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Chapter 1: Introduction

1.1Importance of nucleic acids detection

Sensing nucleic acid sequences is vital in modern biology and mediwthéhe
field has grown exponentially since the 1990s, and is likely to contininetease in
importance over the next few decades. The detection of pathogergcidacuses
and cancer genes in a patient's sample can be critical tsiatecithat impact
recovery. In this past decade, seminal discoveries made nalsgrmips have linked
the susceptibility to diseases such as cancer or the difEsen drug metabolism to
single nucleotide polymorphisms (SNPs) and short insertion/deleticatioas’
Several studies have also shown that RNA plays a key roleaeicdevelopmerit?
Human miRNA genes are often found near cancer-associated gengmoitsrand
fragile sites and some miRNAs have lower levels of expyesisi cancer samples
compared to normal tissuésAbnormal expression of miRNAs has been found in
cancers including chronic lymphocytic leukaeniiaplorectal neoplasié,paediatric
Burkitt lymphoma® lung cancef, large cell lymphom4,glioblastom& and B cell
lymphomag. Profiling miRNA tools are therefore required for the understandfng
the expression pattern of miRNA. The detection of nucleic acidesegs without
prior purification and amplification, in cells or in biological fluidehd even directly
in living organisms is highly desirable. The demand to detect gpexitleic acid
sequences of different lengths to aid clinical diagnosis and forrstadding
fundamental biology has spurred the development of myriads of DNA/RtEection

technologieg?



One of the most specific molecular recognition events, which isasie principle
for nucleic acids detection, takes place when a strand of nucidiaaneals to its
complementary partner, for example, 5TAC anneals to 3'ATG. A sisghnded
oligonucleotide probe can find a complementary strand in the preseracdaade
excess of other nucleic acid sequences and this process iseimgyvapplied to the

field of oligonucleotide sensing.

1.2Thermal cycling assisted detection

1.2.1 Polymerase chain reaction (PCR)

PCR, developed in the mid 1980s, is widely used for enzymatic amipificaf
nucleic acid sequencésThe PCR procedure is described in Figure 1.1. To a solution
containing the DNA target, which could be either single or doublendgratwo
primers that are complementary to the ends of the target remuand
deoxyribonucleotide triphosphates are added. The solution is then hedtthtore
the original strands and cooled down to facilitate the annealing &etprémers and
targets. A thermostable polymerase, which is also added to therenexttend the
primers using the original strands as templates to syntheswestrands. This is the
end of the first cycle. As the denaturing, annealing and polymegagension
continue, the newly synthesized strands can be utilized as tesngtatenore copies

are produced.
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Figure 1.1 Polymerase chain reaction

Conceptually PCR provides a simple means to detect DNA. If ihet s present,
it should be possible to get amplified and the PCR products can lxedetga a
variety of ways. RNA target can also be detected by P@R adverse transcription
(Figure 1.2)%

Processed RNA cDNA

\A )n (T)n
Reverse PCR
transcription

Figure 1.2 RNA detection by PCR

1.2.2 Tagman probes

Several detection technologies that incorporate “fluorogenidcgsses with
polymerase chain reaction have been developed. A fluorogenic prodesmed as a

process that leads to enhance fluorescence of a non-fluoresagnt Among the



earliest examples of PCR-based DNA detection assays wasdnean assay, which

uses Taq DNA polymerasé For the Tagman, two primers are utilized in the assay.
One of the primers is used for extension whereas the other pvitmeh lies a few
nucleotides away from the first primer when these two prirbigrd to the template,

is labeled at one end with a fluorophore and at the other end with asitence
quencher (Figure 1.3). The Tag DNA polymerase has an exonucleagty ai

when it reaches the second fluorophore/quencher-labeled probe, theeateyrades

this probe, leading to the physical separation of the fluorophore andehehgu and

a subsequent enhancement of fluorescence. The Tagman probe was used for
identifying the pathogenic strains lofinterrogans.™*

5' fluorophore label quencher
cleavage site

primer extension product 3' phosphate block

template strand 5

DNA polymerase
Figure 1.3 Tagman probe

1.2.3 Hybridization probes

Another direct way to monitor PCR amplification is hybridizationbar assay’
The probes are designed to be complementary to part of the PCR @mondumar a
pair of fluorophores which are fluorescence resonance energy trafRRE&T)
partners. FRET is the process of energy transfer from areexainor fluorophore to
a suitable acceptor fluorophore. The efficiency of energy tramdpends on the
extent of spectral overlap and proper dipole alignment of the twoojbhores. In the

hybridization probe assay, the two probes are not close to eadchaoitheenergy



transfer between the two fluorophores is less probable before ffeidibation to
the target nucleic acid. In the presence of PCR product, the twospavbethen
brought close to each other and the acceptor dye can transfessflence energy to
excite the donor dye (Figure 1.4).
h NGh
) g 7]
—> LTI T

Figure 1.4 Hybridization probe

1.2.4 Scorpion probes

Scorpion probe is based on stem-loop structure and can be used to d&®ect PC
products in homogeneous solution (Figure *5A Scorpion probe consists of a
specific probe sequence that is held in a hairpin loop configuragicoroplementary
stem sequences on theahid 3 endsof the probe. The fluorophore attached to the 5
end is quenched by a moiety joined to therd of the loop. After extension of the
primer during PCR amplification, the specific probe sequence istaldend to its
complement within the same strand of DNA. This hybridization ewpans the
hairpin loop so that fluorescence is no longer quenched and an incresageal is
observed. It is essentially an amplifiable molecular beacon asdaynfra.

Other PCR based strategies which are not covered here inclutteupigrobes’
Displacement probé$,and Light Upon eXtension primel$, etc. The PCR based
platforms have facilitated the detection of few copies of taggetes in patients’
samples. However, these technologies have certain limitationsx&omple, PCR can

be allelic-biased. In particular, GC-rich regions in DNA, esgBcithose which can



potentially form stable stem loop structure, are difficult toptfy.”° Sample
preparation can also be a challenge since some PCR inhibition factarst easy to

eliminate®*
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Figure 1.5 Scorpion probing mechanism

1.2.5 Ligase chain reaction (LCR)

DNA detection using two probes that can be ligated together adiggse enzyme
is also populaf’ The ligase enzyme can ligate two oligonucleotides together when

the two probes anneal to the DNA target in a juxtapose mannsroiily when the



probes and the template are correctly base paired at the jaitenthat the ligase
enzyme joins the two probes. This feature of ligase is Wiliaedetect SNPs. A SNP
is a small genetic change, or variation, that can occur withperaon's DNA
sequence. The two probes can be labeled with biotin *4ndrespectively for
separation and sensing purpose (Figure f%adhe obvious limitation of an
isothermal ligase detection is the lack of amplification. Bpr&xpanded the
capability of ligase detection of DNA by developing a ligasarciheaction (LCR)
using a thermalstable ligase, which allowed for an ampliGinatiycle®* Like PCR,
newly formed ligated products serve as new templates for dadepcobes in the
amplification cycles, and mismatched target can not promotdigation. Instead of
two primers, LCR require four primers (Figure 1.6bLCR was applied as a
screening tool to detect culture positive tubocul&send recently conformationally
modified LCR primers were designed to detect microRRIA.
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Figure 1.6 Ligase detection and chain reaction
The thermal cycling based methods, PCR and LCR, have a wide odnge

application because of their powerful amplification ability. Howewbe use of



heating and cooling processes limit the adaption of these platiarmso and in
resource-poor regions whereby a thermocycler might be cost-predibithus many
groups have devoted their efforts to develop isothermal nucleic deitdxtion

strategies.
1.3Isothermal nucleic acids detection without ampdifion

1.3.1 In Situ hybridization (ISH)

Before PCR was introduced to biology and medicine, in situ hyhatidiz (ISH)
was developed in early 1969 by Pardue and ati,which radiolabeled DNA was
read out by microautoradiography. It was introduced into bacteriology
Giovannoni?’ who was the first to use radioactively labeled oligonucleotide probe
for the microscopic detection of bacteria. Without changing thés ecetirphology or
the integrity of its various compartments, this historicahmégue allowed nucleic
acid sequences to be examined inside cells. Radioactive labrelsteadily replaced
by non-isotopic dyes with the development of fluorescent I&bsilsce better safety
and resolution are provided compared to the radioactive probes. Moreover,
fluorescent probes can be labeled with dyes of different emissavelength thus
enabling detection of several target sequences within a singtedizgtion step. In
1989, fluorescently labeled oligonucleotides were used for the aeteatisingle
microbial cells by DeLong’® Over the last decade, fluorescence in situ hybridization
(FISH) has become a popular technology due to its improving serysént rapidity

for diagnostic, environmental, ecologic, and phylogenetic analysis in notwgip°



FISH detects nucleic acids sequences within the intacthoeligh direct specific
hybridization of a fluorophore-labeled probe to its complementagetasequence.
The procedure includes the following steps (Figure 1.7): (1) éiradf the specimen;
(2) preparation of the sample (may require special pretreatrs@Ems); (3)
hybridization with the respective probes to detect the respeatigettsequences; (4)
washing to remove unbound probes; (5) mounting, visualization and documentation

of results.

Fixation Sample preparation Hybridization

A

Washing Mounting Visualization

_

Figure 1.7 A typical FISH procedure

For fluorescence in situ hybridization scheme, it is necessaryabel the
oligonucleotide probes with fluorophores, immobilize the hybrids on a sotidce,
remove unhybridized probes, and then determine the number of probestthat re
bound. The requirement that unhybridized probes have to be removed preéicides
adaption for real-time monitoring of nucleic acid synthesis andofating specific
nucleic acids in living cells. Furthermore, the need to immoblii®ids on a solid
surface limits sensitivity, since probes bind nonspecificalsutéaces. Although they

are suitable for some applications, there are many limitations in géagpects.



1.3.2 Molecular beacon (MB)

Another useful tool for detecting specific nucleic acids in hanegus solutions is
molecular beacon (MBY}: Molecular beacons are single-stranded oligonucleotide
hybridization probes which form a stem-loop structure. The sequerfich®e two
sides of a MB probe are complementary, so a duplex stem carbjohybridization
of the two arms. The loop is comprised of a sequence complemeataryarget
sequence. A fluorescent dye is labeled to the end of one arm and a quencletzds lab
to the end of the other arm. The fluorophore is dimmed by the nonfluorescent
guencher when they are positioned close to each other by the steenpobbe in the
form of stem-loop structure. However, when a MB anneal to a corepkamy strand
of a specific sequence they form a probe-target hybridigHahger and more stable
than the arm hybrid, forcing it to dissociate. This results kherdphore and the

guencher being away from each other. Therefore fluorescenceestagsed (Figure

1.8).
Target +
HEEEEEEEEREEE Hybrid
= O\
Molecular :/ ) v
Beacon Fluorophor Quencher

e

Figure 1.8 Principle of molecular beacons
The hairpin conformation of MB make the use of different colohgardphores
possible®® By using several molecular beacons, each designed to recognize a
different target and each labeled with a different fluorophore, mailtgggets can be
distinguished in the same solution, even if they differ from one anbythas little as

a single nucleotide.
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In addition, the use of fluorescence resonance energy tra(iSR&T) technique
could increase the sensitivity of the detection by decreasingatiground nois&.
In a traditional fluorophore-quencher molecular beacon, the same fluorophore absorbs
light and emit light of a longer wavelength. In the FRET metlaoadther “donor”
fluorophore instead of a quencher, which could interact by FRET withdbepter
fluorophore, is placed a few nucleic acids away from the acctpteophore. When
the conformation of this modified molecular beacon is changed byatiget, the
difference between the excitation wavelength and the emissioelemgth (stock
shift) is greater than the fluorescence of conventional monofluorothaoeophore
and quencher) probe.

An important factor in the design of MB probes is the efficiemicgnergy transfer
between the donor and acceptor fluorophore used to label MB pfobke. FRET
efficiency may be strongly influenced by the inclination of temor and acceptor
fluorophore to bind to each other. If multiple MB probes are dediga bind on a
target sequence close to one another and to interact by FREmyuéleotides are the
minimum required between each target sequence for each probe, smriteatt
guenching can be avoided and emission from the acceptor maximized.

The major limitation of MB is the low sensitivity. Since on@lpe-target hybrid
could only give one copy of fluorescence signal, the signal ismplifaable. When
the concentration of the target is low, it might be too difficaltdetect the weak
fluorescence. The afore-mentioned scorpion probe is one solution to thadve
problem. Another isothermal amplifiable MB approach involving exonuel#é&ss

illustrated in a later section.
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1.3.3 Template-directed dye-terminator incorporation assay (TDI)

Template-directed dye-terminator incorporation assay is a #Hoenee-based
technology to detect polymorphic sit8sA polymorphic site is a chromosome site
with two or more identifiable alleleic DNA sequenchksthis method, a fluorophore-
labeled probe, which is designed to bind to the DNA template nextheo t
polymorphic site, is incubated with the amplified genomic DNA fragmsenmith
polymorphic sites in the presence of one allelic dye-labelddoairibonucleoside
triphosphates (ddATP, ddGTP, ddCTP or ddTTP) and a modified Tag DNA
polymerase. The two fluorophores are a FRET pair. The dye-thlglener is
extended only one base by the dye-terminator specific forligle aresent on the
template if the ddNTP match the nucleotide at the allelic Nibedye-labeled ddNTP
can be incorporated onto the primer if there is a mismatch. Anitief the reaction,
without separation or purification, FRET can be detected for pesiésult (Figure
1.9). This homogeneous DNA diagnostic method is highly sensitivepmuifis and

is suitable for automated genotyping of large numbers of samples.

12
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Figure 1.9 Template-directed dye-terminator incorporation assay
The fluorescence signal of TDI can not be amplified so it requiree of the
target to get reasonably intense result. Since PCR is reqaiped-amplify the target

strand, this method can not be appiiegivo.

1.4 Amplifiable isothermal nucleic acids detection

1.4.1 Nucleic acid sequence-based amplification (NABSA)

Nucleic acid sequence-based amplification (NASBAJs an isothermal
amplification method designed to detect RNA target (Figure 1V¥iih this method,
the forward primer (primer 1 in Figure 1.10) is composed twispane of which is

complementary to the 3’ of the RNA target and the other T7 proreetprence. At

13



41 °C, primer 1 binds to the RNA, reverse transcriptase (RT) extbadgsimer to a
complementary DNA (cDNA) of the RNA. RNase H then degratlesRNA strand
of the RNA-cDNA hybrid. The reverse primer (primer 2 in Fegrl0) then binds to
the cDNA, and a DNA polymerase produces double stranded DNA (dsDNvgh w
contains a T7 promoter. After this initial phase, the systemr®mihe amplification
phase. The T7 RNA polymerase generates many RNA strands bades asDNA,
and reverse primer binds to the newly formed RNA. RT extendsadtRNase H
degrades the RNA of RNA-cDNA during the extension. The newly pradcb&A
is a template for primer 1 to bind and the cycle is repeatedinig to several
amplification cycles.

NASBA achieves 10 million fold amplification in 1~2%hlt is commercialized as
detection kits® *° A wide range of target RNA sequences were amplified and
detectedvia this technique, such as HIV-1 genomic Rf¥&epatitis C virus RNA?
Human Cytomegalovirus mRNA 16S RNA in many bacterial speci&d’ and
enterovirus genomic RNA etc. However, NASBA is sensitive and specific to only

RNA target, DNA is not a ideal target since RNase H does not digest dsDNA.

14
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Figure 1.10 Nucleic acid sequence-based amplification

1.4.2 Strand displacement amplification (SDA)

Another isothermal amplification method based on DNA polymerassrasd
displacement amplification (SDA) (Figure 1.11). In the origin@thod?® a probe
contains two parts: part (a) contains a Hincll recognition(6iteucleotides) at the 5'
end and part (b) contains sequences that are complementary éogiteaind hence
can anneal to the target. DNA polymerase extends the primerparating
deoxyadenosine 5&fthio]triphosphate (dATR{S]). The restriction endonuclease
Hincll then nicks the probe strand at the Hincll recognitiole fiecause the
endonuclease can not cleave the other strand that contains the thiomhosphat

modification. The endonuclease cleavage reveals a 3'-OH, which igxtemded by

15



DNA polymerase. The newly generated strand still contains angickie for Hincll.
Subsequent nicking of the newly synthesized duplex, followed by DNAT=wbse-
mediated extension is repeated several times and this leads teothermal
amplification cascade.

A later generation of SDA used four probes (B1, B2, S1 and &2gad of two
(Figure 1.12)° In the second-generation SDA platform, probes B1 and S1 (or B2 and
S2) bind to the same DNA strand (see Figure 1.12). Primers S2auhin Hincll
recognition sequences and the four primers are simultaneously ektepdeNA
polymerase using dGTP, dCTP, TTP and dA$PExtension of B1 displaces the S1
primer extension product, S1-ext. Likewise, extension of B2 displ&&sxt.
Extension and displacement reactions on templates Sl-ext and @e@uce two
types of fragments. One has a hemiphosphorothioate Hincll at eachcetiteaother
has a hemiphosphorothioate Hincll site at just one end. Hincll nickimgd
polymerase extension/displacement reactions automatically tete8DA reaction
cycle. This new generation SDA has an expanded scope because niotoeguire
the presence of a restriction endonuclease recognition site in the targetestint

Strand displacement amplification has been used to amplifgobacterium
tuberculosis genomic DNA (100 to 10 copies) in 2 K° Like PCR, certain
experimental parameters impose some limitations on the proc8deme.example,
the amplification capacity decreases as the target lengéases, and false positives

can be obtained if some strict procedures are not followed.
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Figure 1.11 First generation strand displacement amplification
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Figure 1.12 Second generation strand displacement amplification

1.4.3 Loop-mediated amplification (LAMP)

Loop-mediated amplification (LAMP) is a highly specific isathal method to
amplify nucleic acids. The high specificity is due to the twis 8€ primers spanning
6 distinct sequences of the target. The steps of LAMP are dtadtin Figure 1.13.
For the initial steps, only the process initiated by the forwardegprset is shown for

clarity purpos€! Two primers in the forward primer set are named inner f2c:
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strands for “complementary”) and outer (F3) primer. At a tentperaround 60 °C,
F2 region of the inner primer first hybridize to the target, ianektended by a DNA
polymerase. The outer primer F3 then binds to the same ttngad st F3c, and the
polymerase extends F3 to displace the newly synthesized strandisplaeed strand
forms a stem-loop structure at 5’ end due to the hybridizatidgflofand F1 region.
At 3" end, the reverse primer set can hybridize to this staamda new strand with
stem-loop structure at both ends is generated by the polymerasedumbbell

structured DNA enters the exponential amplification cycle arahd$ with several
inverted repeats of the target DNA can be made by repeateds®n and strand
displacement.

LAMP is accurate and sensitive. It can amplify a few copfee target to 10in
less than one hour regardless of the presence of irrelevantbN®MP has been
applied to detect a variety of viral pathogens, including derfgulgpanese
Encephalitis® Chikungunya® West Nile® Severe acute respiratory syndrome
(SARS)?® and highly pathogenic avian influenza (HPAI) H5Netc. The major
disadvantage of LAMP is the design of the primer sets can belicated since 6
regions of the target are covered. Also it is not suitable for gharteic acids

sequences such as microRNA.
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Figure 1.13 Initial steps of Loop-mediated amplification

1.4.4 Invader® assay

Two oligonucleotide probes are used in the invAdessay? As illustrated in
Figure 1.14, one probe, the Invall@ligo, is complementary to the target sequence
on the 3’ side of the SNP except its 3' ends with a non-complanmyetiase
overlapping the SNP site of the target. The other probe, the-aflecific probe
extending its non-matching flap 5 end past the polymorphic site, ngalpa
complementary to the target sequence on the 5’ side of the 8N&sm contains the
matched base of the SNP allele (see Figure 1.14, Probe 1). Naheooentary
nucleotide at the SNP allele can also be contained in this probd-igere 1.14,
Probe 2). A three-dimensional invader structure is formed over N sBe when
these two oligonucleotides hybridize to the target strand. @vake, a thermostable
flap endonucleases (FEN) enzyme, removes excess nucleotides biiutbated
structure in a structure-specific way and is highly sensiobveegjuence mismatches.

If both a fluorophore at the 5’ end and an internal quencher molecuddtacbed on
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the probe, the cleavage reaction will dissociate the fluorophore fremuencher, as
shown in Figure 1.14, and produce a detectable increase of fluoreigreht ¥, in
contrast, the probe oligonucleotide does not match the SNP alledmpireshe target
DNA (Probe 2), then no cleavage happens. The fluorophore labeled probgmedesi
to have a melting temperature close to the assay tempetatanable the probe to
frequently bind and detach. When the probe bintlls, cleavase cleaves it, the
remnant detaches, and a new intact probe re-anneals to theiwanidis catalytic
efficiency of this platform is approximately 3000 cleavage©90 min per target
molecule>®

In the described format assay, an initial PCR amplificatiotheftarget region is
necessary before the invader reaction, since a large amoungetktare required to
obtain a measurable signal. Moreover, both of the two distince-apacific probes
(one for each SNP allele) are needed to be labeled withraflnore and a quencher
molecule. This adds a significant cost burden to the expense of thednmaking it

unsuitable for large-scale projects and high-throughput genotyping.
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Figure 1.14 Invad&rassay

One solution to the above difficulties reported by Hall et atoi€ombine two

invasive cleavage reactions into a single homogeneous dssayillustrated in

Figure 1.14, the first invasive cleavage reaction is sinoldéiné original reaction. The

invader structure is formed by two probes hybridizing with aetamgolecule.

However, one of the oligonucleotides, the primary probe, is no longer labighed

fluorophore and a quencher on the flap sequence, which includes the base

complementary to the SNP allele and is cleaved in the prineagtion. These flap

sequences, once released, act as InVadégonucleotides in a relay invasive

cleavage reaction annealing to another FRET cassette (see Eig6). This time,

the other oligonucleotide probe with a stem-loop structure, combines bg¢h éad

primary probe into a single molecule in the three-dimensional invedeplex

instead of two molecules. The cleavase can cleave one of th€astgprimary probe),

separating the fluorophore and the adjacent quencher molecule. 8dtismaeleases

the fluorophore and the signal can be measured. Since the flap segsiemme i



complementary to the target sequence, it is designed indepgnftentl the target
sequence. Two generic flap sequences, one for each SNP allede gmwlised in the
assay. Each flap sequence is specific for one FRET cassetezule, and thus
generates a distinct fluorescent signal. This assay is adeants over the previous
one because it is significantly more sensitive, and no longer reqhgesynthesis of
allele-specific labeled oligonucleotides. The fluorophore labeled pratibsugh still
not cheap, can be synthesized in large amount and used in any Thesdey

regardless of the target sequence.

site of cleavage
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Figure 1.15 Serial invasive signal amplification reaction
Invadef® assay has a wide range of application, including the detectii®fof

the factor V gene (named Leiden mutation, a well-known herediisiyfactor for
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venous thrombosisf genes responsible for Japanese hearing ®lodsyman
papillomavirus DNA®* microRNA from HelLa and Hs578T cefi§,and herpes

simplex virus types 1 and® etc.

1.4.5 Padlock probes and rolling circle amplification (RCA)

Two groups independently discovered that DNA polymerase can repicdtiple
copies of a sequence taking a circular DNA as a temitatée RCA is usually
coupled with padlock probe, which is an extension of oligonucleotidedigassay.
The padlock probes comprise two target-complementary end-sequendgisedies
hybridize head to tail to a target sequence, joined by a taogetomplementary
segment (Figure 1.16). The probes become circularized by iba ata DNA ligase
if they hybridize to the correct target sequeffcdlext in this RCA process,
continuous tandem repeats are generated by a strand displacingo@litAerase
extending a circle-hybridized primer around the circular DNA piee (Figure
1.16)%" 8 Among its wide application, several disease-related DNA® etected
using this techniqu® such as cystic fibrosis transmembrane conductance regulator
(CFTR) G542X mutation (leading to cystic fibrosi8)Epstein-Barr virus in human
lymphoma specimens,influenza A HIN1 and H3N2 mutatioffsporcine circovirus

type 27 and Listeria monocytogen&samongst others.

Target Ligase Primer Polymerase

[eptek

Padlock probe ~ Primer o THE A

Circulation

3!

Figure 1.16 Padlock probes and rolling circle amplification
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1.4.6 Signal mediated amplification of RNA technology (SMART)

Signal mediated amplification of RNA technology (SMART) is lohsm the
formation of a three-way junction (3WJ) structure. As shown inreidul?, the
amplification is initiated by hybridization of the analyte to thw probes. Besides
the analyte binding arms, the two probes both contain a part compéyneneach
other. One of the probes, referred to as the template probe, lbag @Jerhang
extending beyond the duplex region between the two probes and its 3-end is
protected from extension with a phosphate moiety. This single owgertantains a
T7 RNA polymerase promoter sequence. Once the 3WJ is formedNAa D
polymerase elongates the extension probe along the template prpbedtwe a
double stranded DNA, which is used by T7 RNA polymerase to gené&NA
(RNA1 in Figure 1.17). The RNA then can be detected by an enzirkedl|
oligosorbent assay (ELOSA) or molecular beaCon.

SMART is sensitive and can detect 0.05 nM analyte at 41 °C in ~4.four
Genomic DNA and rRNA oE. Coli can be detected, and even positive signals can be
achieved from crude sampl&dlt has also been applied to detect DNA and mRNA of

marine cyanophage vird8.”’
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Figure 1.17 Signal mediated amplification of RNA technology

1.4.7 Helicase-dependent amplification (HAD)

Helicase-dependent amplification (HAD) is also a polymetzssed isothermal
amplification method which uses helicase to separate double stranded D&l iabt
heat’® During the amplification, helicases unwind DNA duplexes and sstgieded
DNA binding proteins (SSB) stabilize the resulting singlenstsa which hybridize to
primers. DNA polymerase then extends the primers and the newhedoduplexes
can act templates for the following reaction cycles (Fiduis). The whole process
is performed at one single temperature so thermal cyclimgtirequired’By using a
thermally stable helicase, the asay can be performed at 6@rftCthis results in
improvement in sensitivity and specificity and also eliminatesnteed for accessory
proteins in this assdy.A helicase-polymerase fusion complex was developed and
shown to be able to amplify a target of 1.5 kb. The specificityguthe helicase-

polymerase fusion complex was similar to that obtained usingparate DNA

polymerase and helica8k.
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HAD can achieve one million-fold amplificatidf. A genomic fragment of
Treponema denticola was amplified in crude bacteria cells and the genomic DNA of
the parasiteBrugia malayi was detected in human blood samflélowever, non-
specific amplification has been observed when the concentrations of taggkets ar
crude sample&

V Helicases unwind DNA 5
5 < _, duplexes in the presence of w
» <

— SSB and accessary protein
- = - M '
5 >

DNA duplex are seperated Primers anneal to
by helicases and this chain single stranded DNA

reaction repeats itself
DNA polymerases extend
= the primers; one duplex is }
amplified to two duplexes M—SSS\
L -
5’

. =
V helicase () single stranded DNA binding protein (SSB) G polymerase - primer

Figure 1.18 Helicase-dependent amplification

1.4.8 Recombinase polymerase amplification (RPA)

In recominase polymerase amplification (RPA) platform, recombipasner
complexes initiate the amplification cycle by scanning the dupéenplate for
homologous sequences. Once the specific site is found, the complextumdnsble
strands and the short oligonucleotides primer is released to bind tenipkate. The
single stranded DNA is stabilized by single-stranded OiwAling protein (SSB) and
the polymerase extends the primer. Then the newly synthesiaed slisplaces the
old strand. Exponential amplification is achieved by the cyclpetidon of this

process (Figure 1.185.RPA is fast and sensitive, but background noise can be an
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issue. To eliminate background noise, a cleavage step (using an epdeajolas
incorporated at the beginning of the reaction cycle (Figure 1.26¢. primer

containing a cleavage site for the endonuclease, Nfo (tetrahyanoflnasic site), is
labeled with a fluorophore and a quencher in close proximity on edehosithe

cleavage site. The cleavage also generates an amplificatmer prith a 3° OH for

DNA polymerase. The endonuclease cleavage step in RPA serass aaklitional

proofreading step to eliminate background néfse.

Using RPA, three genetic markers, apolipoprotein B, sex-determiegign Y and
porphobilinogen deaminase from complex human genomic DNA were ampdifidd,
Bacillus subtilis genome (only 10 copies) was detecte@he reaction condition for
RPA is however stringent and detection using crude sampleshhsen reported so

far.
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Figure 1.19 Recombinase polymerase amplification
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Figure 1.20 Signal generation by separation of a fluorophore and a qudaepkeads

on cutting of the probe by double-strand specific Nfo.

1.4.9 Template-catalyzed chemical reactions

Due to the tremendous progress of chemical modification on nucleils, aci

numerous types of DNA template-catalyzed reactions for detegurpose have
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emerged in the last twenty yedfsThese approaches are divided into two types:
chemical ligation-based method and ligation-free signalingmipies of each type
covered here are quenched autoligation — fluorescence energjetrdQUAL-
FRETP* ®and reporter transfer reactibhiespectively.

In the first case, a pair of probes containing the sequence that is comiglgnte a
target sequence are both modified at their ends. A nucleophile grogip, e
phosphorothioate, is covalently attached to 3’-end of one probe, amdl Wfethe
other probe is modified by both a fluorophore and a quenching group. When the
probes hybridize to a nucleic target sequence, autoligatighréaction) occurs and
the quenched group leaves, so fluorescence is restored (Schenfé Thig.
technology does not need any enzyme. Multiple analytes can befiedierty
employing different fluorophores attached to the prébe8.Like ligase detection
reaction, autoligation, as well as other chemical ligations, suffiemm product
inhibition of template recycling, caused by the increased affioiitionger ligated
product compared to the shorter probes. Destabilizing universaldirike signal
amplification self-ligating probes were reported to solve this pnoBle The
hydrocarbon linkers between the quenching groups and the nucleotidiesstedbe
ligation reaction. In addition, the hydrocarbon linker destabilites duplex,
dissociating the ligated product and the target strand. Another pproloés could
hybridize to the target sequence, forming another fluorescent pradddhe target
strand could be reused again (Figure 1.21). Since one target stvaadrgpre than
one signal, fluorescence signals are amplified. Howevergbagikd noise is a major

limit. Other nucleophiles, such as amino acids, thiols, and watereeah with the
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fluorophore labeled probe non-specifically, which initialize a sigamalssion thus
rising background noise and decreasing sensitivity. Moreover, incargqlenching
by dabcyl is also a source of background. Kool and colleaguespétito improve
the signal to noise by employing FRE®Mn this approach, the nucleophile-modified
probe is also labeled with a fluorophore-a FRET acceptor Cy5 andgtteon
enables the FAM-Cy5 FRET signal. Since neither the target-@emdimt dabcyl
dissociation nor the incomplete FAM quenching adds to the FRET sitel,
specificity of QUAL is improved. mRNAs in cells were degetby flowcytometry’?
Further improvement in decreasing the assay time was madehdmging the
phophorothioate moiety to phophorodithioate or phoshorotrithioate. These strong
nucleophiles shorten the assay time from 3-6 hours to less thar<*hoQUAL

probes were applied to image in situ rRNA in live c&lls.
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Figure 1.21 Destabilizing linkers for signal amiglidtion in autoligating probes

The reporter transfer reaction detection of DNE&wmnvents the product inhibition

problem by using ligation free process of peptideleic acid (PNA) probe¥. The
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PNA probes are both labeled with fluorophores. Tdwnating probe has a
fluorophore (FAM) and nearby quencher (Dabcyl), levlthe accepting probe has a
different fluorophore (TAMRA). When the two probegre positioned in proximity
to each other by the analyte, a trans-thioestatitia transfers the dabcyl moiety to
the probe originally labeled with only TAMRA. Theitssequent SN-acyl shift
stabilizes the product, making the reaction irreN@e. This dabcyl migration from
the donating probe to the accepting probe resuliénncrease of the fluorescence of
the FAM and decrease of that of the TAMRA (Figur22)® Monitoring ratio of
Fram/Fravra gives a clear indication of the presence of tingeta Since the reaction
is not a ligation, the affinity of the final prodscshould be similar to the original
probes. Dissociation of the reacted probes is reduo restore the FAM fluorescence
and thus the target can repeatedly catalyze the saattion cycle by cycle. In an
optimized quencher transfer system, 0.02 nM sy A target was detected with
a signal/background ratio of ~1°6The method suffers from high background due to
the analyte-independent quencher-transfer reacG@mmbined with Enzyme-linked
immunosorbent assay (ELISA) the quencher-transfebgs were applied to detect

HIV genomic RNA»
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Figure 1.22 Reporter transfer reaction. a) Quendtasrsfer reaction. b) catalytic

cycle of template-catalyzed quencher transfer.

1.4.10 Probe based on RNA cleaving deoxyribozymes

Target-assisted self-cleavage (TASC) probe containdeoxyribozymes (DNA
enzymes, DNAzyme) moiety, which can cleave RNA lgttally.>* The probe

contains target-binding arms and is labeled witlhu@ophore (FAM) and a quencher
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(dabcyl) separated by a short nucleic acids seguenabedding a ribonucleotide
phosphodiester bond. When the probe hybridize éadlget, an active DNAzyme is
enabled, leading to self-cleavage, thus separatieg fluorophore/quencher pair
originally placed on the two sides of the ribonotide moiety of the DNAzyme. The
two fragments then come off from the target allayvamother probe to bind again to
drive a catalytic cycle (Figure 1.2%)But the selectivity of this assay is an issue
since the DNAzyme can be active even when no téagetsent. Double mismatched
templates were distinguished from the fully misrhatt target, but SNP
discrimination is not reported.

5'
C_—GACCAACTAGAAGATGAGAAGT ‘3.4
3'-CTGGTTGATC CTACTCTTCA-S'

N, N
T1 A4
AN T-FAM
G -
CG CT G
c’£c G
GA” A T(Dabsy)
N, N3
T
T
Trot!

Figure 1.23 Target-assisted self-cleavage probe
In another design based on RNA cleaving DNAzyme ddtalytic core is split into
two inactive parts, and the analyte binding arnesliaked to each part. The analyte
hybridize to the two probes, and active DNAzymeassembled. A fluorescent
substrate is cleaved and fluorescence signal iblemhgFigure 1.243° Once the
enzymatic core is active, fluorescent substratesckraved catalytically. In a similar

design based on a more efficient DNAzyme, ~0.2 mdlyie was detected after 3 h
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of incubation?” Coupling with other non-linear amplification platins may further

lower the limit of detectior® %

Analyte binding arms

ol X Analyte
- Cleavage
; > —_—
Catalytic core
. TS

Fluorescent substrate

(O Black hole quencher Fluorescein
Figure 1.24 Binary deoxyribozyme probes
The advantage of the later enzyme-free assayseisithvivo application® (or
their potential applicatiom vivo) due to the fact that fewer components need to be

delivered into the living cells.

1.4.11 Split peroxidase-like DNA enzyme probes

A hemin binding G-quadruplex DNA acting like perdage®' '

was incorporated
in the design of split peroxidase-like DNA enzymehes (Figure 1.25£*'%®In this
strategy the two probes contains two regions: a@ahbinding arms and split
peroxidase parts. The splitting pattern can be 8¢en unevert® ®when the two
probes are separate, they show no or very low pas& activity. When the target
hybridizes to both of the two probes, the G-qualdiuperoxidase-like DNAzyme is
assembled. The hemin-binding complex can oxidize T8B(2,2’-azino-bis(3-
ethylbenz-thiazoline-6-sulfonic acid)) with,&, and the color change of reaction

solution can be monitored visually or by UV instremh (Figure 1.25a). Sintim group

recently reported that the introduction of a stewpl or loop-stem-loop motif
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connecting the G3-tracts in a G-quadruplex stractcan effectively reduce the
background noise (signal generated in the absent@get gene) and subnanomolar
target could be detected (Figure 1.25B).

Split peroxidase-like DNA enzyme probes assay vpgdied for the detection of
PCR amplified DNA from Salmonella and mycobacteriimThe assays are fast
(reactions complete in minutes) and convenientu@llg detectable signals are

produced), but it is limited by the detection ohamolar analyte.
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Figure 1.25 Split peroxidase-like DNA enzyme proba&s Evenly split DNAzyme

probes. b) Unevenly split DNAzyme probes. c¢) Optieal split DNAzyme probes.
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1.4.12 Nicking endonuclease assisted amplification (NEAA)

Other than exonuclease, several groups have decekmplification detection of
nucleic acids detection based on nicking endonseE®*'° Nicking endonuclease
usually do not cleave single strand DNA, but re¢oglouble strand cognate site and
nick only one strand. In one colorimetric assayllny et al., a linker specifically
designed to be cleaved by the nuclease annealettatget. The cleaved products
resulting from the nicking of the enzyme fall ofbin the target, which can be used
many times by other linkers. When the reaction sfies, two sets of gold
nanoparticles with sequences partially complemgritathe linker were added to the
solution. If the linker was a mismatch and not eézh three-component sandwich
complex can form because nanoparticles aggregasdlesl by DNA hybridization
(Figure 1.26)° Despite the simplicity of this assay, the requieemof nicking
endonuclease cognate site in the target sequeackiges the possibility of detecting

all target sequence.

enzyme
linker — _/Q
f \X mismatched @
complementary

target
L |

target recycles

@
- £
LN

Figure 1.26 Nicking endonuclease assisted nancfaamplification

37



1.4.13 Exonuclease Il aided target recycling approach

As mentioned before, traditional MB only produce® signal per probe since one
probe occupies one target after binding. Plaxcal.gtrovided a signal-amplification
MB method under isothermal condition by introduciegonuclease Il into the
system*! Exonuclease Il non-specifically digests doubtarstis DNA, rarely single
strand DNA, from blunt 3’ termini. The stem-loopope containing a nuclease
resistant site between the fluorophore and quenstagsigned to anneal to the target
to form a structure with one blunt 3’ termini. Theclease cleaves the probe stepwise
at 37 °C since the probe exposes its blunt 3’ éhgorescence increases due the
separation of the fluorophore and quencher, and the target is released, free to
participate in more cycles (Figure 1.27). This moetls simple and sensitive enough
to detect as low as 20 aM analyte (but requireg Essay time-24 hours). Also it is
not suitable for RNA analyte because the exonuelek®es not cleave DNA-RNA

hybrid.

probe /\
= D

A

target

Figure 1.27 Exonuclease Il aided target recyctipgroach
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Table 1.1 Summary of isothermal amplification/detetplatforms

Platform Pros Cons Components  Application
NABSA 10’ fold Not ideal for 2  primers, HIV-1 genomic
amplification in 2 DNA analyte reverse RNA* hepatitis C
h_, cgmmermal transcriptase, \;irys RN A,41
kits available RNase H, Human
RNA .
polymerase, Cytomegalovirus
dNTP, INTP - MRNA*, 16S RNA
in many bacterial
species> and
enterovirus genomic
RNA,* etc.
SDA 10° fold Less efficient 4 primers, Mycobacterium
amplification in 2 on long DNA tuberculosis
h target, sample polymerase, genomic DNA®
preparation is REase
required Hincll,
dGTP, dCTP,
dTTP,
dATPaS
LAMP ~10° Complicated 4  primers, viral pathogens,
amplification in primer DNA including dengué?
less than 1 h indesign, not polymerase, Japanese
the presence ofsuitable for dNTP Encephaliti<?
interfering short analyte ) P 54
N Chikungunya,

Invadef® assay

Commercial kits Inital PCR 2 or 3 probes,

available, ideal required
for SNP

genotyping

FEN cleavase

West Nile>® Severe
acute respiratory
syndrome (SARS)®

and highly
pathogenic avian
influenza  (HPAI)
H5N1>’ etc.

the factor V gené®
genes  responsible
for Japanese hearing
loss®® human
papillomavirus
DNA,%**  microRNA
from HelLa and
Hs578T cell$? and
herpes simplex virus
types 1 and 23 etc.
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RCA

SMART

HDA

RPA

Template

-catalyzed
chemical
reactions

Probe based onSimple,
RNA cleaving Protein

deoxy
-ribozymes

Split
peroxidase-
like

DNA
enzyme probes

Up to 10 fold Not ideal for 1 probe and cystic fibrosis gene,

amplification in 1 RNA analyte,
h, multi-target

detection

simultaneously

50 pM analyte Two-step

detected in ~4 h, process
tolerate crude

sample

10° fold Complicated

amplification in 3 buffer
h, commercial optimization,
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NEAA Simple,
colorimetric

Exonuclease Simple, 20 aM

Il aided target detected

recycling

approach

a. These methods are relatively new; hence application to clinical targetsavailable.

Requirement 1 probe, N/A®
of certain nicking

recognition endonuclease,
sites in gold

analytes nanoparticle

Not suitable 1 probe, N/A®
for RNA exonuclease
11
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Chapter 2: First generation of junction probe

Despite the abundance of the described nucleis at@tection methods in chapter
one, several limitations of the current state-@-#nt detection platforms have
encouraged the development of alternative platfo®istim Group is in the process
of developing a new detection method. The goalside

1. Establishing a fluorescent assay that obviatesdieel for thermal cycling.

2. Detecting DNA target of picomolar concentration.

3. Distinguishing DNA alleles with SNP.

2.1Introduction of restriction endonuclease

This chapter deals with the use of restriction endteases for nucleic acids
sequences detection. Restriction endonucleases@Eare components of restrition
modification (RM) systems, which bacteria use tdedd themselves against
bacteriophage and other external DNA**This is done by destroying foreign DNA
as it enters the cell. Bacteria protect their owkADvia the methylation (N4 or C5 at
cytosine or N6 at adenine) within the REase redagnsite. Restriction enzymes are
categorized into four typed? Type | restriction enzymes recognize two asymroairi
sequences separated by 6-8 nucleotides and cuteat that are away (usually
kilobases) from their recognition sites. The cadest S-Adenosyl methionine
(AdoMet), adenosine triphosphate (ATP) and*Mare required for type | REasEs.
Type Il restriction enzymes recognize two separete-palindromic sequences in a
head-to-head fashion, translocate the DNA in an-Ay@&olysis dependent manner,

and cut DNA 20-30 base pairs after the recognisioer*® Cofactors ATP and Mg
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are needed for the cleavage reaction. Type IVictistn enzymes recognize two
recognition sequences with methylated or hydroxiylated cytosine in one or both
strands, and the cleavage happens randomly closedoof the recognition sites.
Cofactors GTP and Mgare necessary for DNA cleavagé.

Type Il restriction enzymes are the most abundgré amongst the four types and
more than 3500 Type Il restriction enzymes havenbesported (see restriction
endonuclease database for a list and more detailefbrmation -
http://rebase.neb.com/rebase/rebase.html). Thdgrdifom Type |, Il and IV in
many ways. For example, they usually do not regsd@deMet or NTP for cleavage —
Mg?* is the only necessary cofaclof. Many of them are homodimers or
homotetramer$'® Because of the great diversity among Type |l iet#in
endonucleases, this large family is divided inteesal subtypes, which are defined
using a letter suffix (Table 2.1).

Table 2.1 Subtype of Type |l REases

Subtypé Define feature Examples Recognition sequéehces
A Asymmetric recognition Bpul01 CQTNA-GC
sequence
GG-ANT|CG
B Cleave both sides of targeBpll (8/13)GAGNCTC (13/8)
on both strands
C Cleavage and modificationBcg| (10/22)CGANTGC(12/10)
domains in one polypeptide
E Two copies of recognitionEcoRll |CCWGG
sequence: one cleaved, one
allosteric effector GGWCQ
Nael GCQCGG
CGG|GCC
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F Homotetramers, two copie<Cfr10l R|CCGG-Y
of recognition sequence,

both cleaved co-ordinately Y-GGCCIR
NgoMIV G|CCGG-C
C-GGCQG
G Cleavage and modificationEco571 CTGAAG(16/14)
domains in one
polypeptide, stimulated by
AdoMet
H Similar to Type | gene Ahdl GACN,-N|N,GTC
structure

CTGNo[N-N.CAG

M Subtype of 1IP or 1A, Dpnl G™A|TC @A T™C

require methylated target
: Y J C--T |JAG™ CT™ | AG™

P Symmetric recognition andEcoRV GAT|ATC
cleavage sites
CTA|TAG
S Cleavage site outside of théokl GGATG(9/13)
recognition sequence
T Heterodimers Bsil CCNN-NNMNGG

GGNN|/NNN-NNCC
Nicking Top strand cleavage Nt. BstNBI GAGTCNNNN|
Nt. CviQXI RIAG

a. Note that not all subtypes are mutually excksig.g. Bcgl (in bold) is the
archetype of the Type IIC class, but is also intygds IIA, 11B, IIF, IG and 1IH.

b. In cases where cleavage occurs outside the mitimog sequence, the sites of
cleavage are noted by two numbers: the first indscahe number of bp between
recognition and cleavage sites in the strand sh@amd the second in the
complementary strand. Cleavage sites within ret¢mmsequences are marked by

. N, any nucleotide; Y, a pyrimidine; R, a purine.

c. Nt stands for king enzyme withdp strand cleavage activity.

All Type Il restriction endonucleases need to fthdir recognition sequences in

the abundance of nonspecific sequences, to whigy ttan also bind with
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considerably lower affinity’® Three mechanisms are proposed to explain thettarge
site locating process by DNA-binding proteins:‘¢i)ding’; (ii) ‘jumping’; and (iii)
intersegment transféf>'# In sliding mode, the search starts with a nonsigeci
binding of protein to DNA. It then stays bound amdves along the DNA until it
finds the specific site or dissociates (Figure R.1hmping indicates a three-
dimensional mode in which the protein constantlgdsi and unbinds the DNA,
moves to another sites or even another molecuterepeats the cycle (Figure 2.1b).
This mode of diffusion appears less efficient tiséiding. Intersegment transfer can
be involved only if the proteins have two DNA bindisites. For example, a type IIE
restriction enzyme cleaves one specific sequenck th@ responsible subunit is
released, but the other subunit still remains baonthe DNA with the other site. A
different specific site on the same molecule cardnd bind to the protein, in which
loops can form (Figure 2.1c). It is assumed thah Istiding and jumping contribute
to the target site searcff, but the extent involved depends on the conditmreh as

Mg** concentration and ionic strengf *#*
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a) Sliding C) Intersegment transfer

. Restriction endonuclease ~ wmmmmm Recognition site
Figure 2.1 The recognition site search movementenaaf REase. a) Sliding; b)

jumping; c) intersegment transfer.

The recognition process usually triggers the conédional change of both
enzymes and DNA. In a recognition event, the distorof DNA brings its functional
groups into the positions for optimal interactionthwthe enzyme, and the
phosphodiester bond to be hydrolyzed is also pldoethe catalytic center. The
enzyme undergoes conformational changes invohingtsire transformations of its
subunits and subdomains. Accompanied with theseenwr less pronounced
adaptations, a hydrogen bond network is formed. Aydrogen bonding is major
component in the contact patterns between enzyme®BA. The bases as well as
the sugar-phosphate backbone can participate inhyldeogen bonds formation,
directly with the enzyme or mediated by water. Example, the crystal structures of
HinP11?® (pre-reactive complex and post-reactive compléiws that the 10 bp
DNA duplexes substrate undergo protein induceddishs, including bending, base

flipping and minor groove expansion. In the caséhefenzyme HinP1I, th&strand
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and the loop connected to a heli&k become an extension of the helix upon binding
to cognate DNA. HinP1l interact with the phosphaéekbone, spanning 6 bp, 2 of
which are outside of its recognition sitg @5C. And all 8 bases of the recognition

sequence form direct hydrogen bonds with one HimRdlecule (Figure 2.2).

Figure 2.2 Crystal structures of HinP1l with cognBXNA. a). Pre-reactive complex.

b) Post-reactive complex.

2.2 Concept of junction probe via template enhanceditiation
process

Recently, there has been an interest in the usgpefll restriction endonucleases
(REases) for the detection of both DNA and RNA linical samples. For example,
several researchers have described the detectiobN# and RNA as well as
amplification and processing of DNA nanostructuragilizing various
endonuclease$® %’ REases are important DNA modifying enzymes and 8660
have been discovered to date. However, DNA detectissays at a constant

temperature (isothermal condition) that utilizestneenzymes are lacking because of
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the requirement for a particular recognition segeein target analytes if REases are
to be used for ultra-sensitive DNA detection. Thewnnucleic acid detection
technology Sintim group is developing is calleddiion probe (JP) technolody?
which has provided an elegant means to eliminagentted for a particular REase
recognition site in target, and also achieved mwotial amplified sensingia a
concept called Template Enhanced Hybridization &ses (TeHyP). In TeHyP
strategy, two probes that do not hybridize to eattier at a certain temperature were
designed to anneal to each other in the presenagearhplatesia the formation of a
ternary structure (Scheme 2.1). The resulting cemphat forms after the template
enhanced hybridization can then be detected bpwsrmeans/processes (see Scheme

2.1 for an example).
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FAM
Q \ Probe A Probe B

\ +
RRERRARRRRRAE A R RRRRRRRRRRRN Y

(Analyte to be detected)

26 FAM
— \—
— 1 @
— Amplified 3__
—1 -FAM sensing Q

—Q
Probe A — =
2{8 = restriction endonuclease :2 Q = dabsyl

Scheme 2.1 Amplified sensing using TeHyP concept

In our first generation JP method, one of the pspb& is labeled with a
fluorophore (fluorescein - FAM) and a quencher (&dp The FAM and Dabsyl
molecules are separated by several nucleotidesrérblred in Scheme 2.1) that
contain a REase cognate site. Since REases @ayechouble-stranded DNA, single
strand probe A can not be cleaved by REases andAhkfluorescence is quenched
by Dabsyl in proximity. Probe A and the unlabelede B are both composed of two
parts: a region containing the REase site and cammgatary to each other (red), and

the other region complementary to parts of the ORMA target sequence (colored
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blue in Scheme 2.1). The melting temperature ofsthert duplex that results from
probe A annealing to probe B is lower than®C5 Therefore, it was expected that in
the absence of a template that can enhance thaizgion of probe A and B, probes
A is not able to be cleaved by REases becausdlipredominately exist as single-
stranded at temperatures around@0However, in the presence of a complementary
template, probes A and B and the template hybrithZ®rm a ternary “Y” junction
structure, compled (seeScheme 2.1). One pre-programmed arm of the Y joncti
structure which contains a cleavage site for a BREas be subsequently cleaved by
this enzyme, ripping the quencher away from therfiphore. Thus the fluorophore
“lights up” and an increase of fluorescence canldtected. The cleavage also results
in another ternary structuée which has a lower stability than compl&éx Another
intact probe A can replace the cleavage produat fitte previous probe A for a next

reaction cycle.

2.3"Y” junction and REases

Three-way DNA junctions can be cleaved by some Ty restriction
endonucleased? which cleave at sites separated by precise numbaucleotides
from the recognition sequence. However, the re¢mgnsite was in one arm and the
cleavage site was in another arm (e.g. REase Bekl Figure 2.3). These enzymes
are not suitable for junction probe developmeniahse if such enzymes were used,
the design would require the recognition site mtdrget sequence. To the best of our
knowledge, there has not been no other detailetieston how other type Il REases

operate on the three-way junction.
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Fokl cleavage U
&

recognition site Q' (&

5-CTAGCGGATGACTT” g/)\
3'-GATCGCCTACTGAA CG

Figure 2.3 Three-way DNA junction cleavage by TW¥REase Fokl

The orthodox Type Il Reases, Type IIP (P for patamsic) enzymes which usually
recognize palindromic sequences of 4-8 base php¥ i( length and cleave both
strands within these sequences, are candidate eszfon junction probe. In the
design of junction probe, the affinity of the complentary regions of probe A and B
should be kept to a minimum to avoid pobes A-B dyplormation without the
presence of target, i.e. dupl®d in Figure 2.4, since that may result in background
enzymatic cleavage. Thus category 1 REases in TaBlevere not chosen since
recognition sites of 5 and more bp may cause a ¢ongplementary region of probe
A and B. Despite their 4 bp recognition sites, gatg 2 REases were also avoided

due to their GC-rich recognition sequences sinde kase pair has stronger hydrogen
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bonding than A-T base pair. So category 3 REasepraferred since the recognition

sites of 4 bp are not GC rich.

— FAM — FAM
—Q —Q
Complex1 DuplexD1

Figure 2.4 Y junction complek and duplexD1

Table 2.2 Examples of Type IIP restriction endoaasks

Category Feature Enzyme examples  Recognitiorf sites
1 Recognition sites of 5 bp orZral GAC|GTC
more ,
AsiSlI GCGAT|CGC
Nhel G|CTAGC
Pdml GAANN|NNTTC
Dril GACNNN|NNGTC
Swal ATTT|AAAT
2 GC rich recognition sites ofHaelll GG CC
4 bp
Mspl ClCGG
BstUI CGCG
Hhal GCGC
HinP1l G|CGC
3 GC not rich recognition BfuCI° |GATC
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sites of 4 bp FspBI OTAG

MIuCl |AATT
Msel TITAA
Nlalll CATG|
CviQl G|TAC

a. The 91" indicates the point of cleavage. N: any nuclestid

b. BfuCl has many commercially available isoschizosnincluding Dpnll, Mbol,
Sau3Al, and Ndell.

2.4The influences of flanking sequences on REasegtasi

Although the influence of a junction to REase attiis not studied thoroughly, a
different factor, the flanking sequences of theogmition sites of REases, has been
investigated to some extent. These studies were donshed more light on the
observation that a restriction enzyme can cleawr tbognate site at rates that
depended on the sequences of the flanking sequémcies recognition site$> The
differences in cleavage rates were suggested gmate from how the bases flanking
the target site affect endonuclease binding orcteavage event. The activities of
EcoRI® Pstl (5'..CTGCA/G...3)2" and Hinfl (5'..G/ANTC...3)" could be
inhibited by long flanking runs of dG and dC. Itssggested that an altered helix
conformation at runs of dG and dC was carried aver the enzyme binding site so
as to disturb its structuré® A more detailed examination of the enzymes FnuDII
(5'...CG/CG...3), Haelll (5..GG/CC...3), Hhal (5..GCG/C...3) and Mspl

(5'...CICGG...3’) revealed 7~20 fold difference of cleavages due to the flanking
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bases variatioft® However, the effects were complicated and no gereatterns

were concluded.

2.5Sequence length between the junction and the Ritiese

We started with a category 3 REase BfuCl to exptanejunction probe platform.
One reason of this choice is that there are mangmnuercially available
isoschizomers (enzymes recognize the same segaexceleave at the same site);
hence one set of probes could be used to screfaredif enzymesAs mentioned
before, it is important to keep the region of sewpaecomplementarities between the
two detection probes to a minimum in order to avaidemplate independent
hybridization and a subsequent REase cleavagewtiiatead to high background
noise. For the restriction endonuclease enzymeCBf@ base pairs are preferred
between the REase recognition site and the junaticomplexl since they gave best

yield while keeping the background low (Figure 2.5)
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AT ﬁ ¥ [y po— REN site
AT ! | =— REN site
| | <— RENsite
5'- -TTTT-3
5 STTTT-3'
5'- -TTTT-3
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T1 6 ®H 6 6B 60 6
Probe A A3 A3 A2 A2 Al Al
Probe B B3 B3 B2 B2 Bl Bl

M: DNA Marker; sd.: 5-CTAATCTGAAGCTTT-3’ (15mer).

Figure 2.5 Sequence length between the junction thed REN site. Reaction

conditions: [probe A] = [probe B] = [template] =M, [BfuCl] = 0.067 U/uL,

buffer: [Tris-acetate] 20 mM, [KOAc] = 50 mM, [M@Ac)] = 10 mM,
[dithiothreitol (DTT)] = 1 mM, [bovine serum album(BSA)] = 100 pug/mL. 30 °C, 5
h.

It is likely that at the junction, localized melgirresults in the formation of a
bubble. This might account for the low cleavage @iserved when there is only one

base pair between the cleavage site and the biasioh In this case, the cleavage

site might be partially melted.

2.6 Fluorophore position between the junction andRE&ase site

We observed that for the REase, BfuCl, the digtdretween the fluorophore and
the cognate site was crucial for the efficient cégge at the cognate recognition site.
When FAM was placed on the thymine nucleotide tieat next to the recognition

site or two nucleotides away from the REase red¢mgnsite (5’ end), no cleavage
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product was observed. However, when FAM was mokegktnucleotides away from
the site, the cleavage product could be obtainegli(€ 2.6). It is possible that when
FAM was close to the REase cleavage site, the d@ommiety of FAM either

intercalated into the REase recognition site aridrded cleavage or blocked the

enzyme from latching onto the recognition sequence.

(P 3 Fg, S 2 Fgy S 3
Mg, g, PG Mgy Ag, PR g, gy NS
oG < G < N <A
Cre 7 g Cre e I erole, SNy
A6 e, K0P GV 6,0, oS A6, He, K0P v
76, S4.6C" 46 76029465 48" probe s 676 (14605 56
Probe B4 ‘077 .00‘” Probe A4 Probe B4 *G,\r .c"‘x robe Probe B4 @,\r _.00‘” Probe A6
A TEAM AT AT
AT A Téan AT
! T<— REN site ! | <—— RENsite $ TM REN site
5-AAMA-C CQabshra 5-AAAA-G CQabsh3 5-AAAA-G  CQabshh3
S

d. 1 2 3 4 5 6
STEB®

Product—> | e ? -

T1 (+) ) (+) ) (+) )
ProbeA A4 A4 A5 A5 A6 A6

Sd.: 5-CTAATCTGAAGCTTT-3' (15mer).
Figure 2.6 Fluorophore position between the jumcémd the REase site. Reaction

conditions: same as those for Figure 2.5.

2.7 Homogeneous fluorescence detection of DNA target

Homogeneous fluorescence detection of DNA targeteaachieved by monitoring
the increase of the fluorescence of the JP reacflame course fluorescence
experiments showed that the rate of cleavage aRHese site in the duplex region
formed between probes @nd Bin the presence of 1 equiv. of target sequentejs
60 times higher than that in the absenc@ bf(Figure 2.7). The difference between

them was readily distinguishable in one hour.
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Figure 2.7 Homogeneous fluorescence detection eévelge product. Reaction
conditions: [probe A] = [probe B] = [template] = M, [BfuCl] = 0.0267 ULL,
buffer: [Tris-acetate] = 20 mM, [KOAc] = 50 mM, [M@Ac),] = 10 mM, [DTT] =

mM, [BSA] = 100 pg/mL. 30 °C.

2.8 SNP detection

Template detection by junction probes is also secgiselective. We monitored the
reactions using both gel and fluorimeter. Singlematch targetsT@-T4) were used
as templates and the mismatch site was placedjiorref the template, where probe
A binds (colored blue in the table of Figure 2B)e result showed the sensitivity of
JP detection to a single mismatch. The yields e&\chge products were similar to

that of a target-free reaction, and only a matctesdplate provided a significant
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product band on a PAGE gel (see Figure 2.8a). &ilypjlthe fluorescence intensities
obtained with single mismatch targets were sintibathat of the target-free reaction

(see Figure 2.4b).

T1 5-AGAGTCCACCAA GCTTCAGATTAG-3’
T2 5-AGAGTCCACCAA GCTTGAGATTAG-3'
T3 5-AGAGTCCACCAA GCTTAAGATTAG-3’
T4 5-AGAGTCCACCAA GCTTTAGATTAG-3'
A4 5-TCTGAAGCT(FAV)TT -Dabsy+3'
B4 5-AAAA AAATTGGTGGACTCTAAAA-3’
) b)
1400
1200 " Nt T2 T3 T m
1000 o—T1
800 =T - - - - <«— Probe A

600
400
200

& < product

Fluorescence intensity
(Arbitrary unit)

Time (h)

Figure 2.8 SNP detection. The table lists the pratd templates sequences used in
the experiments. a) Fluorescence monitoring ofréaetions. b) Gel analysis of the

reactions. Reactions conditions: same as thodeigare 2.7.

2.9 Effect of target concentration on amplification

It is expected that the turnover (TO) of JP incesass the concentration of
template decrease. In order to test if indeed tNé&\ Demplate can act as a catalyst
and turn over the cleavage reaction, various te@mmancentrations ranging from 0
to 2 uM were studied while the probe concentration wegigl ltonstant (ZM). The
reactions were carried out at 30 °C for 5 hoursefsure a meaningful comparison,
we subtracted the background signals from the icnteactions lacking templates.

When 0.25 equiv of matched templat@ (500 nM) was used, the yield of the

58



reaction was 400% (corresponding to a turnover, &igure 2.9). 0.05 and 0.01 equiv
of T1 (100 and 20 nM) furnished product yields of 1323P@ (13) and 3636% (TO
36), respectively (Figure 2.9). These results mageconclude that JP technology

indeed has catalytic effect in DNA detection.

4000

3636
o | e
g 3000 | }Okcjfa  Torise T1 oP‘GS:‘
3 2500 | QG/\GFNO%_GG/\'«»G"O
2 2000 | Probe B4 G}) IGGP* Probe A4
é 1500 | 1323 % i-FAM
& 1000 | I. | -<— RENsite
500 | 408
0 ‘ [ 5-AAAA-G  CDabshH3'
0.01 0.05 0.25

template equiv.

Figure 2.9Catalytic efficiency of junction probes. Reactiame: 5 h. [Probes A]

[probe B] = 2uM. Product yield = (xez)/ly where x = fluorescencgensity of
cleavage product, y = fluorescence intensity odwdge product when template T1 =
2 uM (a TO of 1 is assigned) and z = [probe A]/[T1] 200%. Appropriate
background subtractions (fluorescence intensityreaction in the absence of a

template) were made. Experiments were repeatethéstand the error is less than
8%.
2.10 Picomolar DNA detection

As mentioned above, for our first-generation JPnetogy, a signal-to-noise ratio
of 60 can be achieved. Because of the high signabise ratio of our technology,

picomolar concentrations (femtomoles) of DNA cobéldetected (Figure 2.10).
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Detection of picomolar DNA
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Figure 2.10 Picomolar DNA detection. Reaction ctods: [probe A] = [probe B] =
50 nM, [BfuClI] = 0.0267 UAL, buffer: [Tris-acetate] = 20 mM, [KOAc] = 50 mM,

[Mg(OACc),] =10 mM, [DTT] =1 mM, [BSA] =100 pg/mL. 30 °Q,h.

2.11 DNA thermal melting curves

The stability of the structures involved in JP tedlogy is a major reason to
explain the catalytic efficiency and selectivitys Anentioned before, the melting
temperature of the duplex of probe A and probe Bwsr than 15 °C (Figure 2.11a),
while the melting temperatures of the matching temepwith probe A and probe B
are higher than 30 °C (34 °C and 46 °C, respeygfisek Figure 2.11b and 2.11c). The
melting temperature of the junction structure isrenoomplicated. Because DNA
melting occurs step by step and domain after dontlaenthermal melting of junction
DNA structures such as complexdbes not follow a simple two-state model and
shows complex melting profiles (Figure 2.11d). Hfere, a single melting
temperature J can not be assigned to junction structutedhe thermal melting

curve of complext (Figure 2.11d) shows two distinct apparent meltergperatures
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(app. Thaand Tys) that are similar to the melting temperatures @ibp A/template
and probe B/template duplexes respectively (comf@rec) and (d) in Figure 2.11).
We conclude that the presence of two distinct appgamelting temperatures in
Figure 2.11d confirms that a junction structurérsned between probe A and B with
the matched template.

In Figure 2.12, the melting curve of complexlearly shows two distinct apparent
melting temperatures (indicative of the formatidragunction structure) whereas that
of complex2 shows only one distinct melting temperature. Beeatlne number of
base pairing is reduced in compl2xit is not as stable as compléxand readily
dissociates into binary and single components. Ehtite major rationale behind the
catalytic cycle in JP technology.

For mismatch templateR2-T4, only one melting temperature (close in valuehto t
Tm of probe B/template duplex) is observed (compagarg 2.11bwith Figure 2.13).
This suggests that a single mismatch in the templegvents probe Aom binding to
the template to form a junction structure. Botlofescence and gel-based assays (see
Figure 2.8) further confirm that for mismatch teatpsT2-T4, junction structures
are not formed because no cleavage products asvelolswhenr2-T4 are used as

templates.
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Figure 2.11 Melting curves of the duplexes andasgrrcomplex. The left column

shows the oligonucleotides components. The middlenen shows UV absorbance

change against the temperature change. The righimoo shows the melting

temperatures (Tm) determined by the first derivai¥ absorbance with respect to

1/T. Condition: [probe A] = [probe B] = [template] 1 uM, buffer: [Tris-acetate] =

20 mM, [KOAc] = 50 mM, [Mg(OAc)] = 10 mM,

[DTT] = 1 mM. The mixture

solution were heated to 85 °C, allowed to slovdglat a rate of 1 °C/min to 4 °C.
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Figure 2.12 Melting curves of the ternary complekesd2. The top row shows the
transformation from complexdsto 2. The middle row shows UV absorbance change
against the temperature change. The right colunovsithe melting temperatures
(Tm) determined by the first derivative of absor@mith respect to 1/T. Condition:

[probe A] = [probe B] = [template] = iM, buffer: [Tris-acetate] = 20 mM, [KOACc]
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=50 mM, [Mg(OAc}] = 10 mM, [DTT] =1 mM. The mixture solution weheated

to 85 °C, allowed to slowly cool at a rate of Xriih to 4 °C.
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Figure 2.13 Melting curves of mismatched templatgs the probes. The top row

shows it is difficult for the mismatched templabeférm the junction structure. Below

that, the left column shows UV absorbance changeénagthe temperature change.

The right column shows the melting temperatures )(Oetermined by the first

64



derivative of absorbance with respect to 1/T. Coowli [probe A] = [probe B] =
[template] = uM, buffer: [Tris-acetate] = 20 mM, [KOAc] = 50 mNIMg(OAc),] =
10 mM, [DTT] = 1 mM. The mixture solution were hea to 85 °C, allowed to

slowly cool at a rate of 1 °C/min to 4 °C.

2.12 Alternative probe designs

As another effort to decrease the possibility gildwD2 formation (Figure 2.4), T-
T base mismatch was introduced near the junctiont oy changing the sequence of
probe B (Figure 2.14). T-T mismatches only desiabi junction structure slightl§,
while they should decrease the formatioib@fconsiderably because the base pairing
between probes And Bis reduced by 14% (from 7 to 6) in the alternaivebe
design (Figure 2.14). Note that noncognate sitesp@red heteroduplex DNA,
mutations within the recognition sequence) can leaved by numerous restrition
enzymes:® but the influence of adjacent mismatches, to @st knowledge, has not
been studied yet. For this approach, when the nicdmaas one or two nucleotides
away from the REase site, there was a significaanhge in the fluorescence intensity
in the presence of target template but not in the absence ©1. However, when the
mismatch was placed right next to the recognitite the fluorescence intensity was
at background level. Again, as the optimizationtllé FAM position disclosed
previously, this result suggests that the enzymgCBis sensitive to any change close
to the recognition site. This design is particylanseful in reducing backgrounds,

which is illustrated later.
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Figure 2.14 Alternative probe designs. Reactiarddmns: same as those for Figure

2.7.
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Chapter 3: Second generation of junction probe

In Chapter two, | described the first generationtedhnology, which utilized the
restriction endonuclease, BfuCl, to detect DNA te&atgs which did not contain the
cognate recognition sequence of BfuCl at isothercmiditions. Recently, we
became more interested in detecting RNA. The deteasf RNA"! is not as
straightforward as that of DNA? In typical RNA detection schemes, the RNA is
first copied into DNA before PCR is used to amplihe cDNA. Also the facile
degradation of RNA samples by adventitious RNAs#s smaller fragments during
sample preparation makes the use of PCR-based dsettto detect RNA not
straightforward as PCR is better suited for longanscripts. We aimed to detect
RNA using restriction endonucleases, although iotstin endonucleases do not
generally recognize or modify RNA molecules. Witte texception of fed* most
technologies that utilize endonucleases to detedert acids require the presence of
specific sequences in the target analytes; thex¢hmy can not be used to detect most
genes. Direct adaptation of the first-generation tdPdetect RNA was not as
successful as the detection of DNA. This was pd#dygause the first generation JP
platform required very long assay times (severalréoin order to detect low
concentrations of analytes and for biomoleculeshsas RNA which are not
hydrolytically stable, such long assay times wearesuitable. We therefore initiated a
program to unravel salient design principles thatid enable the development of a
more efficient JP systef? The aims for the development of a second generdfio
include:

1. Improving the time of the assay.
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2. Detecting RNA target.

3. Detecting RNA in crude samples without extensivagda preparation.

3.1 Discovery of inhibition cycle of JP

In JP design, since the cleavage arm of the “Y’cfiam should be kept to a
minimum to minimize the template independent hyibation, no base pairs are
added at one side (the opposite end of the junctidowever, for the successful
cleavage of the cognate restriction endonuclease5tGATC-3’ in JP structures by
BfuCl, it is imperative that there exist an oligofeotide overhang after the cognate
REase site (see Figure 3.1). A minimum of one mide overhang was needed for
effective cleavage by BfuCl. Overhangs of two orrenaucleotides gave a faster
cleavage reaction than a single nucleotide overhafegtherefore rationalized that if
the oligonucleotide overhang in JP tripartite i®asled by the enzyme during
catalysis, then blunt JP structures 3 will accuteund inhibit the catalytic cycle

(see Scheme 3.1, Inhibition cycle).

Template
Pronbe A JPLn=4

JP2: n=3
~«— cleavage
E_O site A JP3: n=2
5'- Cne
Overhang Jpa:n=l
JP5: n=0
FAM  Q Dabsyl
ProbeA  — T e — — — — — — —
product —, - — ) P No overhang, no
cleavage product.
T (QENG)) O B 600 6 60 & 6 @
n 4 4 3 3 2 2 1 1 0 0

Figure 3.1 Overhang effect. Only JP structures llaae 5’ overhang tail next to the

cognate recognition sequence (colored red) arevetely the REase, BfuCl. Note
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that there is no cleavage product 365 (n = 0). Reaction conditions: same as those

for Figure 2.5.

_ — Z— FAM
Q = dabsyl (Analyte to be detected)
—Q
— FAM
@ restriction
“® endonuclease > FAM

= o —
— Amplification Inhibiti(ggn
— Q

~Q
Probe A

“® §|:A|\/|
E £

2

Scheme 3.1. Amplification and inhibition cyclesjafction probe
The overhang in our JP platform is an absoluteirement for BfuCl cleavage. To
determine if the overhang is also a requiremenbtber enzymes, the cleavage of JP
structures with and without overhangs by two isawhers of BfuCl, Mbol and
Dpnll, were investigated (Figure 3.2). From the @@gure 3.2a), it is clear that the
overhang is vital for all three enzymes’ cleavaigeesno product was observed when

there was no single strand overhand beyond thedrieasgnition site. Mbol was not
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able to cleave DNA when the cognate site and/orbyehase was labeled with

fluorophores. Dpnll can handle labeled duplex DXAwever, the fluorescence data

showed that it did not cleave the DNA in JP strieto an appreciable extent (Figure

3.2b).
a) cleavage site
| e wh @
3- -TTT-CGA-AGT-CT-5' 3-
5'-AAAA-GATC-AAA-GCT-TCA-GA-3'
Duplex D2
Probe A1
Cleavage
product —>
Duplex D2 D3 D2
Enzyme Dpnll  Dpnll  Mbol

b)

w W A
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50,4 LQ
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Figure 3.2 (a) Activity of Dpnll, Mbol (both isos@omers of BfuCl) and BfuCl to

fluorophore labeled DNA. Reaction conditionu® probes respectively, 0.067 jl/

enzymes respectively, 30 °C, 2 h. (b) Activity lné £nzymes to the first generation of

JP. Fluorescence data is normalized £ 494 nmaAem =522 nm). Reaction condition:
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200 nM probes A and B respectively, 1 nM templ&®33 ULL BfuCl; 0.0417
U/uL Dpnll; 0.0417 ULL Mbol; 30 °C.

Incubation of JP probes A and B that had their eeBpe 5’-ends labeled with
fluorescein, matching template and the restrictemdonuclease enzyme BfuCl
revealed that both sites A and B of the doublengisanJP1 can be cleaved by the
enzyme (see Figure 3.3). This result was initiallya surprise to us because it was
expected that due to the lack of a duplex strudbeyond site B iJP1, the rate of
cleavage at site B would be significantly less thfaat at site A and hence blunt end

and inhibitory products such as tripar®ésee Scheme 3.1) would not accumulate.

Probe B

Probe A — - m

__. «— Cleavage product

\W of probe B
Probe B Probe A

~— cleavage site A

cleavage site B —> —

“ <«— Cleavage product

JP6
FAM Template ) ) of probe A

Figure 3.3 REase, BfuCl can cleave both sites A Bnd JP1; although site B is
adjacent to a single strand overhang. Reactionitonst same as those for Figure

2.5.

3.2Rationale behind the second generation JP

Single stranded DNA (ssDNA) cleavage of many RE&sssbeen reportéd™*>°
However, there is a controversy over the mechammsssDNA cleavage of REases.

Some researchers have demonstrated that ssDNAdragnwhich could not form a
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double-stranded structure, were cleaved by RE43é8°Others have argued that the
enzymes were acting on transiently formed doubtenged DNAM"*°In our JP
case, the double-stranded recognition site of Bioi@bably facilitated the cleavage
of ssDNA overhang, after the enzyme was bounddatuble-stranded region.

Analyses of the X-ray crystal structures of five &Bs (Bgll fromBacillus
subtilis,”®* EcoRI from Escherichia coli,**> Fokl from Flavobacterium
okeanokoites,*** Hincll from Haemophilus influenzae*>* and NgoMIV fromNeisseria
gonorrhea®®®) whose structures are deposited in the protein stz (PDB) revealed
that the majority of these REases contact bas@hasphate moieties that lie a few
nucleotides away from their cognate recognitionuseges. For example, EcoRI
makes contact with phosphate linkages that lay hwoleotides away from the
cognate recognition sequeri@eThese interactions play an important role in the
process of EcoRI-DNA complex formatidht’****The crystal structure of the REase,
BfuCl, has not been solved and its full biochemiclaaracterization has not been
undertaken, to the best of our knowledge. But iy mlgao require the interactions with
the base or phosphate outside of the recognitterfai binding and/or cleavage.

To suppress the inhibition cycle, we need to pretes cleavage of the overhang.
Phosphate backbone modification of the REase rétwogrsite appears to be an
attractive choice since many studies have shown rtizst REases do not cleave
Rease cleavage sites that are modified with phasfitioate!®® phosphotriestef>*
phosphoramidat®? alkylphosphorothioat®® and alkylphosphonat® moieties.
Connolly and co-workers examined a set of DNA dadeeric oligonucleotides

containing the recognition sequence as cleavagstrsis for EcoRV, in which

72



phosphorothioate linkages were introduced at eegasitions, including the scissile
linkage!® They found that when phosphorothioate modificatiane placed outside
the REase recognition site, for example GE2F/ATC GTC,GAT/ATC GpTC and
CGAT/ATC GTC (p denotes phophorothioate linkages and baiere label the
recognition sites), the rate of cleavage by EcoRas wimilar to that of unmodified
DNA. This was not surprising because analysis efafystal structure of DNA, in
complex with EcCoRV revealed that the enzyme matle tontact with the phosphate
moieties outside the recognition sequetf€eHowever, when oligonucleotides that
contain phosphorothioate modifications in the recoon sequence were used (such
as GAGGApPT/ATC GTC and GAGATp/ATC GTC) the rates of cleavage by
EcoRV were significantly less than that of the udified DNA. One can therefore
turn a restriction endonuclease into a nicking eodtease by modifying of the
strands in the recognition site (especially at site where cleavage occurs) with
phosphorothioate modificatidi’ Other backbone modifications such as
methylposphorothioate can also be used to bloclsRERavage®”

Many Type IIP restriction enzymes are dimers ohtaal subunits that interact
symmetrically with their recognition sequences.alrhydrolysis reaction, a dimer
binds to one duplex recognition sequence, and ciivessite in the dimer cleaves one
strand of the DNA, while the second active sitaeés the symmetrically equivalent
position in the other strand of the DNA. Howevesyeral studies have reported
restriction endonucleases that differ from the adittx in that they require two copies
of a recognition sequence to cleave the DRA’> These restriction endonucleases,

which require two recognition sites for optimumiaty, belong to different subtypes
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of Type Il restriction endonucleases, namely TyEslIIF and IIS (Figure 3.4)vide
infra. Note that current nomenclature of classifying Thge Il REases does not
avoid overlap between different subtypes. For examp NgoMIV
(5'...G/ICCGGC...3) is both a type IIP and IIF enzyme. Tyihle REases are
homodimeric proteins that simultaneously bind twoagnition sites to cleave the
DNA within or near their recognition sites (Figudet). One of the best understood
Type IIE REases, Naef® cleaves supercoiled plasmids with two recognisites
faster than plasmids with a single sitelt also cleaves catenanes that consist of two
plasmid rings with a single recognition site in leaimng faster than plasmids with a
single site"® Type IIF and IIE REases are different in that Ty{ie enzymes are
dimeric but Type IIF enzymes are homotetramericadidition, Type IIE REases
predominantly release the full-length linear DNAtthesults from cleavage at one of
the two sites, whereas Type IIF REases convertoastte plasmid directly to the
products that result from concerted cleavage dt biveés (Figure 3.4), which are cut
in a concerted reaction (for example, Sfil, Cfri0goMIV). "°*"? Type 1IS REases
recognize asymmetric DNA sequences and cleavedafiaed distance downstream
of the binding sité’® Examples of Type IIS enzymes, which cleave twe-sit

substrates faster than one-site, include Bsgl, Bpwd36l, Fokl and BspMt’* 17
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Figure 3.4 lllustrations of the recognition site&l a&leavage styles of Type IIP, Type

lIE, Type IIF and Type IIS restriction endonuclease

3.3 Effect of modifications at site B of JP

Having established that cleavage at site BJR6 was indeed occurring, we
proceeded to investigate if by modifying site Bhwituclease resistant moieties, the
accumulation of blunt-end tripartites such3asould be reduced, invariably leading
to an increase in JP amplification rate.

Pleasingly, the modification of site B of JP withgsphoromonothioatel7) or
phosphorodithioate]P8) led to seven and three fold enhancements ofltloesiscent
intensity respectively over the original JP struet@P1) whereby site B contained
the native phosphate linkage (Figure 3.5a). Alttotlg replacement of the exocyclic
oxygen in the phosphate linkage at site B withegitén acetate]P9) or a methoxy
group P10 completely prevented site B cleavage by BfuCg thte ofJP9/10
cleavage by BfuCl did not differ from that of thative phosphate moietyR1) (see

Figure 3.5a). Several hypotheses can be formulateaxtcount for the lack of rate
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enhancement for the REase cleavagelfe®/1Q compared taJP1. We favor this
hypothesis; non-steric mimics of the exocyclic caygof the phosphate moiety
inhibit either endonuclease/DNA complex formatiantilke DNA cleavage step. In
line with this hypothesis, phosphoromonothioal®7) which is a better isostere of
phosphate than phosphorodithioal®) was cleaved by BfuCl at a faster rate than

JP8, see Figure 3.5a.

| 350 [ |—e—JP1 Template
@
- Probe A

Probe B

~— cleavage site A

_O

FAM QO Dabsyl
a). (N=A) b).
JP1: X=0, Y=0 (X=0, Y=S)
JP7: X=0, Y=S JP7: N=A
JP8: X=S, Y=S JP11: N=G
JP9: X=0, Y=CHCOO JP12: N=C

0 1 2 3 4 JP10: X=0, Y=0CH JP13: N=T
Time (h)

b) Time (h)

Figure 3.5 Effect of modification at site B. a).€lbleavage rates of junction probes
with different modifications at site B are signdittly different. Phosphorothioate
modification at site BJP7) lead to the fastest cleavage rate. Fluoresceatz id
normalized Xex = 494 nM)em = 522 Nnm). [Probes A] = [probe B] =12V, [template]

= 0.2 uM, [BfuCIl] = 0.033 ULL, assay temperature = 30 °C. b). In Figure b, all
probes are modified at site B with phosphorothiodtee sequence contents of the

probe B 5’-overhangs are however different. Flaoemce data is normalized.
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[Probes A] = [probe B] = LM, [template] = 0.5uM, [BfuClI] = 0.033 UfiL, assay
temperature = 30 °C.

Therefore, it was expected that the sequence dootéhe single strand overhang
of JP tripartite would influence the rate of REa#®avage of JP structures. In line
with this expectation, JP tripartite with four adenoverhang at the 5’-end of probe
B (JP7) was cleaved three times faster than those congafiour guaninesJP11),

cytosines JP12) or thymines JP13), see Figure 3.5b.

3.4The kinetics of BfuCl on modified substrate

To understand the influence of DNA modifications emzymatic cleavage, we
investigated the kinetics of BfuCl cleavage of savenodified substrates. A stem-
loop structure, modified with a fluorophore and @ewcher was used as a model
substrate to investigate how various phosphate frnations next to the BfuCl
recognition site (at the site of overhang, whichl& a potential cleavage site) could
influence the rate of cleavage at the unmodifie® ¢Figure 3.6). The initial
fluorescence change of the reaction (within 2 muals recorded and converted to
reaction velocity, using a calibration curve (Fig®.6a). From the linear plot of the
Michaelis—Menten equatioVmx and Km values of 128 nM/min and 446 nM were
obtained for the phosphoromonothioate substrateaMénin and 1054 nM for the
methyl phosphotriester substrate (Figure 3.6¢c gndHdwever, the data of natural

phophodiester substrate did not fit the linear (fogure 3.6b).
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Figure 3.6 Kinetics studies of BfuCl cleavage of dified substrates. (a)
Fluorescence-DNA calibration curve. A plot of flescence of fluorescein labeled
DNA against the concentration determined from UVaswement. (b)-(d): double-
reciprocal plot of kinetic data of BfuCl with na#lr substrate (b),

phophoromonothioate sbustrate (c) and methyl praispbter substrate (d).

3.5Effect of architectures of the overhang

3.5.1 Duplex effect

The discovery that the sequences that lie adjaterthe cleavage site in JP
tripartites significantly influence the cleavageeraf JP structures prompted us to
investigate how other architectures, such as duplexhangs, would influence the
REase cleavage rate of JP tripartites. Consequeii4-22 were designed to

investigate if the presence of a duplex overhanthats’-end of probe B would be
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beneficial to junction probe catalysis.JR14, 17 and18, the duplex overhang does
not lie immediately after the REase recognitior itit is rather appended to a four-
nucleotide single-stranded overhang. On the copttéve 5’-duplex overhangs in
JP16, 19-20 lie immediately next to the REase recognition. ditenust also be noted
that whereasJP14-16 contain no mismatched base pairs near the endeasel
cleavage site (see Figure 3.7), for the desigiPdf7-20, mismatch base pair sites are
introduced at a region that is close to the jumctstructure (Figure 3.8). Two
interesting observations result from junction prolesignsIP14-16andJP7. Firstly,
the presence of a duplex overhang at the 5-enaralfe B in JP tripartite enhances
the rate of JP cleavage by the REase, BfuCl. Famgle, the average rate of
cleavage ofJP16 (which contains a duplex overhang immediately peaing the
REase duplex recognition site) in the first 5 ndrabout 40 times faster than that of
JP7 (which contains a single strand overhang immelyigbeoceeding the REase
duplex recognition site). Also, the cleavage reactfJP16is almost complete after
25 min whereas that afP7 is not complete after 4 h (240 min, see Figurd)33.5
Secondly, the signal-to-noise ratio (S/N; i.e. fesxent signal generated in the
presence of a matching template divided by thateggad in the absence of a
template) ofJP16 is 1.3 after 25 min (when the cleavage reactionosplete for
JP16) whereas that odP7 is 22. Therefore, although the introduction of upléx
overhang next to the REase recognition site sicanifily accelerated the cleavage
reaction, the deplorably low S/N prompted us toestigate strategies that would

lower the signal-to-noise ratio.
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Figure 3.7 JP structures with a duplex overhang-&ind of probe B are cleaved
faster than those with single strand overhangorBkcence datae = 494 nmiem =
522 nm. Reaction conditions were the same as floosegure 3.5b.

In order to retain the beneficial effect of placiagduplex overhang next to the
cleavage site of BfuCl but reduce the unaccept8iile we explored the effect of
reducing the base-pair complementarity betweenge@band B. As reported in our
previous work, for the effective cleavage of JPpdriite structures, it is important to
have a “buffer zone” (ideally three nucleotides greater) between the REase
cleavage site and the junction site (Figure 2.heré&fore, the only means that was
available to reduce the base-pair complementastyvéen probes A and B (and
hence reduce background noise) and still satisfybilffer zone requirement was to

introduce a mismatch base-pair in the buffer zamantioned earlier (Figure 2.14).
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One mismatch was introduced in the buffer regioar ritke endonuclease cleavage
site in JP17-20. No mismatch base pairs were allowed immediatayt rio the
cleavage site because we had earlier observeththattroduction of that completely
abolished the cleavage reaction (see Figure 2Rlénsingly, the introduction of a
single mismatch base-pair in the buffer region wfction probes (see Figure 3.8)
resulted in dramatic changes in S/N. For exandpl#7/18 and JP14 have similar
structures, except that balR17 and18 have single mismatch base-pairs in the buffer
zone whereas JB does not contain any single mismatch base-paithanbuffer
zone, but the S/N afP17 and 18 after 25 min are 13.5 and 9 respectively whereas
that for JP10 is 4.7. Similarly, S/N forJP20 is 10 whereas that fodP16 is
significantly lower (1.3); although the two probesthns are similar, except for the
presence of a single mismatched base-pair in tfiertmone ofJP20,

In order to study the effect of the duplex overhtmthe cleavage rate, we ranged
the base pair numbers from 8 to 32 based®20 structure since it has both fast
cleavage rate and low S/N value. The result shotied different base-pairing

number of the 5’-duplex overhang gave similar REadsavage rate (Figure 3.9).
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Figure 3.8 The reduction of the number of baseipgivetween probes A and B
result in lower background noise. Fluorescence: data 494 nmAem = 522 nm.
Reaction conditions are the same as those for &g&b; NT = no template was

added (i.e. background noise)
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Figure 3.9 The length of 5’-end duplex overhangraibe B is inconsequential for the
rate of JP cleavage by BfuCl. Fluorescence datmimalized Xex = 494 nMm ey =

522 nm). Reaction conditions are the same as foo$aégure 3.5b.

3.5.2 Multiplicity of REase recognition sites

REases can form monomers, dimers, or tetramersutian. They can also bind a
single recognition site or two DNA sites simultansiy’® It has been demonstrated
that a growing number of type Il restriction enddeases such as EcoRifl,
NgoMIV,*"® SgrA1l™ sfil,*®° Cfr101*% etc. require a second cognate recognition site
for allosteric activation. We therefore designedcfion probe structuredP23-27 to
contain additional recognition sites in the dupdeerhang at the 5’-end of probe B to
investigate if the presence of an additional cogrmnding site would allosterically
activate the cleavage of JP structures by BfuClpsdbe B is not cleaved during JP
catalysis, it would be advantageous if probe B iemaffixed to the target analyte
during the catalytic process. Therefore, it is iddde that the second REase cognate
recognition site that is placed on the 5’-duplerrnang of probe B contains nuclease
resistance sites so that the duplex moiety remairtact during catalysis.

Consequently, iflP23-27, the second recognition site on the duplex overhaas
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modified with phosphoromonothioate at the two chepey sites. In Figure 3.10, the
results showed thaP23 was cleaved twice as fast#320. Although a factor of two

is a modest enhancement, it indicates that Bfu@htrbelong to the growing class of
type Il REases that are allosterically activatedagecond recognition site. The
addition of a third recognition site in the duplexerhang region of probe B (see
JP24) did not lead to any further enhancement of clgavate. The architecture of
the 5’-overhang is also important for JP cleav&@eerhangs that contain additional
recognition sites but that differ in structure frahe canonical duplex overhang in
JP23 led to a dramatic decrease in JP cleavage rawircating that steric

encumbrance is not tolerated by the enzyme (seed-8)10,JP2527).
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Figure 3.10 The presence of REase recognitionrsitiee duplex overhang at the 5'-
end of probe B result in enhanced cleavage of jomgirobes by BfuCl. The second
recognition site in the duplex overhang is made lease-resistant via
phosphoromonothioate modification. Fluorescenca gahormalizedi¢x = 494 nm,
Jem= 522 nm). Reaction conditions were the same@setfor Figure 3.5b.

For the proposed catalytic cycle of the junctiorob@ technology, the two
fragments of probe A that result from REase cleaviay off tripartite structur@ and
is replaced by a new uncleaved probe A (see Sclgeb)elt therefore follows that
factors that influence either the on-rate of préber the off-rate of the cleavage

product of probe A will affect the rate of JP arfipiition. We therefore investigated
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the effect of probe A-template base-pairing numfper the number of base pairs
between probe A and the template; designated asFigure 3.11) on JP cleavage
rate. Our expectation was that the JP cleavagevaitd increase as x increases (due
to increase in on-rate) up to a particular x valod begin to decrease as the value of
X increases further (because the off-rate for thaved tripartite2, see Scheme 3.1,
would decrease as x increases). In line with thpeetation, the rate of JP cleavage
by BfuCl is as follows; x = 7<8<9<10>11>12 (FigwBell). Similarly, lower base-
pairing number between probe B and template 86, y = 8 (which implies lower

stability of probe B/template duplex) leads to ®#owleavage rate of JP tripartite by

Probe B Template Probe A

BfuCl (Figure 3.12).
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5 40 4 —e—JP28 y % X
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Figure 3.11 The base-pairing numbers between téenptad probes A (designated as
x) influence the cleavage of JP tripartite by Bfu®luorescence data is normalized
(Aex = 494 NnMJem = 522 nm, Ex slit = Em slit = 10 nm, PMT = 600 Reaction
conditions: [Probes A] = [probe B] = 200 nM, [teag] = 1 nM, [BfuCI] = 0.1

U/uL, assay temperature = 35 °C.
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Figure 3.12 The base-pairing numbers between téenptad probes B (designated as
y) also influence the cleavage of JP tripartiteBfyCl. Reaction conditions were the

same as those for Figure 3.5b.

3.6 Effect of concentration of BfuCl for cleavage assay

The restriction endonuclease, BfuCl, plays an irtgrdrrole in JP technology.
Thus the effect of its concentration was studiedofisws. From the results, we can
see that in a certain range, the concentratioheoéhzyme has not much influence on

the cleavage rate (see Figure 3.13).
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Figure 3.13 The concentration of the enzyme hasmmh influence on the cleavage
rate. Reaction condition: [probe A] = [probe B] é®nM, [template] = 1 nM, assay
temperature = 30 °C. Fluorescence data is norngia{ize = 494 nmAem = 522 nm,

Ex slit = Em slit = 10 nM, PMT = 600 V).
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3.7 Stability of the hairpin overhang

As discussed in the last chapter, the profile otjion is complicated. While in our
second generation of JP, a hairpin overhang isdatred at the 5’end of probe B. To
ensure this hairpin is stable at the assay tempetaive investigated the melting
point of the hairpin overhang. The observation stabwhat the hairpin has a high
melting point (75 °C, see Figure 3.14). Therefor believe the hairpin was the

dominant form at the assay temperature (30 °C).

0.01
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0.006
0.005
0.004
0.003
0.002

Probe B

TITTTTTURRTRTORIIE

UV derivative at 260 nm

35 45 55 65 75 85
Temperature (°C)

Figure 3.14 Melting curve of probe B with a hairpiverhang. Condition: [probe B]
= 3 uM, 20 mM Tris-acetate, 50 mM KOAc, 10 mM Mg(OAcL mM DTT, and pH

7.9.

3.8 Comparison with molecular beacon (MB) and the fyesteration JP

The second generation JP was compared with moleb@acon and the first

generation JP. The results showed that the secamergtion JP is more sensitive and
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achieved two orders of magnitude higher signal &) and one order of magnitude

higher signal than the first generation (Figureb}.1
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Figure 3.15 Comparison of molecular beacon (MBistfigeneration and second
generation of junction probe. Reaction conditijpsobe A] = [probe B] = 2uM,
[template] =5 nM, [BfuCl] = 0.067 WL, buffer: [Tris-acetate] = 20 mM, [KOAc] =
50 mM, [Mg(OAc)] = 10 mM, [DTT] = 1 mM, [BSA] = 100ug/mL. 30 °C, 3 h.
Fluorescence parametefgx = 494 nm Aem = 518 nm. 30 °C, 3 h. Experiments were

repeated 3 times and the error is less than 5%.

3.9Y-shaped complex formed on double helical DNA

In the aforementioned experiments, the temmh® detection was single stranded

DNA. We would like to expand the template scopedtmble stranded DNA

89



sequences. Dervan and his co-workers have repartedhaped complex formed on
double helical DNA®? In this type of structure containing a triplexe tthird strand
forms hydrogen bond interactions with the accepiwd donor groups in the DNA
major groove. The hydrogen bond interactions betweee third strand and the
double helices are different from the Watson-Chgklrogen bonds and referred to as
Hoogsteen hydrogen bontf§.0ne strand of the double helices contains onljnpsr
[poly(AG)] and the other contains only pyrimidingpoly(TC)]. The two
oligonucleotide probes are comprised of three domaiuplex recognition domain,
linker, and dimerization domain (Figure 3.16a). Teéeognition domains specifically
recognize segments of the template and form aetriglix through Hoogsteen
hydrogen bonds (TAT and GCG triplet8}; *®° the linker gives flexibility at the
junction, and the complementary dimerization domaih the two oligonucleotides
can form duplex through Watson-Crick hydrogen boi@ise probe was modified at
5'-termini with thymidine-EDTA (*T), which could eave the complé® (Figure
3.16b). They found that the modified probe aloréerht bind to the double stranded
template, but only with the assistance of the ofrebe and the formation of a
cleavage product indicated the formation of theh#ped structure. The stability of
the complex could be adjusted by changing the Feragtd the content of the
dimerization domain, while it could also be pronabby small ligand binding (Figure
3.16¢)*®” When echinomycin binding site was incorporatedttia deimerization
domain, the small molecule echinomycin enhancedotbbe-template binding by a

factor of 3.2.
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Figure 3.16 A Y-shaped complex composed of twdeaxigorming oligonucleotides.
a) TA-T and CG-Ctriplet motifs, whereas the purine is in red, gyimidine is in

blue, and the third base is in yellow. b) A Y-sbdpomplex formed on double

helical DNA. c) A Y-shaped complex formed on douhkdical DNA stabilized by

small molecule echinomycin.
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3.10 Application of the second generation JP

3.10.1 DNA detection

To demonstrate the versatility of the JP platfoomthe detection of nucleic acids,
we proceeded to investigate if this new generagtiatform can detect other clinically
relevant nucleic acid sequences. The new generptiation probe technology can
detect double stranded DNA (double stranded DNAewir and its complementary
DNA; although single stranded DNA are detected meeesitively for obvious
reasons; see Figure 3.17). A segment of the geoedery microtubule associated
protein tau (MAPT) was chosen as the analyte ferSNP detection (Figure 3.18).
Alleles of several SNPs of MAPT show associatiothwicreased cerebrospinal fluid

levels of tau/ptau and might be linked to Alzheiimeliseasé®
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Figure 3.17Detection of double strand DNA. Reaction conditiovere the same as

those for Figure 3.13.
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Figure 3.18 Detection of gene related to Alzheirdeease. Reaction condition:
[probe A] = [probe B] = 50 nM, [template] = 10 nNBfuCl] = 0.1 UjuL, assay
temperature = 30 °C. Fluorescence data is norndafizg = 494 nmAem = 522 nm,

Ex slit = Em slit = 10 nM, PMT = 600 V).

3.10.2 RNA detection

The motivation of our program is to develop a n@RPbased and an efficient
platform that can detect RNA at isothermal condgioSo the detection of RNA was
also pursued. Recently the ability of 223 typeel$triction endonucleases to cleave
RNA-DNA hybrid was examinetf® Among them six restriction enzymes (Avall,
Avrll, Banl, Haelll, Hinfl and Taql) are capable cétalyzing the robust and specific
cleavage of both RNA and DNA hybrid strart@&This information will be useful
when we expand the JP enzyme scope to detect Ralteas in the future.

The levels of some microRNAs have been implicatethe etiology of cancers.
For example decreased levels of miR-16 in patiesasiples lead to an undesirable

scenario whereby cancer cells have lower propensityundergo apoptosts
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Therefore, the detection of miR-16 and related ofRfYAs levels in patients’ tissue
samples have important diagnostic values. The tietecf microRNAS is non-trivial
because of their comparatively short length andireq specially designed primers
for effective RT-PCR detection assays of microRNAPIleasingly, the junction

probe technology can detect microRNAs such as neifsée Figure 3.19).
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Figure 3.19 Detection of miRNA. NT = no templateswadlded. [Probe A] = [probe
B] = 1 uM, [template] = 10 nM, [BfuCIl] = 0.1 U/ulassay temperature = 30 °C.
Fluorescence data is normalizegdyE 494 nmaAem = 522 nm, Ex slit = Em slit = 10
nM, PMT = 600 V).

The JP technology can also detect ribosomal RN#dtal RNA of E. cali; in this
case, the intensity of the fluorescence signalesponded with the quantity of total
RNA (see Figure 3.20). The detectionkofcoli with JP platform is specific because
the probes that were specifically designed to ddiecoli failed to detecV. harveyi
total RNA. Importantly, REase JP can detect tofdARNn a bacterial cell lysate (see

Figure 3.21) without the need for sophisticated@arlean-up.
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Figure 3.20E. Coli-specific probes deteé. coli ribosomal RNA better than that of
control RNA fromV. harveyi. Reaction conditions were the same as those faré&ig

3.13. Experiments were repeated 3 times and tbe isrtess than 5%.
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Figure 3.21 Ribosomal RNA in crude coli lysate was detected without separating
out other macromolecules such the protein, RNAaartohydrate debri. Of note, the
crude lysate should not contain EDTA as#Mig critical for the REase. Fluorescence

data is normalized\{x = 494 nm\en = 522 Nm). Reaction conditions were the same
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as those for Figure 3.13. Experiments were repeatedes and the error is less than

5%.
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Chapter 4. Sequences of nucleic acids and expetainen

methods

4.1 Sequences of nucleic acids

Table 4.1. Sequences of nucleic acids

Template

T1 S’AGAGTCCACCAAGCTTCAGATTAGS

T2 S’AGAGTCCACCAAGCTTGAGATTAG3

T3 S’AGAGTCCACCAAGCTTAAGATTAGS

T4 S’AGAGTCCACCAAGCTTIAGATTAG?

T5 5’AGAGTCCACCAAGCTCTAGATTAG3

T6 5’CAGGCAAGAGTCCACCAAGCTCTAGATTAGS

Complementary DNAto T1 5’ CTAATCTGAAGCTTGGTGGACTCT3

mirl6 5’UAGCAGCACGUAAAUAUUGGCGT

Targeted sequence &xoli 5'...AGUCGACCGCCUGGGGAGUACGGCCGCAA
K12 MG1655 ribosome GGUUAAAAC...3" (16S RNA 873~910)

RNA

Alzheimer's disease-related 5’AGCAGTTGGCTTCGCCCAGGGGCACCAGG
gene segment; perfect ACACGGTTZ

matching target

Alzheimer's disease-related 5AGCAGTTGGCTTCGCCCAGGGTCACCAGGA

gene segment; C mismatch CACGGTT 3
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SNP

Alzheimer's disease-related 5’AGCAGTTGGCTTCGCCCAGGGACACCAGGA
gene segment; A mismatch CACGGTT 3

SNP

Alzheimer’s disease-related 5’AGCAGTTGGCTTCGCCCAGGGTCACCAGGA

gene segment; T mismatch CACGGTT 3’

SNP
Probe A

Al 5TCTGAAGCTGATCTTTT3’

A2 5TCTGAAGCTTGATCTTTTS

A3 5TCTGAAGCTTTGATCTTTT3’

A4 5 TCTGAAGCT "MATTGATC I3
A5 5 TCTGAAGCTT AV TGATC %3’

A6 5 TCTGAAGCTTT "MGATC %3’

A7 5TAATCTGAAGCTTTGATC™V3’

A8 5’ CTAGAGCT "MTTGATC %3’

A9 5’ ATCTGAAGCT"MTTGATC 3’
A10 5’ AATCTGAAGCT " MTTGATC 3’
Al1 5 TAATCTGAAGCT*MTTGATC 3
A12 5'CTAATCTGAAGCT "MTTGATC %3’

probe A for Alzheimer's 5 GTGCACCCT"MTT GATC P 3’
disease related gene

probe A for mirl6 5 CGCCAATATTT"MTTGATC 3’
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probe A forE. coli 5TGCGGCCGTMTTGATC Y 3’

ribosomal RNA

Probe B

B1 5'GATCATTGGTGGACTCTAAAA3’

B2 5'"GATCAATTGGTGGACTCTAAAA3’

B3 5'GATCAAATTGGTGGACTCTAAAA3’

B4 5'’AAAAGATCAAATTGGTGGACTCTAAAA3’

B5 5’AAGATCAATTTGGTGGACTCTAAAA3’

B6 5’AAGATCATATTGGTGGACTCTAAAA3’

B7 5'’AAGATCTAATTGGTGGACTCTAAAA3’

B8 5'’AAAGATCAAATTGGTGGACTCTAAAA3Z’

B9 5'’AAGATCAAATTGGTGGACTCTAAAA3’

B10 5’AGATCAAATTGGTGGACTCTAAAA3’

B11 5'GATCAAATTGGTGGACTCTAAAA3’

B12 5'AAAAGATCAAATTGGTGGAC™3

B13 5'AAAA(S) "GATCAAATTGGTGGACTCTAAAA3
B14 5 AAAA(dS)GATCAAATTGGTGGACTCTAAAA3’
B15 5'AAAA(AC) )"GATCAAATTGGTGGACTCTAAAA3’
B16 5 AAAA(OMe) ! GATCAAATTGGTGGACTCTAAAA3
B17 5'GGGG(S)GATCAAATTGGTGGACTCTAAAA3
B18 5'CCCC(S)GATCAAATTGGTGGACTCTAAAA3
B19 5 TTTT(S)GATCAAATTGGTGGACTCTAAAA3
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B20 S’AGTAACGGAAAACCGTTACTAAAA(S)GATCAAA

TTGGTGGACTCTZ

B21 5’AGTAACGGAAAACCGTTACTAA(S)GATCAAATT
GGTGGACTCT3

B22 5TGTAACGGAAAACCGTTACA(S)GATCAAATTGG
TGGACTCT3’

B23 5’AGTAACGGAAAACCGTTACTAAAA(S)GATCAAT
TTGGTGGACTCTZ

B24 S’AGTAACGGAAAACCGTTACTAAAA(S)GATCATA
TTGGTGGACTCTZ

B25 S'TGTAACGGAAAACCGTTACA(S)GATCAATTTGG
TGGACTCT3’

B26 S'TGTAACGGAAAACCGTTACA(S)GATCATATTGG
TGGACTCT3’

B27 S'TGTAACGGTACACCATAAAAATGGTGTACCGTT

ACA(S)GATCATATTGGTGGACTCT3’
B28 S'TGTAACGGTACACCATAGAAGTCCTGAATCCTA
AAAAGGATTCAGGACTTCTATGGTGTACCGTTAC

A(S)GATCATATTGGTGGACTCT

B29 5TG(S)GATCGGAAAACC(S)GATCCA(S)GATCATA
TTGGTGGACTCT3'
B30 5'TG(S)GATCGGCA(S)GATCGCAAAAGC(S)TGCC(S)

GATCCA(S)GATCATATTGGTGGACTCT3Z
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B31

B32

B33

B34

B35

B36

probe B for Alzheimer’s

disease related gene

probe B for mirl6

probe B forkE. Cali

ribosomal RNA

5'CA(S)GATCGCAAAAGC(S)GATCTGTG(S)GATCG
GAAAACC(S)GATCCA(S)GATCATATTGGTGGACTC
T3
5'CT(S)GATCCGAAAACG(S)GATCAGCA(S)GATCG
CAAAAGC(S)GATCTGTG(S)GATCGGAAAACC(S)G
ATCCA(S)GATCATATTGGTGGACTCT3'
5TG(S)GATCGGCT(S)GATCCGAAAACG(S)GATCA
GCA(S)GATCGCAAAAGC(S)GATCTGGA(S)GATCG
GAAAACC(S)GATCTCCC(S)GATCCA(S)GATCATAT
TGGTGGACTCT3’
5TG(S)GATCGGAAAACC(S)GATCCA(S)GATCATA
TTGGTGGACTCTTGCCTG3'
5TG(S)GATCGGAAAACC(S)GATCCA(S)GATCATA
TTGGTGGACTCTTGC3'
5TG(S)GATCGGAAAACC(S)GATCCA(S)GATCATA
TTGGTGGA3’
5TG(S)GATCGGAAAACC(S)GATCCA(S)GATCATA
TGGGCGAAGCCA3'
5TG(S)GATCGGAAAACC(S)GATCCA(S)GECATA
TACGTGCTGCTA3'
5TG(S)GATCGGAAAACC(S)GATCCA(S)GATCATA

TACTCCCCAGGCGGTCGACTZ
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[a]. T™ = Fluorescein-conjugated dT. [Bf°*Y'= Dabsyl group conjugated at 3’
end. [c]. (S) = phosphorothioate linkage. [d]. (¢e§)hosphorodithioate linkage. [€]
(Ac) = phosphoroacetate linkage. [f]. (OMe) = métbiyosphate linkage.

4.2 Components of junction probes

Table 4. 2. Components of junction probes

Template Probe A Probe B

JP1 T1 A2 B4

JP2 T1 A4 B8

JP3 T1 A4 B9

JP4 T1 A4 B10
JP5 T1 A4 B11
JP6 T1 A7 B12
JP7 T1 A4 B13
JP8 T1 A4 B14
JP9 T1 A4 B15
JP10 T1 A4 B16
JP11 T1 A4 B17
JP12 T1 A4 B18
JP13 T1 A4 B19
JP14 T1 A4 B20
JP15 T1 A4 B21
JP16 T1 A4 B22
JP17 T1 A4 B23
JP18 T1 A4 B24
JP19 T1 A4 B25
JP20 T1 A4 B26
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JP21 T1 A4 B27

JP22 T1 A4 B28
JP23 T1 A4 B29
JP24 T1 A4 B30
JP25 T1 A4 B31
JP26 T1 A4 B32
JP27 T1 A4 B33
JP28 TS5 A8 B29
JP29 T1 A9 B29
JP30 T1 A10 B29
JP31 T1 All B29
JP32 T1 Al12 B29
JP33 T6 A4 B34
JP34 T6 A4 B35
JP35 T6 A4 B29
JP36 T6 A4 B36

4.3 Materials and methods

4.3.1 Materials

Normal CPGs (dA, dT, dG and dC) and normal phosphdatite (dA, dT, dG and
dC) were purchased from Azco Biotech. Inc. FluoeesdT, 3'-dabsyl CPG, Pac-
dA-Me phosphoramidite, dA-thiophosphoramidite, dAGE phosphoramidite,
ultramild CE phosphoramidites (Pac-dA, Ac-dC andRRc-dG), sulfurizing reagent
(Beaucage reagent), sulfurizing reagent Il (DD TuRamild cap reagent mix A and

Glen-Pak™ cartridges were purchased from Glen Research. riftEst
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endonuclease, BfuCl, its buffer (NE buffer 4 10005mM potassium acetate, 200
mM Tris-aceate, 100 mM magnesium acetate, 10 mMidadiireitol, pH 7.9) and
bovine serum albumin (BSA, 100X, 1@@/mL) were purchased from New England

Biolab®, Inc. Staining reagent SYBR Gold was purchaseuh firovitrogen Corp.

:::J\\\H///O © O\\WT///L:::
Fluorescein-dT Phosphoramidite © O ©
o}
(0] H 0
/(/\)VN
— N
HN H
A °
O N

O——P——N(Pri),

DMTO

O—

—CN

O

N
T>cpG
o 3'-Dabcyl CPG
\)\/ 0 H
DMTO O\/\/N. : :
N
\\
o N N(Me),

4.3.2 Synthesis of oligonucleotides

All natural oligonucleotides were synthesized onurfiol scale on an Applied
Biosystems (Model 392) synthesizer using stangaoyanoethylphosphoramidite

coupling protocol with DMT-on mode according to theanufacturer's manual.
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Deprotection and cleavage of the oligonucleotidesifthe CPG support were carried
out by incubating the CPG powders in ammonium yide for 8 h at 55 °C.
Synthesis, deprotection and cleavage of fluorophtabeled and unnatural
oligonucleotides (modified with phosphoromonoth&at phosphorodithioate,
phosphonoacetate, or methyl phosphate linkages) syethesized on 0i@nol scale
on the same synthesizer usifigyanoethylphosphoramidite coupling protocol with

appropriate modifications according to manufactangrotocols.

4.3.3 Purification of oligonucleotides

Oligonucleotides that are shorter than 40mer weueifipd by Glen-Pak"
cartridge according to the manufacturer's manulé ®@thers (fluorophore labeled or
longer than 40mer) were first synthesized as “DMiT-and purified by reverse-
phase semi-preparative HPLC (Varian model 210 prpsticrosorb-MW 100-56
column 250 x 10 mm) using solvent A (0.1 M trietlayimonium acetate, pH 7.0) and
solvent B (acetonitrile) (10% A to 30% A in 20 mihen 30% A to 100% A in 30
min) with a flow rate of 3 mL/min. The retentionmis of the labeled
oligonucleotides were between 19-21 min. The HPLUGHed “DMT-on”
oligonucleotides were then de-tritylated by Glet'Pacartridge according to the
manufacturer's manual. All the purified oligonudides were dried invacuo by
Speedvac (Thermal Scientific, Model SAVANT DNA 12@nd then dissolved in

sterile HO.
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4.3.4 Determination of oligonucleotide concentrations

The oligonucleotides were quantified by UV absodganThe optical densities
were measured at 260 nm by using a quartz cuvetteavl cm path length on a
Jasco V-630 UV-Vis spectrophotometer. The samphe@atration was calculated by

using the oligo calculation software at www.idtdroem.

4.3.5 Fluoroscence analysis of the cleavage reaction

DNA Template, probe A and probe B in 60 of NE buffer 4 1X(50 mM
potassium acetate, 20 mM Tris-aceate, 10 mM magmesacetate, 1 mM
dithiothreitol, pH 7.9) with Bovine Serum AlbumiB$A, 100ug/ml) were mixed at
30 °C, and the fluorescence at time = 0 min (refeto asd) was recorded. BfuCl
was then added to the solution and fluorescencegehaas monitored. Fluorescence
studies were performed on a Cary Eclipse fluorassapectrophotometer. Unless
specified, most reactions were monitored underetipasametersicx = 494 NMAem =

522 nm, E slit = B, slit=5 nm, PMT = 600 V.

4.3.6 Gel-based analysis of the cleavage reaction

The reaction conditions were the same as descnibgdneral procedures. The 25
% denaturing polyacrylamide gel (8 cm x 10 cm xd) containing urea (7 M) was
run under 250 V for 55 min in Tris borate-ethyleniae tetraacetic acid buffer (pH
8.0). After electrophoresis the gel were staineth \@YBR Gold stain. Images were

obtained with STORM scann@¥iolecular Dynamics).
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4.3.7 Bacteria strains and RNA

Materials and reagents were sterilized by autootpvat 120°C for 20 min.
MicroRNA miR-16 was provided by Azco Biotech (Saregb, CA).

E. coli K12 MG1655 strain bacteria were incubated in LtiBiartani (LB) medium
on a shaker at 37 °C until Qf3 reached 0.77. 30 mL of the mixture was centrifuged
at 5,500 g for 15 min at 4 °C. The supernatant diasarded. And the pallet was
lysed in TE buffer containing lysozyme (10 mM THEI, pH 7.4; 1 mM EDTA; 0.4
mg/mL lysozyme). Total RNA was extracted from thesgension by using a total
RNA  extraction kit ~according to the manufacture’s anual.
(http://www.promega.com/tbs/tm279/tm279.pdf)

V. harveyi MM32 strain bacteria ware cultured the same wayEa€oli K12
MG1655 except in an autoinducer bioassay (AB) nmadidaB medium preparation:
The basal medium contained 0.3 M NaCl and 0.005 yB584. After adjusting the
pH to pH 7.5 with KOH, it was sterilized by autogdglag (121 °C, 20 min). After
cooling, the following sterile compounds were addeth (v/v) of 1 M potassium
phosphate buffer pH 7.0 §KPO/KH,PQy), 1% (v/v) of a 0.1 ML-arginine solution,
2% (v/v) of a 50% (v/v) glycerol solution, and 2%\) of a 10% (w/v) vitamin-free
solution of casamino acids (Difco, Becton DickinsdiCo., Sparks, MD, USA). For
solid media, 2% (w/v) agar (Difco) was added ptmautoclaving the basal medium.

Crude lysate sample for detection was obtained itsg filtering 1mL of the
supernatant of the TE lysate through a 3 kDa filkd dissolving the biomolecules

on the surface of the filter in 200L Dnase and Rnase free water.
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Conclusion

REases are generally robust enzymes and have tastipbto be used on crude
samples without any extensive and costly samplpgpation methods. Although the
use of nucleases to detect nucleic acid has soawegent in the literature, detailed
studies that have looked into how specific topaegiaffect the efficiency of
nuclease-based detection methods are lacking. Ewelapment of isothermal
amplification systems for the detection of bioatedywill continue to attract interest.
PCR has excellent sensitivity which is almost ingilde to rival so these
technologies are not meant to replace PCR-baseldodwebut to complement PCR-
strategies and to be used in scenarios where PCGRtiappropriate due to either
technical or financial reasons.

We have used the TeHyP concept to develop jungtiobes that can amplify
DNA detection signals under isothermal conditiossng REase. Because TeHyP
technology adds a second dimension to detectidoegrand separates the region that
hybridizes to the target from the fluorogenic pregsg region, it has been possible to
use other cheap DNA processing enzymes that aiaapitg not utilized in DNA
detection.

The detection of macromolecular analytes via TelityBmerging as a powerful
and enabling technologyve have shown that small changes in the structéire o
nucleic acid sequences that lie next to restrickadonuclease recognition site can
lead to several orders of magnitude change in thavage rate of the cognate
recognition site. By gaining insights into the sati architectural features that affect

the REase, BfuCl, cleavage rate, we have succBss&mgineered a new junction
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probe technology that has a significantly shorteasdgay time (several orders of
magnitude) and wider variety of analytes comparethée first generation junction
probe technology. Importantly, the demonstraticat RNAs and disease biomarkers
in crude bacterial cell lysate can be detectedowitlsophisticated sample preparation
or purification by this new generation JP platfoisrsignificant and highlights the
robustness of REases as well as justification Ffe& tlevelopment of detection
technologies that utilize these enzymes. In priecthe TeHyP technology can be
used to detect other molecules apart from nucleidsa The only requirement is for
the molecule of interest to be able to bind to gnmsmnt of the TeHyP probes. This
work should aid in future design of REase-based IRMA diagnostic tools and

takes us closer to the realization of a simple tpoircare detection platform.
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