBigure 35.

In summary, the improvements 8/BG in the experimentahodel is derived from

the more than 2 orderd-magnitudeincrease iri(ffjﬁ (reduced affinity) that is achieved

using asymmetric connectors, where&s . is increased by less thah order of

magnitude (Table3-2, Figure 37A); thus, by eq 1, S/BGs increasd significantly
(Figure 37B). However, application ofasymmetric connectors to PLA requires
experimental confirmationas given below, since we began our model with the

assumptn of infinite aptamer affinities.

3.1.8 Confirming the Experimental Model in Asymmetric PLA
3.1.8.1 Design of Asymmetric PLA

A schematic of asymmetric PLAs shown in Figure 32B. Since decreased
background was achieved the experimental modeFigure 36, 3-7), the next step was
to confirm that this approach was useful for PLA. The real assay is inhenerug
complicated than the experimental model, requiring not anlyourpart complex
formation but also ligation of apto apg, followed by gPCR*® Furthermore, aptamer
affinities are finitein the real system, compared to the assumption of infinite affinities
the model. On the basis of these factors, we expectedhthatbservations from the
model would be less pronouncedtire real sgtem. Asymmetric PLARigure 32B) is

based on th&rmation of the complex agitT 1apii Cy pLa, Where b< 10 isachieved by
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decreasing connector lengths on the side complemetdaapg. Shorter connectors,
therefore, have highd, g (Table3-2), or lowe affinity.

For the standard PLA system(Ga b = 20), the optimatonnector concentration
was determined to be 40 nM! This correlates well with the model results shown in
Figure 36. At CypLa = 40 NM, the stability of the signal complex is neaaximal,
whereas the stability of the background complexmigimized as much as possible.
Working on this principle, theesults from the titrations in the experimental model
(Figure 36, 3-7) wereused to estimate the optimal connector concentrationky{@or
each model connector of different length. These valuegegrerted in the rightmost
column of Table3-2 and were used fall asymmetric PLA experiments to follow. This
approach allowethe interrogation of each asymmetric PLA system at itsr@bivalues

of signal and background.

3.1.8.2 Background Reduction Using Asymmetric PLA

Starting with the identical reagents used by Landegren andvarers for
sensitive detection of human thrombin, connector lengths systematically decreased
from the initial Go pa Sequence. Backgrounigiation levels were measured by carrying
out the assawithout the target protein (human thrombin) present. As shovwagure 3
8A, the background levels in asymmetric PLA wsignificantly reduced by incremg
Kg (or decreasing lengtlv), matching well with the experimental modElgure 37A).
Background levels in asymmetric PLA with;dg A were 46.#old lower than with

standard, symmetric PLA ¢gpia), thusconfirming our hypothesis. It should, teéore,
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be possible tause higher concentrations of aptamer probes with asymniitdc to

improve the dynamic range and sensitivity.

3.1.8.3 Dynamic Range and Sensitivity EnhancemetitAgyymmetric PLA

A major limitation of standard PLA is the relatiyaharrow dynamic range. This
disadvantage is directly related ttee generation of background ligations. The original
work in PLA for human thrombin detection determined the optimal concentratibns
aptamer probes to be 15 and 20 pM foraagotd apg in the 5uL incubation mixture,
respectively. At higher probeconcentrations, increased background ligations were
shown tobe detrimental to the S/BG of the assay. Since the assay oglidhe
simultaneous binding of two aptamers to the starget, simplgrobability theory shows
that the population osignal complexes (agtT Tapii Cypra) Will first increase then
decrease as the concentration of target is increased. Thelinppef the dynamic range
is thus positively related to bothe concentrationand theK@b s of t he apt ame
Gullberget al® showed that target at 10 times higher concentrationghaives could not
be assayed with prolig < 0.4 nM but coulbe assayed with a prolsg = 2.5 nM, albeit
with relativelylow S/BG. This implies tht in standard PLA, a lower LOD &chievable
with higher affinity probes at the expense of nardywamic range.

Previous publications using standard, aptabased PLA fothrombin detection did
not report the LOD or the dynamiange™® However, by analyzing the presented data,
the reportedLOD was determined to be 16 amol (significantly different from
background, p< 0.05), with a dynamic range from 16 to 400 amolour laboratory,

with the standard PLA system usingoGia We obtaired a detection limit about-®Id
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higher than 16 amolut we were able to achieve a significantly wider dynamic range
compared to the previous reports. As shown in Figu88 Jopenblue squares), our
standard PLA detection limit was 50 amol, ang dynamic range was from 50 to 3000
amol (7.68fold wider thanprevious reports).

With significant reductions in background using asymméttié (Figure 38A), we
hypothesized that the dynamic range coldd improved using higher aptamer
concentrations with comator Ci6 pa. This hypothesis was confirmed by titration of the
systemwith human thrombin (Figure-8B). Asymmetric (closed blackircles) and
standard (operblue squares) PLA were carried ouwinder the following optimal
conditions in the %L incubationmixture: asymmetric, [ pLa] = 480 nM, [apt] = 0.9
nM, and[aptg] = 1.2 nM; standard, [ pLal = 45 NM, [apk] = 15 pM, and [apg] = 20
pM. Using asymmetric PLA, the dynamic rangas increased by 2 orders of magnitude,
and the sensitivityvasimproved by a factor 1.57 compared to the standard systtm
Coopa (Figure 38, parts B and C). In addition, the maximwanhievable S/BG was
larger by a factor of 3.15. These improvememése accomplished with an additional 3
fold improvementin LOD to 5.0 amol of thrombin. When compared to previously
reported datd? our dynamic range was improved by an elemer factor of 323. In
Figure 38B, horizontal bars mark thdynamic rangegblue line is for asymmetric PLA,
orange line is for standard PLAWith the upper bounds defined as the highest
concentration with a statistically higher €0.05) value of signaio-background ratio
compared to the adjacent lower concentratiémor bars represent standard errors of

quadruplicate runs afPCR.
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Figure 3-8: Asymmetric PLA. (A) Amount of background ligations vs
dissociation constant (K4 g) of the variable segments of each connector,
ChpLa, In the absence of target protein. (B) Titration with human
thrombin. Asymmetric connector Cigpa (filled black circles) and
symmetric connector C20,PLA (open blue squares) were used for
comparison. Error bars represent the standard error of quadruplicate
gPCR measurements. Horizontal bars define the assay dynamic
ranges. (C) Linear scale comparisons of dynamic range, sensitivity, and
limit of detection (LOD) improvements using asymmetric connector
CispLa (White bars) compared to the standard connector Cyopia (blue
bars). Error bars depict standard deviations of linear sensitivities. The
cross-hatched bar represents the LOD obtained in the original reports of
PLA.
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Since logarithmic scales were usedHimgure 38B, linear scalecomparisons of
dynamic ranges, sensitivities, and limits of detecteme shown inFigure 38C.
Sensitivities were determined as tiepes of the linear regressions of both data sets in
the rangefrom the LOD to 3000 amol. This figure helps to clarify thignificant
advantages provided by asymmetric PLA, in comparisstandard PLA. Most notably,
our approach of usingsymmetricconnectors has allowed a significant improvement in
one of the major limitations of the assay, dynamic range. ifipsovement should be

generally applicable to any of tipeeviously developed PLA methot&™
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3.2 DNA-BasedExperimental Model of Electrochemical Proximity Assay (ECPA)
3.2.1 Background

Sandwich immunoassays are now widely adopted for bioanalytical quantitation of a
multitude of proteins in various fields, and there are numerous assay kits available for
purchase. The assays possess both high sensitivity and selectivity, due in large part to the
requirement of simultaneous binding of two hifffinity antibodies, and they are highly
scalable. However, from a biosensing perspective, sandwich immunoassaps\ill
room for improvement. These heterogeneous assays cost ~$10 per sample and require
washing steps, making protocols tedious and -tioresuming, with significant user
intervention and reagent volumes required. Rofrtare analysis is difficult to envan
using sandwich ELISAs.

Proximity ligation assays (PLAY{gure 39A) are some of the most simgleuse
and sensitive protein assays developed to date. PLA is homogeneous and can achieve
protein detection | imits i eyconbeptinPeApstttemol e
Aproximity effect, 0 i-coMugatedvantbodies aveobound to g o n u
target, the local concentration of the oligos is largely increased, making weak interactions
with connectors more kinetically feasible. Probesthes enzymatically ligated, and the
products are PCR amplifiable. PLA can be used with aptamers or with antibodies. A
modified version of this assay is the molecular pincer assigyre 39B).1° Although
this assay will have lower sensitivity, it can este highly specific, homogeneous protein
detection (pM detection limits), with direct readout using fluorescence resonance energy
transfer (FRET) between dyes attached to the oligo arms, making it amenable-fpoint

care analysis.
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Figure 3-9:  (A) Proximity ligation assays (PLA) and (B) molecular
pincer assays.

A disadvantage of the aforementioned assays is that purification of tHudighb
conjugate is a determining factor for sensitivity. Use of aptamers in these assays has the
potentialto significantly improve performance. Aptamers are RNA or single stranded
DNA (ssDNA) molecules that have been isolated from randequence nucleic acid
libraries and selected for high affinity against a target protein, small molecule, or even
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whole cells Aptamers exhibit a number of advantages over antibodies as molecular
recognition elements, especially for diagnosis. Their in vitro isolation eliminates the need
for animal hosts, chemical modification of nucleic acids is highly flexible and well
develogd, and aptamer binding affinity can be tailored. Furthermore, aptamers can bind
virtually any molecule, even toxic or n@ammunogenic targets. Lastly, aptamers will
refold into functional structures after exposure to extreme conditions (pH, temperature,
etc.), making them amenable to reusable biosensors. Thus, SELEX has opened a new and
promising field of research, giving
more than mere alternatives to target
antibodies. Ab1
Our proposed approach will

combine the proximity effect

Fi 39 ith
Fowe 3 WA thiolated | /MB-DNA

electrochemical approach recently DNA E

proven feasible by the Revzin | |
gold electrode

group. They used a structdre

Figure 3-10: The electrochemical
proximity assay (ECPA). In the
presence of the target protein, this
five-part complex moves the redox-
active methylene blue (MB) near the
gold surface, thus increasing current
in proportion to the protein analyte.

switching aptamer to move an
electrochemically active species
away from a gold electrode as
target was bound, providing
homogeneous, electrochemical (E@gtection of interferon gamma with 0.06 nM

detection limit. However, the flexibility of this approach is severely limited due to the

requirement of a structw®witching aptamer, which will not exist against many targets.
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As shown inFigure 310, we propse to use the proximity effect to move the-&Qive
methylene blue (MB) closer to a gold electrode upon binding of two antiblagty
conjugates t@rotein targetsThis novel combination of proximiglependent assays with
EC current enhancement allowsashfree highly-sensitive, and highly selective
detection oftarget moleculesin a format amenable to poiaf-care use. The assay

format will be extremely flexible, since any target with two antibediould be assayed

3.2.2 Model Systens of ECPA

As in ourprevious work with PLA® here we utilized a DNA loop tenodel the
probetarget complex in ECPARgure 311), makingthe assumption that probe affinity
for the target protein isfinite. The 80nucleotide DNA loop mimics formation of the
ECPA canplex, bringing MB near the gold surface and increasaupx current. The
background was modeled using only thélated DNA and MBDNA (Figure 311).
This experimentainodel greatly simplified the optimization of experimermiatameters.
Since the surf@e-dependent ECPA involves different type of cooperative complex
formation compared tohomogeneous PLA, we devised two new strategies for

minimizing background in ECPA.
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DNA gold electrode
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Figure 3-11: DNA-based model for ECPA. A continuous DNA loop is
used to model the Signal complex shown in Figure 3-10. Background is
modeled by simply adding MB-DNA without the loop.

The first strategy was to decrease the binding affipéiwvea thiolated DNA and
MB-DNA by reducing the numbef complementary bases in the thiolated DN#g(re
3-12A). The hypothesis was that the amount of background hybridizabemveen
thiolated DNA and MBDNA would be greatlyreduced, thereby reducing backgnad
current greatly without darge decrease in signal currehtowever, the background
reduction was accompanied by a large decrease in gigoad detail is shown in chapter
4), since the weakenembnnection also weakened hybridization of the DNA Léopdel
of signal).In an attempt to reduce background without such a lsiggeal reduction, our
second strategy was to utilize a short Démpetitor with thethiolated DNA We
hypothesized that wheuasing a competitor sequence, background hybridizationldvo

occur more slowly than signal hybridization, since both sigaatl background
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complexes must displace the short compeptaor to current enhancement by the MB
DNA strand.Figure 312B shows a representation of the delayed background formation
over time, mediated by competition with competitor strands. This wagnal should

form rapidly, while background would be delayed kineticallythzy competitor.

A N=5 N=7 N=10
B S S G 0N

SN DY

D N N e U NN (

SRR

time

B

Figure 3-12: Model system strategies. (A) Depiction of background
reduction in strategy 1. Fewer base pairs (weaker hybridization)
between thiolated DNA and MB-DNA results in lower background
current. (B) Depiction of background reduction in strategy 2, where a
competitor strand prevents or slows background formation over a given
time window.

82



3.3 Conclusions

This chapter describesxperimental modslof proximity hybridizationthat were
successfully developed and testé&tie first part ofthe chapterdescribesmodeling and
use of asymmetric connectoro significantly improve the dynamic range of PLA,
thereby addressing a major limitation of the assdgparning from the DNAbased
models, snsitivity, LOD, andmaximum S/BG were also improvéu the real assayBy
enhancing its alreadguccessful predecessor, this asymmetric PLA method approaches
an ideal assay system, providing a homogeneous and sgadyfic protein assay with
the capability to detect very smatjuantities of protein in freeokition, at high
throughput, and witiyood dynamic range.

This DNA-based experimentatodel systenultimately improved our understanding
of the proximity effect andts inherent cooperative assembly in Plok any other
proximity assay highlighting theimportance of the interplay between connedter
aptamer affinitiesand aptameto-target affinities in maximizing S/BG and dynamic
range. Generally speaking, low connector affinities can be pawtd high probe
affinities (aptamers or antibodies) to acladkisgoal.

The second part of this chapteportsthe use of ouDNA model systemso study
ECPA Wecompaedtwo strategies, in order to decred&msekgroundccurrentand widen
the gap between background and signal curfEné DNA model system desigand
experimental results providevery important information for the aptardessed and

antibodybased ECPA testliscussed in later chapters
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CHAPTER 4

The Electrochemical Proximity Assay (ECPA)

4.1 Introduction

Diagnostics is one of the most critical steps in health care and medical trehtment.
Specific protein detection is of great importance in this realm, since it is currently one of
the predominant methods to diagnose the onset or progression of diseasé dtaless
specialized poinbf-care assays are available for the protein adredt, quantitation is
typically performed in a centralized laboratory by technicfaihis process is expensive
and could waste time that is critical to patient care. Over the years, clinical approaches
for pointof-care testing have addressed thisllehge for select analytés, yet these
assay formats are highly specialized to the particular target molecule, thus inflexible to
apply to other targets. To keep pace with expectations in future-gfedare testing,
there is a need for more flexiblget highly sensitive, quantitative, and edsyuse
methods!

Although pointof-care devices are welcome in clinical and research laboratories,
the existence of surrounding infrastructure places fewer constraints on methodology.
Based on their inherentefibility, sandwich enzyménked immunosorbent assays

(ELISA) have emerged as the method of choice for protein quantitation in clinical and
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research laboratoriés. Unfortunately, these heterogeneous assays require expert users
with dedicated instrumentah, and they are timeonsuming, laborious, and expensive.
Quantitative, poinbf-care protein analysis is thus not possible with standard sandwich
ELISA formats. Nonetheless, the flexibility of the diaatibody recognition concept is
highly valuable ad has served as a guide to various alternative strategies in recent
years:®1®

Proximity immunoassays such as the proximity ligation assay (PLApr the
molecular pincer ass&ycan overcome some of the limitations of ELISA. PLA, for
example, is onef the most simplo-use and sensitive protein assays developed to
date!’ The assay is homogeneous (no washing steps), and detection limits rival or
outperform ELISAs, even with much smaller sample volumes. A key concept in PLA is
t he fApr oxiomiwhyi cenf freedti es on simultaneous r e
pair of affinity probes. The bound probes can then be covalently linked by enzymatic
ligation of their oligonucleotide tails, and qPCR is used as the readout, with products
proportional to target protein concentration. PLA has been shown functional with
aptamer pairs and with a variety of antibody pait$ Although nucleic acid aptamers
have garnered significant attention in the analytical and biosensing communities based on
their mary potential advantageé&?®* the use of aptamers as affinity probes in PLA is
severely limited. PLA requires two aptamers binding at separate sites on the same
protein target, but aptamer pairs unfortunately do not yet exist against most targets. In
PLA or in the pincer assaysthis limitation was overcome by employing antibedy
oligonucleotide conjugates as probes, since the popularity and success of sandwich

methodology (ELISA, Western blots) has afforded a large, commercially available library
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of antibody pairs against many proteins. These assays thus provide simpler and less
expensive alternatives to ELISA.

Nonetheless, limitations in current proximity assays impede their use in aopoint
care setting. Although the use of gPCR gives PLA its fsghsitivity, this readout
requires that each sample be added to a tube with ligation and PCR reagents, and then be
inserted into a gPCR instrument followed by hours of amplification and analysis.

The molecular pincer assays are simpler and more (g min)>* making them more
amenable to poinbdf-care measurements by fluorescence readout; however, the limit of
detection of these assays is several orders of magnitude higher than PLA. Thus, there is a
need for a more sensitive yet simpler readoutproximity assays that is amenable to
point-of-care testing.

Electrochemical detection is of particular interest in the development of biosensors
because it offers great signal stability, simple instrumentation, high sensitivity, and ease
of calibration compared to fluorescence, as well as excellent compatibility with
miniaturization technologieS:®® Here, we present the marriage of the proximity assay
concept with electrochemical detection to give a simple, highly sensitive, flexible
strategy for spefic protein quantitation, termed the electrochemical proximity assay
(ECPA). ECPA uses the proximity effect to move an electrochemically active label,
methylene blue (MB§’ closer to a gold electrode upon binding of two probes to a protein
target, an aproach akin to electrochemical DNA sengfifg or specialized aptamer
based protein sensitfg” reported by others. In the presence of protein targets, the redox
current in ECPA is quantified using square wave voltammetry (SWV) and is found to

depend dectly on the concentration of target. This detection strategy is based largely
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upon pioneering work by the Plaxco grolip’ in using MBlabeled DNA for biosensing.
Building upon this work and on aptamessed protein sensing by Zhang efale have
added the antibodgased proximity assay concept. We used a Bidded experimental
model to optimize signab-background ratios, ultimately providing a direct insulin
detection limit that is lower than most commercially available ELISAs, with a dynamic
range >4&old wider than these ELISAs. These results were achieved with direct
electrochemical readout, i.e., without requiring washing steps, which bodes well for the
future of ECPA in poinbf-care settings. In contrast to other approaches for
electrobemical protein sensin§:>° ECPA should be useful for any protein with

available antibody pairs.

4.2 Reagents and Experimental Methods
4.2.1 Reagents and Materials

All solutions were prepared wittleionized, ultrafiltered water (Fisher Scierfi
The following reagentsvere used as received: insulin antibodies (clones 3A6 and 8E2,;
Fitzgerald Industries), -@&-hydroxyethyl}1-piperazineethanesulfoniacid (HEPES)
(99.5%), tris(2-carboxyethyl) phosphine hydrochloridd CEP), (Sigm&aAldrich, St.
Louis, MO), bovine serum album{iBSA, 98%; EMD Chemicals Inc.), human thrombin,
immunoglobulinE (IgE), and insulin (Sigma Aldrich). Methylene bloenjugatedDNA
(MB-DNA) was purchased from Biosearch Technologisvato, CA), purified by RP
HPLC. Oligorucleotides were obtaineffom Integrated DNA Technologies (IDT;
Coralville, lowa), withpurity and yield confirmed by mass spectrometry and HPLC,
respectively.Sequences (listedt5 to 3 ) for aptamer based ECPA were fatiows.
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Thrombin aptamer A (THRaptA) AGTCCGTGGTAGGGCAGGTTGGGGTGA

CTTTTTTTTTTTTTTTTTATATTTTTTTTTTCTCGCGGATTTGAACCCTAACG;

Table 4-1.  Single-Stranded DNA Sequences Used in the ECPA Model Systems
(Strategies 1 and 2)*

name (abbreviation) DNA sequence, listed 5'to 3'

ECPA-loop (loop) TAG GAAAAG GAG GAG GGT GGC CCACTT AAACCT CAATCC ACC CAC TTA
AAC CTC AAT CCACGC GGATTT GAACCC TAACG

ECPA-MB-10 (MB-DNA) CCACCCTCCTCCTTTTCC TATCTC TCC CTC GTC ACC ATG C/MB-C7/

ECPA-gold-10 (G10) /5ThioMCB-D/GCATGG TGACATTTT TCG TTC GTT AGG GTT CAAATC CGC G

ECPA-gold-7 (G7) /5ThioMCB-D/GCATGG TAT TTTTCG TTC GTTAGG GTT CAAATC CGC G

ECPA-gold-5 (G5) /5ThioMCB-D/GCA TGAATT TTC GTT CGT TAG GGT TCAAAT CCG CG

ECPA-Comp-9 (C9) TCACCATGC

ECPA-Comp-8 (C8) CAC CAT GC

ECPA-Comp-7 (C7) ACC ATG C

aMB-DNA, G10, and C9 were employed in the optimized detection system. Abbreviations: /MB-C7/ = methylene blue
modification (Biosearch), /5ThioMC6-D/ = disulfide bond flanked by two six-carbon spacers (IDT).

Thrombin  aptamer B (THRaptB): TAGGAAAAGGAGGAGGGTGGG

ATTGGTGTGTGTTTTTTTTTTTTTTTTTTTTTITTTTTTTTTTTITGGTTGGTGTGGT
TGG. Sequences (listedt 5to 3 ) for antibodybased ECPA were as follows. Insulin
antibody arm 1 (AbArml): /SAmMCG6//iISp18/CCCACTTAAACCTE
AATCCACGCGGATTTGAACCCTAACG; Insulin antibody arm 2 (AbArm2):
TAGGAAAAGGAGGAGGGTGGCGCACTTAAACCTCAATCCA/ISp18//I3BAMMCS/.

Sequences of ssDNA strands used in the experimental mu@dgiven inTable4-1.

4.2.2 Preparation of the Electrode and DNA Monolayer Assembly
ECPA sensors for the model system, for thrombinect&n, andfor insulin

detection were fabricated using a gold working elect(@ieanalytical Systems Inc., r =
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0.75 mm). The gold electrode wpslished carefully to a mirror surface with an aqueous
slurry of 0.05 um diameter alumina particles and theanccessively washed in an
ultrasonic cleaner with water. The electrode was then immersedfregb piranha
solution (HSOy/H,0,, 3:1) for 5 min, rinsed with D. Wvater, and dried under a stream of
nitrogen gas. (Caution: piranksalution is dangerous ttuman health and should be used
with extremecaution and handled only in small quantities). Finally, the gtddtrode
was electrochemically polished by scanning the potefroad 1 0.5 to +1.5Vin 0.1 M
H,SO, at a scan rate of 0.1 V'sfor 50 cycles. he cleaned gold electrode was
thoroughly washed with D. Water and ethanol and dried under flowing nitrogen.

Prior to modification of the electrode, L. of 200 uM thiolated DNA and 1puL of
200 uM MB-DNA were each separately mixed wizhuL of 10 mM TCEPin two 200
UL PCR tubes. These tubes wéneubated for 90 min at room temperature (21 €) for
reduction ofdisulfide bonds in the thiolatddNA and to reduce the Mithoiety ofthe
MB-DNA. Both of these solutions were then diluted to a tetdaume of 200uL in
HEPES/NaCIQ buffer (10 mM HEPES and®.5 M NaClQ, pH 7.0%° to a final
concentration of UM. Unlessotherwise noted, all solutions used in the experiments to
follow were carried out at pH 7.0. For immobilization, the previously cleaned gold
electrale was transferred directly to the diluted and reduced thiel2heAl solution and
incubated for 16 h at room temperature in the dadilowing the formation of a self
assembled monolayer (SAM), excés®latedDNA physically adsorbed on the electrode
suface wagemoved via a room tempuredeionized water rinse-(20 s). Forall assay
strategies emplong the competitor DNA strandghis same process was followed,

except aftereduction by 10 mM TCEP, the reduced thiolaBdA solution wadiluted
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to a total volume of 200puL in HEPES/NaClQ buffer andincubated with 2uM
competitor DNA sequence (C9) for 60 min @om temperature in the dark. For
immobilization in competitosystems, the cleaned gold electrode was transferred directly
to this equilibratd thiolatedDNA/competitor solution then incubated f@6 h at room

temperature in the dark.

4.2.3 ECPA Probe Assembly and Electrochemical Measurements

Electrochemical measurements were performed using an Emdéotrtochemistry
workstation(Bioanalytical Systems, Inc.) with standard threelectrode configuration
consisting of a Ag|AgCI(s)|KCl(sat) reference electrode (Bioanalytical Systems, Inc.), a
homemadeplatinum gauze flag (0.77 &ncounter electrode, and a goldorking
electrode. Al potentials are reported relative to the saturafeg]AgCl reference
electrode. Electrochemical measurements were perfoimed EPES/NaCIQ buffer
using square wave voltamme{i$WV) with a 50 mV amplitude signal at a frequency of
60 Hz, overthe range fim1 0.45 to 0.00 V versus Ag|AgCI reference. The characteristic
voltammetric peak of MB was detected by SWVi atLl0 mV (vs Ag/AgCl). MB was
chosen as the redox tag due to its excebetf life and robust electrochemical response
in serum compared tother redox tags, such as ferrocéh@ The electrochemical
responsef each sensor was measured as follows: (1) reference and measis&ent
data sets were collected; (2) both raw data sets sveomthed using a 2doint boxcar
function and baseline cooted (alldata corrected with Bpline generated baseline in
Origin 8 using tworegions:1 0.40 to1 0.35 V andi 0.08 to 0.00 V); and (3) difference

traces were generated. Signal (with target) and background (no tasgjathmograms
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were treated in this maer and are presented @ifference traces. To prepare calibration
graphs and calculate standatelviations, traces were integrated fro.330 toi 0.100

V. In thecase of the aptamdiased system, we report the average of three measurements,
while in the case of the antibodgased system the average of tweasurements is
reported.

Model System Strategy 1: Decreasing Binding AffinityRbgucing the Number of
Complementary Base$he electrodavas modified as described above and was placed
into a glasselectrochemicatell with HEPES/NaCI@ buffer. Three different thiolated
DNA sequences, G5, G7, and GIlalle 4-1), were used in strategy df the model
system. In this way, the affinity of thiolated DNA aktB-DNA were adjusted through
changes in the nuper of complementary bases between them. For modeling signal, the
sensomwas immersed in 10 nM ECPlaop and 15 nM MB conjugated DN#equences
in 3 mL of HEPES/NaCl@buffer. For modeling backgrounthe sensor was immersed
in 15 nM MB conjugated DNA i3 mL of HEPES/NaClQ buffer. Both signal and
background currentsere measured at the-b&in time point.

Model System Strategy 2: Use of a Short DNA Compefiioe. electrode was
modified as described above and was placed into a glassrochemical cell th
HEPES/NaCIlQ buffer. Three differentompetitor DNA sequences, C7, C8, and C9,
were used in strategy @ the model systemT@ble 4-1). The sensor was allowed to
equilibratein 3 mL HEPES/NaCl@buffer with various concentrations of competittos
6 h.For modeling background in the competitor systemdpx current was measured at

each 10 min of the first hour, then @@ and 120 min. Once C9 was chosen, 1:3, 1:7,
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1:10, and 1:25 molaratios of MB-DNA:C9 were tested at a fixed concentration of 15
nM MB-DNA.

AptamerBased ECPA Systerithe sensor was allowed emuilibrate in 3 mL of
HEPES/NaClQ@ buffer with 100 nM C9 for6 h. Thrombin aptamers (THRaptA and
THRaptB) were first foldedby heating to 95 € and cooled rapidly by immersion in ice
water topromote intramolecular interactions. Thrombin of various concentratiioos
50 pM to 50 nM) was incubated with folded 10 AMIRaptA and 15 nM THRaptB in
HEPES/NaClQ buffer for 90 min prior tomeasurements. The thrombin/aptamer
incubations were then addedto the glass electrochemical cell. Before conducting
voltammetricmeasurements, the sensor surface was allowed to react with af@l\@8s
min. Selectivity tests with other proteins (IgE, insulin, or BS¥8re made under the
same conditions.

AntibodyBased ECPA SystemThe sensor was equilibrated 800 pL of
HEPES/NaCIQ buffer with 300 nM C9 for 6 h. Prior tmeasurements, HEPES/NaGIO
buffer was supplemented with 0.5B&A (w/v) (to minimize antibody adsorption), 10
nM Abl, 10 nMAb2, and 10 nM MB (forbackground measurements), and various
concentrations of insulin (from 128 fM to 2 nM). Before conductimgtammetric
measurements, the sensor surface was allowed to wadctanalytes for 40 min.
Selectivity tests were performed in the sam&nner bysubstituting 2 nM Gpeptide or

insulin-like growth factor (IGF-1) for insulin.
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4.2.4 Preparation of Antibodpligonucleotide Conjugates
The antibodyoligonucleotide conjugates used in the insulin ECRA Ar m11 3 A6

Ab Ar BE2]were prepared bygjugatingAbArm1 to insulin antibody 3A6K; U 1
nM) and AbArm2 toinsulin antibody 8E2 K4 U 0.1 nM), respectively (antibodies

obtainedfrom Fitzgerald Industries). Conjugation reactions and purificadteps were
accomplished using an Antibodyligonudeotide AllIn-One Conjugation Kit (Solulink),

according to the manufactutess instructions. Briefly, the oligonucleotides were first

activated withsulfo-S-4FB, and their quantities and qualities were confirmed using
absorbance, specifically A260 nmuwimodified activated oligonucleotidaad the A260

nm to A360 nm ratio after the modification of activat@dyonucleotides. Antibodies
were also activated with-ByNic. Activated oligonucleotides and antibodies were then
mixed andincubated at room tempeure for 2 h. Once the conjugation reactwas
stopped, conjugates were further purified using the supptiagnetic affinity matrix.
(Figure 41) The final concentrations of the conjugatesre determined by thBradford
protein as 8A6ywndAbAb MmBHERA Wwere synthesized with 45% and 86%

recovery from thénitial amount of antibodies (100g).
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Figure 4-1: Reaction of a HyNic-modified IgG with a 4FB-modified oligo
leads to the rapid formation of a stable antibody-oligonucleotide

conjugate.
Image from Solulink technical manual: Antibody-oligonucleotide all-in-one

conjugation Kkit.

4.3 Signal and Background in ECPA
The principle of theslectrochemical proximity assay (ECPA) is showrrigure4-

2. The sensor is prepared Isel-assembly of thiolated DNAstrands onto a gold

electrode via the alkanethiol moiety at thle terminus. The quantitative capacity of
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ECPA stems froncooperative hybridization of the fiy@art complex shown ifigure4-
2A: thiolated DNA DNA conjugated atibody 1 target protein DNA conjugated
antibody 2 MB conjugated DNAThe five-part complex forms a circular structure on the
sensosurface through proximitdependent hybridization of thkiolated DNA and MB
DNA, which is the step that bringdB close @ough to the gold electrode surface for
electrochemicalcurrent enhancement. This process results in a quantiglecfrons
transferred from MB to the electrode that is proportidodhe original amount of protein
analyte ( signall ), albeit with some aalyte-independent current generated by
hybridizationof thiolated DNA and MBDNA only (' background ). Although SWV
does not differentiate signal and background currents, wumténized conditions, the
signal will greatly exceed the backgrount allow highly sensitive, direct
electrochemical quantitatioof the protein analyte. Similar to what has been obsearved
PLAM™ " or the molecular pincer assaysignal enhancementer background in ECPA
is based on the proximity effecthat is, the markedncrease in the effective
concentrations of th#1B-DNA and thiolated DNA due to the simultaneous bindirfg

the two probes to the same protein. This allows theM&\/thiolated DNA interaction
to be weak in the absence of protdinbackground ) yet strongn the presence of the
protein (I' signal- ). Finally, it should be noted that the detection linafsproximity

assays are often well below th& values of theindividual probes, which can be
attributed to the chelaiée effect of utilizing two probes ia cooperative fashion, often

termed thd proximity effectl
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Figure 4-2: Principle of the electrochemical proximity assay (ECPA).
(A) the final, five-part cooperative complex and (B) the stepwise
operation of the assay, in which the electrode with a preassembled
DNA/competitor monolayer is immersed into a premixed solution of
EPCA probes (two Ab-oligos and MB-DNA) and target protein to
generate current.
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