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ABSTRACT

Ribozymes are known to catalyze biochemical reactions and behave like enzymes. They
are naturally occurring and have very diverse functions within a cell. After investigating
ribozymes that next step was to find if DNA can exhibit the same characteristics since RNA and
DNA only differ by a ribose 2’-hydroxyl group. This evolution in curiosity gave rise to artificial
DNA enzymes that can catalyze certain reactions and have been created by in vitro selection
methods. Due to the ability to manipulate and control DNA hybridization, the deoxyribozyme is
advantageous to the field of molecular diagnostics. Other hybridization probes like Tagman for
PCR (polymerase chain reaction) or a molecular beacon are more conventional methods for
molecular diagnostics, but deoxyribozyme-based nucleic acid sensors are overall more sensitive

due to their catalytic enhancement of a signal and more selective due to structural design.

When the deoxyribozyme is split into two probes, it is very efficient in identifying a
minute difference in sequence compared to the monolith structure. This binary deoxyribozyme
sensor (BiDz) has two probes, each containing an analyte binding arm, substrate binding arm,
and half of the catalytic core. The monolith structure, known as a catalytic molecular beacon
(CMB), contains a hairpin that contains the analyte binding arm in the loop and the substrate
binding arms in the stem. The catalytic core is fully intact but deemed inactive due to the
substrate binding arms being complimentary to an inhibitory sequence forming the stem. Once

the sensor binds the analyte, catalytic core is formed/activated and cleaves a substrate containing



a fluorophore and quencher. When the substrate is cleaved a fluorescent signal is given off

denoting the detection of the target DNA.

Deoxyribozyme sensors can be applied to the field of human sex determination by
detecting the Amelogenin gene. Found on both sex chromosomes, the Amelogenin gene is the
most common marker used for sex determination because it exhibits dimorphism in length and
sequence. Sex identification from ancient skeletal remains is crucial to understanding the social
structure of our history. When conventional methods, such as metric analysis, are not an option
due to the fragmented or prepubescent remains, molecular diagnostics are needed. Amplification
of DNA is required to be able to detect the target sequence in human samples. Isothermal loop-
mediated amplification (LAMP) is a fast and simple technique that provides ample amounts of
amplicon. It is advantageous over PCR because it amplifies at one temperature and no thermal
cycler is needed. Two different sensors have been designed to detect the X and Y specific

sequences with high selectivity.

From a direct comparison between the CMB and BiDZ, the binary structure has shown to
be simpler and less expensive to design, and highly selective toward single base substitutions
(SNS). While both sensors contain detection limits in the picomolar range, which is consistent
with data published by other research groups, the CMB sensors failed to function at higher
temperatures (55°C). BiDz sensors are shown to be superior to the CMB design, particularly
when selectivity based analysis is desired. For human sex determination, the binary sensor
detected sex specific sequences with great selectivity. The sensor then detected LAMP amplified

DNA from male and female teeth after 30 minutes of amplification. Combining a binary



deoxyribozyme sensor and isothermal amplification can provide a new and valuable method for

human sex determination.
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CHAPTER ONE: INTRODUCTION

Deoxyribozyme Sensors
Deoxyribozymes, or DNA enzymes, are catalytic oligodeoxyribonucleotides derived

by in vitro selection*? and are not produced naturally unlike RNA catalysts (ribozymes). The
enzymatic abilities of ribozymes were discovered in the early 1980°s®. The mechanism of
cleavage is not precisely known but it is proposed that the self-cleaving nucleic acids catalyze
cleavage of a phosphodiester. More specifically, a nucleophilic attack by a 2” oxygen on an
adjacent phosphodiester bond yields a 2’-3’ cyclic phosphate and a 5’ hydroxyl product as seen

in Figure 1%,

There is a growing number of naturally produce ribozymes being found, including
hammerhead, hairpin, and hepatitis delta virus (HDV)-like. Even though DNA and RNA only
differ by a 2’ hydroxyl group on a ribose and T and U nucleobases, they are used very differently
in nature. RNA is a temporary genetic messenger while DNA functions as a long-storage of
genetic information. To catalyze a reaction the catalyst must be able to fold into 3D
conformations to fully interact with the target molecule. Most of the time DNA is double
stranded and cannot acquire a 3D conformation. Yet synthetic single-stranded DNA, very similar

to RNA, can fold appropriately and act as a catalyst.

In 1994, Breaker and Joyce, published the first report on a deoxyribozyme that cleaved an
RNA monomer within an oligonucleotide (Figure 2). They began with a population of 104
DNA strands with 50 random nucleotides. After 5 rounds of selective amplification, the

population carried out the cleavage of a target ribonucleoside 3’O-P bond. The sequences were



able to complete the reaction at a rate of 0.2 min and have a turnover rate that is 10° fold faster
than the uncatalyzed reaction. This reaction is also highly dependent on divalent cations. In
comparison to proteins, DNA and RNA sequences with catalytic function can be easily identified
by Selex (systematic evolution of ligands by exponential enrichment). The most exploited
deoxyribozymes are 8-17 and 10-23. Catalytic DNA offers high chemical stability, low cost for
synthesis, biocompatibility, and ease of structural prediction and modification®. They have
shown to be a novel platform for nucleic acid detection due in part to their improved sensitivity
because of catalytic amplification of the positive signal. There have been several applications for
this sensor due to its high sensitivity and low limits of detection, such as detecting drug-resistant

tuberculosis®, ion detection’, pH-related studies®, breast cancer research®, and biofuel cells?®.

The binary deoxyribozyme sensor proposed herein is comprised of an F-substrate, Dza
strand, and Dzb strand. The F substrate contains a fluorophore and quencher conjugated to the
opposite ends of the oligomer. Binding to complementary nucleic acids switches the substrate to
the elongated conformation and increases its fluorescence. The specificity of nucleic acid
recognition is increased by the two components of the probe. Binary probes are more selective
than conventional proves because each relatively short hybrid (7-10 nucleotides) is extremely
sensitive to single-base mispairings. Each strand contains one end that binds the F-substrate and
one end that binds the analyte. When the strands bind the analyte they form a catalytic core that

catalyzes the cleavage of the F-substrate, releasing a signal.



Isothermal-loop mediated amplification
DNA amplification is most commonly done with polymerase chain reaction, PCR,

but there is a new upcoming technique called LAMP, isothermal-loop mediated amplification.
PCR has the ability to amplify very small fragments, accurately, which can be beneficial for
molecular diagnostics and was created in 1985 by Kary Mullis'! (Figure 3). This amplification
method only needs 2 primers, a forward and backward primer. The most common DNA
polymerase used is Tag, which has optimal activity around 72°C. The master mix for the reaction
contains DNA primers, nucleotides, buffer, and the enzyme. Then the template of interest is
added. For PCR a thermocycler is needed to complete the reaction at three different
temperatures. The first step is denaturation of the double stranded DNA template at 95°C.
Second, the annealing of the primers to the template strand occurs around 68°C for 30-60
seconds. The third step is the elongation of the new DNA strand via the polymerase. The
temperature of this step can vary depending on the polymerase used. Multiple cycles can be run
to increase the amount of amplicon desired and based on how much template was used. With 20
cycles of amplification 22° copies of DNA are produced. PCR as the ability to produce short and
precise DNA fragments. Also, asymmetric PCR can be performed to produce single stranded
DNA (ssDNA) and certain detection methods can only hybridize to sSDNA, such as molecular

beacons.

LAMP’s advantages come from isothermal conditions and the short amplification time
(Figure 4). This method of amplification uses 5-7 primers compared to only two for PCR, but
can amplify ample amounts of DNA in as short as 15 minutes. The primers usually consist of

forward and backward internal primers (FIP/BIP), forward and backward outside primers



(F3/B3), and loop primers (Loop). The FIP/BIP primers contain a complementary sequence that
forms a dumbbell shape amplicon and creates another site for elongation. The loop primers can
then bind to this region and create an additional site for elongation; with multiple sites of
elongation, rapid amplification occurs. Studies have been done with visual detection of the
LAMP amplicon due to the byproduct of pyrophosphate. This causes the sample to become
cloudy, giving visual recognition that the target was produced. Also a chelating dye can be added

to show a color change.

Sex Determination
Identifying the sex of human remains is an important part of the biological profile. When

intact skeletons are present sex determination can be done by conventional methods. If fragments
or juvenile remains are present the determination of sex can be difficult. Several studies have
been done on the pelvis*?, femur and hipbone®?, arm bone!?, sternum?®, scapula®, and cranium?®’
because these bones contain dimorphism, which is the phenotypic differentiation between males
and females. If all cranial and pelvic criteria are met, 98% to 100% accuracy in sex estimation
can be attained with adult skeletal remains8. The overall obstacle lies within partial adult

skeletal remains, or juvenile remains.

Sexual dimorphism is apparent only after puberty due to the increased levels of sexual
hormones. When metric analysis is used on juvenile skeletal remains, only up to 70% accuracy is
achieved. The dentition, which pertains to the development and arrangement of teeth in the

mouth, has been found to be the most sexually dimorphic area of the juvenile skeleton®®.



However, sexing juvenile skeletal remains is still challenging because all methods have proven

to be population specific, and favor the classification of males over females?® 2122,

Through forensic genetics lies the opportunity to determine the sex of juvenile skeletal
remains®3242.26 DNA extracted from adult ancient tissues that are obtained from fragments can
be used in the analysis of X and Y-chromosomal DNA. Using polymerase chain reaction (PCR)
a single molecule of target DNA can be amplified; hair, bone, or teeth can contain enough DNA
to possibly establish a genetic test?’-?%, Methods using markers in the Y chromosome?®, or in both
X-chromosomal and Y-chromosomal short tandem repeats (STRs)* have been reported, but are
not sensitive enough. Also, a successful method using shotgun sequencing has been published,

but proves to be too expensive for routine application®.

Unprecedented archaeological information can be achieved using DNA analysis of
ancient human remains. The Amelogenin gene is found on both sex chromosomes and contains
sequence and size divergences. AMELX-allele has a size of 2872 bp and is located on the
Xp22.1-Xp22.3 region of the X-chromosome, while AMELY -allele has a size of 3272 bp is
located on the Yp11.2 region of the Y chromosome®2. Also, there is a 3-bp deletion on the
AMELX-allele compared to the AMELY-allele in a certain region allowing for dimorphism.
This gene was originally sequenced by Nakahori et al® and is the most widely used target for
sexing. A current method done by Alvarez-Sandoval et al uses real-time PCR amplification
followed by High Resolution Melting analysis (HRM)**. A small fragment (61 and 64 bp) of the
AMEL allele is amplified by real-time PCR and the sample remains in the instrument for melting

analysis, which greatly decreases the opportunity of contamination. The small fragment was



chosen over a large one to replicate the degradation of ancient DNA and is where the 3-bp
deletion is present. Previously published methods have failed due to the highly fragmented DNA
samples. Another HRM analysis used SYBR Green as a DNA binding dye and produced
differential melting curves®. Unfortunately, this dye has the ability to inhibit PCR, promote
mispriming, and lacks stability overtime. It also has be known to produce unreliable melting

curves due to the “dye redistribution” phenomenon®®.

The most popular method for sex determination is PCR amplification of sequences from
the Amelogenin gene, SRY region, or short tandem repeats (STR) sequences of the X and Y
chromosome. Once the desired sequence is amplified, gel electrophoresis is ran, and the bands
are analyzed. Multiple primers can be used at once for multiplexing and to analyze all three

markers at simultaneously; this is known as ‘genderplexing”®’.

There is a need for a quicker determination of sex when the researcher is present at the
archaeological site. In most countries archaeological findings cannot be removed from the host
country. This is an impediment because the laboratory status in that country might not be up to
par or have the desired equipment. A deoxyribozyme is an innovative platform that can be used
to determine the sex of ancient human remains. Herein we propose a method using a
deoxyribozyme sensor for quick and easy sex determination of ancient human remains, along

with isothermal loop amplification.
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Figure 1. Proposed mechanism of RNA cleavage catalyzed by a deoxyribozyme.
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Figure 2. 10-23 Deoxyribozyme. N is a variable DNA sequence. The catalytic core is shown in
the loop formation. The lower case letters (g, u) are ribonucleotides where the cleavage occurs.
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amplification long zig-zag structures are created that each contain multiple copies of the target
sequence. This image was adopted from Zanoli et.al. 338
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CHAPTER TWO: ADVANTAGES OF A BINARY DEOXYRIBOZYME
PROBE OVER A CATALYTIC MOLECULAR BEACON

Hybridization probes have been intensively used for nucleic acid analysis in medicine,
forensics and fundamental research. Instantaneous hybridization probes (IHPs) enable signaling
immediately after binding to a targeted DNA or RNA sequences without the need to isolate the
probe-target complex (e.g. by gel electrophoresis). The two most common strategies for IHP
design are conformational switches and split approach. A conformational switch changes its
conformation and produces signal upon hybridization to a target. Split approach uses two (or
more) strands that independently or semi independently bind the target and produce an output
signal only if all components associate. Here, we compared the performance of split vs switch
designs for deoxyribozyme (Dz) hybridization probes under optimal conditions for each of them.
As a split design was represented by binary Dz (BiDz) probes; while catalytic molecular beacon
(CMB) probes represented the switch design. It was found that BiDz were significantly more
selective than CMBs in recognition of single base substitution at 30°C. CMBs produced high
background signal when operated at 55°C. Another major advantage of BiDz over CMB is more

straightforward design and simplicity of assay optimization.

Introduction
Hybridization probes for nucleic acid analysis have been used since 1961%°. The approach

takes advantage of selective recognition of a targeted nucleic acid fragment of known sequence
by short complementary DNA or RNA probes. The resulting hybrid can be detected by a variety

of techniques including blot, fluorescent in situ hybridization or gel electrophoresis. One major
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step in the evolution of hybridization probes is the development of instantaneous hybridization
probes (IHPs) that can produce a signal (e.g. fluorescence) immediately upon hybridization to
the target*°. IHPs eliminate the need for time-consuming downstream analysis of hybridization
mixtures, like gel-based separation of probe-analyte complex from the excess of the unbound
probe. Most common designs for IHPs are conformational switches or split (multicomponent
design)*.. Switch IHPs (e.g. molecular beacon probes* and their variations*?® %) change
conformations upon hybridization to the target sequence and produce a signal. Split probes (e.g.
adjacent hybridization probes*¥) consist of several parts, which produce output signal upon
hybridization to the analyzed sequence®. In this study we directly compare the performance of

the two designs.

One of the most promising IHPs are deoxyribozyme (Dz)-based probes, for which both
the switch®® and the split designs® were explored earlier. Dz’s are short catalytic DNA sequences
derived by in vitro selection®’. Most of the Dz’s used in analytical applications catalyze cleavage
of RNA phosphodiester bonds*, which can be conveniently converted to a fluorescent response,
as shown in Scheme 1A: Dz binds a fluorophore- and a quencher-labeled DNA/RNA chimera
substrate and cleaves the internal RNA phosphodiester bond (red in Figure 5A), thus separating
the fluorophore from the quencher. We and others take advantage of RNA-cleaving Dz in
developing IHPs*. One major advantage of Dz probes over other IHP (e.g. MB probes) is
improved sensitivity and reduced limits of detection (LOD) due to the catalytic amplification of
the output signal: one analyte bound to a Dz probe triggers cleavage of multiple F-sub molecules
(Figure 5A). Another advantage is that expensive F-sub can be used for multiple analytes, given

that Dza and Dzb are adjusted to each new analyte sequence, which reduces the cost if multiple
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sequenced need to be analyzed. Two alternative designs of Dz probes for nucleic acid analysis
have been explored so far: allosteric switch named in the original publication “catalytic
molecular beacon*® (CMB), and split design, named binary Dz probe (BiDz)® (Figure 5B and C,

respectively).

The CMB design uses a monolith construct, in which the Dz catalytic site is inhibited by
hybridization within the complementary sequence: the strategy akin to the intrasteric regulation
in proteins®. Binding of the complementary DNA/RNA analyte reduces the inhibition and
releases the catalytic core, which cleaves fluorogenic substrate (F_sub) and produces the
detectable signal®. In the split strategy, the parent Dz is divided into two parts with analyte
binding arms appended to each part (Dza and Dzb in Figure 5C). In the presence of a
complementary analyte, the two strands assemble the catalytic site, which cleaves F_sub
followed by increase in fluorescence. In this study we compared the two designs in terms of
selectivity (the ability to differentiate analytes with a signal nucleotide substitution (SNS)), limit
of detection (LOD) and optimization simplicity. We assume that any two sensors can be
compered using the aforementioned parameters demonstrated by the sensor under near optimal
conditions. Up to the best of our knowledge, this is the first direct experimental comparison of

the two designs.

The following analytes were used in this study (Table 1): T1 represents a fragment of the
TWIST1 gene coding for a transcription factor involved in cancer development®®. The second
targets Al, represent the sequence from amelogenin gene and is used as a genetic marker for sex

determination®2. The choice of the two practically significant but otherwise random targets was
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made to ensure a more general applicability of the conclusions made in this study. To test the

probes selectivity, a SNS was introduced into both T1 and Al to make T2 and A2, respectively.

We designed two variants of CMB and BiDz probes based on the most catalytically
efficient deoxyribozyme 10-23°" 53 one made to recognize the analyte at 30°C, another optimal
for 55°C. Lower temperature was chosen to compare our results with the earlier reported data
collected under similar conditions*>* and because of the importance of point-of-care diagnostic
assays operating at near room temperature®. Both switch and split designs were accomplished
according to the strategies reported earlier for optimal performance of each design under given

conditions.

Materials and Methods
DNAse/RNAse free water was purchased from Fisher Scientific, Inc. (Pittsburgh, PA,

USA) and used for all buffers and for the stock solutions of oligonucleotides. . Oligonucleotides
were custom made by Integrated DNA Technologies, Inc. (Coralville, IA, USA) and by TriLink
BioTechnologies, Inc. (San Diego, CA, USA). Oligonucleotide structures were calculated using
the mfold web server by the RNA Institute (University at Albany)®. In all structures, nucleotides
outlined in green are complimentary to the analyte, blue are complimentary to the F_sub, and
red signifies the catalytic core. Reaction buffer used in the following experiments consisted of 50
mM hepes, 50 mM MgCI2, 20 mM KCI, 120 mM NacCl, 0.03% Triton X-100, 1% DMSO.
Fluorescent spectra were measured with a Perkin-Elmer (San Jose, CA, USA) LS-55

luminescence spectrometer with a Hamamatsu xenon lamp. Experiments were performed at an
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excitation wavelength of 485 nm and emission was monitored from 500 to 550 nm; data were

processed by using Microsoft Excel.

Sensitivity Experiments

F sub (200 nM) and sensor strands (CMB or Dza and Dzb) (5 nM) were incubated with
various concentrations of analytes in the reaction buffer (50 mM HEPES, pH7.4, 50 mM MgCI2,
20 mM KCL, 120 mM NacCl, 0.03% Triton X-100, 1% DMSOQO). After 1 or 3 hour of incubation
at 30°C or 55°C the fluorescence of the samples was measured at 517 nM at room temperature.
Control samples contained only F sub and sensor strands. The average values of three

independent experiments were plotted as a function of analyte concentration.

Selectivity Experiments

F_sub (200 nM) and sensor strands (5 nM) were incubated in the presence of either the
matched analyte or single-based substituted analyte (1 nM for A1/A2 or 5 nM for T1/T2). The
control sample did not contain any analyte. After 1 hr of incubation at 30°C or 55°C the sample
fluorescence was measured at 517 nM (Aex = 485 nm) at room temperature. These measurements

were used to calculate the selectivity factors.

Results and Discussion
We tested three CMB constructs (Table 1) with different lengths of the inhibitory

fragment, which was progressively elongated to suppress CMB response in the absence of T1
analyte. The three CMB probes were also HPLC purified prior testing to reduce the undesired
background response. The best CMB, named CMB_TWIST_30 (Figure 6 A) produced signal-

to-background ratio (S/B) of ~ 3 (1 hr of incubation, 5 nM analyte). The structure and limit of
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detection for this sensor are shown in Figure 7. The results for other two CMB constructs are

included in Figures 8 and 9.

Importantly, the differentiation of single base mismatched analyte T2 was not impressive
(Figure 6A, bar graph), which was quantified using the selectivity factor (SF, Table 2). This
data correlates well with earlier observations that CMB constructs can unambiguously
discriminate only analytes with two mismatched bases, but not with SNS* 4% In contrast, BiDz
probe demonstrated near perfect selectivity towards T2 analyte (Figure 6B). Importantly, no
HPLC purification of Dza_ TWIST_30 and Dzb_ TWIST_30 was needed, since contamination
with shorter DNA products arose form incomplete DNA synthesis do not contribute to the
elevated background as in the case of CMB design. Furthermore, the low background for BiDz
can be achieved by optimizing the concentrations of Dza and Dzb strands. Therefore, we
achieved near-optimal performance of the initially designed Dza_ TWIST_30 and
Dzb_TWIST_30 simply by reducing their concentrations to 5 nM (Figure 10). Similar probe
design and optimizations were performed for CMB and BiDz probes that recognize Al and A2
analytes. The obtained results demonstrate similar trend in terms of probe selectivity and LODs

(Table 2 and Figures 11, 12).

It was shown earlier that BiDz based on deoxyribozyme 10-23 has higher catalytic rates
and lower LODs at elevated temperatures*®’. We, therefore, designed CMB and BiDz probes for
the detection of T1 and Al analytes at 55°C. First, substrate-binding arms were elongated by 3
nucleotides each to enable binding of F_sub by the Dz constructs even at 55°C. Figure 13A

demonstrates the design and selectivity data for one of the CMB construct, CMB_ AMELY _55.
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Importantly, the probe experienced leakage, as reflected by the high background (Figure 13B,
“no analyte” bar). We attempted to redesign the CMB construct to increase the stability of the
folded structure in the absence of the analyte, but without success (Figure 14 and 15). Asa
result of the high background, the signal for both the matched and mismatched analytes was only
slightly above the background; the differentiation between fully matched Al and SNS containing
A2 was not observed (Figure 13A, bar graph, Table 1). The BiDz probe, on the other hand,
demonstrated high analyte-dependent turn-on ratio (S/B), as well as impressive selectivity (see
DF in Table 2). The LOD of 8 pM was achieved after 3 hrs of incubation, which is consistent
with the previously reported data*" (Figure 16). The lowest LOD for CMB was about 7-fold
higher than the best value for BiDz. Similar design, optimization experiments and results were

obtained for T1 and T2 analytes and their corresponding sensors (Table 1 and Figure 17, 18).

Conclusion
Among the enzyme-free approaches, switch probes have received significant attention for

the last 20 years and now dominate in majority of applications or the original development®® 4%
3. For example, allosteric switch probes based on spinach aptamer have been reported recently®®.
In parallel, binary and multicomponent probes have been developed® 44 440:57 | this study, we
directly compared the two designs using Dz probes, one of the most promising IHPs. Our main
conclusions are the following. (i) Split design is simpler and less expensive to optimize. (ii)
Switch probes fail to work at 55°C. (iii) Split probes have significantly high selectivity toward
single base substitutions. (iv) The detection limits for both design are comparable and consistent

with the data published by different research groups. We conclude that our results taken together
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with the prior observations strongly suggest that split probes are advantageous to switch

hybridization probes especially if SNS differentiation is required.
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Figure 5. Design of deoxyribozyme (Dz) probes that produce fluorescent signal upon hybridization to
specific nucleic acid analytes. A) Parent RNA-cleaving Dz can cleave a fluorophore- and quencher-
labelled substrate (F_sub), thus producing high fluorescence. B) Switch design for Dz hybridization
probe: the catalytic core and/or substrate binding arms of Dz are inactivated by binding to the “inhibitory
fragment’; hybridization of the analyte to the analyte binding domain releases the substrate binding arms
of the Dz construct and enables cleavage of F_sub; C) Split design: two DNA strands Dza and Dzb
hybridize to the analyte sequence and form catalytically active Dz, which cleaves F_sub.
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Table 1. Oligonucleotides

GAA AC

Name Sequence 5'->3’ Purification
(comments)
F_sub AAG GTT™ TCC TCg uCCC TGG GCA-BHQ1 HPLC
T1 TAG TGG GAC GCG GAC ATG GAC CAG GCC CCC TCC ATC CTC CAG ACC GAG AAG SD
(TWIST) GCG TAG CTG AGC CGC TCG TGAGCCACATAGCTGCA
T2 TAG TGG GAC GCG GAC ATG GAC CAG GCC CCC TCC ATC CTC CAA ACC GAG AAG SD
(TWIST mutant) GCG TAG CTG AGC CGC TCG TGA GCC ACATAG CTG CA
CMB_TWIST_30 GTT TCC TCG AGC GGC TCA GCT ACG CCT TCT CGG TCT GGA GGA TGG AGT TTT HPLC
TCC AGG GA G GCT AGC TACAACGAGAGGAAAC
CMB_TWIST_A_ CG AG CGG CTCAGCTACGCCTTCTCGGTCTGG AGGATGGAGTTTTT CCAGGGA SD
30 GG CTA GCT A CAA CGA GAGGAAAC
CMB_TWIST_B- GTT TCC TIC TCG GTC TGG AGGA TTTTT_CCA GGG A GG CTA GCT A CAA CGA GAG HPLC
30 GAA AC
DZa_TWIST_30 CGA GCG GCT CAG CTA CGC CT A CAA CGA GAG GAA AC SD
Dzb_TWIST_30 CCA GGG AGG CTAGCT TCT CGG TCT GGA SD
DZa_TWIST_55 G TGG CTC A CGA GCG GCT CAG CTACGC CT ACAACGAGAG GAAACCTT SD
DZb_TWIST_55 TGC CCA GGG A GG CTA GCT TCT CGG TCT GGA GGA SD
CMB_TWIST_55 CGT TG T AGCTAG CT TCT CGG TCT GGA GGA TG TTTTT TGC CCA GGG A GG CTA HPLC
GCT ACAA CGA GAG GAAACCTT
Al CTC CAG CACCCTCCT GCCTGACCATTCGGATTGACTCTT TCC TCC TAAATATGG SD
(AMELY) CTG TAAGTTTATTCAT
A2 CTC CAG CAC CCTCCT GCC TAACCATTCGGATTG ACT CTT TCC TCC TAAATATGG SD
(AMELY my) CTG TAAGTTTATTCAT
CMB_AMELY_55 | GCT AGC CTC CCT GGA GTC AAT CCG AAT GGT CAG GCA GGA GTT TTT TGC CAG HPLC
GGA GGC TAG CTACAACGAGAG GAAACCTT
CMB_AMELY_A- | AGG TTT CCT CTC GAG TCA ATC CGA ATG GTC AGG CAG GAG TTTTT TGC CAG GGA HPLC
55 GGC TAG CTA CAA CGA GAG GAAACCTT
CMB_AMELY_B- | AAGGTTTCCTCT CGT TGT AGC TAG CCT CCC TGG AGT CAATCC GAATGG TCAGGC HPLC
55 AGG AG TTTTT TGC CAG GGA GG CTA GCT ACAA CGAGAG GAAACCTT
DZa_AMELY_55 TGC CAG GGA GG CTAGCT GAATGG TCA GGC AGG SD
DzZb_AMELY_55 TAG GAG GAA AGA GTC AAT CC A CAACGA GAG GAAACCTT SD
DZa AMELY_30 GAG GAA AGA GTC AAT CCG A CAA CGA GAGGAAAC SD
DzZb_AMELY_30 CCA GGG A GG CTA GCT AAT GGT CAG GC SD
CMB_AMELY_30 | GTT TCC TCG AAT GGT CAG GCA GTT TTT CCA GGG A GG CTA GCT A CAA CGA GAG HPLC

EBHQ-1, Black Hole Quencherl; F_Sub binding arms are underlined; P'The SNP sites are bold underlined, nucleotides part of the
catalytic core are in italic; /SD, standard desalting; [Ribonucleotides are in low case
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Figure 6. Predicted structures of the probe-analyte complexes and selectivity data for CMB (A)
and BiDZ (B) recognizing T1 analyte at 30°C. For structures: catalytic core nucleotides are in
italic; single base substitution site is bold underlined; ribonucleotides are in low case. For right
panels: all samples contained 200 nM F_sub and either 5 nM CMB_TWIST _30 or 5 nM each
Dza TWIST 30 and Dza_ TWIST_30 in the reaction buffer: 50 mM HEPES, 50 mM MgCl_,
20 mM KCI, 120 mM NacCl, 0.03% Triton X-100, 1% DMSO. Samples T1 and T2 contained 5
nM of fully complementary T1 and 5 nM single base mismatched T2 analytes, respectively (for
full sequences see Table S1). Fluorescence intensity at 517 nm (emission at 485 nm) was
measured after 1 hr of incubation. The data are average values of 3 independent experiments.
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Figure 7. CMB_TWIST _30 structure and performance. A) Mfold calculated structure.
Conditions for folding were 30°C, 90 mM Mg?*, and 50 mM Na*. The structure was traced in
green, blue and red to denote the analyte binding arm, substrate binding arm, and catalytic core,
respectively. Samples contained 200 nM F_sub, 5 nM CMB, and various amounts of analyte (0
nM -0.2 nM) in reaction buffer. After 1 and 3 hrs incubation at 30°C in a water bath the
fluorescence was measured. C) Limit of detection after 1 hr reaction was 132 pM (a) and the
threshold (b) was calculated as three standard deviations above the control (0 nM analyte). D)
Limit of detection for 3 hrs hybridization was 11 pM (a) and the threshold (b) was calculated as
three standard deviations above the control (0 nM T1 analyte).
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Figure 8. CMB_TWIST_A_30 structure and performance for reduced background signal. A)
Mfold calculated structure that contains long binding arms and secondary structure to prevent
leakage, cleavage of substrate with no analyte present. Conditions for folding were 30°C, 50 mM
Mg?*, and 90 mM Na*. The structure was traced in green, blue and red to denote the analyte
binding arm, substrate binding arm, and catalytic core, respectively. B) Fluorescent performance
of sensor. ‘Fsub’ control contained 200 nM of F_sub in reaction buffer. ‘“+CMB’ control sample
consisted of 200 nM F_sub and 5 nM CMB_TWIST_A_30. Sample ‘+1 nM T1-21" contained
the same components as the +CMB control with the addition of 1 nM of T1-21 analyte. The
samples were incubated at 30°C for 1 hr and measured.
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A) CMB_TWIST_B_30 B) Fluorescence, 1 hr

. ST -
Substrate binding arm ( )
) Al 45
Pt C I I
30 GE = /C 40
ot b1 T 40
t’ BB A A 35
. AGTAGGT-C S 3
~GoA —r A/ Catalytic core 30
20 Y‘G’C/V 5t
Analyte binding arm | ¢~ ¢ s
101 T-A © 20
| C=G—- B0 ‘LI..- 15
JT-A
b 10
<% | substrate bindi
| _g | Substrate binding arm 5 -
t—A 0
t—A
ik Fsub +CMB +1nM T1-21
g—Ct+ 8

Figure 9. Structure and performance of CMB_TWIST_B_30. A) Mfold calculated structure that
contains shorter binding arms and secondary structure to increase selectivity. Conditions for
folding were 30°C, 90 mM Mg2+, and 50 mM Na+. The structure was traced in green, blue and
red to denote the analyte binding arm, substrate binding arm, and catalytic core, respectively. B)
Fluorescent performance of sensor. F sub control contained 200 nM of F_sub in reaction buffer.
‘+CMB?’ control consisted of 200 nM F_sub and 5 nM CMB_TWIST _B_30. +1 nM T1-21
contained the same components as the +CMB control with the addition of 1 nM of T1-21
analyte. The samples were incubated at 30°C for 1 hr and measured.
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Table 2. Selectivity Factor (SF) and limit of detection (LOD) for each DZ probes used in this
study

Analytes T°C Assay DF LOD,

time, hr pM

CMB TUT2 30 1 0.31 89.2
3 up“ 80.7

T1UT2 55 1 0.38 31

3 ub ub

Al/A2 30 1 0.18 74.0

3 ub 59.5

Al/A2 55 1 0.07 upul

3 ub upu

BiDZ TUT2 30 1 0.83 164
3 ub 26.2

TUT2 55 1 0.65 133

3 ub 98

Al/A2 30 1 0.84 47.1

3 ub 15.3

Al/A2 55 1 0.89 11.4

3 ub 8.3

@ISF was calculated by dividing the raw values of the matched analyte
by the mismatched analyte for 5 nM analyte for the TWIST analyte
and 1 nM for the AMELY analyte. Fluorescent intensities were
measured after 1 hr of incubation. PILOD was determined by 3
individual trials after at 1 and 3 hrs or assay. [FlUD is undetermined.
[MUD due to high background signal. DF was calculated according to
the formula: DF = 1-Fmm/Fm, where Fmm and Fm are average
fluorescence of samples in the presence of T2(A2) and T1(A2)
analytes respectively.
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Figure 10. BiDZ_TWIST _30 structure and performance. A) Mfold calculated structure for
Dza_TWST _30. Conditions for folding were 30°C, 90 mM Mg?*, and 50 mM Na*. B) Mfold
structure for Dzb_TWIST_30. The structures were traced in green, blue and red to denote the
analyte binding arm, substrate binding arm, and catalytic core, respectively. Samples contained
200 nM F_sub, 5 nM BiDZ, and various amounts of analyte (0 nM -0.2 nM) in reaction buffer.
After 1 and 3 hrs incubation at 30°C in a water bath the fluorescence was measured. C) Limit of
detection for one hr hybridization was 164 pM (a) and the threshold (b) was calculated as three
standard deviations above the control (0 nM analyte). D) Limit of detection after 3 hrs of
reaction was 26.2 pM (a) and the threshold (b) was calculated as three standard deviations above
the control (0 nM analyte).
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Figure 11. BiDZ_AMELY _30 structure and performance. A) Mfold calculated structure for
Dza_ AMELY _30. Conditions for folding were 30°C, 90 mM Mg?*, and 50 mM Na*. B) Mfold
structure for Dzb_ AMELY _30. Conditions for folding were 30°C, 90 mM Mg?*, and 50 mM
Na*. The structures were traced in green, blue and red to denote the analyte binding arm,
substrate binding arm, and catalytic core, respectively. Samples contained 200 nM F_sub, 5 nM
BiDZ, and various amounts of analyte (0 nM-0.2 nM) in reaction buffer. After 1 and 3 hrs
incubation at 30°C in a water bath the fluorescence was measured. C) Limit of detection for one
hr hybridization was 47.14 pM (a) and the threshold (b) was calculated as three standard
deviations above the control (0 nM analyte). D) Limit of detection for 3 hrs hybridization was
15.33 pM (a) and the threshold (b) was calculated as three standard deviations above the control
(0 nM A1 analyte).
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Figure 12. CMB_AMELY _30 structure and performance. A) Mfold calculated structure.
Conditions for folding were 30°C, 90 mM Mg?*, and 50 mM Na*. The structure was traced in
green, blue and red to denote the analyte binding arm, substrate binding arm, and catalytic core,
respectively. Samples contained 200 nM F_sub, 5 nM CMB, and various amounts of analyte (0
nM -0.2 nM) in reaction buffer. After 1 and 3 hrs incubation at 30°C in a water bath the
fluorescence was measured. C) Limit of detection for one hr hybridization was 74 pM (a) and the
threshold (b) was calculated as three standard deviations above the control (0 nM analyte). D)
Limit of detection for 3 hrs hybridization was 59 pM (a) and the threshold (b) was calculated as
three standard deviations above the control (0 nM A1l analyte).
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Figure 13. Predicted structures of probe-analyte complexes and selectivity data for CMB (A) and
BiDz (B) recognizing Al analyte at 55°C design. For right panels: all samples contained 200 nM
F_sub and either 5nM CMB or 5 nM DZa_T and 5 nM DZb_T in the reaction buffer. Samples
Al and A2 contained 1 nM complementary Al and 1 nM mismatched A2 analyte, respectively
(for full sequences see Table S1). Fluorescence intensity at 517 nm (emission at 485 nm) was
measured after 1 hr of incubation. The data are average values of 3 independent experiments.
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Figure 14. CMB_AMELY _A_55 structure and performance with more stable stem for reduced
leakage. A) Mfold calculated structure that contains a long stem to promote secondary structure
to decrease sensor leakage. Conditions for folding were 55°C, 50 mM Mg?*, and 90 mM Na*.
The structure was traced in green, blue and red to denote the analyte binding arm, substrate
binding arm, and catalytic core, respectively. B) Fluorescent performance of sensor. ‘Fsub’
control contained 200 nM of F_sub in reaction buffer. ‘“+CMB control’ contained 200 nM F_sub
and 5nM CMB_TWIST_B_30. Sample ‘+1 nM AMELY" analyte contained the same
components as the “+CMB’ control with the addition of 1 nM of Al analyte. The samples were
incubated at 55°C for 1 hr and measured.
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Figure 15. CMB_AMELY _B_55 structure and performance for stability at higher temperatures.
A) Mfold calculated structure that contains a 34 bp-long stem to promote stability at higher
temperatures (55°C). Conditions for folding were 55°C, 90 mM Mg?*, and 50 mM Na*. The
structure was traced in green, blue and red to denote the analyte binding arm, substrate binding
arm, and catalytic core, respectively. B) Fluorescent performance of sensor. ‘Fsub’ control
contained 200 nM of F_sub in reaction buffer. “+CMB control’ consisted of 200 nM F_sub and
5nM CMB_AMELY_B_55. Sample “+1 nM AMELY’ contained the same components as the
‘+CMB?’ control with the addition of 1 nM of Al analyte. The samples were incubated at 55°C
for 1 hr and measured.
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Figure 16. BiDZ_AMELY_55 structure and performance. A) Mfold calculated structure for
Dza_AMELY _55. Conditions for folding were 55°C, 90 mM Mg?*, and 50 mM Na*. B) Mfold
structure for Dzb_ AMELY _55. Conditions for folding were 55°C, 90 mM Mg?*, and 50 mM
Na*. The structures were traced in green, blue and red to denote the analyte binding arm,
substrate binding arm, and catalytic core, respectively. Samples contained 200 nM F_sub, 5 nM
BiDZ, and various amounts of analyte (0 nM -0.2 nM) in reaction buffer. The fluorescence was
measured after 1 and 3 hrs incubation at 55°C. C) Limit of detection for one hr hybridization was
11. 4 pM (a) and the threshold (b) was calculated as three standard deviations above the control
(0 nM analyte). D) Limit of detection after 3 hrs of reaction was 8.3 pM (a) and the threshold (b)
was calculated as three standard deviations above the control (0 nM analyte).
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Figure 17. BiDZ_TWIST _55 structure and performance. A) Mfold calculated structure for
Dza_TWIST_55. Conditions for folding were 55°C, 90 mM Mg?*, and 50 mM Na*. B) Mfold
structure for Dzb_TWIST _55. Conditions for folding were 55°C, 90 mM Mg?*, and 50 mM Na*.
The structures were traced in green, blue and red to denote the analyte binding arm, substrate
binding arm, and catalytic core, respectively. Samples contained 200 nM F_sub, 5 nM CMB,
and various amounts of analyte (0 nM -0.2 nM) in reaction buffer. After 1 and 3 hrs incubation at
55°C in a water bath the fluorescence was measured. C) Limit of detection for one hr
hybridization was 133 pM (a) and the threshold (b) was calculated as three standard deviations
above the control (0 nM analyte). D) Limit of detection for 3 hrs hybridization was 98 pM (a)
and the threshold (b) was calculated as three standard deviations above the control (0 nM

analyte).
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Figure 18. CMB_TWIST _55 structure and performance. A) Mfold calculated structure.
Conditions for folding were 55°C, 90 mM Mg?*, and 50 mM Na*. The structure was traced in
green, blue and red to denote the analyte binding arm, substrate binding arm, and catalytic core,
respectively. Samples contained 200 nM F_sub, 5 nM CMB, and various amounts of analyte (0
nM -0.2 nM) in reaction buffer. After 1 and 3 hrs incubation at 55°C in a water bath the
fluorescence was measured. C) Limit of detection for one hr hybridization was 31 pM (a) and the
threshold (b) was calculated as three standard deviations above the control (0 nM analyte). A
three hr time point for limit of detection was inconclusive with a R? value of 0.8423.
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CHAPTER THREE: SEX DETERMINATION OF MODERN HUMAN
REMAINS

Sex identification of unknown remains is crucial to personal identification of human remains in
anthropology and forensics. When conventional methods, such as metric or morphological
analyses, are not an option due to the fragmented or prepubescent remains, molecular diagnostics
are needed. The amelogenin gene, found on sex (X and Y) chromosomes, is the most common
molecular marker used for sex determination because it exhibits sexual dimorphism in size and
sequence. Here we develop a new method for fluorescent analysis of amelogenin gene for sex
identification. In this assay, human DNA is amplified during a period of 30 min by isothermal
loop mediated amplification (LAMP) followed by analysis by a binary deoxyribozyme sensors
for 60 min. High selectivity of the amelogenin sequences of Y and X chromosome was
demonstrated. The assay requires a hot plate and a portable fluorimeter and thus can be used at
point of excavation or a crime scene at a remote location for forensic laboratories. The assay

promises to simplify molecular-based sex determination of human remains.

Introduction
Identifying the sex of human remains is an important part of the biological profile. When

intact skeletons are present sex determination can be done by conventional methods, but when
only fragments or the skeleton is a juvenile are obtainable the determination of sex is difficult.
Studies have been done on the pelvis'? and cranium®’ where the bones were measured to

determine sex. Metric analysis obtains 98% to 100% accuracy in sex estimation. The overall
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obstacle lies within partial adult skeletal remains, or juvenile remains, in which only 70%

accuracy is obtained using metric analyses.

The Amelogenin gene, found on both sex chromosomes, is the most widely used target
for molecular sexing. Originally sequenced by Nakahori et al®3, the gene contains sequence and
size divergences between the X and Y chromosomes making it the perfect target for our
proposed platform. The Amelogenin gene codes for the production of tooth enamel and is a
highly conserved sequence found on each sex chromosome. AMELX-allele has a size of 2872 bp
and is located on the Xp22.1-Xp22.3 region of the X-chromosome, while AMELY -allele has a
size of 3272 bp is located on the Yp11.2 region of the Y chromosome®2. Also, there is a 3-bp
deletion on the AMELX-allele compared to the AMELY -allele in a certain region allowing for

dimorphism.

PCR is the conventional amplification method used for molecular-based diagnostics. A
method proposed by Alvarez-Sandoval et al. uses real-time PCR amplification followed by High
Resolution Melting analysis (HRM)34. Another HRM analysis used SYBR Green as a DNA
binding dye and differential melting curves®. Unfortunately, this dye has the ability to inhibit
PCR, promote mispriming, and lacks stability overtime. It also has been known to produce
unreliable melting curves due to the “dye redistribution” phenomenon®. Isothermal loop
mediated amplification is a simple amplification method. Unlike PCR, no thermal cycler is
needed. Typical amplification takes 60 min but can be achieved as short as in 15 min. LAMP
requires 5-7 primers and amplifies the target sequences into various size fragments. Designing

the multiple primers can be tedious, but DNA at the concentration up to 1 uM can be produced,;
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which is about an order of magnitude higher than that of a typical PCR amplicon®®. LAMP
products for sex identification have been previously achieved using a visual method®®. As the
DNA is being amplified the solution will become turbid, visually allowing for conformation of
the target sequence. Similar LAMP primers were used in our experiment. However, we used
fluorescent readout produced by a deoxyribozyme sensor, which ensured high selectivity of

target recognition..

Deoxyribozymes, or DNA enzymes, are catalytic deoxyribonucleotides derived by in-
vitro selection™? . Catalytic DNA offers high chemical stability, low cost for synthesis,
biocompatibility, and ease of structural prediction and modification®. Binary deoxyribozyme
have shown to be a useful platform for nucleic acid detection due in part to their improved
sensitivity, which is achievable by catalytic amplification of the positive signal. Binary probes
are more selective than conventional proves because each relatively short hybrid (7-10
nucleotides for the target binding region) is extremely sensitive to single-base mispairings. There
have been several applications for deoxyribozyme sensors including ion detection 7, and breast
cancer treatment®. The binary deoxyribozyme sensor proposed herein is comprised of two
probes: DZa and DZb (Figure 19A). Each probe contains a substrate binding arm and an analyte
binding arm. A reporter, the F sub (Figure 19A), contains a fluorophore and quencher
conjugated to the opposite ends of the oligomer. When the F substrate binds to both probes it can
be subjected to cleavage upon binding of the analyte allowing for a fluorescent signal to be
detected. The specificity of nucleic acid recognition is increased by the two components of the
probe. Combining a binary deoxyribozyme sensor with a rapid and isothermal amplification

technique aims to simplify the field of molecular —-based human sex determination.
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Materials and Methods
DNAse/RNAse free water was purchased from Fisher Scientific, Inc. (Pittsburgh, PA,

USA) and used for all buffers and for the stock solutions of oligonucleotides. Oligonucleotides
were custom made by Integrated DNA Technologies, Inc. (Coralville, IA, USA) and by TriLink
BioTechnologies, Inc. (San Diego, CA, USA) with standard desalting (SD). Fluorescent spectra
was measured with a Perkin-Elmer (San Jose, CA, USA) LS-55 luminescence spectrometer with
a Hamamatsu xenon lamp at excitation 485 nm and emission 517 nm; data were processed by

using Microsoft Excel.

Detection of synthetic analyte

F_sub (200 nM) and sensor strands, Dza/Dzb, (5 nM) for X sensor and Y sensor were
incubated with various concentrations of analytes in the reaction buffer (50 mM HEPES, pH7.4,
50 mM MgCl2, 20 mM KCL, 120 mM NaCl, 0.03% Triton X-100, 1% DMSO). After 1 or 3
hour of incubation at 55°C, the fluorescence of the samples was measured at 517 nM at room
temperature. Control samples contained only F sub and sensor strands. The average values of

three independent experiments were plotted as a function of analyte concentration.

Selectivity Experiments

F_sub (200 nM) and sensor strands, Dza/Dzb, (5 nM) for X sensor and Y sensor were
incubated in the presence of either the matched analyte or mismatched analyte (1 nM). The
control sample did not contain any analyte and consisted of only F_sub (200 nM) and sensor
strands, Dza/Dzb, (5 nM). After 1 hr of incubation at 55°C the sample fluorescence was

measured at 517 nM (Aex = 485 nm) at room temperature. 3 independent experiments were run.
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DNA extraction

The sample was first decontaminated by grinding away 2 mm from the surface of the
sample using a Dremel tool (Racine, WI) to remove contaminating DNA. The tooth was then
immersed in a 20% (v/v) bleach solution and sonicated for ~6 min. Following a wash with UV-
irradiated DI water, the sample was sonicated for an additional 5 minutes. Then the sample was
rinsed in 95% ethanol and placed in a sterilized fume hood to dry overnight. After
decontamination, the outer surface of part of the specimen was removed with a Dremel tool. A
piece of the dentin or the root was isolated and grinded with mortar and pestle until a fine-
grained powder was obtained. Qiagen investigator kit was used to purify the DNA,; the protocol
from the manufacturer was followed. DNA was quantified using UV-Vis (Perkin Elmer, Lambda
35) and stored at room temperature, in the dark. All LAMP components, excluding primers, were

obtained from New England Bio Labs (Ipswich, MA).

LAMP amplification

Each sample contained 1x isothermal buffer, 1.4 mM dNTPs, 6 mM MgSQg, 2.0 uM
FIP/BIP primers, 0.2 UM F3/B3 primers, 0.8 UM Loop primer, 0.16 pg/uL to 0.160 pg/uL
template, and 1 pL/25 pL reaction for Bst enzyme. The reaction was mixed in an Eppendorf tube
and heated in a water bath at 65°C for 15-60 minutes. The samples were then placed on ice or in
a -20°C freezer. The primers were either X- or Y-specific were designed following H. Nogami et
al (2008). The reaction was analyzed using gel electrophoresis to ensure amplification. For the
varying amplification times, all samples were mixed at the same time and incubated together at
65°C. Once the time point was reach, the sample tube, for the respective time point, was removed

from the water bath.
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Detection of LAMP amplified DNA

F_sub (200 nM) and sensor strands (DZA/DZB) (5 nM) were incubated with 5-20 pL of
LAMP amplified DNA in 1x reaction buffer (100 mM HEPES,pH7.4, 100 mM MgClz, 40 mM
KCL, 240 mM NacCl, 0.06% Triton X-100, 2% DMSOQO) and diluted with water to a final volume
of 60 pL. Control samples consisted of F substrate, F substrate and probe strands , 1 nM of
synthetic AMEL analyte, and LAMP product with no template. After 1 hour of incubation at

55°C, fluorescence was measured at 517 nM (excitation at 485 nM).

Results and Discussion
First we characterized DZ sensors using synthetic DNA analytes with the targeted

sequences AMELX and AMELY. It was found that detection limits for the X sensor and for Y
sensor were determined to be 38 pM (Figure 20) and 11 pM (Figure 21), respectively. The
sequences of the target analytes and their corresponding sensors are shown in Table 4. Further
characterization involved examining the selectivity of each sensor. The X sensor showed no
affinity for the AMELY analyte, with no signal above the background and s/b ratio of 3 for
AMELX (Figure 19B). Similar results were shown for the Y sensor, a high s/b of 10 for the

AMELY analyte and no detection of the AMELX analyte (Figure 19C).

Using LAMP amplification, sex determination of teeth samples was achieved by the
BiDZ sensors. DNA was extracted from one adult female tooth and one juvenile male tooth. The
female tooth had been stored at room temperature for 3 years and the juvenile tooth was stored at
room temperature for approximately 14 years. 20 ul of the LAMP products were targeted by X

sensor and Y sensors after amplification with the X- or Y-specific primers. Amplification
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occurred with 0.16 ng/ul template that was amplified for 15 to 60 minutes, and amplification was
confirmed by gel electrophoresis (Figure 22). The background (NC) consisted of all the LAMP
components and no DNA templated. Several different size bands are shown because the target
sequence is amplified several times in various length fragments. This is due to the looping
mechanism of LAMP, in which a dumbbell shape fragment is created and continues
amplification after each loop. 30 minute amplification was chosen because an ample amount of
DNA was produced and the NC showed little contamination. Figure 23A shows the successful
amplification with X primers and Y primers for female DNA for 30 minutes. The bands for the
XX sample were darker than NC (no template) for X primers proposing more amplified DNA
was present in the XX sample. The NC and XX amplified by Y primers look to be of similar
intensities. The difference in the X primer samples was reflected in the fluorescent assay (Figure
23B) with XX having a higher signal than NC for the X sensor. The selectivity of the BiDZ
sensor is shown with the Y sensor, which produces a signal below the background for female
DNA even with contamination present. This quenching affect can be attributed to the sensor

probes hybridizing, separately, to non-specific DNA and disrupting the catalytic core.

Male DNA was successfully amplified by X primers and Y primers (Figure 23C). For
the samples amplified with X primers, NC contains darker bands than XY, which led us to
believe the concentration of amplicon was higher in the NC sample, but this is not reflected by
the BiDZ results (Figure 23D). For the X sensor the target sequence in the XY sample was
present at higher concentrations as seen by the fluorescent signal above NC. NC (Y primers)
contained no contamination and produced a low signal. XY (Y primers) was successfully

amplified and detected above the background for the Y sensor.
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Ultimately the Y sensor allows for differentiation between male and female. With s/b
ratio of 1.5 deemed as the threshold, a parameter for sex determination using the Y sensor was
developed (Table 5). The 50% increase in signal equates to the 36 (99%) confidence interval,
based on a typical standard deviation 6 ~ 15% of the measured fluorescent signal®. The X sensor
can serve as a control test for the presence of human DNA. If the output signal is 1.5 higher than
the background, the sample considered reliable. Samples 1-3 are separate female LAMP
samples, originating from the same tooth source, and produced s/b ratio greater than 1.5 for the
X sensor. For the Y sensor no s/b ratio above 1 was produced, confirming the correct genetic sex
of the female adult tooth. Samples 4-7 are separate male LAMP samples, originating from a
single juvenile tooth. 4 out of 4 male LAMP samples detected by the X sensor had s/b ratio
above 1.5. For the Y sensor only 3 out of the 4 samples had s/b ratios above 1.5. Sample 7’s
genetic sex did not match the known morphological sex. This could be due to the non-specific
amplification, lowering the amount of the target sequence, thus rendering a low fluorescent
output signal. Since LAMP incorporates 5 primers, there are several sites were amplification can
occur. Y-specific amplification can be optimized by redesigning the primer set to a more unique
region of the gene sequence to increase the amount of the target sequence and decrease non-

specific amplification.

With a total time of one hour and forty five minutes (15 minutes sample prep, 30 minutes
amplification, 1 hour sensing), we have developed an attractive method for sex determination.
Heating can be done on a hot plate with water for amplification at 65°C and sensing at 55°C.
Fluorescent detection can be done using a portable fluorimeter allowing for sex determination on

site for anthropological purposes or at crime scene.
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Figures and Tables
Table 3. LAMP primers

Name Sequence 5’>3’

AMELX FIP AGC ACG GGG ATG ATT TGG TGC CCT TCC TAT GGT TAC
GAG

AMELX BIP CCT CAT CAC CACATC CCAGTG CAG GAACGG GCATCA
TTG

AMELX B3 GGATTG GAGTCATGGAGT G

AMELX F3 TGCCTCTCTCTTTCT CAC

AMELX Loop R | TGC AGC CAT CCA CCC AT

AMELY FIP AAT CCG AAT GGT CAG GCAGGC CAGTTTAAGCTCTGA
TGGTT

AMELY BIP GAC TCT TTC CTC CTAAAT ATG GCT GTT TTG CCC TTT
CAT GGAAC

AMELY B3 CTGGTCAGT CAGAGTTGAC

AMELY F3 GGT CCCAATTTTACAGTT CC

AMELY Loop F | GGT GCT GGAGCAACACAG
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Figure 19. X and Y sensor performance. A) Schematic of a binary deoxyribozyme sensor
containing two probes, Dza and Dzb. Upon addition of the analyte the catalytic core (red) will
form and cleave the substrate. B) X sensor with NC (no analyte), AMELX analyte (1 nM) and
AMELY (1 nM) to show the selectivity of the sensor. C) Y sensor with NC (no analyte),
AMELX (1 nM), and AMELY (1 nM). Both assays contained 5 nM of Dza and Dzb with 200
nM of F_sub and were incubated for 1 hour at 55°C.
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Table 4. Sequences for chromosome-specific analytes and BiDZ probes

Name Sequence 523

AMEL_X GGC TGC AGG GTG TGA GTC GG GGGG TGC TGT TGG GAC AGC
AMEL_XDZ-A | TGC CCA GGG A GGCTAGCT CCC GAC TCA CAC CCT GCAGCC
AMEL_XDZ-B | GCT GTC CCA ACA GCA CCC A CAA CGA GAGGAAACCTT

AMEL_Y CTC CAG CAC CCT CCT GCC TGACCATTC GGATTG ACT CTT TCC

TCC TAAATATGG CTGTAAGTT TATTCAT

AMEL_Y DZ-A | TGC CCA GGG AGG CTA GCT ATC CGA ATG GTC AGG CAG GAG
AMEL_Y DZ-B $$A TAT TTA GGA GGA AAG AGT CAA CAA CGA GAG GAA ACC
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A) Limit of detection, 1 hr B) Limit of detection, 3 hr
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Figure 20. Limit of detection for the X sensor. 200 nM F_sub, 5 nM BiDZ X probes, and
reaction buffer were mixed with varying concentrations of synthetic analyte (0-0.2 nM) and
incubated at 55°C. After 1 hr (A) and 3 hr (B) time points, the fluorescence was measured at an
excitation of 517 nm. The linear trendline is denoted by a) and the threshold, calculated by 3
standard deviations above the negative control (0 nM analyte) is denoted by b).
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Figure 21. Limit of detection for the X sensor. 200 nM F_sub, 5 nM BiDZ X probes, and
reaction buffer were mixed with varying concentrations of synthetic analyte (0-0.2 nM) and
incubated at 55°C. After 1 hr (A) and 3 hr (B) time points, the fluorescence was measured at an
excitation of 517 nm. The linear trendline is denoted by a) and the threshold, calculated by 3
standard deviations above the negative control (0 nM analyte) is denoted by b).
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A) No template B) With template
1

Figure 22. Amplification time optimization. A) No template was added to the amplification
mixture and B) 2 ng of female DNA was added. X-specific primers were used for both images.
Lane 1- 0 min, lane 2-15 min, lane 3- 30 min, lane 4- 60 min, and M contained 100 base pair
ladder.
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A) XX DNA amplified for 30 minutes C) XY DNA amplified for 30 minutes
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Figure 23. Sex determination of female and male teeth. Gel electrophoresis images show
amplification for 30 minutes for A) Female DNA and C) Male DNA. A) contains Lane 1, 100
bps ladder; Lane 2, 25 bps ladder; Lane 3, negative control (0 DNA added) amplified by X
primers; Lane 4, XX DNA (0.16 pg/uL) amplified by X primers; Lane 5, negative control (no
DNA added) amplified by Y primers; Lane 6, XX DNA (0.16 pg/pL) amplified by Y primers. C)
Lanes 1-4 correspond to A); Lane 5, XY DNA amplified by Y primers; Lane 6 negative control
(no template added) amplified by Y primers. B) Female samples and D) male samples were
incubated for 1 hour at 55°C and detected with the both X and Y sensors. Samples amplified with
X primers was detected by the X sensor. Samples amplified by Y primers were detected by the Y
sensor. 200 nM F_sub, 5 nM BiDz, reaction buffer, and 20 puL of sample were used for detection.
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Table 5. Sex determination results of teeth from known sex

Tooth Batch Number* Morphological Sex BiDz Results** Genetic Sex™
X sensor Y sensor
1 Female 1.6 0.82 Female
2 Female 2.43 0.88 Female
3 Female 3.0 0.87 Female
4 Male 2.43 2.91 Male
5 Male 4.20 1.95 Male
6 Male 3.02 1.61 Male
7 Male 1.85 0.87 Female

*Batches 1, 2, 3 originated from 1 adult female tooth, but were amplified separately.

*Batches 4, 5, 6, 7 originated from 1 juvenile male tooth, but were amplified separately.
**Calculated using the equation F.pna/F-pna.

***Genetic sex was determined has female with a result less than 1.5 and male with a result greater
than 1.5 for the Y sensor. S/B ratio of 1.5 has been proven to show statistical difference with
fluorescent measurements.
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CHAPTER FOUR: CONCLUSIONS

Stemming from the discovery of ribozymes, deoxyribozymes became of interest due to
the structural similarity between RNA and DNA. If RNA contains the ability to catalyze
cleavage of nucleotides, than DNA could potentially possess the same ability. RNA and DNA
only differ by a ribose 2’-hydroxyl group, yet there are no naturally occurring deoxyribozymes
known. Particular DNA sequences have been found, by in vitro methods, to possess the ability to
act as catalyst. There are multiple deoxyribozymes that cleave different targets and function
under different conditions. For instance, some sensors rely on the presence of Pb?* to be active,
while others need Mg?*. Deoxyribozyme sensors are now very promising artificial instantaneous
hybridization probes. They can be used for fluorescent detection and compete with other
platforms, such as real time PCR and molecular beacons, in the area of molecular diagnostics.
Molecular diagnostics use DNA or RNA hybridization to detect a desired sequence and can be
used to identify a vast range of targets. If the target sequence is known, the molecular probe
simply has to be adjusted for that specific target. Real time PCR uses a tagman probe that
contains a fluorophore and quencher on opposing sides of a short nucleotide sequence. The probe
hybridizes to the target that is being amplified. As the target is produced, the DNA polymerase
digest the probe, separating the quencher from the fluorophore, and producing a signal. A
molecular beacon is a generic hairpin, which contains a fluorophore and quencher that are in
close proximity because of the stem of the hairpin. Inside the stem loop, is the complementary
sequence to the target. When the target is present it opens up the stem loop, and thus the
fluorophore is now farther away from the quencher. Currently, using a deoxyribozyme in a form
similar to that of a molecular beacon is most popular.
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The advantage of deoxyribozymes over conventional molecular beacons is catalytic
enhancement of signal, detection of dsSDNA, and single base substitution differentiation. A
molecular beacon can only bind one target and produce one signal, whereas the deoxyribozyme
sensor can repeatedly cleave multiple substrate molecules by binding only one target. In this
form the sensor undergoes a conformational change upon binding the analyte, which allows for
the catalytic core to be able to bind the fluorogenic substrate. A typical catalytic molecular
beacon possess lower limits of detection compared to conventional molecular beacons (pM vs.
nM), but both cannot distinguish between a single nucleotide substitution. We have investigated
the deoxyribozyme as a self-assembly driven sensor compared to its conformational *switch’
mechanism. The deoxyribozyme was split into two probes each containing part of the sequence
that contains catalytic activity and further elongated to bind a target DNA sequence and
substrate. This binary structure self-assembles upon hybridizing to a target analyte and the
catalytic core is reformed, allowing for cleavage of a substrate to render a signal. The sensors
were test against two targets of interest, TWIST-86 and AMELY. TWIST-86 is a target of
interest in breast cancer research because it contributes to hormone resistance. AMELY is a
marker for sex identification and is part of the Amelogenin gene that codes for tooth enamel.
These targets were chosen to show the broad application of this type of sensor. Both sensors
were also tested at two different temperatures, 30°C and 55°C, to compare their versatility and
stability. Comparing CMB with BiDz, under optimal conditions for a deoxyribozyme sensor,
showed that both sensors have detection limits in the picomolar range. The lowest limit of

detection was reached by BiDz with 8 pM, and the CMB reached 59.5 pM, when detecting the
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AMELY sequence. For the TWIST analyte, the lowest detection limit was 26.2 pM by BiDz, and

31 pM by CMB.

Typically, molecular beacons can only detect 2 nucleotide substitutions, but being able to
distinguish between one base pair substitutions is highly advantageous, especially when
investigating SNPs. The binary element of BiDz allows for one probe to be short in length,
making it more unstable when hybridizing to a mismatched sequence. CMB does not possess this
ability, as shown in the direct comparison between the sensors. Selectivity was calculated by (1-
Fmm/Fm), were Fmm is the mismatch sequence and Fm is the matched sequence. This was
deemed as the differentiation factor (DF). A DF greater that 0.50 is acceptable selectivity for a
sensor. BiDZ sensor for AMELY analyte possess a 0.89 DF at 55°C, whereas CMB, under the
same conditions, only had a 0.07 DF. For TWIST, at 30°C, BiDZ obtained a 0.83 DF compared

to 0.31 DF for CMB. No CMB sensor, under any conditions, was able to achieve a DF over 0.40.

When designing a deoxyribozyme sensor length of the sequence, secondary structure, and
purification play major roles. The longer the sequence the higher the melting point, which means
the sensor can function at higher temperatures. When designing the sensors to function at 55°C
instead of 30°C 5-10 nucleotides must be added. Binary probe that function at 30°C are shorter in
sequence than ones that function at 55°C. This step is a simple adjustment in design for BiDz.
Unfortunately, a CMB sensor was unable to detect AMELY at 55°C and always encountered
leakage. A more difficult step is the stability of secondary structure, which can be used to predict
if the sensor will bind the target sequence easily or if it will remain folded. In some cases, if the

secondary structure is not stable enough, the sensor can cleave the substrate prematurely, no
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analyte present. When this occurs an inhibitory fragment can be added to the structure to
essentially inactivate the catalytic core. This inhibitory fragment can be lengthened to increase
secondary structure if cleavage still occurs. For CMB, there must be a stable secondary structure
since the catalytic core is fully intact. This step, however, does not apply to the binary design
because the core is split in half. CMB_TWIST_A_30 was designed without an intentional
inhibitory fragment, and leakage was seen. CMB_TWIST _30 then incorporated a 7 nucleotide
long inhibitory fragment, and was able to detect the TWIST analyte. Yet, in a means to increase
selectivity the analyte binding loop was shorten to 15 nucleotides from 40 nucleotides, and
leakage reoccurred. For purification, standard desalting is acceptable for BiDz, but for CMB
HPLC is needed. Unnecessary by products of synthesizing the sensor can somehow disrupt the
stability of the sensor. HPLC purification is much more expensive than standard desalting. As
seen by the multiple failed CMB sensors, design complexity, and extra cost, CMB design is not
as straightforward as BiDz. Overall, BiDz proves, in a direct comparison, to be more

advantageous than CMB, in terms of selectivity, design simplicity, and cost.

The superiority of the BiDz, in molecular diagnostics, can be used to improve the field of
human sex determination when paired with an isothermal amplification technique. BiDz sensors
were easily designed to detect two Amelogenin gene sequences specific for X and Y
chromosomes. The Amelogenin gene, which codes for tooth enamel, differs in sequence and
length between the sex chromosomes, and is a widely used marker for sexing. Other current
markers are standard tandem repeats (STR) and sex determining region Y (SRY) on the Y
chromosome. Molecular-based techniques are needed when only blood samples, bone fragments

or juvenile remains are present. Typically, molecular-based sex identification is carried out by
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PCR analysis and amplification of one or multiple markers. This type of analysis can take time
and must be done in a laboratory. LAMP amplification and BiDZ detection only need a hot plate

and a portable fluorimeter to determine the sex of unknown remains.

X and Y sensors were characterized by their detection limits and selectivity. The X
sensor was able to detect AMELX at as a low as 38 pM after 3 hours of incubation at 55°C and
the Y sensor detect AMELY at 11 pM, under the same conditions. Low detection limits will
allow this detection method to be broadly applied. For instance, it can be applied to ancient DNA
analysis, which works with only miniscule amounts of DNA and needs molecular diagnostics
when juvenile remains are present because even if they are intact, conventional metric analysis
cannot be applied. In good practice, the sensors were tested against the non-specific or
mismatched analyte, to assess selectivity. Using 1 nM of analyte for both sensors, the sensor

showed no affinity for the mismatched analyte with no signal above the background.

For the sensors to be able to detected human DNA, the target sequence was amplified
from DNA extracted from teeth, using isothermal loop-mediated amplification. Teeth were used
because DNA can be well persevered by the enamel layer of the tooth and contamination is seen
to a lesser degree. LAMP offers rapid amplification and produces large amounts of amplicon.
LAMP successfully amplified the target sequence, AMELX and AMELY, within 15-60 minutes
at 65°C. The LAMP product was than analyzed by gel electrophoresis to confirm amplification.
LAMP samples that were amplified for 30 minutes were tested with X and Y sensors. Even
though contamination was seen in the negative controls containing no analyte, the BiDz sensors

were able to differentiate between the background (NC) and the human DNA containing sample.
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After 1 hour incubation at 55°C, the target sequences were identified. For determination of sex,
the Y sensor must yield s/b ratio of 1.5 for the human DNA containing sample over the negative
control. The X sensor can serve as a control test to show confirmed the sample contains human
DNA so no false analyses are produced. The X sensor showed 100% accuracy when detecting
male and female DNA with the same s/b 1.5 parameter. The Y sensor exhibited 100% accuracy
in female DNA with no significant signal above the background, but only 75% accuracy with
male DNA. This method can be improved by redesigning the LAMP primers to possibly
decrease non-specific amplification. Also, DNA extraction and purification can be optimized to
lower any possible cross contamination or degradation of the DNA. With improved accuracy,
combining a binary deoxyribozyme sensor with LAMP amplification can be a useful method for

human sex determination.

Future work will consist of optimizing the sensor and LAMP conditions, as well as
increasing the range of specimens used. The BiDZ sensor can be designed to function at 65°C,
the same temperature as amplification and could create a “one pot” method for sex
determination. Also, using an exonuclease enzyme to digest one strand of the dsSDNA could lead
to a more sensitive method since sSDNA is easier to detect. For amplification, a limit of detection
in terms of how much template is needed would be advantageous for ancient DNA studies.
Typically very small amounts of ancient DNA is present and needs to be used responsibly. Once
all conditions have to been optimized, multiple unidentified samples can be sexed with this
method to determine the accuracy of using a binary deoxyribozyme sensor and LAMP within a

larger range of samples.
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Concluding points
CMB vs BiDZ

1. CMB and BiDZ demonstrate comparable detection limits of 34-160 pM at 30°C after 1 hr
reaction, which is about one order of magnitude better that that of traditional

hybridization probes (e.g molecular beacon) reported in literature.

2. BiDZ surpasses CMB in selectivity by differentiating single nucleotide substitutions with
higher differentiation factors both at 30 and 55°C. This strongly suggest that BiDZ design
is preferable over CMB if a differentiation of single base substitution in nucleic acids

needs to be achieved.

3. The design of BiDz probe was more straightforward, while optimization of BiDZ-based
assay was simpler than that for CMB. This makes a strong argument towards choosing

BiDz if multicompetent sensor design is compatible with the assay conditions.

X and Y BiDZ sensors for human sex determination
1. DZ sensors for the detection of Amelogenin gene X or Y chromosome sequences were
designed and optimized. The sensors demonstrated detection limits 38 pM for X sensor

and 11 pM for Y sensor after 3 hours of assay with synthetic DNA analytes.

2. The DZ sensors demonstrated exceptional selectivity against AMELX and AMELY
synthetic analytes. This property is important for accurate sex determination in human

specimens

3. Rapid amplification using a new isothermal technique. 30 minute LAMP amplification of

DNA originating from teeth; confirmed by gel electrophoresis. Amplification can be
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carried out using a simple hot plate at 65°C. This method is advantageous for onsite
analysis since it is a time efficient and does not require instrumentation. Conventional
amplification, PCR, requires a thermocycler and can take more than an hour for

completion depending on the nature of the sample.

BiDz detects LAMP amplicon with 1 hour incubation at 55°C and determines sex of
human teeth. This is significant due to the double stranded and complex nature of the
LAMP amplicons. LAMP amplifies the target sequence multiple times in various size
fragments. Also, LAMP can produce high amounts of non-specific amplification because
of the use of 5 primers. BiDz can determine the sex of a sample even in the presence of
contamination. Since LAMP occurs rapidly, contamination can be difficult to circumvent,
as seen in gel electrophoresis. The X and Y sensors were able to achieve s/b 1.5 for the

DNA containing sample, allowing for sex determination.

Accuracy of detection needs to be improved. The X sensor, which serves as a control test
for the confirmation of human DNA being present, was 100% accurate in determining the
sex of human teeth. The Y sensor was only 75% accurate with 3 out of 4 LAMP samples
being correctly identified. Optimization of amplification by redesigning the primers is
needed to increase the amount of the targeted sequence, and decrease non-specific

amplification.
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