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ABSTRACT

Hybridization probes have been used to detect specific nucleic acids for the last 50 years.
These probes have applications in medicine, including identifying disease-causing genes or
multidrug resistant bacteria. To be considered robust, a probe should have high selectivity at
ambient or low temperatures, be able to detect folded analytes, and remain economical for use in
clinical settings. This work will uncover a challenge faced by molecular beacon probes (MBP),
describe an adaptation to a molecular beacon probe (MBP) that enables the hybridization of the
probe to a folded target, a multicomponent DNA sensor (OWL2) that overcomes common
challenges faced by hybridization probes, and a thresholding sensor (MB-Th) that allows for the
quantification of microRNA. Through the use of unwinding arms, the MBP adaptation and OWL2
sensor are able to hybridize with and detect folded analytes. Additionally, the OWL2 sensor
contains two analytebinding arms to unwind folded analytes and two sequence-specific strands
that bind both the analyte and a universal molecular beacon (UMB) probe to form a fluorescent

‘OWL’ structure. The sensor can differentiate single base mismatches in folded analytes in the



temperature range of 5-38 °C, even when challenged with excess wild-type analytes. The MB-Th
sensor consists of two gates with increasing affinity for the target, with each varying in
thermodynamic stability. The gates bind to separate molecular beacons, each with a unique
fluorophore, and produce distinct signals that can be measured simultaneously. Both sensor
designs are cost-efficient since the same UMB probe can be used to detect any analyte sequence.
These sensors have significant clinical benefits for the diagnosis of non-invasive early-stage

cancer and cancers associated with miRNA dysregulation.
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Figure 3. Wavelength-Shifted Molecular Beacon Probe.*® In the closed state, the primary
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Figure 6. Dimerization of Molecular Beacon Probes. Unpaired nucleotides at the end of a
MBP/analyte duplex can form dimers with a second MBP/analyte duplex either at one end (left)
or both ends (right) of the dimer. Undesirable interactions are highlighted in red. ......................
7 Figure 7. Function of a Universal Molecular Beacon Probe. The traditional MBP hybridizes
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MBP/analyte duplex can form dimers with a second MBP/analyte duplex either at one end (left)
or both ends (right) of the dimer. Undesirable interactions are highlighted in red.
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are sufficient to trigger dimerization. A) Sequences of analytes, 5— 3’ with MB (3’ — 5’) with
red nucleotides representing those complementary to the MB probe stem. B) The hybridization

kinetics of Cy5-
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Figure 11. Dimerization of MBP/analyte complex. A) Sequences of the targets possessing
complementarity to the molecular beacon at the 3’- end of MBP; nucleotides complementary to
the stem are red, and nucleotides corresponding to the stem in the MB are underlined. B) Time
dependence of hybridization between 50 nM MB1 and 100 nM of each analyte at 22 °C. The
hybridization buffer had [Tris-HCI] = 50 mM, [MgCl;] = 50 mM, pH=7.4, and 0.1% Tween-20. The
analytes were added at the 30-second time point, indicated by the red arrow, and data was
collected from ~35 sec onward. The secondary structure of MBP3 was determined by Mfold
using the buffer CONITIONS. ...........uuiiiiiiii e e e e eeeeeeeeeeeeeeeeeeeeeeees aaeees 14
Figure 12. Dimerization of MBP/analyte complex with complementarity to the 5’ end of MBP3. A)
Sequences of the targets possessing complementarity to the molecular beacon at the 5’- end of
MBP; nucleotides complementary to the stem are red, and nucleotides corresponding to the
stem in the MBP are underlined. B) Time dependence of hybridization between 50 nM MBP3
and 100 nM of each analyte under the same conditions as Fig. 2. The analytes were added at

the 30-sec time point, indicated by the red arrow, and data was collected from ~35 sec onward.

Figure 13. Kinetics of MBP3 with loop complementarity and 3nt hybridizing to each end of the
MB stem. A) Sequences of MBP3 and the analytes added. Nucleotides in red correspond to
those that hybridize with the stem of the MB probe B) The hybridization kinetics of MBP3 upon
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Figure 14. The design of the tailed MB probe. A) The classical MB probe fluoresces upon
binding linear analyte but cannot bind to folded DNA or RNA. B) Nucleic acid analyte folded in a
stable secondary structure. C) The tailed MB probe efficiently hybridizes with the folded analyte.

Figure 15. Structural and Thermodynamic Data for MB1, MB1-Tail, and 16S-60 WT. (A) Primary
and secondary structures of MB1-Tail probe. (B) The cognate analyte 16S-60 WT, with arrows
that indicate the two SNVs. (C) The secondary structures and Gibbs energy values (AG) were
obtained at 22 °C, [MB]= 50 nM, [Analyte]= 100 nM, [Na+] = 50 mM, and [Mg2+] = 50 mM using
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Figure 16. Tailed MB probe improves hybridization thermodynamics. Time dependence of
hybridization between 50 nM MB1 and MB1-Tail with 100 nM folded 16S analyte. The

hybridization buffer had [Tris-HCI] = 50 mM, [MgClI2] = 50 mM, pH=7.4, and 0.1% Tween-20.
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The analytes were added at the 60-sec time point, indicated by the red arrow, and data was

collected from 70-sec onward. The concentration of MB:Analyte was determined via calibration

curves with MB:analyte duplexes (Fig. S1). ... e e e e eeee s 21
Figure 17. MB1-tail improves hybridization kinetics. Initial hybridization rates of 16S Analyte with
MB1 and MB1-tail. The data was measured in triplicate, and the average was fit with a line of
best fit using the concentration of the formed duplex over the first five seconds. The slope was
taken to be the initial rate of duplex formation. .............ccccuveiiiiiiiiiiee e 23
Figure 18 MB Probe and Design of OWL1 Sensor. (A) MB Probe hybridizing with analyte. (B)
OWL1 Sensor forms a 4-stranded fluorescent OWL structure only in the presence of the
matched analyte. The Universal MB probe (UMB) is not dependent on the analyte’s sequence
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Figure 19. Design of the OWL2 Sensor. OWL2 sensor consists of a P strand, UMB probe, and
an association of T1, T2, T3, and T4 strands (top). The strands form a fluorescent structure,
even in the presence of folded analytes (bottom) ... 30
Figure 20. SNV differentiation in Tau analytes. (A) The secondary structures of Tau60-WT and
Tau18-WT analytes as predicted by NUPACK."®2 The SNV sites are circled red, and the regions
of OWL2 hybridization (P/R/T2 and T4 arms) are outlined around their structure. (B) OWL2
sensor (UMB, 25 nM; P98, 200 nM; T1/T2/T3/T4 association 100 nM, in the hybridization buffer
1: 50 mM Tris-HCI, 50 mM MgCI2, 0.1% Tween-20, pH 7.4) was incubated with 100 nM Tau60-
WT (purple) or Tau18-WT (striped, purple) or corresponding single-base mismatched analytes
(grey). The data is the average of three independent measurements. (C) Differentiation table for
Tau60 (folded) analytes with the formula for the differentiation factor, Df, where AF represents
the difference between the measured signal and the blank. ...........c.coocooiiiii s 31
Figure 21 OWL2 equipped with P98 strand was the most selective. (A) OWL2 design with
changes in the highlighted region depicted below the OWL2 structure. P99 contains 9 nt
complementary each to UMB and the analyte; P98 contains 9 nt complementary to UMB and 8
nt complementary to the analyte. C98 has the UMB- and analyte-binding arms of similar length
as P98. (B) S/B of the OWL2 sensor containing different SNV-specific stands in the presence of
100 nM fully matched Tau60-WT or Tau18-WT (dark grey bars) or single-base mismatched
analytes (light grey bars). The data is an average of three independent measurements. .......... 35
Figure 22. OWL2 sensor detects the fully matched analyte in 125 times excess of single-base
mismatched analytes. The limit of detection of the Tau60-WT analyte in the presence of 50 nM
Tau-60 OC (black line) is 0.4 nM, which is the same as the LOD in the absence of mismatch (red

line) and corresponds to a detection in the presence of 125x mismatch; 100 nM OWL2
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(T1/T2/T3/T4), 25 nM UMB15, 200 nM P98 in hybridization buffer 1 (50 nM and 0 nM
Tau60WT). The limit of detection of Tau60-WT analyte in the presence of 500 nM Tau60-0C
(blue line) is 7.9 nM, corresponding to a detection in the presence of 60x mismatch with an
increase in sensor concentrations; 600 nM OWL2 (T1/T2/T3/T4), 25 nM UMB15, 50 nM P98
strand. ........ 38 Figure 23 Discrimination of G: T mismatches. (A) S/B response of the OWL2
sensor to the presence of 100 nM fully matched (M) or mismatched analytes (A:C and G:T) as
indicated above the bars. The data is the average of three independent measurements. (B)
Sequences of the P-strand and analytes with changes in the P-strand highlighted in black and
the analytes shown below, complementary to the P strand. A:C mismatches are highlighted in
green and G:T mismatches are highlighted in red. (C) Tabulated S/B and Df values for each
analyte. Tau60-WT is denoted “WT” in the table, but it is only fully complementary to the normal
(unsubstituted)

S S 39
Figure 24 OWL2 Sensor differentiates SNVs in Covid-19-related sequences. (A) OWL2 sensor
adapted for detection of Covid-19 analyte; T1 and UMB remain unchanged. (B) S/B for the
OWL2 sensor with 200 nM CP98 and CP99 in the presence of 100 nM analyte. (C) Secondary
structure of Covid-19 WT used in this study. T > G and T > C mutations are indicated by red
circles. (D) Values for S/B and Df for each analyte. ... 41
Figure 25. Threshold Sensor Design. A) The threshold sensor comprises a Q-rail and attached
strands 1A and 2A. Upon hybridization to one equivalent of the analyte, subsequent
hybridization of 1B and Reporter 1 occurs. An additional equivalence of analyte results in the
hybridization of 2B and Reporter 2. B) Ideal response of the Threshold Sensor: Gate 1 results in
an increase in signal from Reporter 1 until the first equivalence is reached. After one
equivalence fully hybridizes with Gate 1, Gate 2 begins responding via Reporter 2. The Q-rail is
not quenched and results in a constant signal, allowing for sensor quantification.

..................... 45 Figure 26. Free energies of FTh and analyte. A) Design of FTh colored to
match strands shown in panel B and C. B) structure of miR17 with analyte-binding regions
outlined in light blue (1A) and dark blue (1B) along with identification of two SNVs corresponding
to miR20. C) The structure of miR17 and its AG, with 2A and 2B analyte-binding regions
outlined in light and dark yellow, respectively. D) The AG values for the hybridization between
gate strands and the complementary sequence corresponding to miR17 were found using
NUPACK15 and Mfold web server16 at 22 °C.
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Figure 27. Demonstration of Thresholding Effect. A) Sensor with only Gate 2. B) Sensor with
only Gate 1. C) Concentration dependence of the individual gates (light blue and light orange),
and with both Gate 1 and 2 on the same sensor (dark blue and dark orange), as shown in

FIQUPE 26. ... ——— 47
Figure 28. Threshold Sensor Response to miR17 and miD17. RNA analytes (solid line)

maintained the thresholding function, but the DNA analytes did not. ...............ccoooiiiiiiiiiiiiinnn, 48
Figure 29. Kinetics of FTh on-tile & off-tile with 100 nM miR17. The fluorescence of FTh on tile
shows improved kinetics for Gate 1 and shows a diminished increase in fluorescence for Gate 2
when compared to the free strands. ... 49
Figure 30. Response of FTh to miR20 and miR17. The concentration dependence of miR20 is
shown in the dashed lines for Gate 1 (blue) and Gate 2 (orange), whereas the signal for miR17
IS ShOWN @S @ SOl lINE. oo s 50
Figure 31. The Thresholding Response to miR146-b and miD146-b, a miRNA responsible for
papillary thyroid cancer. The DNA analytes (dashed line) performed worse than the RNA
ANAIYLES (SONA lINE). .eeeeiiiiie e et e e e e s areeeeeeeeas 51
Figure 32. Limit of Detection for MB1 and MB1-Tail with long and short 16S analytes. A
calibration curve was used to determine the Limit of Detection (LOD) for each analyte by finding
the line of best fit. To determine LOD, the average signal of the blank (FO) was added to three
times the blank's standard deviation (SD), and this value was used in the line of best fit to solve
for x, the lowest detectable concentration of the analyte. ..o 62
Figure 33. Kinetics and quantitative data for 16-nt linear fragments of 16S analytes. (A) The
secondary structure of the 16S-16 WT analyte, with red arrows indicating the position of
mutants G/T and C/T. The brown outline indicates the binding region of the MB probe and
encompasses the entire analyte sequence. (B) Free energy values and quantitative data for the
analytes. The signal to background was determined by taking the ratio of MB probe
fluorescence in the presence of the analyte divided by the fluorescence of just the MB probe in
a hybridization buffer following a 30-minute incubation (50 nM MB, 100 nM analytes). The
differentiation factor was used to determine the differentiation of wild-type from the mutant
analyte, and the equation used was Df = 1 - AFmm/AFm, where AF represents the signal of
matched (m) or mismatched (mm) analyte with the signal of the blank (no analyte) subtracted.
(C) The time-dependent hybridization kinetics between analytes and MB1 or MB1-Tail were
measured. The analytes were added at the 60s time point, and measurements were resumed at
~75 s, as indicated by the red arrow. (D) Initial hybridization rates of 16S analyte with MB1 and
MB1-Tail. The line of best fit was used to determine the slope over the first 60 seconds and was

taken to be the initial rate of duplex formation. ............c..ooeri i 63
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Figure 34. Secondary structures of TMB and Tau analytes with quantitative hybridization
parameters. (A) TMB-Tail has the additional tail outlined in green, TMB outlined in brown, and a
mismatch in the tail in blue. (B) Secondary structure of 1-60 WT with the tail and MB-binding
sites outlined in green and brown, respectively. The SNV-containing analytes 0C and 1A tested
are indicated with red arrows in panels (C) and (D). The blue circle represents a mispairing of
C:T with T in the tail of the TMB-Tailed probe to prevent unwanted self-complementarity. (E) The
free energy associated with each analyte, the complex formed between analyte and probe, the
free energy change associated with the formation of the complex, and the differentiation factor
for mutant analytes. The signal to background (S/B) was calculated by taking the fluorescent
signal at 30 minutes and dividing it by the MB signal. The differentiation factor is calculated with
the equation Df = 1 — AFmm/AFm, where AF represents the signal of matched (m) or
mismatched (mm) analyte with the signal of the blank (no analyte) subtracted. Due to their
secondary structure, the 0C and 1A mutants produced a higher S/B than the WT analyte,
resulting in a negative Df. Compared to the WT analyte, the tail-binding region is mostly
contained in a loop, rather than a stem, which allows the tail to easily bind and further facilitate
the hybridization of the MB. AG values were estimated as described in Fig. 1 legend. AG for
both TMB and TMB-Tail probes AG is —3.49 kcal/mol (not shown in the table). The data are
average values of at least 3 independent measurements. ...........cccccceciuvniuiiiiiiieniiiee, 64
Figure 35. The Tail Invasion Problem in TMB-Tail Without a Tail Mismatch. Without introducing a
mismatch in the tail, the MB probe adopts a more stable secondary structure in which the
fluorophore cannot be quenched via contact quenching. .........ccccco 65
Figure 36. Limit of Detection for TMB-Tail And TMB With Long and Short Tau Analytes. A
calibration curve was used to determine the Limit of Detection (LOD) for each analyte by finding
the line of best fit. To determine LOD, the average signal of the blank (Fo) was added to three
times the blank's standard deviation (SD), and this value was used in the line of best fit to solve
for x, the lowest detectable concentration of the analyte. ........cccccovvvviii 66
Figure 37. Tailed MB Probe Improves Hybridization Thermodynamics for 60-nt T Analytes. (A)
Time-dependent fluorescent duplex formation between MB probes and matched analytes. The
analytes were added at the 30 s time point, indicated by the red arrow, and readings began
again at ~40 s. The concentration of MB:Analyte was determined via calibration curves with
MB:analyte duplexes (Fig. S12) (B) Initial hybridization rates of tau analytes with TMB and
TMBTail. A line of best fit was determined over the first 20 seconds after analyte addition, and
the slope was taken to be the initial rate of duplex formation. (C) Time-dependent fluorescent
duplex formation for the mismatched 1-60 analytes, OC and 1A. (D) Initial hybridization rates of

1-60 mismatched analytes with TMB and TMB-Tail resulted in a 4.5- and 6.1-fold increase for the
Xiv



0C and 1A mutants, respectively. Compared to the WT analyte, the faster initial hybridization
rates of 0C and 1A mutants can be explained by their secondary structure and the accessibility
of ssDNA nucleotides that can readily hybridize with the tail in TMB-Tail and facilitate
toeholdmediated hybridization (Fig. S2). The data are average values of at least three
independent
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Figure 38. Kinetics and Quantitative data for 17-nt fragments of Tau Analytes. (A)
Timedependent fluorescent duplex formation between MB probes and short tau analytes. The
analytes were added at the 30 s time point, indicated by the red arrow, and readings began
again at ~40 s. (B) Initial hybridization rates of analytes with TMB and TMB-Tail. A line of best fit
was determined over the first 5 s after analyte addition, and the slope was taken to be the initial
rate of duplex formation. (C) The free energy associated with each analyte, the complex formed
between analyte and probe, the free energy change associated with the formation of the
complex, and the differentiation factor for mutant analytes. The signal to background (S/B) was
calculated by taking the fluorescent signal at 30 minutes and dividing it by the MB signal. The
differentiation factor is calculated with the equation Df = 1 — AFmm/AFm, where AF represents
the signal of matched (m) or mismatched (mm) analyte with the signal of the blank (no analyte)
subtracted. AG values were estimated as described in Fig. 1 legend. AG for both TMB and TMB-
Tail probes AG is —3.49 kcal/mol (not shown in the table). (D) Secondary structure of the 1-17

WT analyte, with the MB binding site outlined in brown and mutations indicated with red arrows.

Figure 39. TMB-Tail probe can bind two analytes. (A-C) Secondary structures formed upon
hybridizing two equivalents of 60 nt analyte with one equivalent of TMB-Tail. (D-F) Secondary
structures formed upon hybridizing two equivalents of 17 nt analytes with one equivalent of
LAY = R - T PSPPSR 69
Figure 40. Tailed MB Probe Improves Hybridization Kinetics to Folded 16S Mutant Analytes. (A)
The time-dependent hybridization kinetics between analytes and MB1 or MB1-Tail were
measured. The analytes were added at the 60s time point, and measurements were resumed at
~70 s, as indicated by the red arrow. The MB:Analyte duplex concentration was determined
using a line of best fit from a calibration curve (Fig. S13) (B) Initial hybridization rates of 16S
analyte with MB1 and MB1-Tail. The line of best fit was used to determine the slope over the
first 5 seconds and was taken to be the initial rate of duplex formation. (C) The secondary
structure of the 16S-60 C/T and (D) 16S-60 G/T analyte, with mutated nucleotides in red. The
brown outline indicates the binding region of the MB probe and the green outline indicates the

binding region of the tail. (E) Free energy values and quantitative data for the analytes. The
XV



signal to background was determined by taking the ratio of MB probe fluorescence in the
presence of the analyte divided by the fluorescence of just the MB probe in a hybridization
buffer following a 30-minute incubation (50 nM MB, 100 nM analytes). The differentiation factor
was used to determine the differentiation of wild-type from mutant analyte and the equation
used was Df = 1 - AFmm/AFm, where AF represents the signal of matched (m) or mismatched
(mm) analyte with the signal of the blank (no analyte) subtracted. ..............................., 70
Figure 41. Secondary Structures Of 16S-60 Used In The Evaluation For Impact On MB1-Talil
Regions. In the loop mutants (Loop Mut 1-3), the mutations emboldened in red were introduced
such that the secondary structure was unaltered, but a mismatch to the MB stem loop was
present. In the tail mutants (Tail Mut 1-3), mismatches were introduced such that the secondary
structure of the analyte was unaltered, but the complementarity to the tail of the MB1-Tail probe
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Figure 42. Stem and Tail Mutant 16S Analyte Performance with MB1-Tail. (A) Time-dependent
fluorescent duplex formation between 50 nM of MB probes and 100 nM of 16S analytes, either
wild-type (WT) or with a mutation in the stem (Fig. S10). The analytes were added at the 60 s
time point, indicated by the red arrow, and readings began again at ~70 s. (B) Initial
hybridization rates of analytes with MB1 and MB1-Tail. A line of best fit was determined over the
first 5 seconds after analyte addition, and the slope was taken to be the initial rate of duplex
formation. (C) Similar to Panel A, but with analytes containing a mutation in the tail-binding
region. (D) The initial rate of duplex formation was determined similarly to Panel B, but the rate
for both the Tail 2 Mutant and Tail 3 Mutant were determined over 30 s due to an unobservable
increase in the first 5 s. (E) Free energy values and quantitative data for the analytes. The
signal to background was determined by taking the ratio of MB probe fluorescence in the
presence of the analyte divided by the fluorescence of just the MB probe in a hybridization
buffer following a 30-minute incubation (50 nM MB, 100 nM analytes). The differentiation factor
was used to determine the differentiation of wild-type from mutant analyte and the equation
used was Df = 1 - AFmm/AFm, where AF represents the signal of matched (m) or mismatched
(mm) analyte with the signal of the blank (no analyte) subtracted. ............cccccciiii s 72
Figure 43. Calibration Curve for Calculation of Kinetic Constants of Hybridization. MB-probe and
WT analyte were annealed at a concentration of 100 nM each, heating for 5 min at 95 °C and
cooling overnight. The concentration of fluorescent duplex was assumed to be 100 nM. Serial
dilution was performed to obtain solutions with a concentration of fluorescent duplex 0 — 50 nM.
The Fluorescence of each solution was recorded in triplicate, and the line of best-fit and

equation of best-fit lines were obtained in Excel. The data are average values of 3 independent
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Figure 44. MB1 and MB1-Tail Calibration Curve for Calculation of Kinetic Constants of
Hybridization. MB-probe and WT-16 analytes were annealed at a concentration of 100 nM each
by heating for 5 min at 95C and cooling overnight. The concentration of fluorescent duplex was
assumed to be 100 nM. Serial dilution was performed to obtain solutions with a concentration of
fluorescent duplex 0 — 50 nM. The Fluorescence of each solution was recorded in triplicate, and
the line of best-fit and equation of best-fit lines were obtained in Excel. The data are average
values of 3 independent MeasureMeNts. .........cccccvvvviiiiiii 74
Figure 45 Optimization of P-strand concentration for OWL2 sensor A) Concentration
dependence of P98 with 100 nM of our OWL2 sensor. B) Table depicting the exact values for
S/B from the graph as well as differentiation factor (Df = 1- AFmm/AFm where AF represents
the difference in signal from the blank for the mismatched (mm) and matched (m) analyte,
FESPECHIVEIY). e 80
Figure 46 OWL1 and OWL2 sensors in complex with Tau analyte. A) OWL1 design consists of R-
and P-strand along with UMB-15 to form a complex with short-fragment Tau18-WT analyte. B)
Limit of detection of Tau18-WT with the OWL1 sensor. C) OWL2 design has additional T2- and
T4- unwinding arms which allow for the opening of longer Tau60-WT analyte with secondary
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Figure 47 Melting curve for OWL2 sensor shows discrimination for fully matched WT from
SNVcontaining analytes from 5-38 oC. The melting curve (left) normalized using ROX as an
internal reporter shows the higher signal from the WT folded analyte. The discrimination (right)

is shown by dividing the fluorescence of the fully matched wild-type analyte by the fluorescence
of the mismatched analyte. The dashed 1.5 line is the threshold at which we determine that the
wild-

type has been differentiated from the mutant. ..., 82
Figure 48 Flexible linkers between R stand and tile provides higher fluorescence. (A) OWL2
design with P99 with the highlighted region representing the linker between T1-hybridizing
portion of T3 and the UMB- and analyte- hybridizing R portion of T3 (B) Fluorescence measured
on PerkinElmer Fluorimeter showing an increase in fluorescence for all analytes. (C) Table
containing the sequence of T3 and the types of linkers tested. .........ccccccoiiiiiiiiii, 83
Figure 49 Introduction of a gap between P98 and T4 unwinding arm does not significantly
destabilize the OWL structure. For T4, two strands were used; one in which there is no gap
between the T4 arm and P98 (denoted with an asterisk) and one in which there is an
introduction of a gap (denoted as T4-1) between P-strand and T4. (A) Design of OWL2 in
complex with Tau60-WT, P98, and UMB. The linker variation is highlighted region on T3 R. The
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highlighted nucleotide in T4 represents the nucleotide that is removed to introduce a gap
between P-strand and T4 (T4-1). (B) The fluorescent readout from PerkinElmer LS55
Fluorimeter showing that a more flexible linker leads to a higher signal with insignificant
compromise to differentiation. (C) The limit of detection for the OWL2 sensor with iSp18 linker
and T4 arm is 0.35 nM, which is comparable to the 0.4 nM LOD for the ttt linker. (D) Signal to
background and Differentiation factor for the OWL2 variations shown in (B). (E) T3 sequences
corresponding to the different INKErs. ... 84
Figure 50 Constrained Structure of P strand contributes to high selectivity of OWL2 Sensor. (A)
OWL2 design with changes in the highlighted region depicted below the OWL2 structure. R1010
with an internal iSp18 linker was used in conjunction with P98, which contains 9 nt
complementary to UMB and 8 nt complementary to analyte. P99 contains 9 nt complementary
each to both UMB and analyte. C98 has similar binding to P98, but nucleotides complementary
to UMB are consecutive starting at the 5’- end and nucleotides complementary to analyte are
consecutive ending at the 3’- end. (B) Fluorescence for P99 is higher for t60 WT than for P98
but has diminished differentiation of mutations. Fluorescence for C98 is comparable to that of
P99 but has poorer differentiation due to the flexibility of the C-strand. ..................................... 85
Figure 51 Removal of a nucleotide on T4 to introduce a gap between P and T4 has little effect
on fluorescence or limit of detection. (A) OWL2 Design in complex with UMB, P98, and analyte.
Removed nucleotide on T4 is highlighted in yellow (B) Fluorescence measured on PerkinElmer
LS55 Fluorimeter with no appreciable difference between the two designs. (C) Limit of Detection
created using Fluorescence read on a Perkin-Elmer Fluorimeter with a LOD of 0.25 nM for T4-1
(removed nucleotide- a gap is INtrodUCEd) .........cooiiiiiiiiiii e 86
Figure 52 . Introduction of a single gap between the T4 arm and the P strand. (A) The
introduction of a gap between P-strand and T4 via removal of a nucleotide on the T4 arm
slightly destabilizes the OWL2 Structure. (B). The S/B for fully matched analyte decreases upon
the addition of a gap, except in the case of P108. We believe the increase in signal upon
introduction of a gap is due to the sequence of the P-strand; when there is a gap the first
nucleotide intended to hybridize with the UMB, underlined in (C), may instead hybridize with the
analyte since they share complementarity. (D) Signal to background (S/B) and differentiation
factor (Df) for all analytes with varying combinations of P-strand and Gap or No Gap.

.............. 87 Figure 53 Secondary structures and free energies of Tau analytes. (A) Tau60-WT
with T2binding arms outlined in blue, T3-R-binding in brown, P- binding in orange, and T4-
binding in green. SNP-containing mutants of tau with mutations 0C (B), 1A (C), and 2G (D) are

indicated
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Figure 54 Secondary structures and free energies of Covid analytes. (A) CVD60-WT with
T2binding portions highlighted in blue, T3-R-binding in brown, P- binding in orange, T4-binding in
green, and SNP-locations highlighted in yellow. (B) and (C) SNP-containing mutants CVD60-0G
and CVD60-1C with mutations indicated by red arrows. ............ccoeeeiiiiiiiiiiiii e 88
Figure 55 Fluorescent response of OWL2 sensors over time for Tau analytes. Fluorescence was
read over 45 min for each mismatch. A four-fold increase in fluorescence can be seen over the
first ten minutes with discrimination against mutants 0C and 1A. The 2G mismatch shows a

slower increase when compared to the WT. ... 89
Figure 56. Limit of detection for Tau60-WT DNA and RNA using OWL2 sensor with P98 in buffer

1. LOD for DNA sequence (black) was found to be 0.4 nM and LOD for the RNA sequence
(blue) (Table S3) was found to be 0.78 nM. Since the disease-causing SNV-containing analyte is
Tau60 mRNA, this provides evidence that our OWL2 sensor would be applicable to real-world
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CHAPTER ONE: INTRODUCTION

Disease & Genetics

Single nucleotide variations (SNVs) are the most common cause of genetic alterations in
the human genome, and they have been linked to several different types of disease.™ In
Alzheimer’s disease, a single mutation can affect the alternative splicing of the MAPT gene,
leading to an imbalance in the ratio of 3- and 4-repeat tau isoforms.*’ Since Tau is a
microtubuleassociated protein responsible for stabilizing microtubules, an imbalance in isoforms
can lead to tau aggregation, toxicity, and neurodegeneration. Neurodegenerative, cardiovascular,
and autoimmune diseases have all been associated with specific genotypes, and their detection

can lead to an early diagnosis.®-'®

Some genes, such as the miR17-92 cluster, are crucial in pathways that regulate cell
proliferation and differentiation. When miR-17 is upregulated, it leads to uncontrolled cell
proliferation and the growth of cancer cells.-'® Another regulatory gene, the epidermal growth
factor receptor (EGFR), can lead to several types of cancers when dysregulated, including
colorectal, renal, and non-small cell lung cancer.?°-2” Furthermore, a single SNV causing a T790M
mutation can cause non-small cell lung cancer to become resistant to EGFR tyrosine kinase
inhibitors and transform into small cell lung cancer.?’-2° Identifying this T790M mutation can help
physicians choose medications more suited to their patients’ needs. Aside from genetic disease,
biosensors can further help physicians by detecting SNVs in clinically relevant microbes; early
detection is crucial in treating infections caused by drug-resistant pathogens.®34 |t is clear that
the identification of SNVs and quantification of genetic expression levels is crucial to our

understanding and treatment of disease. So, how can we detect them?



Methods of Detection

Traditional methods for SNV detection include DNA sequencing, polymerase chain
reaction (PCR) with melting curve analysis,3® and hybridization assays. DNA sequencing, such as
next-generation sequencing (NGS), can identify many SNVs across the genome but requires
expensive instrumentation, significant time for data processing, and is prone to false positives due
to sequencing errors and data complexity.3¢-*8 PCR has an astounding range of applications, from
probe-based real-time PCR to post-amplification product analysis, but relies on expensive
instrumentation with precise temperature control for SNV differentiation.**? Hybridization assays
utilizing peptide nucleic acid and locked nucleic acid probes,**** cycling probe technology,*®
TagMan,* and Molecular Beacon Probes (MBP)* all suffer from the affinity/selectivity dilemma,

which declares that tight binding of a probe to an analyte is associated with low selectivity.*34°

Recent advances in SNV detection include ratio sensing via the depletion of wild-type (WT)
targets,® programmable DNAzymes,*' the use of CRISPR/Cas systems in conjunction with
hybridization chain reactions,® and detection via lateral flow dipsticks after recombinase
polymerase amplification with altered primers.®® The best-studied hybridization probes, however,
all share the challenges of inefficient hybridization with RNA and DNA analytes folded in stable
secondary structures, difficulty differentiating between wild-type (WT) and SNV-containing DNA at

ambient temperatures, and their high synthetic cost.48:49.54.5

DNA Nanotechnology

DNA Nanotechnology

DNA nanotechnology uses the predictable base-pairing of DNA to create nanoscale constructs.%¢-
%8 DNA is easy to synthesize, has low immunogenicity, and can self-assemble and be programmed
to have a predetermined sequence.®®**? Several motifs, including three and fourway junctions

(Figure 1), can be used as building blocks to create 2D and 3D structures due to the presence of



‘sticky ends’ that enable the motifs to hybridize with each other.®3%7 In addition to the intrinsic
properties of DNA, these building blocks impart an architectural quality to these nanostructures —

the possibilities are seemingly endless.%""
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Figure 1. Four- and Three-Way Junctions are used in DNA nanotechnology assembly. A)
Fourway Junction (4WJ) made with four separate strands, each containing an overhang of a
singlestranded ‘sticky end’ sequence. B) A Three-way Junction structure containing sticky ends is
made from three hybridized strands.

In a structural sense, DNA has been used to construct nanoscale lattices’>"# and cargo
vesicles.”>7® Nanoscale lattices can be used as molecular scaffolds and aid in precisely placing
molecules for molecular assembly. Cargo vesicles can be used for targeted drug delivery to
reduce some of the off-target effects of traditional therapies. Some DNA nanostructures can
monitor physical changes, such as pH and temperature,’®% and others act as a biosensor to
convey information about biological systems, including disease markers.®-% Beyond their use as
a biosensor, some have even been employed as therapeutic devices.8-%° Despite its potential,
DNA nanotechnology faces several challenges. DNA structures can be compromised through
enzymatic degradation or other environmental factors. Some efforts to ameliorate these effects
include modifications to the DNA or encapsulation of the structures.®’-% Additionally, the

complexity and size of the nanostructures are limited by scalability; the purification has proven to



be challenging to scale, and as more DNA strands are incorporated into a structure, the probability
of assembly errors increases.®*” However, since many biologically relevant targets are small, the
production of DNA biosensors doesn’t necessarily need to be scalable — just measurable. One
common way to measure the activity of DNA nanostructures is fluorescence, and a popular

fluorescent reporter is the molecular beacon probe (MBP).

Molecular Beacon Probes

Design and Applications

Of the hybridization assays, the MB probe, a fluorophore- and quencher-labeled DNA
hairpin, has one of the most elegant designs (Figure 2A).4":%¢ The GC-rich stem enables the
quencher and fluorophore to remain in contact for more efficient quenching without the
complementary analyte sequence. Upon hybridization with the complementary analyte, the MB

probe opens into an elongated conformation, and fluorescence is observed (Figure 2B).47:%

A } Loop
Stem {

Fluorophore —, ~—Quencher

B

Analyte

\TATATATAT A,

Figure 2. Design and Function of a Molecular Beacon Probe (MBP). A) Structure of an MBP
probe: a DNA hairpin with a fluorophore at the 5’-end and a quencher at the 3’-end. B) The MB
probe is in a quenched and closed conformation (left) before opening into a fluorescent structure
(right) upon hybridizing with its cognate analyte %

Atypical MBP achieves a limit of detection (LOD) of ~1 nM,®8 establishing it as a significant

diagnostic tool capable of detecting specific nucleic acids after amplification.'-'2 Molecular
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Beacon probes have been used in amplification assays such as nucleic acid sequence-based
amplification (NASBA), % real-time PCR,'* loop-mediated isothermal amplification (LAMP), 105106
and rolling circle amplification (RCA)."” Methods to improve the MBP detection limit include
wavelength-shifting MBPs, which allow for a greater separation of the excitation and measured
emission wavelength, thus reducing the background signal (Figure 3).'°® Another method,
isothermal circular strand-displacement polymerization, has enabled MBPs to achieve femtomolar
detection limits by using polymerase and primers to enable complete hybridization between

analyte and probe.'®
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Figure 3. Wavelength-Shifted Molecular Beacon Probe.®® In the closed state, the primary
fluorophore’s emission is quenched (grey sphere), and a signal is not produced. Upon forming a
duplex with the analyte, the primary fluorophore (green) emits a wavelength that excites the
secondary fluorophore (pink), and the final emitted wavelength can be read at a greater Stokes
shift than a classical MBP."%®

Challenges

One of the challenges of MBPs occurs when the MBP can adopt a secondary structure
other than a hairpin, leading to stem- or loop- interference (Figure 4). Loop interference occurs
when there is unwanted complementarity within the loop of the MBP, which increases the energy
needed to open the MBP hairpin for hybridization with the target, thus decreasing the overall
energy released upon analyte detection.'% "2 |n stem interference, the MBP stem hybridizes with
a segment of the MBP loop, resulting in a high background signal due to the fluorophore no longer
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being in contact with the quencher. One proposed solution to combat stem interference includes
using synthetic L-DNA in the MBP stem and natural D-DNA in the loop.™ Since L-DNA and DDNA
do not form duplexes, the stem cannot hybridize with the MBP loop, thus avoiding stem
interference. This modification can additionally be used to solve the problem of stem invasion

(Figure 5), which occurs when the MBP stem creates unwanted duplexes with G:C rich analytes.
However, ordering MBPs with these modifications can be costly, with prices ranging from $120180
per modified nucleotide at a scale of ~250 nanomoles through companies such as Biosynthesis

or GenelLink.

Undesired
Hybridization

Figure 4. Stem and Loop Interference. Stem interference (left) occurs when nucleotides in the
stem are complementary to the loop sequence in the MBP. Loop interference (right) occurs when
there is additional complementarity in the loop of the MBP.

Another reported solution to circumvent the problem of stem interference and stem
invasion uses modified bases developed as part of an artificially expanded genetic information
system (AEGIS).""* The modified base pairs were developed to hybridize with each other and
maintain Watson-Crick geometry by maintaining size complementarity and controlling the
donor/acceptor hydrogen bonds between two nucleobases. Due to the artificial nature of these
nucleosides and their limitations of only forming a base pair with another synthetic nucleoside,
they were successfully used to avoid stem invasion and interference.'® However, they involve

complex syntheses and, when purchased commercially, are expensive. 5118
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Figure 5. Stem Invasion of a Molecular Beacon Probe. Stem invasion occurs when the stem of the
MBP hybridizes to a G:C rich segment of DNA or RNA (top) or when there is undesigned
complementarity to the analyte beyond the MBP stem (bottom)

Yet another challenge of MBPs is the dimerization of MBP/analyte duplexes (Figure 6)
which will be explored in depth in CHAPTER TWO: DIMERIZATION OF MOLECULAR BEACON
PROBES. The fluorescent signal is reduced when MBP/analyte duplexes dimerize because the

quencher of one duplex is brought close to the fluorophore of another duplex.
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Figure 6. Dimerization of Molecular Beacon Probes. Unpaired nucleotides at the end of a
MBP/analyte duplex can form dimers with a second MBP/analyte duplex either at one end (left) or
both ends (right) of the dimer. Undesirable interactions are highlighted in red.

In addition to challenges posed by the structure of the MBP, the secondary structure of the
analyte can further complicate successful detection. It has been shown that traditional MBPs
cannot hybridize with analytes folded in stable secondary structures because both the MBP and
analyte must overcome the unfolding of their secondary structure before they can hybridize."21%-

21 This is especially true when the target sequence is sequestered within the analyte’s secondary



structure in the form of dsDNA.'® Modifications to the traditional MBP will be discussed in

CHAPTER THREE: TAILED MB FOR IMPROVING THE DETECTION OF FOLDED ANALYTES.

The analyte’s secondary structure can also affect how well the MBP can discriminate
against SNVs. Although MBPs can differentiate SNVs in a broader temperature range than linear
(hairpin-free) probes,** they fail to differentiate SNVs at ambient (0—40 °C) temperatures and, in
practice, require costly instrumentation to measure DNA-melting profiles.'-1°2 Melting profiles
have shown that a mismatch in the target destabilizes the duplex formed between the MBP and
target, which dissociates ~ 28 °C lower than the perfectly matched duplex.'?>'2* To overcome this
limitation and allow MBPs to differentiate SNVs at more ambient temperatures, multicomponent

sensors can be used with a universal molecular beacon probe (UMBP).

Multicomponent Sensors

A DNA multicomponent sensor is created when multiple DNA strands are modularly
designed so that each component possesses a different function.?*'26¢ Some common functions
include target recognition, signal transduction, and signal amplification.’?-'32 Having these
different functions allocated to separate sensor regions enables the use of a UMBP. Unlike a
traditional MBP, a universal molecular beacon probe is not limited to specific analyte sequences
because it can be designed to be complementary to analyte-independent components of the
sensor (Figure 7)."*'3 Since the fluorophore and quencher modifications are costly, and
universal MBPs are unaffected by the need to redesign the MBP for each new analyte, they are a

cost-effective alternative to the traditional MBP.
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Figure 7. Function of a Universal Molecular Beacon Probe. The traditional MBP hybridizes
directly with the target (top), whereas a universal molecular beacon probe hybridizes directly with
the sensor and is analyte-independent.*®

Aside from the cost, the use of UMBPs with multicomponent sensors allows for higher
sensitivity and specificity than traditional MBPs or linear probes. Analyte-specific probes are
challenged by the specificity and selectivity dilemma; as the duplex becomes long and affinity
(specificity) increases, the energy penalty of a signal mismatch represents a smaller percentage
of the AG of the analyte/probe duplex.'” Additionally, as the affinity of the probe/analyte duplex
increases, higher temperatures are needed to cause the two strands to dissociate. Although
temperature control can be used to discriminate against analytes containing SNVs, these high
temperatures require instrumentation that can be cost-prohibitive. Using a multicomponent
sensor, the target recognition elements can be designed to use shorter sequences to hybridize
with their target. This approach produces a higher relative energy penalty for the undesired duplex
between a mismatched analyte and the sensor. Additionally, it lowers the temperature required for

probe/analyte disassociation and SNV discrimination. The X-sensor, similar to the design with the



UMBP in Figure 7, took advantage of this effect and reduced the temperature needed for SNV
differentiation to ~15 —40 °C. The OWL1 sensor worked similarly, creating a rigid structure through

locked ends with short analyte-binding regions to impart selectivity from ~ 5 — 32 °C (Figure 8)
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Figure 8. OWL1 Structure consists of the analyte complexed with the sensor’s R and P strands,
which report the signal through a UMBP.

There is a need to continue the development of these sensors so that they can be easily
used in a point-of-care setting and enable clinicians to detect disease biomarkers without

significant cost to the patients.

Research Questions

After encountering a challenge with MBPs that were seemingly self-quenching, we set
forth to (1) determine the cause of the quenching and which factors, if any, must be present to
avoid it. To improve the functionality of MBPs, we also hypothesized that we could (2) adapt a
molecular beacon probe to overcome the challenge of hybridizing with its target by including a

target-specific ‘unwinding’ sequence.

Using a universal MBP, we moved forward with multicomponent biosensors. Inspired by

the cost-efficient design and the excellent selectivity of the OWL1 sensor, we wanted to overcome
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its ability to detect folded targets. We hypothesized that we could (3) use single-stranded
‘unwinding arms’ to allow the sensor to detect folded targets while maintaining selectivity and
functionality over broad temperature ranges. In doing so, we could create a cost-efficient sensor
that could apply to a broader array of biomarkers. In addition to using unwinding arms in our
sensor, we were interested in the applicability of the sensor to more clinically relevant samples
containing an excess of wild-type analytes and a small fraction of mutant disease-causing
analytes. This required a high degree of selectivity, so we hypothesized that (4) detection of the
mutant analytes could be enhanced through the depletion of wild-type targets by using a ‘blocking

strand.’

Seeking to develop more biologically relevant biosensors, we aimed to design a
‘thresholding sensor,” which could differentiate between pathogenic and healthy miRNA
concentrations. We thought that we could (5) create a thresholding DNA device by designing
separate regions of a DNA sensor to have different affinities to the same miRNA, with each having

a distinct reporter.

This work aims to contribute to diagnostic medicine by using DNA nanotechnology to
develop biosensors with multiple functions to overcome common challenges, including specificity,

selectivity, stability, biocompatibility, and cost.

CHAPTER TWO: DIMERIZATION OF MOLECULAR BEACON PROBES

Introduction

Established challenges of molecular beacon probes include loop interference, stem
interference, and stem invasion.® In this chapter, we discuss yet another problem in the design of

MBPs: dimerization of the MBP/analyte complex due to the interactions of stem-forming
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nucleotides as shown in Figure 9. The hybridization of the MBP loop to analyte results in a duplex
flanked by the unpaired stem-forming nucleotides, which can then hybridize with another
MBP/analyte complex to form a four-stranded structure which results in a ‘dark’ conformation. In
this structure, one MBP's 5’- fluorophore is quenched by the 3’- quencher on another MBP, and

vice versa.
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Figure 9. Dimerization of Molecular Beacon Probes. Unpaired nucleotides at the end of a
MBP/analyte duplex can form dimers with a second MBP/analyte duplex either at one end (left)
or both ends (right) of the dimer. Undesirable interactions are highlighted in red.

Results and Discussion

MBP3 and Dimerization

We first observed the dimerization with a MBP containing a six nucleotide base pairs (bp)
stem and a 22-nt loop (Figure 10A). The MBP (MBP3) contained a CY5 fluorophore at the 5’- end
and a quencher at the 3’- end. We found that some analytes resulted in a signal increase followed
by a sharp decrease within five minutes or less (Figure 10). We hypothesized that our
MBP/analyte was dimerizing and analyzed our system using native polyacrylamide gel
electrophoresis (PAGE) (Fig. 2C). We found that an upward shift on the gel correlated with the
fluorescence quenching (Fig. 2B). The Dimerization occurred when there were less than four bp

complementary to each end of the MB1 stem.
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Figure 10. Four free nucleotides on each end of MBP in MBP/analyte complex are sufficient to
trigger dimerization. A) Sequences of analytes, 5— 3’ with MB (3’ — 5’) with red nucleotides
representing those complementary to the MB probe stem. B) The hybridization kinetics of CySMB
upon the addition of analyte.

Next, we tested analytes that had complementarity to the 3’- end of the MBP3 stem to
determine if the dimerization would still occur when only one end of the MBP hybridized with the
analyte (Figure 11A). We found that all four analytes experienced the quenching effect and
resulted in a fluorescence higher than baseline after reaching equilibrium. (Figure 11B). However,
analyte 2X.20L.0S experienced the most quenching, in contrast to 2X.20L.3S. This provided
evidence that increasing complementarity to the 3’- end of the stem can partially prevent some
quenching. When there is no complementarity to either side of the stem (2X.20L.0S), the
fluorophores from each dimerized MBP can be quenched by the opposing co-hybridized MBP, but

when the analyte does have complementarity to one end of the stem, we observe partial

quenching as the dimerization occurs only at one end of the dimer (Figure 9).
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Figure 11. Dimerization of MBP/analyte complex. A) Sequences of the targets possessing
complementarity to the molecular beacon at the 3’- end of MBP; nucleotides complementary to
the stem are red, and nucleotides corresponding to the stem in the MB are underlined. B) Time
dependence of hybridization between 50 nM MB1 and 100 nM of each analyte at 22 °C. The
hybridization buffer had [Tris-HCI] = 50 mM, [MgCl;] = 50 mM, pH=7.4, and 0.1% Tween-20. The
analytes were added at the 30-second time point, indicated by the red arrow, and data was

collected from ~35 sec onward. The secondary structure of MBP3 was determined by Mfold using
the buffer conditions.

Next, we tested analytes with the same number of nucleotides as those in Figure 11 but
with complementarity to the 5 end of UMB3 (Figure 12A) to investigate if the effect is
locationspecific for the 3’- and 5- end of the MBP. We found that dimerization occurred for
0S.20L.2X and
1S.20L.2X, with zero and one nts complementary to the 5’- end of the stem, respectively. However,
upon hybridization with 25.20L.2X and 3S.20L.2X, we found that dimerization and quenching

were not observed (Figure 12). We observed a slower fluorescent response for 3S.20L.2X, which
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could be explained by its stable secondary structure (Fig. S1). This result showed that for MB1,

two nucleotides complementary to the stem’s 5’- end were necessary to prevent dimerization.
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0S.20L.2X 5'- GG AGT TGT GCT TGT GGA CAG | | |
A 1S.20L.2X 5’ - GG AGT TGT GCT TGT GGA CAG C! |
2S.20L.2X 5’ - GG AGT TGT GCT TGT GGA CAG CG|
35.20L.2X 5'- GG AGT TGT GCT TGT GGA CAG CGA

0S.20L.2X——1S.20L.2X
——28.20L.2X ——38.20L.2X

OT 120 240 360 480 600 720 840 960 10801200
Time. s

Figure 12. Dimerization of MBP/analyte complex with complementarity to the 5’ end of MBP3. A)
Sequences of the targets possessing complementarity to the molecular beacon at the 5’- end of
MBP; nucleotides complementary to the stem are red, and nucleotides corresponding to the
stem in the MBP are underlined. B) Time dependence of hybridization between 50 nM MBP3 and
100 nM of each analyte under the same conditions as Fig. 2. The analytes were added at the 30-
sec time point, indicated by the red arrow, and data was collected from ~35 sec onward.

To eliminate the possibility of the two unpaired nucleotides in the MB1 loop contributing to

the dimerization, we tested three analytes that hybridized to all nucleotides in the MB1 loop;
0S.22L.0S contained no stem-hybridizing nts and 3S.22L.0S and 0S.22L.3S contained three
additional nts complementary to the 5’- and 3’- end of the MB1 stem, respectively (Figure 13). The
findings were similar; three nts complementary to the 5’- end of MB1 were sufficient to prevent

dimerization.
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Figure 13. Kinetics of MBP3 with loop complementarity and 3nt hybridizing to each end of the MB
stem. A) Sequences of MBP3 and the analytes added. Nucleotides in red correspond to those
that hybridize with the stem of the MB probe B) The hybridization kinetics of MBP3 upon the
addition of analyte.

TMB and Dimerization

Next, we assessed the dimerization of MBP/analyte using a different MBP, TMB, and
analytes containing complementarity to either end of the MBP stem (Fig S3A). We found that,
again, dimerization occurred when the complementarity to the stem was on the 5’- end of the MBP
but, for TMB, only a single nucleotide was needed to inhibit dimerization (Fig. S3B). Next, we
challenged our system to see if mismatches would impact the dimerization. We used Tau17
2nt3’ and Tau17 2nt5’, two biologically relevant analytes that contained mutations responsible for
Alzheimer's disease (Fig. S4A). Dimerization occurred when there were two nts mismatched to
the 3’- end of the MBP stem but not when the two nts were facing the 5- end (Fig S4B).

Additionally, although there were differences in the hybridization rate and thermodynamics, the
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mismatches in the center of the analyte appeared to have no impact on dimerization (Fig S4B,

S5, S6).

Discussion

Through a systematic study, we determined which criteria should be considered to prevent
the ‘dimerization’ of MBP/analyte complexes. We propose that dimerization occurs through the
sticky ends (SE) of the MBPs after the MBP/analyte complex is formed. However, dimerization
can be prevented by including 1-2 nucleotides that interact with the 5’- end of the MBP. Sticky
ends are unpaired nucleotides that extend beyond a double-stranded DNA helix and are an
important tool in DNA recombinant technology. Additionally, these SE are commonly used in DNA
origami and are integral in hybridization chain reactions.22-26 Technologies that depend on
carefully designed SE are frequently challenged by input-less initiation and subsequent
aggregation. The efficiency of SE pairing can be determined via many methods, including realtime
fluorescence using MBPs.27 Upon hybridization of the MBP to the target, the probe transitions
from a ‘closed’ hairpin conformation to an 'open’ fluorescent state. In this open state, the unpaired
SE can dimerize with another MBP: target complex to form a quaternary structure with reduced

fluorescence (Fig. 1C).

Conclusion

Modified MBPs have been used in assays to create SE pairing that can be recognized and
degraded by a nuclease, resulting in signal amplification and an improved limit of detection.28
Considering both the advantages and unwanted interactions of the SE pairing of MBPs, there is
a clear need to understand the parameters that both promote and inhibit this dimerization. One
possible solution to the MBP dimerization problem is using a universal MBP approach.29 In this
approach, a single optimized MBP is used to analyze any given analyte using two adaptor strands.

Therefore, the sequence of such a universal MBP and its interaction with the adaptor strands can
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be pre-designed to avoid the dimerization problem, and the universal MBP can be used with all

given analytes without the need to change the MBP sequence.
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CHAPTER THREE: TAILED MB FOR IMPROVING THE DETECTION OF
FOLDED ANALYTES

Introduction

Although the MB probe has proven useful in detecting shorter analytes (Figure 14A),
detecting folded RNA and DNA has posed a fundamental challenge.®® The association between
the MB probe and targets diminishes when the target is folded in a stable secondary structure
(Figure 14B)."3-'% This can impact both the thermodynamic stability of the MB probe/target
complex and the hybridization rates.'** Improvement of MB hybridization kinetics is significant
since a typical hairpin-folded probe reaches a plateau after 15-30 min of incubation in
homogenous formats'#®'46 and 90 min in heterogeneous formats.'’ This time extends analytical
assays and reduces the practical value of MB and other harpin-shaped probes. Therefore, a

universal and straightforward approach is needed to increase MB probe hybridization rates.
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Figure 14. The design of the tailed MB probe. A) The classical MB probe fluoresces upon binding
linear analyte but cannot bind to folded DNA or RNA. B) Nucleic acid analyte folded in a stable
secondary structure. C) The tailed MB probe efficiently hybridizes with the folded analyte.

Here, we report a strategy to increase both the stability of the MB/analyte complex and its

hybridization rates by tailed MB probes (Figure 14C). Tailed MB probes are equipped with a
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single-stranded sequence (tail) at one end complementary to the sequence adjacent to the MB
loop-targeted sequence. The addition of the tail sequence serves a dual purpose. First, the tail,
once hybridized with the analyte, lowers the free energy of the MB/analyte complex. The lower
free energy results in an equilibrium shift, which favors complex formation and increases the
signal-to-background ratio (S/B). Secondly, tailed MB probes increase the hybridization rates due
to the binding of the tail to secondary structure-free nucleotides, thus bringing the MB loop near

the targeted sequence.

Results and Discussion

MB1 and MB1-Tail for the Detection of 16S WT Analyte

To prove our hypothesis, we chose a fragment of E. coli 16S rRNA that can be used to differentiate
E. coli from other bacteria. The selected 60 nt fragment (61-120 nt of natural rRNA sequence)
contained a stable stem-loop structure (Figure 15B), also present in the natural rRNA secondary
structure. An MB1 probe was designed to be complementary to one side of the stem (brown line
in Figure 15B). The lengths and sequences of the stem and the loop regions of the MB1 probe
were designed based on the state-of-the-art procedure for MB probes.® The MB1 failed to detect
the folded 60-nt 16S DNA analyte as reflected by the S/B ratio of ~1.1, a phenomenon previously
reported (Figure 15C, Figure 16)."2%'43 This S/B is too low to be useful for practical applications,

as the S/B should be at least 1.5 for fluorescent assays.>*
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Figure 16. Tailed MB probe improves hybridization thermodynamics. Time dependence of
hybridization between 50 nM MB1 and MB1-Tail with 100 nM folded 16S analyte. The
hybridization buffer had [Tris-HCI] = 50 mM, [MgCI2] = 50 mM, pH=7.4, and 0.1% Tween-20. The
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analytes were added at the 60-sec time point, indicated by the red arrow, and data was collected
from 70-sec onward. The concentration of MB:Analyte was determined via calibration curves
with MB:analyte duplexes (Fig. S1).

The MB1-tail was designed by adding a 10 nt DNA ‘tail’ at the 5’ end of the MB1 probe
(green sequence in (Figure 15A), with an internal fluorophore linked to position 5 of a thymidine.
The tail sequence was complementary to the relatively accessible analyte fragment that was not
folded in a stable secondary structure (as predicted by Mfold). The free energy of the MB1tail:16S-
60WT complex was reduced by — 15.8 kcal/mol and resulted in a 40-fold increase in the S/B ratio
compared with the MB1:16S-60WT complex (Figure 15C). Additionally, the limit of detection
(LOD) for the 16S-60 WT could not be determined with MB1 but was 0.7 nM with MB1-

Tail, which is approximately the LOD for traditional MB probes with unfolded targets (Fig. S1).%

To further confirm that interaction between the tail fragment and the analyte is essential for
achieving high S/B, we investigated the hybridization of MB1 and MB1-Tail probes with short (16
nt) analyte fragment containing only nucleotide sequence complementary to the loop region of
MB1 and MB1-Tail (Fig. S2A). The fragment did not form a stable secondary structure (AG ~ — 1
kcal/mol, Fig. S2). MB1 and MB1-Tail produced S/B of ~5 and 7, respectively, in the presence of
unfolded 16S-16 analyte (Fig. S2B). The LOD for 16S-16 WT was 3.6 nM for MB1-Tail and 6.1
nM for MB1 probe (Fig. S1). The comparable LOD and S/B reflect similar complex stability for the
two MB probes and emphasize the importance of tail fragment interaction with the folded analyte

for achieving high S/B.
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Figure 17. MB1-tail improves hybridization kinetics. Initial hybridization rates of 16S Analyte with
MB1 and MB1-tail. The data was measured in triplicate, and the average was fit with a line of best
fit using the concentration of the formed duplex over the first five seconds. The slope was taken
to be the initial rate of duplex formation.

The hybridization rate of the MB1-tail probe was about 800-fold higher (1.6 nM/s) than that
of the MB1 probe (0.002 nM/s, Figure 17). At the same time, hybridization with the short 16S-16
analyte had comparable kinetics (initial rates of 0.002 nM/s and 0.007 nM/s, for MB1-Tail and MB1
probe, respectively (Fig. S2). This result proves that the tail fragment is the key functional

component of the MB1-Tail probe that improves hybridization kinetics.

TMB and TMB-Tail for the Detection of T-60 WT Analyte

To check for the general applicability of our tailed MB strategy, we developed a tailed and
non-tailed MB probe, TMB-Tail and TMB, respectively, for the detection of another folded analyte,
a fragment of tau gene and two of its mutations (Fig. S3). The two mutations, 1-60 0C and 1-60
1A, contribute to the development of Alzheimer’s disease via an alternative splicing pathway and
skew the ratio of tau protein isoforms, leading to neurofibrillary tangles.’® We initially designed
TMB-Tail and TMB as described above for the 16S-60 analyte, but the tail fragment of TMB-Talil
appeared to be complementary to the loop fragment (Fig. S4). We, therefore, substituted one

nucleotide in the tail region to avoid tail interference (binding to the loop region), as shown in
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Figure S3. The TMB probe detected the folded 60-nt WT analyte with a S/B of 1.7 and LOD of
19.7 nM after 30 min, but the addition of a tail enabled TMB-Tail to achieve a S/B of 5.2 and LOD
of 6.5 nM (Fig. S2 & S5). Moreover, the initial hybridization rates for 1-60 WT were determined to
be ~0.030 nM/s and ~0.017 nM/s for the tailed and non-tailed MB, respectively, which reflects a
two-fold improvement in hybridization rates for the tailed MB probe (Fig S6). Hybridization
experiments with the short -17WT analyte revealed comparable S/B and LOD for both MB probes
and somewhat slower hybridization rates for MB-tail than for the conventional MB probe (Fig. S5

& S7), which was attributed to the ability of the TMB-Tail to bind two analytes at a time. (Fig. S8).

Therefore, the design of tailed MB probes should include in silico analysis of such possibilities.

Selectivity of the Tailed and Non-Tailed MB Probes

Next, we studied the selectivity of the tailed-MB approach. The TMB-Tail probe resulted in
a S/B of ~12 for the 0C mutant and ~11 for the 1A mutant, each representing a ~7-fold increase
compared to the TMB probe (Fig. S3). In comparison to the TMB probe, the initial rate of
hybridization between the TMB-Tail probe and 1-60 analytes were each determined to be ~0.1
nM/sec, representing a 5- and 6-fold increase in the initial rate for the 0C and 1A mutants,
respectively (Fig S6). Compared to the 1-60 WT analyte, both mutants produced a higher S/B and
a faster initial rate, which can be explained by the differences in secondary structure between the
WT and mutant tau analytes (Fig. S3). Both the 0C and 1A mutants adopt a secondary structure
that increases the number of unpaired nts complementary to the tail region of the TMB-Tail, thus
allowing the TMB-Tail to hybridize more readily. Despite the 2:1 hybridization of the 1-60 analytes
with the TMB-Tail (Fig S8), the increase in S/B and initial rate indicates that the advantages in

hybridization thermodynamics and kinetics were due to the tail fragment.

Next, we further assessed the effect of SNVs on hybridization thermodynamics and

kinetics for the 16S analyte. We chose C/T and G/T substitutions linked to the pathogenic E. coli
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strain O157:H7.33 We found that the MB1 probe failed to hybridize to the SNV analytes, but the
MB1-Tail produced a robust signal with both SNVs (Fig. S9). This is because a single base
mispairing did not contribute significantly to the overall high stability of the MB1-Tail: analyte
complexes (both for MB1-tail:16S-60 C/T and 16S-60 C/T; the complexes were destabilized only

by ~ 2 kcal/mol in comparison with MB1-tail:16S-60 complex).

Next, we introduced mismatches into the 16S-60 analyte that did not impact the analyte’s
secondary structure but contained mismatches to either the stem-loop or tail of the MB1-Tail probe
to determine which component of the tailed MB probe was more important for hybridization to
analyte (Fig. S10). We found that a single mismatch in the region that binds to the MB loop (Loop
Mut 1) had a more significant impact on the initial rate and S/B than a mismatch in the tail (Tail
Mut 1). In contrast with the 16S-60 WT possessing a S/B of 42.6 and an initial rate of 1.59 nM/sec,
we found that the Loop 1 Mut had a S/B of 33 and an initial rate of 0.43 nM/sec, and the Tail 1 Mut
had a S/B of 47 and initial rate of 0.92 nM/sec (Fig. S11). When two (Loop 2 Mut) or three (Loop
3 Mut) mismatches were introduced into the loop-binding region, the S/B was decreased to 25 for
Loop 2 Mut and to 21 for Loop 3 Mut, and the initial rate was reduced to ~ 0.20 nM/sec for each.
When additional mutations were introduced into the tail-binding region, the initial rates and S/B
were significantly reduced to 0.03 nM/sec and 24 for the Tail 2 Mut, and 0.01 nM/sec and 13 for
the Tail 3 Mut. These results suggest that, although the tailed MB probes readily hybridize with
the folded analyte, they could be further optimized for selectivity by modifying the complementarity

in the MB tail or stem-loop.

Discussion

MB probes are one of the first and simplest fluorescent molecular switches available.1,2
They have been well-studied and explored in multiple applications.3 However, the design of MB
probes is not as straightforward as it seems. The most common complications include stem

invasion, stem interference, and loop interference.2 Additionally, traditional MB probes pose a
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challenge in detecting folded analytes due to the high energy barrier of unfolding both the probe
and the analyte.21-26 Indeed, the MB probe stem-loop structure disfavours the analyte:MB
probe-associated state and thus inhibits complex formation. Earlier, this problem was addressed
by developing a universal (near ideal) MB probe in combination with additional analyte-binding

arms in the context of multicomponent probes.34,35

The tailed MB probe studied here overcomes the challenge of detecting analytes with a
stable secondary structure. We observed a ~ 40 and ~ 3 times increase in the S/B and 800- and
2-fold increases in hybridization rates for two independent systems. The latter is particularly
important since hairpin probes are known to respond slowly, especially in heterogeneous

assays.28

Tailed MB probes were not sensitive to single mismatched nucleotides. This observation
agrees with the affinity selectivity dilemma, which states that hybridization probes with high affinity
have low selectivity.36 Tailed MB, however, significantly reduced their responses in the presence
of 2 or 3 mismatches, especially if the mismatches were complementary to the tail region of the
probe. This opens the possibility of applying Tailed MB probes in mutation-tolerant assays, for
example, for detecting viral RNA folded in stable secondary structures and prone to mutagenesis.
Adopting the approach to hairpin hybridization probes used in heterogeneous formats37,38 may

significantly reduce the time for hybridization assays and make them practically useful.

Conclusion

MB probes equipped with additional ‘tail’ fragments complementary to an accessible
fragment of nucleic acid analytes can improve both S/B and hybridization rates. At room
temperature, such probes are not sensitive to single nucleotide substitutions but sensitive to

double and triple nucleotide substitutions, which makes them a promising tool for the analysis of
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mutation-probe biological nucleic acids. This hairpin probe strategy is promising for reducing the

time of hybridization assays.
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CHAPTER FOUR (Part I): OWL2: A MOLECULAR BEACON-BASED
NANOSTRUCTURE OF THE HIGHLY SELECTIVE DETECTION OF
SINGLE NUCLEOTIDE VARIATIONS IN FOLDED NUCLEIC ACIDS

Reproduced with permission from Mueller, B.L.; Liberman, M.J.; Kolpashchikov, D.M. OWL2: A
Molecular Beacon-Based Nanostructure for the Highly Selective Detection of Single Nucleotide
Variations in Folded Nucleic Acids. Nanoscale, 2023, 15, 5735. Copyright 2023 The Royal Society

of Chemistry.

Introduction

In the traditional MB probe design, the MB probe is directly complementary to the analyte
and can only discriminate against SNVs at higher temperatures (Figure 18A). In contrast, the
OWL1 sensor was designed to differentiate SNVs at ambient temperatures (Figure 18B)."*° The
OWL1 sensor is an MBP-based sensor that forms a four-stranded complex in the presence of the
analyte. In the OWL structure, the strands P and R hybridized to the analyte adjacent to each
other and cooperatively open the UMBP hairpin. While the R strand forms a perfect 10-nt hybrid
with the analyte, the P strand only possesses 9-nts. Therefore, a single-base mismatch readily
destabilizes the complex because a mismatch represents ~ 10% of the AG associated with the

analyte/sensor duplex.

OWL STRUCTURE

ocKed enas

\l& UMB probe /e
lAnalyte 1111 #gl 1] v
F R
MB probe

o
<«

A

Analyte ™ . Analyte ™~ .
SNV site SNV site

Figure 18 MB Probe and Design of OWL1 Sensor. (A) MB Probe hybridizing with analyte. (B)
OWL1 Sensor forms a 4-stranded fluorescent OWL structure only in the presence of the matched
analyte. The Universal MB probe (UMB) is not dependent on the analyte’s sequence and can be
used universally.
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Indeed, the OWL1 sensor differentiated SNVs in the 5-32 °C range with single-base
mismatched analytes producing only background fluorescence.33 Importantly, at least in part, this
unprecedented SNV selectivity was attributed to the unique rigid OWL nanoscale structure: both
strands P and R must fold in ‘circular’ forms with 3'- and 5'-terminal base pairs being in stacking
interactions with each other, thus creating a structural lock (‘locked ends’ in Fig. 1). This feature
of the nanoscale structure makes the OWL sensor structurally constrained and less tolerant to
mismatches in comparison with other hybridization probes that possess ‘unlocked’ ends (e.g. MB
probe in Fig. 1A)."° Adjusting the OWL1 sensor to each new analyte requires changing only
unmodified DNA strands P and R, and the same MB probe can be used for the analysis of any
nucleic acid sequence. This allows for an opportunity to optimize only one universal MB (UMB)
probe, which reduces the optimization efforts and the assay cost in comparison with the MB probe

approach if multiple sequences are to be detected.

However, the OWL1 structure was too ‘fragile’ to form a complex with RNA or ssDNA
analytes folded in stable secondary structures. This left us with a question: how can we extend

the application of the OWL sensor approach toward folded nucleic acids?

Results and Discussion

OWL2 Design and Performance

To overcome the limitations of the OWL1 sensor, we designed the OWL2 sensor (Figure
19). It also uses the UMB probe and P strand, but the free R strand of OWL1 was replaced with
an association of DNA strands T1, T2, T3, and T4. The R strand was attached via a trithymidine
linker to a fragment complementary to T1. Strands T2 and T4 contained long analyte-binding
arms, and T1 provided scaffolding for the complex formation. Together with R strand, the arms of
T2 and T4 hybridized to the folded analyte and opened its secondary structure. The association

of R, T2, and T4 with the analyte did not result in fluorescent signaling unless the P strand was
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selectively hybridized with the SNV-containing site of the analyte and completed the OWL

structure by allowing for the binding and subsequent opening of UMB.
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Figure 19. Design of the OWL2 Sensor. OWL2 sensor consists of a P strand, UMB probe, and an
association of T1, T2, T3, and T4 strands (top). The strands form a fluorescent structure, even in
the presence of folded analytes (bottom)

As a model analyte for the initial optimization of the OWL2 sensor, we chose SNV ‘0C’ and
‘1A’ (Fig. 3A and Table S3t) found in the tau gene. These SNVs can lead to an increase in
alternative splicing of exon 10, skewing the ratios of tau protein isoforms and causing Alzheimer's
Disease (AD)."%15" The secondary structures of synthetic fully matched analytes Tau60-WT and
Tau18-WT are shown in Fig. 3A. The total energy of folded Tau60-WT is —=11.34 kcal/mol, with the
SNV-containing stem contributing to much of the stabilization.'" It is important to note that the MB
probe designed against the Tau analyte failed to produce a fluorescent output.'® Tau18-WT was
designed to be fully complementary to strands P and R, but lacked the T2 and T4 binding sites.
This short oligonucleotide formed a weak stem-loop structure, thus resembling a linear analyte
under experimental conditions (Fig. 3A), and was used to study the effect of T2 and T4 arms on

the sensor's performance.
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Figure 20. SNV differentiation in Tau analytes. (A) The secondary structures of Tau60-WT and
Tau18-WT analytes as predicted by NUPACK."®2 The SNV sites are circled red, and the regions
of OWL2 hybridization (P/R/T2 and T4 arms) are outlined around their structure. (B) OWL2
sensor (UMB, 25 nM; P98, 200 nM; T1/T2/T3/T4 association 100 nM, in the hybridization buffer 1:
50 mM Tris-HCI, 50 mM MgCl2, 0.1% Tween-20, pH 7.4) was incubated with 100 nM Tau60-
WT (purple) or Tau18-WT (striped, purple) or corresponding single-base mismatched analytes
(grey). The data is the average of three independent measurements. (C) Differentiation table for
Tau60 (folded) analytes with the formula for the differentiation factor, Df, where AF represents the
difference between the measured signal and the blank.

The binding site of the P strand was chosen such that the two SNV sites corresponded to

the middle positions of the strand for best SNV differentiation.™® The analyte-binding site for the
R strand, adjacent to the P strand binding site, formed a 10 base-pair (bp) duplex with the analyte
and enabled both UMB-binding arms of the R strand to be positioned on the same side of the B
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DNA helix as needed for the formation of OWL structure.’® The T2- and T4-arms were chosen to
have melting temperatures above the assay temperature (24 °C) and to have little or no secondary

structures to ensure tight analyte association with the OWL nanostructure.

We optimized the concentration and sequences of the P strand to produce the highest
signal-to-background ratio (S/B) and the greatest SNV differentiation (see details below). The
optimal P strand had 9 nts and 8 nts complementary to the UMB probe and the analyte,
respectively, and was, therefore, named P98. It was used at a concentration of 200 nM, which
provided the highest S/B (Fig. S17). The optimized OWL2 sensor (Fig. S2C+) produced a S/B of
~18 and maintained excellent selectivity that the OWL1 sensor exhibited for unstructured analytes
(Fig. 3B). It was able to differentiate Tau60-WT from single-base mismatched Tau60-1A and
Tau60-0C in the temperature range of 5-38 °C (Fig. S3t). This range is shifted toward low
temperatures and almost 2 times broader than that for a typical MB probe that differentiates
analytes with single base difference in the range of e.g. (5370 °C).>* The LOD for the folded
Tau60-WT using OWL2 sensor was ~0.4 nM (Fig. S5t), which was lower than that of the short
Tau18-WT with OWL1 sensor (~1.3 nM, Fig. S2Bt), and falls in the range of LODs demonstrated
by the best MB probes in detecting unfolded analytes.®® To the best of our knowledge, this
combination of high S/B and excellent selectivity in detecting folded analytes (Fig. 3B, 1st group

of bars) is unprecedented.

Next, we demonstrated that each feature of the OWL2 sensor contributes to at least one
of the following functions: (1) enabling detection of folded analytes and (2) accurate discrimination
of SNVs, (3) maintaining detection efficiency and selectivity over a range of ambient and low

temperatures, and (4) ensuring low reagent cost due to “universality” of the UMB probe.
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T2 and T4 arms are necessary for the detection of the folded Tau60-WT analyte

The removal of the T2- and T4-arms resulted in a loss of the OWL2 ability to detect the
folded Tau60-WT (Fig. 3B, bars grouped as “OWL2 no arms”), which mimicked the sensing
capabilities of OWL1 (Fig. 3B, bars grouped as “OWL1"). The inclusion of arms decreases the
energy barrier for hybridization to folded DNA sequences and allows for the opening of their
secondary structures. Interestingly, OWL1 produced a lower signal with Tau18-WT than OWL2 in
the presence of Tau60-WT (Fig. 3B). This suggests that an important function of T2 and T4 arms
is not only to remove the structural constraint in the Tau60-WT structure but also to position the
analyte next to the R strand for tighter binding. Therefore, T2 and T4 arms are likely to stabilize

the OWL structure by increasing the local analyte concentration in proximity to the R strand.

On the other hand, OWL1 in complex with Tau18-WT produced a greater S/B than OWL2
lacking sensor T2 and T4 (“OWL2 no arms”) (Fig. 3B). This can be explained by the reduced
attraction of Tau18-WT to the bulky OWL2 nanostructure due to electrostatic repulsion. At the
same time, the OWL1 sensor expectedly failed in detecting the folded Tau60-WT analyte (Fig.
3B). Therefore, we were able to conclude that the T2- and T4-arms are necessary for the detection

of analytes folded in stable secondary structures.

Flexible linkers between strand R and the DNA scaffold enable higher S/B

Positioning of the fragile OWL structure near a bulky DNA scaffold formed by T1, T2, T3
and T4 in the OWL2 sensor might be challenging due to steric hindrance, which is hard to predict
without knowing the crystal structure of the OWL2 sensor. We varied the nature of the linker
between the R strand and the scaffold-forming fragment of the T3 strand ranging from the least
flexible regular phosphodiester (PDE) linkage to more flexible trithymidylate (ttt) and hexaethylene
glycol (iSp18) linkers (Fig. S4 and S57). For the experiments with P99, we found that an increase

in linker flexibility resulted in a mild increase in fluorescence for both mismatched and matched
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analytes (Fig. S41). In the case of P98, increased flexibility of a linker allowed for an increase in
S/B for the fully matched analyte from ~14 (PDE) to ~18 (itt) and to ~25 (iSp18) without
compromising the selectivity (Fig. S5t). Therefore, the S/B reported above for the optimal sensor
can be increased from 18 to 25 by replacing the ttt linker with the iSp18 linker. This indicates that
a spatial separation of the R strand from the scaffold is important for the stability of the OWL
structure. The increase in S/B did not, however, change the LOD of the sensor (Fig. S5C+). In this
work we, therefore, considered the increase of S/B for the iSp18 linker a minor advantage in
comparison with the lower cost of the ttt linkers and conducted most of the experiments using the

ttt linker equipped OWL2 sensor.

Structural constraint in the OWL structure promotes high selectivity of the OWL
sensor

Following our previous results,™® we hypothesized that the unprecedented SNV
differentiation, at least in part, is the consequence of the conformational strain ensured by the

OWL structure and the locked ends of the P strand (Fig. 1B).

First, we redesigned the optimal P98 strand to have opened ends, named C98 strand (Fig.
4A and Table S21). Like all known probes, except the OWL sensor, C98 strand had 5’ and 3' ends
unlocked: they were free to acquire any position relative to each other. The fluorescence of the
C98-containing OWL2 was found to be higher than that of the P98-equipped sensor. However,
the sensor lost its selectivity (Fig. 4B and Table 1). Furthermore, the substitution of P98 with P99
also diminished SNV differentiation and increased the overall fluorescent response (Fig. 4B). The
observed increase in fluorescence can be explained by the greater flexibility of the C98- or

P99equipped OWL2 sensor (see Discussion for more details).
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Figure 21 OWL2 equipped with P98 strand was the most selective. (A) OWL2 design with
changes in the highlighted region depicted below the OWL2 structure. P99 contains 9 nt
complementary each to UMB and the analyte; P98 contains 9 nt complementary to UMB and 8 nt
complementary to the analyte. C98 has the UMB- and analyte-binding arms of similar length as
P98. (B) S/B of the OWL2 sensor containing different SNV-specific stands in the presence of 100
nM fully matched Tau60-WT or Tau18-WT (dark grey bars) or single-base mismatched analytes
(light grey bars). The data is an average of three independent measurements.

Next, we tested whether the flexibility of the R-strand affected selectivity and S/B. For this
purpose, we introduced an iSp18 spacer between the UMB-hybridizing and analyte-hybridizing
regions of R1010 near its 5-end (Fig. S6AT). We used this flexible R1010 strand with P98 and
found that the S/B changed insignificantly with a noticeable reduction in SNV differentiation (Fig.
S6Bt and Table 1). Indeed, the differentiation factor (Df,'?°Table 1) decreased from 0.99, which

corresponds to a 100-fold higher fluorescent signal of the matched analyte being than that of the
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mismatch, to 0.96 (25-fold ratio between the signals triggered by the matched and mismatched
analytes). This data suggests that the structural constraint of the R strand has a lower effect on

the OWL2 sensor performance than the constraint contributed by the P strand.

Table 1 Signal-to-background ratio (S/B) and differentiation factor (Df) for the OWL2 sensors
containing three variations of the P strand. Df = 1 — AFmm/AFm, where AF represents the signal
of matched (m) or mismatched (mm) analyte with the signal of the blank (no analyte) subtracted.'?

Design S/B Df
WT 1A 0oC 1A
Free Strand 0oC
P98 17.7 1.2 1.2 0.99 0.99
P99 27.6 7.0 6.9 0.78 0.78
C98 251 150 164 04 0.33
R10, iSp18 17.9 1.6 1.7 0.96 0.96

Indeed, the constrained and rigid nature of the SNV-selective P-strand contributes the
most to the differentiation of WT from the mutants. By designing the P-strand with locked 5'- and
3'-ends in complex with UMB, we created a conformational strain that cannot remain stable unless
all 8 base pairs are complementary to the analyte. In the presence of a mismatch, the strain
experienced by P98 is great enough to inhibit P-strand hybridization to the analyte, which
decomposes the OWL complex. If there are no mismatches, the P-strand is stabilized by the 8
base pairs complementary to the analyte, the stress of the conformational strain is insufficient to

cause dissociation of the P-strand, and the scaffolding for UMB hybridization is complete.
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Gap effect and P-strand optimization

Previous studies have shown that the stability of multistranded DNA complexes are
affected by the distance between adjacent DNA strands hybridized to a complementary nucleic
acid.38—40 Therefore, we introduced a single nucleotide gap between the P-strand and T4-arm.
The introduced gap did not significantly affect the S/B or DF of the optimal sensor containing P98
(Fig. S5 and S71). This indicates that the stability of the OWL structure does not depend on the
staking interaction with the flanking T4 arm. However, we noticed a loss in the S/B or selectivity
for the OWL2 sensor equipped with other P stands (Fig. S8 and Table S4t). Some of these
undesired effects were explained by interaction of the P strand with the gap-forming nucleotide of
the analyte (see comments to Fig. S8t). We, therefore, concluded that OWL2 without a gap

between P and T4 arm is preferable.

Detection of WT analyte in the presence of mismatched analyte

It was interesting to investigate if the excellent selectivity of the OWL2 sensor allows the
detection of the matched analyte in the presence of excess amounts of a mismatched analyte.
This sensor capability would be useful for detecting small fractions of cancerous DNA in excess
healthy DNA for early-stage cancer diagnosis.® We measured the LOD of the fully matched
Tau60-WT analyte with the optimal OWL2 sensor in the presence of 50 nM Tau60-0C as a buffer
component (Fig. 5). The LOD was found to be 0.4 nM, the same as in the absence of the
mismatched analyte. This result indicated that the OWL2 sensor can differentiate from singlebase
mismatches and detect the fully matched analyte even when it makes up only 0.8% of the total
analyte, which is comparable with the state-of-the-art fluorescent sensors.*'53 An increase of the
mismatched Tau60-0C analyte to 500 nM required an increase in the OWL2 (T1/T2/T3/T4) to 600
nM and a decrease in P98 to 50 nM in order to offset some of the background fluorescence. We
found that the concentration of analytes should not exceed our OWL2 (T1/T2/T3/T4 association)

sensor concentration, likely due to the hybridization of T2- and T4-arms to analyte, even when it
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contains a mismatch. Due to high OWL2 concentration, the background fluorescence was high,
which resulted to high LOD of .8 nM (Fig. 5). Therefore, further sensor optimization is needed to
improve the detection of low fractions of the true targets in the presence of single base

mismatched analytes.
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Figure 22. OWL2 sensor detects the fully matched analyte in ~125 times excess of single-base
mismatched analytes. The limit of detection of the Tau60-WT analyte in the presence of 50 nM
Tau-60 0C (black line) is 0.4 nM, which is the same as the LOD in the absence of mismatch (red
line) and corresponds to a detection in the presence of 125x mismatch; 100 nM OWL2
(T1/T2/T3/T4), 25 nM UMB15, 200 nM P98 in hybridization buffer 1 (50 nM and 0 nM Tau60WT).
The limit of detection of Tau60-WT analyte in the presence of 500 nM Tau60-0C (blue line) is 7.9
nM, corresponding to a detection in the presence of 60x mismatch with an increase in sensor
concentrations; 600 nM OWL2 (T1/T2/T3/T4), 25 nM UMB15, 50 nM P98 strand.

G:T discrimination

G-T mismatches are known to be the least destabilizing of all base-mispairing scenarios
and, therefore, the most challenging to discriminate.42,43 Here, we investigated if the OWL2
sensor can differentiate an analyte that forms a single G—T mismatch with the sensor. We found
that P98 has Df of 0.45 when tested against the Tau60-2G analyte, which has an A> G substitution

(Fig. 6C and Fig. S9Dt for structure). We also tested the effect of two other G—T mismatches by
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changing the sequence of the P-strand: P98 A> G and P98 C > T (Fig. 6B and Table S27) had
full complementarity to the Tau60-0C and Tau60-1A analytes, respectively. They were able to

discriminate against G—T mismatches with a Df of 0.84 and 0.98. (Fig. 6).
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Figure 23 Discrimination of G:T mismatches. (A) S/B response of the OWL2 sensor to the
presence of 100 nM fully matched (M) or mismatched analytes (A:C and G:T) as indicated
above the bars. The data is the average of three independent measurements. (B) Sequences of
the P-strand and analytes with changes in the P-strand highlighted in black and the analytes
shown below, complementary to the P strand. A:C mismatches are highlighted in green and G:T
mismatches are highlighted in red. (C) Tabulated S/B and Df values for each analyte. Tau60-WT
is denoted “WT” in the table, but it is only fully complementary to the normal (unsubstituted) P98.

Discrimination using the original P98 was expectedly poor since the G-T was situated
between the two stable G—C base pars and shifted from the middle of the stand P-analyte hybrid.
Mismatches on the ends of hybridization sites are known to be less destabilizing than those in the

center.32,33 Expectedly, the mismatches closer to the center (P98 A > G and P98 C > T) were
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better discriminated. However, P98 C > T had a greater A/T content, possibly leading to the best
discrimination of the three. We show that, through modification of the P-strand, we can
differentiate even G—T mismatches, with the best discriminating ability of the sensors containing
G—T mismatch in the middle position of stand P/analyte complex and when flanked by A—T base

pairs (Fig. 6A, 3rd group of bars).

Detection of RNA analyte

Since RNA/DNA helical structure characteristics are somewhat different due to the
difference in ribose and deoxyribose conformation,44 we investigated if the same OWL-2 sensor
that performs well with DNA analytes is suitable for detecting an RNA analyte. We found that the
OWL2 sensor equipped with P98 strand could detect Tau60-WT RNA at a LOD of 0.8 nM,
comparable to the 0.4 nM LOD of Tau-60 DNA (Fig. S127). The ability of the OWL sensor to detect
RNA may have practical significance since Tau-60 DNA is associated with the development of

Alzheimer's disease.35,36

OWL2 sensor can be redesigned for another analyte in a cost-efficient manner

To ensure that OWL2 can be easily redesigned for other analytes, we applied it to a
sequence from the Covid-19-causing SARS-CoV2 virus. By only changing the analyte-binding
portions of T2, T3, T4, and P-strand (named CP-strand for Covid-19), we were able to show that
both CP98 and CP99 allowed for differentiation of the fully matched CVD60-WT from the
mismatched CVD60-1C and CVD60-0Ganalytes (Fig. 7). We found this to be juxtaposed with the
Tau-specific OWL2 sensor, which was not specific when equipped with P99. The A/T-rich
sequence complementary to CP99 in CVD60-WT could explain this different sensor behavior. We

speculate that if the P-strand binding region is A/T rich, the P99 may still provide selectivity.

However, this statement should be verified with other sets of analytes.
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Overall, these results show that the OWL2 design can be easily adapted to detect another analyte
without costly changes. The cost of one nucleotide addition in IDT Inc. is $0.42 (minimum
synthetic scale), which comes to 56.7 USD for adapting T2, T3, T4, and P-strand to each new
analyte. At the same time, the cost of a new MB probe is ~350 USD (minimum synthetic scale)
due to the need for conjugation of the oligonucleotide with two dyes and double HPLC purification.
Additionally, the design of an MB probe for each new analyte is associated with many problems,
such as stem invasion and loop interference, to the degree that it is impossible to design an
efficient MB probe for some analytes.28,32 By designing the UMBhybridizing regions of R- and P-
strands to be independent of the analyte sequence, we allow the UMB technology to be applied
for analytes of potentially any sequence. Furthermore, we showed that OWL2 design applies to
both DNA and RNA analytes that contain an SNV in both the stem and the loop regions (Fig. S9

and S107).
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Figure 24 OWL2 Sensor differentiates SNVs in Covid-19-related sequences. (A) OWL2 sensor
adapted for detection of Covid-19 analyte; T1 and UMB remain unchanged. (B) S/B for the OWL2
sensor with 200 nM CP98 and CP99 in the presence of 100 nM analyte. (C) Secondary structure
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of Covid-19 WT used in this study. T > G and T > C mutations are indicated by red circles. (D)
Values for S/B and Df for each analyte.
Conclusion

The OWL2 sensor shines where most hybridization probes fall short. The remarkable
characteristics of the sensor include a S/B of 18 and LOD in the sub-nanomolar range both for
DNA and RNA analytes. It has an extraordinary ability to differentiate mismatched analytes from
the fully matched ones, including the most challenging G—T mismatches in the temperature range
of 5-38 °C. Despite looking complex, the sensor is cost-efficient when applied to new analytes.
The UMB reporter, the most expensive and hard-to-design component, is analyte-independent,
and it can be optimized once and then used to analyze any DNA or RNA sequences. These
features make the OWL2 sensor a highly specific, selective, and versatile tool that seeks to

improve the field of hybridization assays.
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CHAPTER FOUR (Part Il): THE APPLICABILITY OF THE OWL2
SENSOR FOR THE DETECTION OF MUTANT ANALYTES MIXED
SAMPLES

Introduction

Previously, we had only tested our OWL2 sensor with a single type of analyte, either
mutant or wild-type. To make our sensor more applicable to real clinical samples, we explored
whether our sensor could detect small concentrations of pathogenic (mutant) EGFR gene in the

presence of an excess of wild-type.

Results and Discussion

CHAPTER FIVE: A MOLECULAR BEACON PROBE-BASED DNA
NANODEVICE WITH A CONCENTRATION THRESHOLD FUNCTION
(MB-TH)

Introduction

Current methods to detect the over- or under-expression of miRNA include nanopore
decoding, northern blot analysis, reverse transcriptase-quantitative polymerase chain reaction
(RT-gPCR), and liquid hybridization assays.'* 5" To overcome the cost associated with these
assays, we created a multicomponent sensor that responds hierarchically to an input of discrete

amounts of target.
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Sensor Design

The fluorescent threshold sensor (FTh) is composed of a rail strand (Q-rail), which
provides the scaffolding for gate strands 1A and 2A while simultaneously allowing for the
quantification of FTh due to the inclusion of a ROX fluorophore (Figure 25). When fully complexed
with two equivalents of the analyte, oligonucleotide strands 1B and 2B come from the solution and
form a non-classical four-way junction with a universal molecular beacon probe, analyte, and
1A and 2A.
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Figure 25. Threshold Sensor Design. A) The threshold sensor comprises a Q-rail and attached
strands 1A and 2A. Upon hybridization to one equivalent of the analyte, subsequent
hybridization of 1B and Reporter 1 occurs. An additional equivalence of analyte results in the
hybridization of 2B and Reporter 2. B) Ideal response of the Threshold Sensor: Gate 1 results in
an increase in signal from Reporter 1 until the first equivalence is reached. After one equivalence
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fully hybridizes with Gate 1, Gate 2 begins responding via Reporter 2. The Q-rail is not
quenched and results in a constant signal, allowing for sensor quantification.

The sensor is designed such that Gate 1 (1A and 2A) has lower free energy than Gate 2
(2A and 2B), and the analyte should first hybridize with Gate 1, leading to the
concentrationdependent increase in fluorescence from Reporter 1 (Figure 26). When the ratio of

analyte to tile surpasses 1:1, Gate 2 will respond in a delayed fashion via Reporter 2 (Figure 25).
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Figure 26. Free energies of FTh and analyte. A) Design of FTh colored to match strands shown in
panel B and C. B) structure of miR17 with analyte-binding regions outlined in light blue (1A) and
dark blue (1B) along with identification of two SNVs corresponding to miR20. C) The structure of
miR17 and its AG, with 2A and 2B analyte-binding regions outlined in light and dark yellow,
respectively. D) The AG values for the hybridization between gate strands and the complementary
sequence corresponding to miR17 were found using NUPACK15 and Mfold web server16 at 22
°C.
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Results and Discussion

Sensor Performance

To determine the functional range of our sensor, we explored FTh concentrations from
10100 nM with analyte concentrations ranging from 0 to approximately two equivalents of FTh.
We found that, although Gate 1 responded immediately to an input of analyte, the increase in

signal of Gate 2 was delayed almost until after the first equivalence of analyte was added (Figure

27C).
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Figure 27. Demonstration of Thresholding Effect. A) Sensor with only Gate 2. B) Sensor with
only Gate 1. C) Concentration dependence of the individual gates (light blue and light orange),
and with both Gate 1 and 2 on the same sensor (dark blue and dark orange), as shown in Figure
26.
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We further investigated the importance of AG on our thresholding sensor by comparing the
response with the DNA sequence corresponding to miR17 (miD17). The AAG between Gate
1 and 2 was 13.1 kcal/mol for the RNA/RNA duplex and 8.4 kcal/mol for the DNA/DNA
duplex (Figure 26C). We found that the reduced difference in the Gate 1 and 2 AG resulted in a
loss of the thresholding function; Gate 2 responded earlier and Gate 1 responded over a range

from O-

1.5 equivalents of analyte to FTh (Figure 28).

70 -

--=---miD17 (Gate 1) l
60 - miD17 (Gate 2) ' iy } ....... i
50{ ——miR17 (Gate 1) ! ;

miR17 (Gate 2)

B
o
1

Fluorescence, au

|
I
|
I
1
1
I
|
|

X
I
1
I
|
1
[
1

O ¥ T ¥ T x T " ‘I ¥ T ¥ T X T ¥ ; . T
0 25 50 75 100 125 150 175 200 225
[analyte], nM

Figure 28. Threshold Sensor Response to miR17 and miD17. RNA analytes (solid line) maintained
the thresholding function, but the DNA analytes did not.

Analyte Quantification
To quantify the amount of analyte present in a sample using our sensor, we derived a relationship
between the responses at different [FTh]. Aline of best fit was created in OriginLab using a Dose-
Response fit (Equation 1).

A2—-A1

y= Al+ (1+10U0gx0-x)+p) (1)
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The associated parameters were then plotted against the concentration of FTh and
equations were derived from these relationships (Sl info). Using these equations, we could
determine the concentration of miR17 in a sample by using the fluorescent values of our three
fluorophores after background subtraction and normalization with the maximum fluorescence of
each. Although the equations worked for the concentration ranges that we tested, variations in the
measurements and fitted equations resulted in a large uncertainty when determining

concentrations.

Sensor Kinetics

Next, we assessed the kinetics of our sensor to determine differences between FTh (on
tile) and the free strands (in solution). We found that, upon the addition of less than one equivalent
of the analyte, the hybridization of the target with gate 1 occurred more quickly with the tile system,
and after five minutes, the FTh association with miR17 at Gate 2 was less than that of the free

strands (Figure 29).
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Figure 29. Kinetics of FTh on-tile & off-tile with 100 nM miR17. The fluorescence of FTh on tile
shows improved kinetics for Gate 1 and shows a diminished increase in fluorescence for Gate 2
when compared to the free strands.
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Sensor Selectivity

MiRNAs within the same family have high sequence similarity, typically differing in one or
two nucleotides. Therefore, the ability to discriminate between miRNAs within the same family is
important to reduce false positives. The sensor was challenged with selectivity by testing the
response against miR20, which contains two C>U mutations (Figure 26). We found that Gate 3
was essentially non-responsive to this target, and Gate 1 response was significantly diminished,

only achieving ~40% of its maximum fluorescence at 100 nM FTh (Figure 30).

554 :
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Figure 30. Response of FTh to miR20 and miR17. The concentration dependence of miR20 is
shown in the dashed lines for Gate 1 (blue) and Gate 2 (orange), whereas the signal for miR17 is
shown as a solid line.

Alternative Analyte
To test the applicability of our sensor to another target, we tested miR146b, a miRNA involved in
papillary thyroid cancer. The AAG between Gate 1 and 2 was determined to be 10.05 kcal/mol for

the RNA targets and 6.53 kcal/mol for the DNA targets.’#” We found that neither demonstrated the

thresholding function and, again, the DNA analytes performed worse than their

RNA counterparts (Figure 31).
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Figure 31. The Thresholding Response to miR146-b and miD146-b, a miRNA responsible for
papillary thyroid cancer. The DNA analytes (dashed line) performed worse than the RNA analytes
(solid line).

Biological Challenges

To mimic biological conditions, we challenged our sensor by adding 0.01-0.6 mM HSA to our
buffer with 100 nM FTh. We added 200 nM of miR17 and found that there was almost no response
from either gate above 0.5 mM HSA (S| 1). Therefore, we chose to further test 0.1 mM HSA-
containing samples and added 20-nt randomized (NNN) oligonucleotides to compete with our
sensor and analyte strands for binding to HSA. We found that the addition of (5 uM?) NNN
increased the background for both gates, with the Gate 1 background increasing significantly
compared to Gate 2. (Sl 2). Increasing [NNN] from 1-10 uM caused an increase in the maximum
fluorescence of Gate 1; conversely, minimal change in Gate 2 behavior was observed with
increasing [NNN]. Compared to the performance of FTh in the absence of HSA and NNN, the

hierarchical response of the gates also diminished.
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Design Challenges

We first began designing the FTh sensor with a three-gate system (SI#). However, we could not
produce a threshold response and found that two gates responded simultaneously. The removal

of one of these gates showed an improvement in response.

After adopting the two-gate system, we moved towards extending the rail-binding arms for
each of the attached strands. We found no difference in response, proceeded with the extended
rail, and added the ROX fluorophore to allow for quantification of the sensor itself. The introduction
of ROX resulted in a decrease in the maximum fluorescence seen for UMB L1. Additionally, the
response for ROX was not constant and decreased as the signal from UMB L1 increased. To
investigate the signal decrease for ROX and UMB L1, we tested the sensor by replacing the MBs
with hairpins containing the same DNA sequence but no fluorophore or quencher. We tested the
sensor response after replacing UMB L1 with HP1 (SI#) and UMB_FAM with HP3 (SI#). The ROX
fluorophore doesn’t affect the sensor’s performance, but it does affect the maximum signal
achieved by gate 1. The decrease in ROX signal is also affected by Cy5, which we show in

experiments where UMB L1 is replaced by HP1 and UMB fam is replaced by HP3 (SI).

Discussion

Compared to the free strands (no rail) kinetics, we find that the rail-associated gates
demonstrate faster kinetics for Gate 1 (FIG). This shows a cooperative effect that comes from
having the two gates associated with each other on the rail. One hypothesis is that the Gate 2A
strands can act as a scavenger strand, and recruit targets for hybridization to Gate 1A. Only once

there are no available Gate 1A strands can the analytes begin to bind with Gate 2A.

Although we achieved a thresholding effect, the delayed response from Gate 2 was

imperfect. Considering the results from the alternative analyte and RNA and DNA analytes, we
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determined that a AAG between the two gates should be at least 10-13 kcal/mol to achieve the

thresholding effect.

Conclusion

By creating a multicomponent system with two gates differing in their free energies, we
were able to design a thresholding system that can hierarchically respond to an input of analyte.
The tile-associated FTh sensor outperforms its free-stranded counterpart by allowing for the
scavenging of analyte and recruitment to the most thermodynamically stable when available. We
could roughly determine the amount of analyte present through our derived equations by inputting
only the fluorescent response of three fluorophores at their maximum, minimum, and test signals.
This sensor shows promise as a point-of-care diagnostic tool that can quantify potentially
oncogenic miRNAs that are over- or under-expressed. Another potential application of this
thresholding sensor is that Gate 2 is replaced with an actuating component instead of a reporter.
In the case of over-expressed miRNA, once the ‘criteria’ is met and a certain threshold is
surpassed, the actuating element of Gate 2 could perform a therapeutic function similar to

previously described nanodevices.'®

CHAPTER SIX: CONCLUSIONS

This work achieved its goal of contributing to diagnostic medicine by using DNA nanotechnology
to develop biosensors that overcome common challenges, including specificity, selectivity, and
cost. In Chapter Two, we explored another challenge faced by molecular beacon probes and,
through a systematic study, determined that undesired quenching can be avoided by ensuring that
at least two nucleotides from the analyte overhang or are complementary to the 5’- end of the
MBP. Alternatively, some applications of MBPs may find this dimerization desirable. For example,

modified MBPs have been used in assays to intentionally create sticky-end pairing (dimerization)
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that can be recognized and degraded by a nuclease, resulting in signal amplification and an

improved detection limit.

Chapter Three explored a different adaptation to the molecular beacon probe that enabled
it to hybridize with folded analytes using a single-stranded DNA tail with improved kinetics and
thermodynamics. Although the Tailed molecular beacon probes were not selective, we moved
forward and combined the unwinding feature of the Tailed MBPs and the selectivity of the OWL1
sensor to create the OWL2 sensor. In Chapter Four, we showed how the strain of the asymmetric
P strand adds additional instability to the structure, making it able to dissociate from mismatched
targets more readily. We found that the OWL2 sensor could detect folded targets via the unwinding
arms, was selective at ambient temperatures, and was cost-effective due to its use of a universal
molecular beacon probe. Looking to adapt our sensor to more real-world applications, we wanted
to enable the OWL2 sensor to detect small quantities of mutant analyte, even when surrounded
by large amounts of wild-type analyte. To do this, we needed our sensor to be incredibly selective.
In Part Il of Chapter Four, we explored the use of a blocker strand to improve the selectivity of the
OWL2 sensor and, through collaboration, were able to identify the AAG associated with the P-
strand strain and rLOD of XX% [Am | allowed to describe this in my work?]. Further
applications of this sensor could include the detection of tumor-derived methylated DNA, which
can constitute less than 0.1% of the total DNA in clinical samples, requiring highly sensitive and

selective detection methods.'5%-"¢

Lastly, we explored a different type of sensor in Chapter Five that was not selective but could
report quantities of miRNAs hierarchically. Although the threshold sensor has room for
improvement, we were still able to achieve our goal of delaying the second response and
determined the minimum AAG necessary for attaining the threshold function. Aside from using the
threshold sensor as purely diagnostic, it could be used as a therapeutic if imparted with an
actuating component instead of the second signaling component.

53



The scientific discoveries uncovered in this work help elucidate the many possibilities of DNA
Nanotechnology. By better understanding the natural rules of DNA and designing specialized

components that can perform specific functions, we can create multifunctional DNA nanodevices

that have implications in many fields.

APPENDIX MB DIMER: SUPPORTING INFORMATION FOR CHAPTER TWO
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Experimental Section

Reagents

All solutions were made using DNAse/protease-free water purchased from FisherScientific.
Synthesized oligonucleotides were obtained from Integrated DNA Technologies, Inc (Coralville, IA)
and concentrations of oligonucleotide stock solutions were quantified via absorbance at 260 nm

on a ThermoScientific NanoDrop One (Waltham, MA).

Duplex Calibration Curve

Each molecular beacon probe was annealed with its complement by heating to 95 °C in 2 L of
water for 5 minutes and cooled overnight. The MB probe and analyte were combined at 100 nM
with a total volume of 1 mL. A calibration curve was then created by measuring the fluorescence
for a range of duplex concentrations. The best-fit line was used to find the concentration of
probe:analyte from the fluorescent intensity. Unless otherwise specified, all hybridization assays

were performed with 50 mM Tris-HCI, 50 mM MgCI2, 0.1% Tween-20, and pH 7.4.

Kinetics Assays

Solutions containing hybridization buffer and molecular beacon probes were placed into a Cary
Agilent Fluorimeter with Aex = 485 nm and Aem = 517 nm and excitation and emission slit widths
each at 10 nm. After reading the baseline for 60 seconds (MB1 and MB1-Tail) or 30 seconds
(TMB or 1TailMB), 50 nM of the respective analyte was added and mixed, and measurements
were resumed after 10 sec. The temperature was kept at 22 °C using a Single Cell Peltier

attachment.
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Determination of Gibb’s Free Energy (AG) for MB:Analyte complexes
The Gibbs energy values (AG) were obtained at 22 °C, [Na*] = 50 mM, and [Mg?*]= 50 mM using

Mfold.

Limit of Detection Assays

The limit of detection was determined for each study by conducting fluorescence experiments
using a 60 pL quartz cuvette in a PerkinElmer (San Jose, CA) in Cary Agilent Fluorescence
Spectrophotometer with a xenon lamp. (Aex = 485 nm, Aem = 517 nm). After the addition of analyte
at varying concentrations, the samples were incubated in a 22 °C water bath for 30 min before
being analyzed. Fluorescent values at 517 nm were recorded for three independent trials for
each sample. The averages and standard deviations were plotted in Excel and OriginLab 2021
(Northampton, MA), and the linear region was found and fitted with an equation. The LOD was
determined by using the equation with the fluorescent signal of the blank + 3*(Standard deviation

of the blank).

Differentiation Fluorescent Assays

The differentiation of each tested sensor was determined by conducting fluorescence
experiments in a similar manner to the limit of detection. The signal to background was
determined by taking the ratio of MB probe fluorescence in the presence of the analyte divided by
the fluorescence of just the MB probe in a hybridization buffer following a 30-minute incubation
(50 nM MB, 100 nM analytes). The differentiation factor was used to determine the differentiation
of wild-type from mutant analyte. The differentiation factor (Df = 1- AFmm/AFm) was calculated
with AF representing the difference in signal from the blank for the mismatched (mm) and
matched (m) analyte, respectively, and subtracting this from 1. All calculations were done using

the fluorescent average of at least three trials.
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Oligonucleotide Sequences

Table 2. Oligonucleotides used in the Tailed MB Probe study. Mutations are highlighted in red.

Name

Sequence 5°¢ — 3¢ -f

MB1-Tail CGT CCG CCAC /iFluorT/ CCGT CAG CGAAGC AGC ACGG /3BHQ_1/

MB1 /FAM/ CCG TCA GCG AAG CAG CAC GG /3BHQ_1/

16S-60 WT GTC GAACGG TAACAG GAAGCAGCTTGCTGC TTC GCT GAC GAGTG
GCG G ACG GGT GAG TAA

16S-60 C/T GTC GAACGG TAACAG GAAGCAGCTTGC TGC TTT GCTGAC GAGTG
GCG G ACG GGT GAG TAA

16S-60 G/T GTC GAA CGG TAA CAG GAAGCAGCT TGC TIC TTCGCT GAC GAGTG
GCG G ACG GGT GAG TAA

16S-60 (s-1) GTC GAACGG TAACAG CAAGCAGCT TGC TGC TTG GCT GACGAGTG

GCG G ACG GGT GAG TAA

16S-60 mut (s-2)

GTC GAA CGG TAACAG CTAGCAGCT TGC TGC TAG GCT GAC GAGTG
GCG G ACG GGT GAG TAA

16S-60 mut (s-3)

GTC GAACGG TAACAG CTT GCAGCT TGC TGC AAG GCT GACGAGTG
GCG G ACG GGT GAG TAA

16S-60 (t-1) GTC GAA CGG TAA CAG GAA GCA GCT TGC TGC TTC GCT GAC GAGTG
ACG G ACG GGT GAG TAA

16S-60 (t-2) GTC GAA CGG TAA CAG GAA GCA GCT TGC TGC TTC GCT GAC GA GTA
ACG G ACG GGT GAG TAA

16S-60 (t-3) GTC GAA CGG TAA CAG GAA GCA GCT TGC TGC TTC GCT GAC G A GAA
ACG G ACG GGT GAG TAA

16S-16 WT TGC TGC TTC GCT GAC G

16S-16 C/T TGC TGC TTT GCT GAC G

16S-16 G/T TGC TIC TTC GCT GAC G

TMB-Tail GAC GTTT GAAGG T CCGC TAC TCA CAC TGC CGC GCGG /3BHQ_1/

T™B FAM-CCGC TAC TCA CAC TGC CGC GCGG/3BHQ_1/

17 WT GCG GCA GTG TGAGTACC

117 0C GCG GCA GCG TGA GTACC

17 1A GCG GCAATG TGAGTACC

7-60 WT CAAAC ACG TCC CGG GAG GCG GCA GTG TGAGTACCT TCACAC GTC
CCATGC GCC GTG CTG T

1-60 0C CAAAC ACG TCC CGG GAG GC G GCAGCG TGAGTACCT TCACAC GTC
CCATGC GCC GTG CTG T

7-60 1A CAAAC ACG TCC CGG GAG GCG GCAATG TGA GTA CCT TCACAC GTC

CCATGC GCCGTGCTGT
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Supplementary Images
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Figure 32. Limit of Detection for MB1 and MB1-Tail with long and short 16S analytes. A calibration
curve was used to determine the Limit of Detection (LOD) for each analyte by finding the line of
best fit. To determine LOD, the average signal of the blank (FO) was added to three times the
blank's standard deviation (SD), and this value was used in the line of best fit to solve for x, the
lowest detectable concentration of the analyte.
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Figure 33. Kinetics and quantitative data for 16-nt linear fragments of 16S analytes. (A) The
secondary structure of the 16S-16 WT analyte, with red arrows indicating the position of mutants
G/T and C/T. The brown outline indicates the binding region of the MB probe and encompasses
the entire analyte sequence. (B) Free energy values and quantitative data for the analytes. The
signal to background was determined by taking the ratio of MB probe fluorescence in the
presence of the analyte divided by the fluorescence of just the MB probe in a hybridization
buffer following a 30-minute incubation (50 nM MB, 100 nM analytes). The differentiation factor
was used to determine the differentiation of wild-type from the mutant analyte, and the equation
used was Df = 1 - AFmm/AFm, where AF represents the signal of matched (m) or mismatched
(mm) analyte with the signal of the blank (no analyte) subtracted. (C) The time-dependent
hybridization kinetics between analytes and MB1 or MB1-Tail were measured. The analytes
were added at the 60s time point, and measurements were resumed at ~75 s, as indicated by
the red arrow. (D) Initial hybridization rates of 16S analyte with MB1 and MB1-Tail. The line of
best fit was used to determine the slope over the first 60 seconds and was taken to be the initial
rate of duplex formation.

61



TMB-Tai T- /T analyte T- =
MB-Tail 60 WT Iyt 60 0C D T-60 1A
Eﬁ \ TN MB binding site g "G G"A‘q
| / o G G) G G)
¢ f \ | / T & 2 o 9 /
I G G/ 2 i Ny /
y S HE g §-¢ / ¢-¢ i/
! ¢—al 1AOC/6'A\ L;‘,fG| 20 ‘C—G\ 20
1 Tail e NP L e s -G\ c-G N\
G TMB Probe AT AT A / c\ / c\
] G G 10 —C | 10 C |
A / A % A \ A
) r———‘—‘_/\_‘——\ c o el TN,
A 4 Y | ( |
- i G G—Cs G-T| ™
g /A_/C Vo c. C[ 1-60 WT !I' é—G [P E_g G—A (1A) Analyte
T T A ,ii\ -12.03 kcal/mol (': \ | | I~ C (0C) Analyte | ‘
| ‘e :q / Tail bind 'C,\_T ‘ 3 ‘\\_T l 30
- C Tail binding site —G— A C=G—A
Ge=E =10 \ i ~C-G—A] - AZ
F | -3.5kcal/mol 5o A /5 ArA A"A %
Q) c—c—c—o k- L2 £ A A W\
3 e 5 ; \G‘T-C"'G‘/ 5. C =
T sl : 5% 760 0C 60 1A 7
=g g I ] T -13.76 kcal/mol C -11.49 kecal/mol |
Ve € -l 0 i)
E = 5 € T
T: 4 T 3
AG of analyte AG of MB Change in AG upon S/B D % =B c T
folding Probe/analyte complex formation f 1
‘ T-A
60 WT  TMB-Tail ~-384 ~-229 5.2 s “ bt
1208 mp -~ 282 ~127 17 — ‘ LT
1600C |T™B-Tail ~-336 ~-16.3 1.8 -1.6 éc T.C d
-13.76 IMB ~-234 - 6.1 16 0.1 ¢ ¢ o S c
50 g c N Gor_p-C
1601A  TMB-Tail --33.1 ~-18.1 1.3 -1.4 T-A
49 Lmp - 229 ~79 16 0.1

AG are in kcal/mol

D, = 1- (AFMMIAFM)

Figure 34. Secondary structures of TMB and Tau analytes with quantitative hybridization
parameters. (A) TMB-Tail has the additional tail outlined in green, TMB outlined in brown, and a
mismatch in the tail in blue. (B) Secondary structure of -60 WT with the tail and MB-binding
sites outlined in green and brown, respectively. The SNV-containing analytes 0C and 1A tested
are indicated with red arrows in panels (C) and (D). The blue circle represents a mispairing of
C:T with T in the tail of the TMB-Tailed probe to prevent unwanted self-complementarity. (E) The
free energy associated with each analyte, the complex formed between analyte and probe, the
free energy change associated with the formation of the complex, and the differentiation factor
for mutant analytes. The signal to background (S/B) was calculated by taking the fluorescent
signal at 30 minutes and dividing it by the MB signal. The differentiation factor is calculated with
the equation Df = 1 — AFmm/AFm, where AF represents the signal of matched (m) or
mismatched (mm) analyte with the signal of the blank (no analyte) subtracted. Due to their
secondary structure, the 0C and 1A mutants produced a higher S/B than the WT analyte,
resulting in a negative Df. Compared to the WT analyte, the tail-binding region is mostly
contained in a loop, rather than a stem, which allows the tail to easily bind and further facilitate
the hybridization of the MB. AG values were estimated as described in Fig. 1 legend. AG for both
TMB and TMB-Tail probes AG is —3.49 kcal/mol (not shown in the table). The data are average
values of at least 3 independent measurements.
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Unguenched Fluorescence
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Figure 35. The Tail Invasion Problem in TMB-Tail Without a Tail Mismatch. Without introducing a

mismatch in the tail, the MB probe adopts a more stable secondary structure in which the
fluorophore cannot be quenched via contact quenching.
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Figure 36. Limit of Detection for TMB-Tail And TMB With Long and Short Tau Analytes. A calibration
curve was used to determine the Limit of Detection (LOD) for each analyte by finding the line of
best fit. To determine LOD, the average signal of the blank (Fo) was added to three times the
blank's standard deviation (SD), and this value was used in the line of best fit to solve for x, the
lowest detectable concentration of the analyte.
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Figure 37. Tailed MB Probe Improves Hybridization Thermodynamics for 60-nt T Analytes. (A)
Time-dependent fluorescent duplex formation between MB probes and matched analytes. The
analytes were added at the 30 s time point, indicated by the red arrow, and readings began
again at ~40 s. The concentration of MB:Analyte was determined via calibration curves with
MB:analyte duplexes (Fig. S12) (B) Initial hybridization rates of tau analytes with TMB and
TMBTail. A line of best fit was determined over the first 20 seconds after analyte addition, and the
slope was taken to be the initial rate of duplex formation. (C) Time-dependent fluorescent duplex
formation for the mismatched 1-60 analytes, 0C and 1A. (D) Initial hybridization rates of 1-60
mismatched analytes with TMB and TMB-Tail resulted in a 4.5- and 6.1-fold increase for the 0C
and 1A mutants, respectively. Compared to the WT analyte, the faster initial hybridization rates of
0C and 1A mutants can be explained by their secondary structure and the accessibility of sSDNA
nucleotides that can readily hybridize with the tail in TMB-Tail and facilitate toeholdmediated
hybridization (Fig. S2). The data are average values of at least three independent
measurements.
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Figure 38. Kinetics and Quantitative data for 17-nt fragments of Tau Analytes. (A) Timedependent
fluorescent duplex formation between MB probes and short tau analytes. The analytes were
added at the 30 s time point, indicated by the red arrow, and readings began again at ~40 s. (B)
Initial hybridization rates of analytes with TMB and TMB-Tail. A line of best fit was determined over
the first 5 s after analyte addition, and the slope was taken to be the initial rate of duplex
formation. (C) The free energy associated with each analyte, the complex formed between
analyte and probe, the free energy change associated with the formation of the complex, and the
differentiation factor for mutant analytes. The signal to background (S/B) was calculated by
taking the fluorescent signal at 30 minutes and dividing it by the MB signal. The differentiation
factor is calculated with the equation Df = 1 — AFmm/AFm, where AF represents the signal of
matched (m) or mismatched (mm) analyte with the signal of the blank (no analyte) subtracted.
AG values were estimated as described in Fig. 1 legend. AG for both TMB and TMBTail probes
AG is —3.49 kcal/mol (not shown in the table). (D) Secondary structure of the 1-17

WT analyte, with the MB binding site outlined in brown and mutations indicated with red arrows.
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structures formed upon hybridizing two equivalents of 17 nt analytes with one equivalent of TMB-

Tail.
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Figure 40. Tailed MB Probe Improves Hybridization Kinetics to Folded 16S Mutant Analytes. (A)
The time-dependent hybridization kinetics between analytes and MB1 or MB1-Tail were
measured. The analytes were added at the 60s time point, and measurements were resumed at
~70 s, as indicated by the red arrow. The MB:Analyte duplex concentration was determined
using a line of best fit from a calibration curve (Fig. S13) (B) Initial hybridization rates of 16S
analyte with MB1 and MB1-Tail. The line of best fit was used to determine the slope over the first
5 seconds and was taken to be the initial rate of duplex formation. (C) The secondary structure
of the 16S-60 C/T and (D) 16S-60 G/T analyte, with mutated nucleotides in red. The brown
outline indicates the binding region of the MB probe and the green outline indicates the binding
region of the tail. (E) Free energy values and quantitative data for the analytes. The signal to
background was determined by taking the ratio of MB probe fluorescence in the presence of the
analyte divided by the fluorescence of just the MB probe in a hybridization buffer following a 30-
minute incubation (50 nM MB, 100 nM analytes). The differentiation factor was used to
determine the differentiation of wild-type from mutant analyte and the equation used was Df = 1
- AFmm/AFm, where AF represents the signal of matched (m) or mismatched (mm) analyte with
the signal of the blank (no analyte) subtracted.
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Figure 41. Secondary Structures Of 16S-60 Used In The Evaluation For Impact On MB1-Tail
Regions. In the loop mutants (Loop Mut 1-3), the mutations emboldened in red were introduced
such that the secondary structure was unaltered, but a mismatch to the MB stem loop was
present. In the tail mutants (Tail Mut 1-3), mismatches were introduced such that the secondary

structure of the analyte was unaltered, but the complementarity to the tail of the MB1-Tail probe
was reduced.

69



17 MB1-Tail:165-60 WT
16S-60 WT 91 A[duplex]/At = 1.59 nM/s

45+ * Loop 1 Mut oo
40 * Loop 2 Mut ’
= 35 ® Loop 3 Mut = 12.54
220 = e 16S-60 WT
= 510'0"' e Loop 1 Mut
g 75 e Loop 2 Mut
1 g ¢ Loop 3 Mut
= 50 043nMis .
H 0.20 nM/s
17 D e i mmer e i
, 0.19 nM/s
0= ‘ : T T T 0.0 r T T T :
0 180 360 540 720 900 70 71 72 73 74 75
Time, s— Time, s—
C .] D ™
451 - s 16S-60 WT ™
404 e Tail 1 Mut
S 35 o Tail 2 Mut s, ]
G * Tail 3 Mut E207 10, ) . 165-60 WT
w30 - S « Tail 1 Mut
T 251 [ / o * Tail 2 Mut
é 20 i é 10_/032 s e Tail 3 Mut
= 15 =
] 5. 0.03 nM/s
10 . 27
54 1]
0 0.01 nM/s
0' 300 600 900 1200 1500 1800 70 75 80 85 90 95 100
Time, s — Time, s—
Mutant Type . Mutant S/B I"'::‘E;J‘E?te Ds
Loop 1 Mut 32.8 0.43 0.24
Complementary | | 5op 2 Mut
to MB loop 00p u 247 0.20 0.43
Loop 3 Mut 21.2 0.19 0.51
Tail 1 Mut 47.0 0.92 -0.10
Complementary | T4l 2 Mut
to MB ‘tail al u 23.9 0.03 0.45
Tail 3 Mut 13.0 0.01 0.71

Df = 1- (AFMM/AFM)

Figure 42. Stem and Tail Mutant 16S Analyte Performance with MB1-Tail. (A) Time-dependent
fluorescent duplex formation between 50 nM of MB probes and 100 nM of 16S analytes, either
wild-type (WT) or with a mutation in the stem (Fig. S10). The analytes were added at the 60 s
time point, indicated by the red arrow, and readings began again at ~70 s. (B) Initial hybridization
rates of analytes with MB1 and MB1-Tail. A line of best fit was determined over the first 5
seconds after analyte addition, and the slope was taken to be the initial rate of duplex formation.
(C) Similar to Panel A, but with analytes containing a mutation in the tail-binding region. (D) The
initial rate of duplex formation was determined similarly to Panel B, but the rate for both the Tail 2
Mutant and Tail 3 Mutant were determined over 30 s due to an unobservable increase in the first
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5 s. (E) Free energy values and quantitative data for the analytes. The signal to background was
determined by taking the ratio of MB probe fluorescence in the presence of the analyte divided
by the fluorescence of just the MB probe in a hybridization buffer following a 30-minute
incubation (50 nM MB, 100 nM analytes). The differentiation factor was used to determine the
differentiation of wild-type from mutant analyte and the equation used was Df = 1 — AFmm/AFm,
where AF represents the signal of matched (m) or mismatched (mm) analyte with the signal of
the blank (no analyte) subtracted.
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Figure 43. Calibration Curve for Calculation of Kinetic Constants of Hybridization. MB-probe and
WT analyte were annealed at a concentration of 100 nM each, heating for 5 min at 95 °C and
cooling overnight. The concentration of fluorescent duplex was assumed to be 100 nM. Serial
dilution was performed to obtain solutions with a concentration of fluorescent duplex 0 — 50 nM.
The Fluorescence of each solution was recorded in triplicate, and the line of best-fit and equation
of best-fit lines were obtained in Excel. The data are average values of 3 independent
measurements.
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Figure 44. MB1 and MB1-Tail Calibration Curve for Calculation of Kinetic Constants of
Hybridization. MB-probe and WT-16 analytes were annealed at a concentration of 100 nM each by
heating for 5 min at 95C and cooling overnight. The concentration of fluorescent duplex was
assumed to be 100 nM. Serial dilution was performed to obtain solutions with a concentration of
fluorescent duplex 0 — 50 nM. The Fluorescence of each solution was recorded in triplicate, and
the line of best-fit and equation of best-fit lines were obtained in Excel. The data are average
values of 3 independent measurements.

APPENDIX:02A OWL CHAPTER SUPPLEMENTAL MATERIALS

Experimental Section

Reagents

All solutions were made using DNAse/protease-free water purchased from FisherScientific.
Synthesized oligonucleotides were obtained from Integrated DNA Technologies, Inc. (Coralville,
IA), and concentrations of oligonucleotide stock solutions were quantified via absorbance at 260

nm on a ThermoScientific NanoDrop One (Waltham, MA).
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Annealing of DNA Tiles

All tiles were annealed in 1 mL microcentrifuge tubes overnight (~8-10 h) in a 2 L bath of water
after being heated to 95 oC and boiled for 5 min. Oligonucleotides were combined in a total
volume of 1 mL with a concentration of 100 nM. Unless otherwise specified, tiles were annealed
with T1, T2, T3, and T4 variations, but not the P-strand. The hybridization buffer consisted of 50

mM Tris-HCI, 50 mM MgCI2, 0.1% Tween-20, and pH 7.4.

Melt Curve Fluorescence Assays

Using DNA tiles previously annealed, UMB and ROX were added to the solutions to a final
concentration of 25 nM and P-strand was added to a final concentration of 200 nM. Bringing the
total volume to 30 uL each using either water or analyte, the samples were then added to the 96-
well plate. A control consisting of only UMB and ROX were used, in addition to a sample

containing the tile with no P-strand added, and a sample with no analyte added.

After adding the samples to the plate, an optical adhesive cover was securely fitted to the
top of the plate and wells were sealed using a tool provided with the QuantStudioTM 6 Flex
System. The plate was lightly flicked to eliminate bubbles and was vortexed and centrifuged for
20 s on a Fisher Scientific Mini Plate Spinner Centrifuge (Hampton, NH). After allowing 30 min for
annealing the plate was then placed into the QuantStudioTM Flex 6 system and cooled to 5 oC
where it was held for 5 min. The fluorescence of the samples was then read continuously as the
samples were heated from 5 oC to 70 oC (0.1 oC/s). ROX was selected as a passive reference
and FAM™ was read as the ‘Target’. Although the system was calibrated to account for well
factors, background, and dye fluorescence, there were small variations between the background
fluorescence of UMB and controls without analyte; therefore, there may be small fluorescence

value variations observed depending on the date of the experiment.
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Data was exported to excel and subsequently to OriginLab 2021 (Northampton, MA) for
data normalization and processing. The processed readings from at least three wells were
averaged and plotted as a function of FFAM/FROX. The derivative of fluorescence vs time was
calculated by the QuantStudioTM Real-Time PCR Software to determine the melting temperature

(Tm).

Limit of Detection Assays

The limit of detection was determined for each study by conducting fluorescence experiments
using a 60 pL quartz cuvette in a PerkinElmer (San Jose, CA) LS-55 Fluorescence
Spectrophotometer with a xenon lamp. (Aex = 485 nm, Aem = 517 nm). The samples were used
directly from annealed tiles, and, to this solution, P-strand was added such that the final
concentration was 200 nM and UMB was added to a final concentration of 25 nM. After the
addition of analyte at varying concentrations, the samples were incubated in a 24 °C water bath
for 30 min before being taken out of the bath and analyzed. Fluorescent values at 517 nm were
recorded for three independent trials for each sample. The averages and standard deviations
were plotted in Excel and OriginLab 2021 (Northampton, MA), and the linear region was found
and fitted with an equation. The LOD was determined by using the equation with the fluorescent
signal of the blank + 3*(Standard deviation of the blank).

Differentiation Fluorescent Assays

The differentiation of each tested sensor was determined by conducting fluorescence
experiments in a similar manner to the limit of detection. For the OWL1 design, the samples
were made such that Rx and Py were added to final concentrations of 150 nM and 200 nM,
respectively, unless stated otherwise. The differentiation factor (Df = 1- AFmm/AFm) was
calculated with AF representing the difference in signal from the blank for the mismatched (mm)
and matched (m) analyte, respectively, and subtracting this from 1. For the Fm/Fmm assays, this

was calculated by taking the Fluorescence of the Wild-Type analyte (Fm) and dividing it by the
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Fluorescence of the respective SNV-containing analyte corrected by the blank. All calculations

were done using the fluorescent average of at least three trials.

Kinetics Assays
Using the same experimental conditions as for the other fluorescent assays, the fluorescence was
measured over 45 min on a Cary Agilent Fluorimeter for 45 min. The OWL2 sensor and Pstrand

were mixed, the analyte was added, and fluorescence was read immediately afterward.

Oligonucleotide Sequences

Table 3 Oligonucleotides used in the assembly of variations of OWL2 Sensor. F, fluorescein;
BQ1, black hole quencher 1; underlined are the fragments complementary to UMB probe; ttt,
trithymidine linkers between tile-forming fragments and the analyte binding arms; /iSp18/ internal
spacer 18.

Name Sequence 5°-> 3’

UMB F-CG C GTTC CCATA CAAC CAATC GCG-BQ1

T1 GAACGT GAA'GGT ACT TATGG
GTATCAGTCATT ACC AGT AGT CGGAC CTAGG CTCTCGGT CTAG
CCAC TTAAC

T2, ACT ACT GGT AAT GAC TGATAC ttt C GGC GCATGG GAC GTG

T32-9 no linker | CCTAG GTCCG GAACG TGAAGG TACT TATGG

T32-9-tt CCTAG GTCCG ttt

T32-9iSp18 CCTAG GTCCG/iSp18/ GAACG TGAAGG TACT TATGG
T32-9 RiSp18 | CCTAG GTCCG ttt
T4, GC CTC CCG GGACGT GT ttt GTT AA GTGG CTAG ACCGAGAG

T32-9 + T42+1 | CGC CTC CCG GGACGT GT ttt GTT AAGTGG CTAG ACCGAGAG
CCTAG GTCCG ttt GAACG T GAA GGT ACT TATGG

Ty +1 CGC CTC CCG GGA CGT GT ttt GTT AA GTGG CTAG ACCGAGAG
GAACG T /iSp18/ GAA'GGT ACT TATGG

Tdp-1 C CTC CCG GGA CGT GT ttt GTT AA GTGG CTAG ACCGAGAG

CT2 ACT ACT GGT AAT GAC TGA TAC tit GTTC AAGAAATT CAAC

CT3-9 CCTAG GTCCG ttt GAACG TCCAG GCAGC TATGG

CT4 ACTT CTCC TGCT AGAA ttt GTT AA GTGG CTAG ACCGAGAG

CT4+1 AACTT CTCC TGCT AGAAttt GTT AA GTGG CTAG ACCGAGAG
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Table 4 Sequences of P-strand and R-strand variations used in this study. Underlined nucleotides
are complementary to the UMB probe.

Name Sequence 5’ -> 3’
Poo GTTG CACACT GCC GATTG
Pso GTTG CACACT GCCATTG
Pos GTTG CACACT GC GATTG

Pas A>G GTTG CAC GCT GC GATTG
P% C>T GTTG CACATT GC_GATTG

P1os GGTTG CACACT GC CGATT
P1o9 GGTTG CACACT GCC CGATT
Pss GTTG CACACT GCATTG

Po7 GTTG CACACT G GATTG

Cos GATTG GTTG CACACT GC
CPoo GTTG AGTAAACGA GATTG
CPos GTTG AGTAAACG GATTG
R1o10 GAACG GTGAAGGTAC TATGG

Table 5 Sequences of the analytes used in the OWL2 study. SNV sites are in red; underlined are
the fragments complementary to P and R strands; RNA nucleotides are shown in lowercase.

Name Sequence 5°-> 3’

Tau60-WT CAAACACG TCC CGG GAGGC GGCAGTGTGAGTACCTTCACAC GTC

CCATGC GCCGTGCTGT

Tau60-WT Ca aac acg ucc cgg gag gc g gca gug uga gua Cccu uca ¢ ac guc cca ugc gcc gug
cug u

(RNA)

Tau60-0C CAAACACG TCC CGG GAG GC GGCAGCG TGAGTACCTTCACAC GTC

CCATGC GCCGTGCTGT

Tau60-1A CAAAC ACG TCC CGG GAG GCG GCAATG TGAGTACCTTCACAC GTC

CCATGCGCCGTGCTGT
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Tau60-2G CAAACACG TCC CGG GAG GCG GCG GTG TGAGTACCTTCACAC GTC
CCATGC GCCGTGCTGT

Tau19-WT GCAGTGTGAGTACCTTCAC

Tau19-0C GCAGCG TGAGTACCTTCAC

Tau19-1A GCAATG TGAGTACCTTCAC

Tau18_WT | GCAGTG TGA GTACCT TCA

Tau18_0C GCAGCG TGAGTACCT TCA

Tau18_1A GCAATG TGAGTACCT TCA

CVD60_WT | TGC CAG CCATTC TAG CAG GAGAAGT TCGTTTACT GCTGCCTGGAG
TTGAATTTC TTG AAC

CVD60_1C | TGC CAG CCATTC TAG CAG GAGAAGT TCG CTTACT GCT GCC TGGAG
TTGAATTTC TTG AAC

CVD60_0G | TGC CAG CCATTC TAG CAG GAGAAGT TCG TGTACT GCT GCCTGGAG

TTGAATTTC TTG AAC
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Supplementary Images
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Figure 45 Optimization of P-strand concentration for OWL2 sensor A) Concentration
dependence of P98 with 100 nM of our OWL2 sensor. B) Table depicting the exact values for
S/B from the graph as well as differentiation factor (Df = 1- AFmm/AFm where AF represents the
difference in signal from the blank for the mismatched (mm) and matched (m) analyte,
respectively).
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Figure 46 OWL1 and OWL2 sensors in complex with Tau analyte. A) OWL1 design consists of R-
and P-strand along with UMB-15 to form a complex with short-fragment Tau18-WT analyte. B)
Limit of detection of Tau18-WT with the OWL1 sensor. C) OWL2 design has additional T2- and
T4- unwinding arms which allow for the opening of longer Tau60-WT analyte with secondary

structure.
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Figure 47 Melting curve for OWL2 sensor shows discrimination for fully matched WT from
SNVcontaining analytes from 5-38 oC. The melting curve (left) normalized using ROX as an
internal reporter shows the higher signal from the WT folded analyte. The discrimination (right) is
shown by dividing the fluorescence of the fully matched wild-type analyte by the fluorescence of
the mismatched analyte. The dashed 1.5 line is the threshold at which we determine that the
wildtype has been differentiated from the mutant.
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Figure 48 Flexible linkers between R stand and tile provides higher fluorescence. (A) OWL2
design with P99 with the highlighted region representing the linker between T1-hybridizing portion
of T3 and the UMB- and analyte- hybridizing R portion of T3 (B) Fluorescence measured on
PerkinElmer Fluorimeter showing an increase in fluorescence for all analytes. (C) Table
containing the sequence of T3 and the types of linkers tested.
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Figure 49 Introduction of a gap between P98 and T4 unwinding arm does not significantly
destabilize the OWL structure. For T4, two strands were used; one in which there is no gap
between the T4 arm and P98 (denoted with an asterisk) and one in which there is an introduction
of a gap (denoted as T4-1) between P-strand and T4. (A) Design of OWL2 in complex with
Tau60-WT, P98, and UMB. The linker variation is highlighted region on T3 R. The highlighted
nucleotide in T4 represents the nucleotide that is removed to introduce a gap between P-strand
and T4 (T4-1). (B) The fluorescent readout from PerkinElmer LS55 Fluorimeter showing that a
more flexible linker leads to a higher signal with insignificant compromise to differentiation. (C)
The limit of detection for the OWL2 sensor with iSp18 linker and T4 arm is 0.35 nM, which is
comparable to the 0.4 nM LOD for the ttt linker. (D) Signal to background and Differentiation
factor for the OWL2 variations shown in (B). (E) T3 sequences corresponding to the different
linkers.
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Figure 50 Constrained Structure of P strand contributes to high selectivity of OWL2 Sensor. (A)
OWL2 design with changes in the highlighted region depicted below the OWL2 structure. R1010
with an internal iSp18 linker was used in conjunction with P98, which contains 9 nt
complementary to UMB and 8 nt complementary to analyte. P99 contains 9 nt complementary
each to both UMB and analyte. C98 has similar binding to P98, but nucleotides complementary
to UMB are consecutive starting at the 5’- end and nucleotides complementary to analyte are
consecutive ending at the 3’- end. (B) Fluorescence for P99 is higher for t60 WT than for P98 but
has diminished differentiation of mutations. Fluorescence for C98 is comparable to that of P99
but has poorer differentiation due to the flexibility of the C-strand.

83



T2 3 'R T4
CAT AGT CAG TAA TGG TCA TCA GCCTG GATCC GAG AGC CAG ATC GGT GAA TTG

THJIIHHII AT T

=GTA TCA GTC ATT ACC AGT:AGT CGGAC CTAGG CTC TCG GTC TAG CCA CTT AAC

ttt

s ‘ . ttt
. 2 G, &7 i
: CGTTC CCATA CAAC CAATC

T LT THT L
GCAAG GGTAT|[GTTG GTTAG)/
Rmau P%s

- C GGC GCA TGG GAC GTG|TG AC ACT CC_TCC CGG GAC GIG T

. H\I\I\HI TITIPITTHTTITT CHT AT T TTTET]

T GIC GTG CCG CGT ACC CTG CAC ACTTC CATGA GTG TGA CGG CGG AGG GCC CTG CAC AAA C-5’

B 250 c 160-
1404
’“.2001 120+
5 Tau60-0C 2
2 150 AN Taus0-1A g 10
g c
3 i y= 5.4844x + 13.065
3 1001 5 60X R? = 0.9975
=5
E £ 0l LOD =0.25 nM
50+ T4-1 (gap)
204
04 0 T T T T T
OWL2 T4-1 0 5 10 15 20 25
Tau60-WT (nM)

Figure 51 Removal of a nucleotide on T4 to introduce a gap between P and T4 has little effect on
fluorescence or limit of detection. (A) OWL2 Design in complex with UMB, P98, and analyte.
Removed nucleotide on T4 is highlighted in yellow (B) Fluorescence measured on PerkinElmer
LS55 Fluorimeter with no appreciable difference between the two designs. (C) Limit of Detection
created using Fluorescence read on a Perkin-Elmer Fluorimeter with a LOD of 0.25 nM for T4-1
(removed nucleotide- a gap is introduced)
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Figure 52 . Introduction of a single gap between the T4 arm and the P strand. (A) The
introduction of a gap between P-strand and T4 via removal of a nucleotide on the T4 arm slightly
destabilizes the OWL2 Structure. (B). The S/B for fully matched analyte decreases upon the
addition of a gap, except in the case of P108. We believe the increase in signal upon introduction
of a gap is due to the sequence of the P-strand; when there is a gap the first nucleotide intended
to hybridize with the UMB, underlined in (C), may instead hybridize with the analyte since they
share complementarity. (D) Signal to background (S/B) and differentiation factor (Df) for all
analytes with varying combinations of P-strand and Gap or No Gap.
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AG =-11.34 kJ/mol AG = -13.04 kJ/mol AG =-10.79 kd/mol AG = -14.27 kJ/mol

Figure 53 Secondary structures and free energies of Tau analytes. (A) Tau60-WT with T2binding
arms outlined in blue, T3-R-binding in brown, P- binding in orange, and T4-binding in green.
SNP-containing mutants of tau with mutations 0C (B), 1A (C), and 2G (D) are indicated with a
red arrow.

AG =-8.61 kJ/mol AG = -8.61 kJ/mol AG = -9.98 kJ/mol

Figure 54 Secondary structures and free energies of Covid analytes. (A) CVD60-WT with
T2binding portions highlighted in blue, T3-R-binding in brown, P- binding in orange, T4-binding in
green, and SNP-locations highlighted in yellow. (B) and (C) SNP-containing mutants CVD60-0G
and CVD60-1C with mutations indicated by red arrows.
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Figure 55 Fluorescent response of OWL2 sensors over time for Tau analytes. Fluorescence was
read over 45 min for each mismatch. A four-fold increase in fluorescence can be seen over the
first ten minutes with discrimination against mutants OC and 1A. The 2G mismatch shows a slower
increase when compared to the WT.
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Figure 56. Limit of detection for Tau60-WT DNA and RNA using OWL2 sensor with P98 in buffer
1. LOD for DNA sequence (black) was found to be 0.4 nM and LOD for the RNA sequence
(blue) (Table S3) was found to be 0.78 nM. Since the disease-causing SNV-containing analyte is
Tau60 mRNA, this provides evidence that our OWL2 sensor would be applicable to real-world
analysis
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