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ABSTRACT 
DNA-based diagnostics traditionally utilize hybridization probes: strands of DNA 

complimentary to a target sequence that, upon binding, generate a signal to indicate the presence of 

the target. The classic hybridization probes are the molecular beacon (MB) and TaqMan probes, both 

single DNA strands with a fluorophore and quencher at opposing ends. Despite their widespread use 

in applications such as qPCR due to their ability to multiplex with a variety of bound fluorophores, 

these probes have several shortcomings: temperature limitations for selective target recognition and 

differentiating single-nucleotide polymorphisms, intrinsic design limitations to interrogate some target 

sequences, and a high relative cost for synthesis and purification. A “split probe” design in 

combination with label-free reporters overcomes these shortcomings. Split probes break the target-

recognition sequence into two shorter pieces, each equipped with a portion of a signal reporting unit. 

The shorter length both allows for the probes to efficiently function at ambient temperatures, opposed 

to the elevated temperatures generally required for monomer probes, and provides greater ability to 

discriminate single-nucleotide polymorphisms. These structures will only generate a signal if complete, 

which may only occur when both halves of the probe are properly bound to the target. By utilizing 

label-free reporters such as light-up aptamers and/or (deoxy)ribozymes, split probes offer cost-

efficiency advantages over other fluorescent probes. In this dissertation, advances in the usage of split 

probes with G-quadruplex-based signal transducing units are detailed. An alphanumeric display 

comprised of tandem probes utilizing the peroxidase-like deoxyribozyme for colorimetric output 

demonstrates the instrument-free usage of these systems. Additionally, the promiscuous activity of 

the dapoxyl light-up aptamer with a variety of arylmethane, offers a label-free fluorescent split probe 

that is capable of discerning single-nucleotide polymorphisms without expensive chemical 

modifications.  
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CHAPTER ONE: INTRODUCTION 

Origins of Antibiotic Resistance 

Bacterial infections have historically been among the leading causes of human death. Even 

today, according to the World Health Organization, tuberculosis and the diarrheal diseases (rotavirus, 

E. coli, and others) remain within the top ten causes of death worldwide.1 In 1928, Alexander Fleming 

discovered the antibacterial properties of penicillin; since, the rate of death due to bacterial infection 

has steadily been reduced as a vast number of antibiotics have been discovered to treat these infections.  

As early as 1945, Fleming and others issued warnings about the possibility of an infection 

developing resistance to the drug.2 A common mechanism of antibiotic resistance is a change in the 

structure of the protein that the antibiotic works on such that the antibiotic may no longer bind to it. 

This structural alteration is induced by a single-nucleotide change in the sequence of the protein, which 

may be caused by random mutation. Other mechanisms of antibiotic resistance exist, such as expulsion 

of the antibiotic by way of efflux pumps, disabling of the antibiotic via chemical modifications, or 

downstream modifications such as methylation of the target enzyme.3-5 These changes, too, may often 

be attributed to a single-nucleotide mutation; some environmental stresses may cause an increase in 

expression of either efflux pumps or enzyme modifications, however, and bacteria may also transfer 

genes between themselves to share resistance. The growing demand for antibiotics for agriculture and 

medicine has led to an increase in the resistant phenotypes in bacteria. Between 2013 and 2019, the 

Centers for Disease Control and Prevention noted an increasing number of antibiotic-resistant 

infections, with the number of deaths as a result rising from 23,000 to 48,000.6 As a consequence, 

there is a growing imperative for rapid testing of antibiotic resistance for bacterial infections. 
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The first widely-used tests for antibiotic resistance testing involved culturing the bacteria and 

either subjecting the culture to a paper disc coated in the antibiotic of choice or diluting the culture in 

an antibiotic-containing agar.7 Culture-based assays directly verify the efficacy of a given antibiotic 

against the phenotype of the infective agent. These tests featured several key shortcomings, however, 

including a requirement for specific biosafety settings, laborious test administration requirements, long 

inoculation times for culturing such as the approximate two week doubling time for some 

Mycobacterium, and results that rely on the discretion of the user, limiting reproducibility and 

consistency.8, 9 For clinical testing, these requirements hinder the widescale utilization of culture-based 

assays on-site; further, the increased test-to-result times may increase patient drop-out and lead to 

difficulties in limiting further transmission. As such, a push began for better clinic-side tests that 

overcome these constraints. 

Hybridization Probes 

The discovery of the polymerase chain reaction (PCR) in 1985 led to a revolution in medical 

diagnostics. Nucleic acid-based diagnostics are founded in the sequence-recognition abilities of 

oligonucleotides.10-13 Probes recognize a chosen target sequence using Watson-Crick base pairing, 

whereby complimentary pairs are formed between either guanine and cytosine or adenine with either 

thymine or uracil. These sequences are long enough to be stable at a given running temperature, but 

short enough that the stability is compromised in the presence of a single mismatch. Probes may target 

DNA or RNA sequences, and may be made of DNA, RNA, or unnatural nucleic acid sequences such 

as TNA or LNA.14, 15  
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There are two types of probes that have served as the industry standard since the 1990s: 

molecular beacon probes and TaqMan probes. Molecular beacon probes are hairpins that feature a 

fluorophore and quencher on opposite ends of the sequence (Fig. 1A).16 When unbound in solution, 

fluorescence is minimized due to the proximity of the quencher to the fluorophore; however, upon 

hybridization with the target sequence, the fluorophore and quencher are separated in space, allowing 

for an increase in fluorescence. The flexibility in fluorophore choice allows for the utilization of 

molecular beacon probes for multiplex detection, as a specific spectral signature can be tied to a single 

desired target.17, 18 TaqMan probes also are comprised of a single strand of nucleic acids with 

fluorophore and quencher labels (Fig. 1B).19 Here, the fluorophore and quencher are placed on 

nucleotides in proximity in the sequence, opposed to relying on the formation of the stem to bring 

them together. The 5’->3’ exonuclease activity of Taq polymerase in the PCR assay enables the 

excision of the fluorophore and quencher, allowing them to separate in solution, ultimately leading to 

the increase in fluorescent signal. A primary strength of the molecular beacon probe and TaqMan 

systems is the ability to utilize multiple fluorophores to differentiate between targets in the same 

sample, which has been referred to as multiplex detection. 

Molecular beacons do not preclude the use of the need for target amplification, however, 

which is true of all commonly utilized nucleic-acid-based diagnostic tests. A variety of isothermal 

amplification techniques have been suggested for use with molecular beacons for clinical applications, 

reducing the need for expensive thermocyclers or laborious usage of controlled incubators or water 

baths.20 These amplification techniques generally utilize relatively lower temperatures, such as 37 °C, 

where molecular beacon probes may exhibit insufficient selectivity against single-nucleotide 

polymorphisms. This loss in selectivity is owed to the partial stability of the near-matched complex.  
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Figure 1: Nucleic-acid-based diagnostic tests. A) Molecular beacon probes exhibit an increase in 
fluorescence upon spatial separation of the fluorophore and quencher upon hybridization to the 
target. B) TaqMan probes use the 5’->3’ endonuclease activity of Taq polymerase to degrade a probe 
while extending a primer in a PCR reaction, thereby separating the fluorophore and quencher. C) 
Adjacent Probes. A split probe system using FRET will only exhibit a signal increase at λ3 if the two 
fluorophores are brought together by binding to the target. D) A 4WJ is assembled upon the 
introduction of the target sequence, bringing methylene blue into proximity of a gold nanoparticle or 
gold electrode and demonstrating a change in the voltametric signal. E) A fluorogen in solution 
exhibits an increase in fluorescence upon binding to a split-FLAP. F) A split-G4 with the cofactor 
hemin enables the peroxidation of a colorless substrate such as ABTS, generating a significant 
increase in absorbance. 
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As antibiotic resistance is often owed to single-nucleotide substitutions, this can create 

difficulties in interpreting the results of genotype-based drug susceptibility tests (DST). Nucleic acid 

hybridization utilizes flexible strands that “zip” together, whereby the difference in free energy 

between the matched and single-mismatched target are relatively small compared to the antibody-

antigen.21 A shorter target-recognizing sequence will increase the relative difference in stabilities 

between the matched and mismatched complexes but will also lower the general stability of the 

matched complex; as such, there is an inverse relationship between sensitivity, owed in part to the 

stability of the matched complex, and selectivity, owed to the relative difference in stabilities between 

the matched and mismatched complexes. 

A compromise is found in splitting the target-recognizing sequence between two strands, such 

that the overall stability across the two strands is high, but a mismatch in either strand will heavily 

destabilize the complex.22 The standard fluorophore-and-quencher signal transduction system needed 

to be adjusted for these probes, as the length is insufficient to fully disable quenching when compared 

to molecular beacons. Resonance energy transfer techniques such as FRET were suggested, whereby 

only when a donor and acceptor fluorophore are able to interact while the donor is excited may the 

desired emission signal be measured (Fig. 1C).23 Several other fluorescence-generating systems that 

may undergo self-assembly have been utilized, such as excimers and lanthanide complexes.24, 25  

Molecular beacon probes are sequence-specific to their target, which adds to the general cost 

due to the need for conjugating both the fluorophore and quencher to the probe being developed for 

every new target sequence, as well as the need to purify at each step of the process. However, it is 

possible to offset this requirement of the molecular beacon probe directly binding to the target by 

using a split probe approach, allowing for a single molecular beacon sequence to be used with a variety 
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of targets by customizing unmodified probes that act as intermediaries between the given target and 

the conserved molecular beacon sequence. In particular, a four-way junction design has been 

suggested for this purpose.26 This design has been utilized with several readout systems, such as FRET 

and electrochemical outputs (Fig. 1C,D).27-33 In all of these listed cases, however, covalent 

modifications, or labels, are required for signal generation to occur. This adds to the overall cost-per-

test of the assay, which can be problematic for some applications or in resource-limited environments. 

Label-Free Signal Transduction 

Due to the relatively high cost of covalent-attachment for fluorophores and quenchers, there 

is a desire for label-free signal transduction methods. Light-up aptamers are one such signal transducer. 

An aptamer is a nucleic acid sequence that binds a specific, generally non-nucleic acid target molecule.34 

In this way, they are similar to antibodies; however, unlike antibodies that are produced in vivo, 

aptamers are discovered in vitro using nucleic acids through the systematic evolution of ligands by 

exponential enrichment (SELEX).35-38 SELEX utilizes changes in affinity to isolate nucleic acid 

sequences from a random library that bind the target molecule to create a new library generation, 

which will then undergo greater scrutiny until a product with the desired properties is reached. Further, 

the use of nucleic acids allows for more consistent refolding, adding to long-term stability through 

refreeze cycles.39 

Certain molecules exhibit significant increases in fluorescent yield upon binding to these 

nucleic acid structures.40 These environmentally-sensitive chromophores are referred to as 

fluorogens.41 Upon excitation, a fluorogen will fluoresce if its preferred methods of relaxation are 

denied; such methods include relaxing a highly dipolar excited state through solvent interactions and 
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internal rotation as seen in molecular rotors. A series of aptamers have been discovered that target 

several of these molecules, allowing the molecules to “light-up” in the presence of the aptamer, 

commonly referred to as Fluorescent Light-Up Aptamers or FLAPs.42-56 FLAPs have several key 

advantages over more traditional fluorophore approaches. The fluorescent dyes are not covalently 

bound to the target, so expensive conjugation chemistry and purification are unnecessary. Further, the 

structures are self-assembling, allowing them to be utilized with a split probe system (Fig. 1E). 

Additionally, FLAPs have been selected for using either RNA or DNA; while RNA offers greater 

functional flexibility due to the presence of its 2’-OH, DNA offers greater chemical stability and a 

lowered production cost; however, even RNA is cheaper than employing conjugation chemistry.44 

These advantages provide a path for label-free detection of single-nucleotide polymorphisms through 

the use of split-FLAPs. 

Many aptamers feature a G-quadruplex (G4) scaffold in order to provide the correct geometry 

for a functional binding pocket.57-59 A G4 is a four-stranded helix comprised of two-or-more G-tetrads, 

each comprised of four guanine residues engaged in four hydrogen bonds to create a square-like plane 

(Fig. 2A,B). While a G4 may be composed of a single oligonucleotide string, they may also be formed 

of two-or-more individual pieces that will refold into the G4 when brought into close proximity of 

each other. There are several ways that a G4 may fold. If all four strands are in the same 5-to-3 

direction of propagation, it is considered parallel; if two strands are in each direction it is antiparallel, 

and three strands in a single direction with one in the other is considered hybrid.60 Preference for a 

sequence to fold into one structure over another is influenced by the types of monovalent ions present, 

with high potassium concentrations favoring parallel and hybrid conformations and high sodium 

concentrations favoring antiparallel formations.61, 62 Further, the length and nucleotide composition of  
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Figure 2: G-quadruplex structure. A) A G-tetrad is formed via hydrogen-bonding between two 
edges of each of four guanines. B) Multiple G-tetrads stack, producing the G-quadruplex. The 
inclusion of metal ions such as sodium or potassium are required to counterbalance the 
electronegativity of the carbonyls. Nucleic acid residues between guanine runs are referred to as 
“loops.” These loops may either offer a continuation of the direction of propagation of the helix 
(Propeller) or offer an inversion in the direction (Lateral and Diagonal). C) Combining these three 
loop types provides a variety of G4 structures. Parallel G4s contain all four strands in the same 5’-
>3’ orientation. Anti-parallel G4s have two strands in each direction. Hybrid G4s have three strands 
in one direction and one in the other. D) N-methyl mesoporphyrin IX (NMM) and thioflavin T 
(TFT) exhibit increased fluorescence in the presence of non-anti-parallel G4s. Crystal Violet (CV) 
exhibits increased fluorescence when bound to antiparallel G4s. 
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the sequences between G-rich runs may favor certain folding patterns. Longer fragments have a 

tendency to fold into lateral loops which provide an inversion of the direction of propagation, whereas 

shorter fragments favor propeller-like loops that maintain the direction of propagation (Fig. 2B).  

These factors lead to numerous molecular scaffolds onto which a ligand may bind (Fig. 2C). 

G4s have been shown to bind a variety of light-up dyes such as thioflavin T (TFT), crystal 

violet (CV), and N-methylmesoporphyrin IX (NMM) (Fig. 2D).63 The specific turn-on properties of 

these dyes vary with the structural folding of the G4, with NMM preferring parallel structures and CV 

preferring antiparallel ones.64-66 A split probe design with G-rich sequences extending from the 

abutting ends of the two probes, paired with one of these light-up dyes, has been previously utilized 

for SNP detection.67-70 This split-signal-transducer design is not limited to simple G4s; FLAPs have 

been successfully split for this purpose as well.71-74 While the additional sequence reporter added to 

the target-recognizing probe is generally shorter for G4-based probes than split-aptamer probes, they 

may struggle to interrogate SNPs in C-rich sequences. Further, as many light-up split-aptamer probes 

include G4s as structural elements, many of them may interact with the G4-specific dyes. As such, 

light-up aptamers that contain a G4 structure may be inappropriate to include with a split-G4 as a 

multiplex system. 

G4s have also been shown to exhibit peroxidase-like activity when paired with the cofactor 

hemin (Fig. 1F).75, 76 This allows a G4 to act as a functional mimic of horseradish peroxidase, generating 

a color-based signal with any of the colorless small molecules that horseradish peroxidase has been 

utilized with, such as 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). A split-G4-based 

sensor has been previously utilized in several works, offering a colorimetric signal indicative of a given 

nucleic acid input.76-78 While ABTS is the most commonly used chromogenic substrate with the 
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G4:hemin complex, others like 3,3’,5,5’-tetramethylbenzidine and 3,3’-diaminobenzidine have seen 

usage.79, 80 Further, this peroxidation reaction has been paired with luminol as a chemiluminescence 

assay.81 It is important to note that the G4:hemin complex will indiscriminately act on these substrates 

if multiple are present; that is to say, it is as-of-yet impossible to produce differentiable colorimetric 

signals from multiple G4 probes. 

Research Questions 

In these works, we sought to advance the development of signal transducers for the detection 

of antibiotic-resistance-conferring single-nucleotide polymorphisms. To this end, we focused on two 

systems. First, we examined the utility of the instrument-free, colorimetric capabilities of the split-

G4:hemin complex. We sought to improve upon the consistency of the system through the use of 

multiple sensors for the target, as well as open a pathway for more complex analysis of multiple target 

sequences. As such, we set out to combine a series of sensors into molecular logic gates to provide 

complex analysis. Our works on the utilization of these molecular logic gates are described in within 

Chapter 2. 

Further, we wished to optimize the G4:hemin system. For split-G4-based probes, the optimal 

splitting pattern had only been determined using structureless targets. We sought to determine the 

optimal splitting pattern for the G4 through the use of medically-relevant targets that often fold into 

stable secondary/tertiary structures. Additionally, studies into the modification of the loop sequences 

were performed. The results of these studies may be found in Chapter 3. 

The second label-free system we studied was a DNA FLAP, DAP-10-42, originally selected 

to enhance the fluorescence of dapoxyl sulfonyl dyes. In our works with this aptamer system, we 
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discovered that it demonstrates promiscuity with a variety of arylmethane dyes. This property of the 

system allows for a choice of a fluorogen depending on the required spectroscopic properties. It also 

offers a route towards utilizing one aptamer with one of several dyes to be paired with a secondary 

FLAP for multiplexing. We used DAP-10-42 split aptamer as a signal transduction unit for molecular 

logic gates, providing a fluorescent readout that could be seen when excited with a handheld UV light 

source. Our studies into this promiscuity and its application to split aptamer probe-based nucleic acid 

analysis can be found in Chapter 4. 

We further hypothesized that nucleotide substitutions in the aptameric sequence may optimize 

the binding efficiency of DAP-10-42 with these dyes, and therefore the dyes’ fluorescent turn-on. 

Further, we hypothesized that some of these changes would offer greater selectivity in which dyes 

exhibit enhanced fluorescence upon binding. Our exploration into sequence modifications that 

optimize the fluorescent activity of DAP-10-42 with a variety of dyes, can be found in Chapter 5. 
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CHAPTER TWO: SPLIT G-QUADRUPLEX SENSORS WITH TURN-ON / 
TURN-OFF CAPABILITIES 

Introduction 

In this chapter, we present our work into the utilization of split G-quadruplex-based sensors 

for selective detection of nucleic acid targets. Here, we sought to create an assay for the detection of 

rifampin resistance in Mycobacterium tuberculosis based on the presence or absence of a SNS in an 81-bp 

region of the rpoB gene. While tuberculosis infections are primarily found in developing regions with 

limited resources, current detection methods for antibiotic resistance are either prohibitively slow and 

have extensive biosafety requirements in the case of standard culture or require expensive 

instrumentation in the case of qPCR. To solve these issues, we devised an assay that utilizes the 

peroxidase-like activity of the G-quadruplex:hemin construct to generate a colorimetric signal that can 

be read by the unaided eye. Some sensors were designed to provide a strong color in the presence of 

a specific DNA target (a “turn-on” sensor), while others were to provide a strong color in the absence 

of specific targets (a “turn-off” sensor).  

We combined these turn-on and turn-off sensors by arranging them into a 15-segment array 

that would produce an alphanumeric character depending on the input. In this way, the results of 

multiple sensors would be determined as a single combinatory output. For multiplex detection, it 

would be ideal to have different colors indicate different possible outputs, and a variety of peroxidation 

targets exist that exhibit one of several possible colors; however, there is currently no method of 

linking a given sensor to a specific color without expensive conjugation chemistry. The utilization of 

logic functions with sensors arranged into a 2D array was hypothesized to be a viable method for 

combining multiple signals into a single output. The paper below details our findings.  
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Alphanumeric Visual Display Made of DNA Logic Gates 
for Susceptibility Testing of Pathogens 

Reproduced in part with permission from Connelly, R.P.; Morozkin, E.S.; Gerasimova, Y.V: 
Alphanumeric Visual Display Made of DNA Logic Gates for Susceptibility Testing of Pathogens. 

ChemBioChem. 2018, 19 (3), 203-206. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. 

Devices that use individual molecules as computational elements have been under 

experimental validation since 1993.82 DNA-based biocomputing devices are promising for the analysis 

of nucleic acids.83-91 However, to the best of our knowledge there is no broad-scale use of molecular 

computers or logic circuits. At the same time, biomedical diagnostic still relies on the manual or 

electronic computer-based analysis of outputs from simple digital sensors with YES (digital 1) or NO 

(digital 0) response.92  We hypothesize that analyses can be performed by molecular logic 

circuits/processors, which would provide a user-friendly output. This study is devoted to the 

development of such an output/interface. The alphanumerical display reported here takes advantage 

of logic circuits made of DNA to simplify medical diagnostics, thus making it accessible by a general 

user. We demonstrated the capability of the DNA logic circuits to perform sophisticated analysis of a 

point mutation at room temperature.  One key advantage of the system is the improvement in 

reliability conferred by the analysis of each analyte by several sensors, as detailed below. The display 

produces a user-friendly visible output that can be read by the naked eye. 

In this proof-of-concept study, we report on the design of an array of DNA logic gates 

producing an alphanumerical character as an output, and its implementation for analysis and drug-

susceptibility testing of Mycobacterium tuberculosis complex (MTC). MTC is a group of bacteria that are the 

causative agent of tuberculosis (TB), a potentially lethal infectious disease. The treatment of TB is 

complicated due to the development of resistance to one or several drugs.93, 94 Rifampin (RIF) is a 

first-line antitubercular agent targeting bacterial RNA polymerase. Point-mutations in an 81-bp “hot 
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spot” region (aa 507-533) of the rpoB gene are known to render MTC resistance to RIF. The most 

prevalent drug-resistance causing point-mutation is a single-nucleotide substitution (SNS) at codon 

526.95-97 Therefore, in this study, we tailored DNA logic gates to respond to DNA inputs RIFS and 

RIFR, which correspond to a fragment of the rpoB gene containing codon 526 from RIF-susceptible 

and RIF resistant MTC, respectively (App. B: Table 5). 

The logic gates were arranged into a 3×5 display that would produce an alphanumerical 

character – the letter “O” in case of nO TB outcome; and either the letter “P” or “F” if the test for 

RIF susceptibility Passed or Failed, respectively (Fig. 3A, left images). To achieve this pattern, the 

wells d3, e2 and e3 should stay colorless when samples are TB-positive; well c2 should turn ON in 

response to either RIF-sensitive or RIF-resistant MTC; and wells b3 and c3 needed to turn OFF only 

in the case of the RIF-resistant bacteria (Fig. 3B). Wells a1, a2, a3, b1, c1, d1 and e1 of the display (Fig. 

3B) should remain colored, while wells b2 and d2 stayed colorless disregarding the presence or absence 

of TB. This display set up required the following logic gates: PASS 1; PASS 0; OR; NOR and NOTR, 

with the truth tables as shown in Figure 3C. 

As a PASS 1 logic gate, which produces a high signal (digital output 1) disregarding the 

presence of a DNA input, we used a peroxidase-like deoxyribozyme, PW17.98-101 This G-rich DNA 

oligomer forms a G-quadruplex (G4) structure stabilized by cations, such as K+ (Fig. 4A, left).98  In 

the presence of hemin, PW17 demonstrates a catalytic activity for peroxidation of a colorless organic 

compound (e.g. ABTS, 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)) into a colored 

product (Fig. 4A, right). The catalytic activity of PW17 did not depend on the presence of RIFS or 

RIFR, thereby the wells containing PW17 were colored both in the absence and in the presence of the  
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Figure 3: The design and performance of alphanumerical sensor display. A) Theoretical (left) and 
experimental (right) observation of the display in the absence of MTC DNA (“no TB”); in the 
presence of DNA inputs corresponding to MTC with either RIF-sensitive or RIF-resistant 
phenotype (“RIFS” or “RIFR”, respectively). PASS 0 gate wells contained just a working buffer with 
no gate strands. PW17 at 0.2 µM served as PASS 1 gate; OR and NOR strands were at 1 µM and 0.5 
µM, respectively; and for NOTR function, YESS and NOR strands were at 0.8 µM and 0.4 µM, 
respectively. B) Arrangement of G4 DNA logic gates into a 3×5 graphical display. The logic gate 
names and symbols are indicated corresponding to the content of each well. The two wells 
containing a mixture of YESS and NOR gate working in parallel are marked with a symbol for 
NOTR gate, since this combination computes logic negation of RIFR input (see App. B for detailed 
explanation). C)  Truth tables for the G4 logic gates used in the display. High output is highlighted 
green. 

inputs. The lack of PW17, or any other DNA logic gate strands, resulted in PASS 0 logic – a low 

output (absence of color) would be detected regardless of input. 

The signal-generating modules of other DNA logic gates designed in this study were based on 

PW17. For this purpose, the deoxyribozyme sequence was split into two subunits (strands A and B), 

each of which contained two of the four G-triplets of PW17. Each subunit was elongated with the 

sequence constituting a communicating module that contained the input-recognition site. Association 

of strands A and B enabled formation of the catalytically active G4 peroxidase resulting in generation 
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of green color (high output). Using this “split” approach, we designed YESS and OR gates (Fig. 4B), 

which turned-on in response to input(s).77, 102, 103 In contrast, for a NOR gate, addition of input(s) 

resulted in dissociation of the G4 structure (Fig. 4C). 

The input-recognition site of a two-input G4-OR gate was complementary to the 31-nt 5’-

terminal fragment of RIFS and RIFR, which was identical in both inputs (App. B: Fig. 18A, Table 6). 

Therefore, high output was expected in the presence of either RIFS or RIFR, but not in the absence of 

either inputs (Fig. 4A). The proper logical behavior of the individual gate was achieved with clear 

difference in color intensity between the absence and the presence of either RIFS or RIFR input (App. 

B: Fig. 18B). Formation of the high output DNA complex (OR-A/OR-B/Input) was also 

demonstrated by the appearance of a low mobility band in native PAAG (App. B: Fig. 18C). 

The G4-YESS gate computing the identity function of RIFS input was designed similar to G4-

OR gate. The only difference was in the input-recognition site of the gate; it was complementary to a 

28-nt fragment in the middle of the input sequence containing a C>T substitution in RIFR input (App. 

B: Fig. 19A). YESS-B strand was chosen to have a short 8-nt RIFS-recognition region to prevent its 

binding to the SNS-containing RIFR input. YESS-A strand was designed long enough to promote 

efficient binding of RIFS input to the gate. This feature of the strand enabled it to bind RIFR as well 

(App. B: Fig. 19B). At the same time, the combination of long YESS-A with short YESS-B prevented 

efficient association of YESS-A/YESS-B/RIFR, thus ensuring low output in response to RIFG. We also 

introduced a G15A substitution in the input-recognition domain of YESS-A to sequester G4-forming 

fragment into a stable stem structure in its dissociated state (App B: Fig. 19, compare structures in 

panels A and C), which helped to minimize background signal. Overall, formation of high input 
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Figure 4: Design of G-quadruplex (G4)-based DNA logic gates with visually detected output. A) 
PW1798 folds into a parallel G4 structure with the affinity to hemin. The PW17-hemin complex 
catalyses peroxidation of a colourless organic substrate ABTS into a blue-green ABTS+•. PW17 will 
produce high output independent on the analyte presence, which corresponds to PASS 1 logic. B) 
YES and OR gates. Strands A and B of the gate associate into a catalytically active G4 structure 
(“High output”) only in the presence of a specific DNA input. OR gate targets the input fragment 
outside an SNS position and thus responds to either RIFS or RIFR input. YES gate targets the SNS-
containing input fragment and selectively binds to RIFS only. C) G4-based NOR gate. In the 
absence of a DNA input (either RIFS or RIFR), strands A and B are bound to each other forming 
active G4 peroxidase structure (“High output”). The input binds to strand A, thus displacing it from 
the complex and turning off the peroxidase activity (“Low output”). 
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complex and proper digital behavior of YESS gate was observed as expected only in the presence of 

RIFS, but not RIFR (App. B: Fig. 19, panels D, E).  

The G4-NOR gate was designed to exhibit high signal only in the absence of inputs, while the 

presence of either RIFS or RIFR would destabilize the G4 structure resulting in low output (Fig. 3C, 

Fig. 4A). The NOR-B strand contained a 5’-terminal domain complementary to the 3’-terminal part 

of the NOR-A strand to enable association of the strands into a catalytically active G4 structure in the 

absence of inputs (App. B: Fig. 20A). At the same time, the 3’-end of the NOR-A strand consisted of 

the input-recognition site, with the first 4 nt being complementary only to the input sequence, but not 

to NOR-B. This 4-nt fragment served as a “toehold” for input-mediated displacement of NOR-A 

from the NOR-A/NOR-B complex, which turned the gate off. Expectedly, since NOR-A bound to 

the input outside the mutation site, the gate did not discriminate between RIFS and RIFR (App. B: Fig. 

20B). The formation of the NOR-A/NOR-B complex in the absence of the inputs, as well as the 

NOR-A/Input complex in the presence of either RIFS or RIFR was confirmed by gel-electrophoresis 

(App. B: Fig. 20C). 

Finally, we mixed YESS and NOR gates to obtain the NOTR logic function (App. B: Fig. 21A) 

– the presence of RIFR input (binary input 1) resulted in low output (absence of the color), while high 

output was observed either without the inputs or in the presence of RIFS (Fig. 4A). YESS and NOR 

gates competed for the input but otherwise did not interfere with each other, as can be seen by the 

proper pattern of color development and by gel analysis (App. B: Fig. 21, panels B and C). It should 

be noted that the capability of the display to differentiate between RIFS and RIFR inputs relies on the 

specificity of the NOTR logic function. It was demonstrated that RIFR input triggered a 2-3-fold 
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increase in absorbance compared to the response to RIFS input, which enabled reliable discrimination 

of inputs even by the naked eye (App. B: Fig. 21C). 

The high output signal for the YESS, OR, and NOR gates was generated within the first 10 

min after addition of hydrogen peroxide and was stable at least for 60 min (App. B: Fig. 22). An input 

concentration equimolar to the concentration of the gate strands yielded a signal maxima, as expected. 

For the NOR gate, the signal plateaued at the RIFS concentration of 0.5-2 µM, while for the YESS and 

OR gates, the signal decreased when RIFS was in excess over the gate strand, due to a heightened 

probability of forming catalytically inactive complexes between the input strand and one of the gate 

strands. As little as 30-70 nM of RIFS was sufficient to statistically differentiate between the low and 

high output states of the YESS, OR, and NOR gates. Visual differentiation can be achieved at the 

input concentration of 0.2-0.5 µM, which can be attained after isothermal amplification of the 

pathogen nucleic acid (e.g. using LAMP, RPA, NASBA). 

Having confirmed proper digital behavior of all G4-gates, we arranged the five gates into a 

3×5 display (Fig. 3B). The array wells developed color in the course of analysis. The correct pattern 

of colored wells in the presence of either RIFS or RIFR input, or in the absence of any MTC-specific 

input, was experimentally observed with no instrument required to read the display output (Fig. 3A, 

right images). In addition to RIFR input, which corresponded to CAC>TAC substitution in rpoB codon 

526, we tested the response of the display to input RIFR-G (App. B: Table 6), an analog of RIFR, 

containing CAC>GAC substitution, which is known to be the second most prevalent drug-resistance 

causing point mutation in rpoB codon 526.95-97  The stable secondary structure of this input (App. B: 

Fig. 22A) made a constraint for its hybridization to the input-recognition region of the OR gate. This 

resulted in a weaker response of G4-OR gate to RIFR-G than to the other two inputs (App. B: Fig. 
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18B). Despite this constraint, the display output triggered by the presence of RIFR-G could be 

unambiguously read as “F”, indicating a RIF-resistant phenotype. This highlights the advantage of 

logic gate-based display sensors: several logic units acting in parallel on a given input allow for 

unequivocal target classification. A similar principle is used in DNA microarrays, where multiple 

probes differing by one or two nucleotides interrogate the same target sequence to improve the test 

reliability.104 

The power of multiple individualized reactions for the analysis of virus signature sequences 

has been recently demonstrated using a fluorescent display made of deoxyribozyme-based logic 

gates.83, 90 The presence of a particular virus-related input was read as the first letter of the virus name 

upon visualization of the fluorescent read-out using a UV-light box after overnight incubation. In our 

present work, the displayed character can be read by the naked eye almost immediately after addition 

of the input. This is achieved due to the use of the peroxidase-like deoxyribozyme PW17 that 

meditated color change. The split design of the logic gates enabled high selectivity towards point 

mutations even at room temperature, according to the concept developed by us earlier.26 This 

differentiation power capability of the logic gate allowed for the input classification according to MTC 

RIF-susceptibility genotype. Moreover, the multi-stranded design of DNA logic gates enabled fine-

tuning of the gate performance by independent optimization of the design and concentration of each 

strand.22 For example, having long input-recognition regions of one or both strands allowed efficient 

hybridization, even to folded inputs with stable secondary structures.105 

Constructs with different splitting modes that reconstitute into active G4-peroxidase have 

been reported earlier.76, 106-108 For example, a PW17-based probe with the G4-forming sequence split 

asymmetrically (with one strand containing three G-triples and another having one G-triplet) was used 
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to detect point mutations in the rpoB gene of rifampin-resistant M. tuberculosis.106  In this case, an 

additional competition probe sequestering a mutation-containing sequence was required for the 

reliable identification of the wild-type sequence, and vice versa. The use of several logic constructs 

responding to the same input sequence, as reported in the present work, not only differentiates point-

mutations, but also provides a user-friendly read-out. 

In conclusion, we have developed an array of DNA logic gates based on G4 peroxidase, which 

displayed a specific alphanumerical character in accordance with the sequence of a pathogen-related 

DNA input. Importantly, the display did not require any instrumentation for the character read-out, 

which could be done with the naked eye merely minutes after adding the input. In this proof-of-

concept work, the logic gates of the display responded to a fragment of the M. tuberculosis complex 

rpoB gene to unambiguously distinguish the absence of the input from the presence of either wild type 

(classified as RIF-sensitive bacterial phenotype) or SNS-containing input (classified as RIF-resistant 

phenotype). Each analyte was interrogated by several gates (YESS, OR, NOR), increasing the reliability 

of detection. Even though this proof-of concept study reports preliminary results, it highlights the 

advantages of logic gate-based “intelligent” sensing devices for autonomous and less ambiguous 

detection of infectious diseases and contributes to the repertoire of instrument-free molecular graphics 

processing units, which may stimulate their industrial uses. 

Experimental Section 

DNA oligonucleotides were purchased from IDT, Inc. (Cornville, IA, USA) and used without 

purification. Hemin, ABTS and H2O2 were purchased from Sigma-Aldrich (St. Louis, MO, USA). For 

a visual (colorimetric) assay, samples containing strands of DNA logic gates (0.5 µM for NOR gate 

and 1 µM for YESS and OR gates) were mixed with DNA inputs (1 µM) in a colorimetric buffer (50 
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mM HEPES-NaOH, pH 7.4,  50 mM MgCl2, 20 mM KCl, 120 mM NaCl, 1% DMSO, and 0.03% 

Triton X-100) at room temperature followed by addition of ABTS (1 mM), hemin (0.375 µM) and 

H2O2 (1 mM) to observe the development of a blue-green colour. For quantification purposes, the 

absorbance of the samples at 420 nm was measured using a Thermo Scientific NanoDrop OneC UV-

Vis Spectrophotometer (Waltham, MA, USA). For gel electrophoresis analysis of low output and high 

output complexes of the gates, the samples containing gate strands in the absence or presence of 

inputs were mixed at concentrations used for the assay, loaded on 12% or 15% PAAG supplemented 

with MgCl2 (10 mM) and KCl (10 mM) and run for 2 h at 80V. Alphanumerical display was made by 

pipetting the DNA logic gate strands into designated positions of a well plate, each of which contained 

the colorimetric buffer and one of the inputs. The character corresponding to the input sequence was 

observed upon addition of hemin, ABTS and H2O2.  
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Further Works on DNA Logic Gates 
for Susceptibility Testing of Pathogens 

The paper above focused on the most prevalent mutation in the aa 507-533 hotspot of the 

rpoB gene.95-97 As the 526 CAC>TAC mutation represents only a plurality of rifampin-conferring 

mutations in the gene, we sought to expand our array by incorporating additional mutation sites. The 

531 and 516 codons are the most-common non-526 mutations in the hotspot.109, 110 As the 516 site is 

readily accessible in a suggested NASBA amplicon for the hotspot region, we first focused on the 516 

GAC>GGC mutant in order to evaluate the viability of our colorimetric, alphanumeric array for multi-

codon assessment. 

Using the previously reported logic system (Fig. 4, panels B and C), output for the wildtype 

selective logic (YESS) would need to yield an elevated signal only in the case that both codons 516 and 

526 were of the wildtype sequence, which corresponds to logical conjunction – AND logic gate. This 

prevents the inclusion of two simple YESS probes (YESS-516A, YESS-526C) to make the required 

AND logic, as the presence of a single-mutant sequence would still yield a high-output overall. 

Accordingly, the logic system was heavily rewritten to incorporate either NOT-S or YESR logic 

opposed to YESS logic (Fig. 7, left panel). This necessitates the inclusion of a YESR probe for each 

given mutant sequence. The new system incorporated PASS-1 and PASS-0 gates as before, with a 

non-selective OR2 gate, non-selective NOR2 gate, and a YESR system that combined YESR-516G and 

YESR-526T (Fig. 5B). The final array was designed to read “P” for “Pass,” implying that there is an 

MTB infection and rifampin may be used, “R” for “Resistant,” implying that there is an MTB infection 

but it will resist rifampin, or “F” for “Fail,” the result that will be present if the test failed to identify 

a MTB infection (see below). 
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Figure 5: Layout of the rpoB fragment interrogated by the 516/526 sensors. A) The target synthetic 
rpoB sequence includes a purine rich region resulting from NASBA amplification. Structure of the 
synthetic target was predicted using NUPACK software.111 To create a more universal turn-off 
sensor, rB-N was designed to target this sequence (NOR2 gate). The OR2 gate (rB-O and rB-O2) 
was designed to cover a region large enough that the sensor would not be susceptible to either 
mutation site studied. YESR-516G (rB516-U and rB516-S) and YESR-526T (rB526-U and rB526-S) 
were designed such that one probe would be unstable when hybridized with non-specific targets and 
no overlapping regions were included. B) Truth tables for the four basic logic gates used in this 
study. For the first three columns, a 0 indicates the absence of the listed analyte and a 1 indicates the 
presence of that analyte. For the fourth column, a 0 indicates a low output signal, while a 1 indicates 
a high output signal, as designated by the green color. 
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Figure 6: Response of NOR2 (A), OR2 (B), YESR-516G (C), YESR-526T (D), and YESR (E) gates in 
the absence (“No Input”) or presence of RIFS, RIFR-516G, and RIFR-526T rpoB. Green bars indicate 
a color sufficient to visualize with the unaided eye, whereas grey bars indicate insufficient reaction to 
differentiate from the No Input samples without instrumental assistance. The data are average values 
for three independent measurements with standard deviations as error bars.  

A series of new logic gates were designed (App. B: Table 6). The new NOR2 gate was designed 

as before (Fig. 4C) using strands rB-N and rB-N2 (App. B: Table 6), but with the target-binding region 

covering the 5’ end of a synthetic target mimicking a NASBA amplicon (Fig. 5). The YESR-526T gate 

comprised of strands rB526-U and rB526-S (Figure 5, App. B: Table 6) targeted the same region as 

the previously reported YESS gate, excepting that 526TAC was targeted opposed to 526CAC. The 

YESR-516G gate, consisting of strands rB516-U and rB516-S, spanned the gap between the NOR and  

YESR-526T gates, with the short rB516-S sequence abutting the rB526-U sequence (Fig. 5, App. B: 

Table 6). The OR2 gate spanned the region covering aas 517-524 with the strands rB-O and rB-O2 

(Fig. 5, App. B: Table 6). As the OR2 gate and YESR gates would not be included in the same reaction 

vessel, overlaps of the target fragment interrogated by the strands of these logic gates could be  
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Figure 7: Layout of sensors required for array for the detection of RIFR-conferring mutations in 
codons 516 and 526 of rpoB. An “F” for “fail” appears if no rpoB is detected. An “R” for “resistant” 
appears in the presence of either a 516 A>G or 526 C>T mutation is present. If the RIFS genotype 
is present, a “P” for “pass” appears. RIFR image is indicative of the performance of the sensors in 
the presence of RIFR-516G. 

tolerated. The OR2 gate was designed to be sufficiently long to be indifferent to mutations at either 

the 516 or 526 site at ambient temperature.  

The performance of each gate was tested independently as described previously. At a target 

concentration of 1 µM, the four gates (NOR2, OR2, YESR-516G, YESR-526T) all demonstrated 

satisfactory signal differentiation between turn-on and turn-off conditions quantitatively via UV-Vis 

measurements (Fig. 6). While the combined YESR sensor set demonstrated a lower overall turn-on 

signal (0.72 ± 0.017 AU for RIFR-516G, 0.71 ± 0.055 AU for RIFR-526T) compared to the  
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independent sets (1.1 ± 0.27 AU for YESR-516G, 1.05 ± 0.095 AU for YESR-526T), the turn-off 

signals in the presence of the wild type were similar (0.19 ± 0.02 AU for YESR-516G, 0.18 ± 0.02 AU 

for YESR-526T, 0.14 ± 0.02 AU for YESR).  

The sensors were combined into an array to ensure high/low signal in the wells to make a 

character P in the presence of the wild type sequence of the target, to make a character R (“resistance”) 

in the presence of either rpoB-516GGC or rpoB-526TAC, and a character F in the absence of the Mtb-

related nucleic acid sequence (Fig. 7). While the performance of the NOR2 was satisfactory, as seen 

in well C3, the OR2 gate in B3 demonstrated a lower-than-desired turn-on. Further, the YESR gate’s 

lower overall turn-on signal was notable, as can be seen in wells D3 and E3. This would prevent 

differentiation between rifampin-resistant cases of tuberculosis and tuberculosis-negative cases. 

While there are several possibilities for improving the performance of this system, one option 

is to improve the catalytic efficiency of the split-G4 probes. Improved peroxidation activity from the 

split probes would allow for a lower limit of detection; further, reduced interaction between probes 

would allow for a greater number of probes to be utilized inside a single gate system. As such, we 

turned our attentions towards the optimization of the split-G4 as a signal reporter.  
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CHAPTER THREE: OPTIMIZATION OF SPLIT G-QUADRUPLEX 
PROBES 

Introduction 

While numerous publications had reported the usage of split-G4 probes as signal transducing 

units, there was a dearth in information regarding optimization of the split-G4’s performance towards 

a given target sequence. In particular, designing split-G4 probes, especially for the discrimination of a 

C>T mutation that is prone to wobble base mismatches, may be challenging. 

Most split-G4 probes in literature report utilizing 12 guanine residues in the formation of the 

G4 unit. However, a variety of splitting patterns have been reported, ranging from an even distribution 

of 12 guanines (six in one strand of the probe and six in the other) to a 11:1 split.107 Further, it was 

found that the traditional 3:9, 6:6, and 9:3 splits offer greater stability than more uneven splits such as 

5:7 or 2:10.112 These studies compared the performance of these splits against a single, usually 

otherwise structureless, target. Here, we designed and compared the performance of probes for several 

targets related to clinically relevant genes with varying secondary structure and G/C content and 

studied the optimal splitting patterns for each target. Using this information, we constructed a general 

flowchart that can be used to narrow down the options for splitting the G4-based signal transducer 

to the most optimal design based on the sequence around the chosen mutation site. 

Additionally, we began studies on modifying the loop composition of the G4 to optimize 

catalytic efficiency of G4-hemin peroxidase-like deoxyribozyme, which enables the colorimetric signal 

for split-G4 probes. Ultimately, a monomer G4 sequence was identified that provides approximately 

a 70% increase in absorbance of the oxidized organic indicator ABTS compared to the most common 

sequence of the G-rich reporter utilized for split-G4s.  
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Towards a Rational Approach to Design Split G-Quadruplex Probes 

Reproduced with permission from Connelly, R.P.; Verduzco, C.; Farnell, S.; Yishay, T.; 
Gerasimova, Y.V. Toward a Rational Approach to Design Split G-Quadruplex Probes. ACS Chem. 

Biol. 2019, 14 (12), 2701-2712. Copyright 2019 American Chemical Society. 

Hybridization probes use synthetic oligonucleotide strands that specifically bind to nucleic 

acids targets through Watson-Crick base pairs. They have been used in PCR, microarrays, and 

fluorescent in situ hybridization, to name a few, for diagnosis of infectious diseases and human genetic 

disorders. Along with diagnostic applications, understanding of nucleic acid hybridization is important 

for such technologies as PCR, antisense, siRNA, and CRISPR/Cas. Optimization of hybridization 

probes has been a subject of extensive research, which lead to establishing the nearest neighbor 

hybridization parameters for determination of binding affinity and melting temperature of the probe-

analyte hybrids.113 Optimization of the hybridization selectivity of DNA microarray probes has been 

extensively studied and optimized.114, 115 Soon after introduction of nanostructured molecular beacon 

probes, a series of studies on the probe optimization  has revealed the relationship between probe 

performance and  the length of its stem and loop parts, and, in general, the effect of the degree of the 

conformational constraint on the probe’s selectivity.116-118 These studies established the guidelines for 

the molecular beacon probe design, which contributed to both widespread use of the probes, as well 

as our general understanding of hybridization thermodynamics.119 Recent developments of molecular-

beacon-based split (or multicomponent) probes demonstrated how some of the probe limitations8 

can be overcome.26, 105, 120-122 The multicomponent probe approach promises to add an important 

advantage to the existing hybridization tools by enabling recognition of structured nucleic acids with 

high affinity and selectivity.22, 123 Systematic investigation on the design of multicomponent probes can 

facilitate their practical applications. 
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One of the advantages of split hybridization probes is their ability to reliably discriminate single 

nucleotide substitutions (SNS) in nucleic acid targets under ambient conditions.22, 26, 120, 123, 124 Analysis 

of SNS patterns in human genes is relevant to the diagnostics of genetic diseases,125 determining 

people’s predisposition to diseases,126 or response to therapy,127 and can assist in studying the evolution 

of human populations,128 as well as in forensic applications.129 In addition, SNSs can serve as important 

markers for genetic studies of human disease vectors,130 and for prediction of pathogen drug-resistant 

phenotypes.3 The potential of hybridization probes for SNS analysis has been widely explored in 

genotype-based drug susceptibility testing of pathogenic bacteria, which is considered a faster 

alternative to routinely used phenotypic tools.131 Most molecular approaches for drug susceptibility 

testing rely on fluorescent labels covalently attached to the probes  to reveal the presence of a genetic 

signature of interest. In addition to the high cost of fluorescent probes, such tests require 

instrumentation to read the signal, which limits their use to laboratory settings. The use of color change 

as a signal readout instead of fluorescence would make molecular drug susceptibility testing more 

affordable and suitable for point-of-care settings (e.g. clinics or doctor’s office), since in this case the 

signal can be read by the naked eyes without the need for instrumentation.132 This would make 

molecular drug susceptibility testing more affordable to the patients, which would allow for more 

efficient and timely treatment and prevention of antibiotic misuse. 

Optical sensors based on peroxidase-like deoxyribozymes (PDz) have been wildly explored 

for the detection of various analytes including nucleic acids.76-78, 102, 103, 106, 108, 133-142 The color is generated 

due to the catalytic activity of G-quadruplex (G4) DNA,75, 143-145 which uses hemin as a cofactor to 

catalyze peroxidation of colorless organic molecules to produce a colored oxidation product. 

Previously, several probes utilizing split PDz (sPDz) for colorimetric nucleic acid detection have been  
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Figure 8: Design of split peroxidase-like deoxyribozyme (sPDz) probe. The G4 core is split into two 
halves, with the target recognition sequences (“arms”) added to each half to constitute strands U and 
S. The color change is triggered only in the presence of the fully matched target due to the 
formation of the catalytically active G4-hemin complex promoting peroxidation of colorless 
substrates (e.g. ABTS2-) to colored products (ABTS+•.). 

reported, including those targeting SNS sites.76, 77, 102, 103, 106, 108, 140-142 However, to the best of our 

knowledge, nucleic acid detection tests based on PDz probes have yet to reach commercial success. 

High background signals were previously reported as a major deterrent,107, 146 and such issues are 

further investigated in this study. 

In the PDz design, twelve guanine residues can be distributed between the probe’s strands 

either symmetrically (each strand contains two G-triads, 6:6)77, 102, 103, 140-142 (Fig. 8, middle) or 

asymmetrically (one strand includes a single G-triad, while another contains three triads, 3:9 or 9:3).76, 

106, 108 The two strands are equipped with DNA sequences complementary to adjacent positions on the 

target (“arms” in Fig. 8). In the presence of the complementary DNA or RNA target, the G4 structure 

is formed due to the proximity of the two PDz subunits resulted from their hybridization to the target 

(Fig. 8, right). In the case of mispairing between the target and strand S (e.g. in case of SNS) the 

catalytic G4 structure fails to assemble, and the signal remains low (Fig. 8, left). The differential binding 

capabilities of the probe components allow for their fine-tuning and ensure maintaining both high 
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affinity and selectivity – the combination of properties generally unattainable by conventional 

hybridization probes.21, 22 

Despite an abundance of data reflecting the high selectivity of the sPDz probes interrogating 

various targets,76, 77, 103, 106, 108, 142 systematic investigation on the probe design is still lacking. Previously,107 

the effect of the G4-splitting mode on the ability of the probe to bind a fluorogenic hemin analogue, 

PPIX, has been investigated. It has been demonstrated that the background caused by symmetric 

splitting of the G4-forming sequence is higher than that for asymmetric splitting. This conclusion was, 

however, made based on results with one model target only. At the same time, primary and/or 

secondary structure of the target may have a significant effect on the probe performance. Unintended 

interactions of the G4-forming nucleotides with the target, especially if the target is C-rich, may be 

more pronounced for certain modes of G4 splitting, thus governing the probe design. Indeed, for the 

reported use of the sPDz probe,77, 106, 142 thorough optimization of the probe’s design and/or addition 

of the competition probe was required to achieve optimal SNS discrimination, especially for the targets 

with high GC content. In this study, we demonstrated the effect of the target sequence (the presence 

of cytosine clusters and type of SNS) on the signal turn-on ratio and SNS discrimination ability of the 

probe. We also explored a repertoire of strategies to overcome target-associated challenges and 

highlighted the strategies for the design of efficient sPDz probes for SNS discrimination analysis. The 

findings are summarized into empirical guidelines for rational design of the sPDz probes. 

Results and Discussion 

Target selection and probe design. Generally, design of a split hybridization probe for 

discrimination of SNS is straightforward: the sequence of a signal reporter is divided into two halves, 

which are elongated with the target-complementary fragments to ensure formation of the signal-
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generating structure in the probe-target complex.22 The sequences of the signal reporter fragments are 

kept unchanged for all the targets to be interrogated, with only the target-interacting fragments tailored 

to the target’s sequence. In case of the sPDz probes, there is some degree of freedom in the sequence 

of signal-generating fragments: the twelve guanine residues of the G4-forming sequence can be 

distributed equally to both strands of the probe, or one of the probes may have more G-triplets than 

another. This G-rich sequence can abruptly interact with the target to disturb the probe’s performance, 

especially if a target is G- and/or C-rich, which is often the case for targets of bacterial origin.147 

Varying the number of G-triplets in the probe’s strands can provide a simple solution for the improved 

performance of the sPDz probes. Here, we focused on the targets with two or more consecutive C 

residues in the fragments complementary to one or both strands of the sPDz probe. 

Four practically significant model nucleic acid targets were chosen (App. C: Table 7). Three 

target sequences (T1-T3) corresponded to the gene fragments of mycobacterial species (M. tuberculosis 

and M. abscessus) with point mutations conferring antibiotic-resistant bacterial phenotypes. Bacterial 

species belonging to M. tuberculosis (Mtb) complex are the main causative agent of tuberculosis. Species 

of M. abscessus (Mabs) complex can cause pulmonary disease, and skin and soft tissue infections.148 

Targets T1 and T2 corresponded to the fragments of the katG and rpoB genes of Mtb, respectively. 

Point mutations in an 81-bp fragment of the rpoB gene are responsible for 95% cases of resistance to 

a first line anti-tuberculosis drug, rifampin.149 Point-mutations in the katG gene contribute to resistance 

to another first line antibiotic – isoniazid.150 T1 contained the “wild type” sequence of codon 315 of 

the katG gene (a genotype causing isoniazid-susceptible phenotype). T1C was a “mutant” 

corresponding to isoniazid-resistant phenotype with an AGC>ACC SNS.150 T2C contained a genome 

fragment from rifampin-susceptible bacteria (with CAC sequence at codon 526), while T2T 
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represented a sequence with a CAC>TAC substitution (App. C: Table 7).150 Targets of the T3 group 

contained a sequence of the M. abscessus rrl gene with four possible nucleotides at each of the positions 

2058 and 2059 (E. coli numbering).  Target T3 contained adenine residues at both positions and 

represented the drug-susceptible genotype. Any nucleotide substitution at each potion renders bacteria 

resistant to a macrolide antibiotic clarithromycin.151 Six targets (T3GA, T3TA, T3CA, T3AG, T3AT, 

or T3AC) corresponding to all possible SNS-containing drug-resistant genotypes were used in our 

experiments (App. C: Table 7). The last target corresponded to a fragment of segment 7 from the 

genome of the Influenza A virus (IAV). T4 mimicked H1N1 subtype of IAV, which is one of the 

most prevalent virus genotypes infecting humans.151 H3N2, the second most common IAV subtype 

circulating in humans,152 was represented by T4T. T4A corresponded to a fragment from H5N1 

genome (App. C: Table 7). In this case, differentiation between the SNSs in target T4 would allow 

IAV subtyping rather than drug susceptibility testing. 

The targets were selected based on the presence of three or more consecutive cytosine 

residues, in or near the site complementary to the arm of strand S, as well as the type of SNS (App. 

C: Table 8). (i) Target T1 had no apparent clusters of cytosine (C) residues, and there was a G>C 

substitution in T1C resulting in a C-C mismatch in the probe-T1C complex. We anticipated no 

problems with the probe’s selectivity and/or turn-on properties. (ii) Target T2 contained a C-cluster 

in the middle of the fragment complementary to strand S, and the SNS site was within the cluster. 

Taking into account the G-rich sequence of the sPDz probe, we hypothesized interfering target-probe 

interactions involving the C-cluster. In addition, a C>T SNS in a mismatched target T2T would cause 

a G-T wobble base formation between the mismatched target and strand S, thus compromising the 

probe’s selectivity. (iii) Target T3 had a C-cluster flanking the fragment interrogated by strand S 
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(shown in grey italics in App. C: Table 7). It could allow an extended hybrid between the target and a 

G-triplet of strand U, affecting signal intensity and/or selectivity. There were two adjacent SNS 

positions, with adenine changed into all three possible SNSs in each of the two positions of 

mismatched targets. Along with a challenge of discriminating the SNSs at both position using the same 

probe, two mismatched targets (T4GA and T4AG) would form G-T wobble base pairs with strand S, 

which would compromise the probe selectivity. (iv) Finally, target T4 also did not contain apparent C-

clusters with no problems with the probe performance envisioned. It was mainly used as a “case study” 

to experimentally verify an algorithm for the probe design suggested based on the findings from the 

data analysis for T1, T2, and T3. 

Four sets of sPDz probes targeting T1, T2, T3, and T4 were designed. The probes interrogated 

26-34 nt target fragments and contained the arms of strands S and U fully complementary to their 

correspondent targets. To ensure SNS discrimination, the target recognition fragment of the SNS-

discriminating strand S (Fig. 8) was designed to be 8-9 nt long (Tm =19-36 °C). This is long enough 

to enable the formation of a stable complex between the sPDz probe and the fully complementary 

target at room temperature. At the same time, if a single nucleotide in the target was mis-paired with 

the probe, strand S would fail to bind to the target, thus preventing the G4 structure from assembling 

(Fig. 8, left). 

The arm of strand U was chosen to be longer (17-24 nt, Tm =56-66 °C) to tightly bind to the 

target and assist in unwinding of its secondary structure (App. C: Fig. 30). For successful design of 

strand U, it should be complementary to a single-stranded target fragment, which serves as a “toe-

hold” for strand U binding to the target. In all sPDz designs that recognize the same target, the arms 

were the same (App. C: Table 8-11). 
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Table 1: Splitting of the G4 core in the sPDz probesa 

Splitting mode Number of  G-triplets in the signal transducing elements 
Strand U Strand S 

asymmetric, 3:9 (P3:9) One G-triplet (3U) Three G-triplets (9S) 
symmetric, 6:6 (P6:6) Two G-triplets (6U) Two G-triplets (6S) 
asymmetric, 9:3 (P9:3) Three G-triplets (9U) One G-triplet (3S) 

a The notations used for the probes and probe strands are given in parenthesis. Full sequences of the 

probe strands are listed in App. C: Table 9. 

(1) Mode of the G4 core splitting.  The sequence of the G4 signal transducer was distributed 

between strands U and S in three different ways (Table 1): (i) each strand of the probe contained two 

G-triplets (6:6 split, probe designation P6:6); (ii) one G-triplet was placed in strand U, while strand S 

had three triplets (3:9 split, probe designation P3:9); or (iii) there were three and one G-triplets in strand 

U and strand S, respectively (9:3 split, probe designation P9:3). Correspondent strands U and S are 

designated according to the number of the G-residues they contain indicated in superscript (Table 1). 

For most of the probes, we explored all three G4-splitting patterns. Depending on the number of 

consecutive C residues in the target, the probes with the same arms but different splitting of the G4 

core differed not only in the background and signal intensity but also in selectivity. Therefore, on a 

quest for the most optimum sPDz probe, it is worth considering different ways of G4 core splitting, 

and either symmetric or asymmetric splitting mode can be advantageous depending on the target 

sequence.  

(2) Linkers between the G4-forming and target-recognizing fragments. The most cost-efficient 

option is to use unmodified oligonucleotides as probe components. In this case, the two elements of 

each probe strands would be connected via a phosphodiester bond, with an option to include a 

bridging nucleotide as a spacer. At the same time, a flexible non-nucleotide linker between these 
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elements can aid to the formation of a stable G4 structure, while having the probe tightly bound to 

the target.77 This can result in higher signal intensity, but compromise SNS discrimination ability. Here, 

we experimentally verified this hypothesis.  

(3) Conformational constraint in strand S. One strategy to increase the selectivity of a 

hybridization probe is to introduce a conformational constraint in the form of a stem-loop on one or 

both strands of the probe.116, 119 For “signal-on” probes, such a constraint may improve selectivity and 

reduce the background signal, but may also reduce the signal in the presence of the desired target. For 

the sPDz probes, the conformational constraint, if not formed intrinsically, can be introduced by 

adding a C-rich “tail” to the arm(s) of the strand(s). It would help sequester one or more of the G-

triads into a stem-loop structure in the absence of the target. In this work, the advantageous effect of 

the “tail” in strand S was experimentally tested. 

Performance of the sPDz probes was evaluated based on the color intensity for the samples 

containing the probe components in the absence of a target (blank samples, background intensity), or 

in the presence of either a fully matched (specific signal intensity) or SNS-containing (non-specific 

signal intensity) target. The color intensity was visually monitored and quantified by measuring the 

absorbance of the samples at 420 nm (one of the maxima for ABTS-. absorbance).153 The following 

characteristics of the probes were determined. Signal-to-background ratios (S/B) were calculated by 

dividing the absorbance for the target-containing sample by the blank absorbance (sPDz in the 

absence of the target). Higher S/B values predispose the probe to have lower detection limits.  In 

addition, selectivity of the probes was tested by comparing the signal triggered by the fully 

complementary target with that by an SNS-containing target. A selectivity factor (SF) was calculated 

using Equation 1:  
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𝑆𝑆𝑆𝑆 =  �1 − 𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆−𝐴𝐴0
𝐴𝐴𝑤𝑤𝑤𝑤−𝐴𝐴0

� ∗ 100%, ( 1 ) 

where Awt, ASNS, and A0 are values for absorbance at 420 nm for the samples containing the probes in 

the presence of the fully complementary target, SNS-containing target, and in the absence of the target, 

respectively. Based on the equation, the selectivity factor can be between 0%, when a probe fails to 

discriminate SNSs, and 100%, when the SNS-containing target does not trigger the signal above the 

background. By comparing the absorbance values for the signal of the sPDz probes with visual 

observation of the color intensity, we empirically derived an S/B≥3 and SF≥90 as criteria which would 

indicate an excellent probe performance. For clear visual observation of the color change, absolute 

absorbance of the target-containing and blank samples should be higher than 0.8 and less than 0.3 

o.u., respectively. We further referred to the probes with an S/B≥3 and SF≥90 as “well-performing” 

ones (Tables 2 and 3, values in bold). 

Target without apparent cytosine clusters. The sequence of the target T1 representing a 

fragment of the Mtb katG gene does not have more than two consecutive C residues in the probe-

interrogated region (App. C: Table 8). Therefore, we expected the simplest design for the PDz probes 

(without non-nucleotide linkers and conformational constraints in the probe strands) being efficient 

in interrogating the target and discriminating the G>C substitution. As expected, the P1 probes 

exhibited excellent selectivity disregarding the G4 core-splitting mode (Figure 9, panel a, Table 2). For 

the three probes, the signal triggered by SNS-containing T1C was at the background level. The 

excellent SNS discrimination ability of the P1 probes (with SF of 98-100%) is contributed to by the 

changes in the secondary structure in the fragment complementary to strand S caused by the G>C 

substitution (App. C: Fig. 30). In T1C, the SNS site is in a stem, which further stabilizes the dissociated 
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state of the target in comparison with the associated state when the target is in complex with strands 

U and S.  

Even though P16:6 produced the lowest signal, all three probes enabled reliable visual detection 

of T1 (Figure 9, panel a), with S/B in the range of 4-6 (Table 2). Somewhat lower intensity of the T1-

triggered signal for P16:6 and P19:3 relative to P13:9 can be attributed to an extended hybrid between the 

target and strand 6U1 or 9U1 beyond their arms, which is absent in case of 3U1 (Figure 9, panel b). 

This partially sequesters the G4-forming nucleotides and likely interferes with T1-strand S interaction, 

thereby decreasing the target-induced signal. Indeed, annealing of strands U and S with T1 prior to 

the peroxidation reaction resulted in the same signal intensity for all three probes regardless of the G4 

splitting mode (Figure 9, panel c). The same effect was observed in the case of prolonged incubation 

of strands U and S with T1 prior to the peroxidation reaction (data not shown), as opposed to 

immediate signal generation (Figure 9, panel a). Our data agrees with similar signals observed for 

symmetrical and asymmetrical designs of the split G4-based probes reported previously.107 The 

extended hybrid formation can be impeded if a triethylene glycol (teg) linker is placed between the G4-

forming sequences and “arms” of the probes (Figure 9, panel d, top). We hypothesized that the linker 

would prevent the formation of a T-G wobble base-pair, which otherwise contributes to the extended 

hybrid stabilization. Thus, it would be easier for strand S to interact with the target complexed with 

teg-containing rather than teg-free strand U. Indeed, for all teg-containing probes, the T1-induced signal 

was more intense than for their linker-less counterparts (Figure 9, panels a and d). This agrees with 

the previously reported improvement of the target-specific signal for the 6:6 sPDz probe upon teg-

linker incorporation.77 For the P13:9-teg probe, however, improvement of the T1-induced signal was 

not significant, while the non-specific signal in the presence of T1C increased to the point that the 
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Figure 9: Performance and selectivity of the sPDz probes interrogating a fragment of Mtb katG gene. 
a) Probes P16:6, P19:3 and P13:9 in the absence of the targets, or in the presence of the specific target 
T1 or SNS-containing T1C. b) Proposed interactions between T1 and either 6U1, 9U1, or 3U1. The 
structures are drawn as predicted by NUPACK (https://www.nupack.org). The G4-forming 
nucleotides are shown in green, and the arm of strand U is in blue; the SNS position is highlighted in 
orange. c)  Probes P16:6, P19:3 and P13:9 pre-annealed in the absence or presence of T1 or T1C before 
the signal generation step. d)  Complex of T1 with 9U1-teg (top), and performance of P16:6-teg, P19:3-
teg and P13:9-teg in the absence of presence of T1 or T1C (bottom). 

color was clearly observed (Figure 9, panel d), which resulted in about 2-fold drop in the selectivity 

factor (Table 3). 

Probe P13:9 had higher background than the other two probes. This most likely reflects the 

folding of strand 9S into a G4-structure with at least two planes of G-tetrads (App. C: Fig. 31, panel 

a), which is supported by the circular dichroism (CD) spectroscopy analysis (App. C: Fig. 31, panel b). 
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The background can be decreased by introduction of a conformational constraint in the form of a 

stem-loop (sl) into one or both strands of the probe.124, 154, 155 Therefore, 4-5-nt C-rich “tails” 

complementary to a portion of the G4-forming sequences were introduced next to the arm of strands 

U and S to make probes sl-P16:6, sl-P13:9, and sl-P19:3 (App. C: Table 8). As expected, the background 

for sl-P13:9 decreased to that same level as was observed for the probes P16:6 and P19:3 (App. C: Fig. 

32, compare with the data in Figure 1, panel a). At the same time, the stabilization of the dissociated 

state of the probe compromises the interaction between the probe and desired target. Indeed, 

decreased signal was observed for all constrained probes (sl-P16:6, sl-P13:9, sl-P19:3), with sl-P19:3 showing 

no signal higher than the background (App. C: Fig. 32). The signal could be partially restored if the 

conformational constraint introduced together with a teg-linker between the G4-forming fragments 

and arms (App. C: Fig. 32, sl-P1u:s-teg probes). 

In several previously reported sPDz probes,76, 103, 106, 141 the target-recognizing elements were 

designed to leave a one-nucleotide gap separating them. Therefore, we tested if this gap affects the 

performance of P19:3 probe. For this purpose, strand U was “moved” one nucleotide away from strand 

S, so that the probe-target complex had a C residue in the target free from interaction to either of the 

strands (App. C: Fig. 33). The gap resulted in a slight drop in the specific target-induced signal, while 

the high selectivity of SNS differentiation was retained (App. C: Fig. 33, panel c). 

In summary, for a targeted nucleic sequence without three or more subsequent C-residues and 

with an SNS other than C>T or A>G, any mode of the G4 splitting would produce a well-performing 

teg-free sPDz probe. The presence of a cluster of two C residues in the target’s fragments 

complementary to strand S may increase the signal intensity for P3:9 both in the absence and presence 

of the target due to folding of strand 9S into a catalytically active two-tiered G4 stricture. The teg-linker 
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Table 2: Performance of the sPDz probes of the P1 and P2 setsa 

Probe 
P1 set 

P16:6 P13:9 P19:3 P16:6-teg  P13:9-teg  P19:3-teg  

S/B 4.26±0.05 4.5±0.1 5.8±0.1 5.42±0.04 4.0±0.1 10.47±0.06 

SFb 98 100 99 90 51 98 

Probe 
P1 set with a stem-loop 

sl-P16:6 sl-P13:9 sl-P19:3 sl-P16:6-teg  sl-P13:9-teg  sl-P19:3-teg  

S/B 1.82±0.03 4.63±0.05 1.31±0.03 3.84±0.06 6.78±0.08 3.32±0.04 

SFb 100 99 69 97 91 95 

Probe 
P2 set 

P26:6 P23:9 P29:3 P26:6-teg  P23:9-teg  P29:3-teg  

S/B 1.22±0.03 0.9±0.1 1.21±0.02 1.31±0.08 ND 1.92±0.05 

SFb 65 66 100 30 ND 66 

Probe 
P2 set with a stem-loop 

sl-P26:6 sl-P23:9 sl-P29:3 sl-P26:6-teg  sl-P23:9-teg  sl-P29:3-teg  

S/B 1.49±0.04 0.8±0.3 1.28±0.07 6.95±0.08 1.1±0.4 3.22±0.08 

SFb 24 0 16 73 0 70 

a The values for S/B and/or SF indicating poor performance of the probe are in grey. Acceptable 
probes are bold. “ND” stands for “not determined”; 
b In case of a mathematical value for SF>100%, the SF was made equal to 100%. When the signal 
triggered by the mismatched target was higher when the signal in the presence of the fully 
complementary target, the SF was 0. 

improves the S/B through background reduction but increases the commercial cost for the probe 

strands. In the case of T1 analysis, probe P9:3 seems to provide the optimal cost-efficiency. Similar 

designs have been used previously for visual detection and/or discrimination of point-mutations in 
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nucleic acid targets.  In the reported cases, however, probe selectivity down to single mismatch was 

achieved only due to the addition of competition sequences.76, 106  

SNS site within a cluster of cytosine residues. In some cases, the presence of several 

consecutive C residues in the probe-interrogated fragment of the targeted nucleic acid is unavoidable. 

For example, when an SNS site is within or next to a C-cluster. To demonstrate approaches for the 

sPDz design in this case, we used a model target T2 with a CCC-sequence and C>T substitution of 

the last nucleotide of the C-triplet in its SNS-containing target T2T (App. C: Table 7). The SNS site 

was located next to a stable stem (App. C: Fig. 30), which is generally considered a challenging target 

for interrogation by hybridization probes.105, 120 To be able to unwind the target, strand U was designed 

to have a fragment complementary to the stem-loop forming nucleotides of T2, as well as beyond the 

stem toward the 5’-end of the target (App. C: Fig. 30). In this case, the intramolecular interactions in 

the arms of strand U (App. C: Fig. 34, panel a) may hinder its intermolecular interactions with the 

target.120 At the same time, minimum energy secondary structure of strand U reveals an intrinsic 

conformational constraint that can help in reducing the background. To preserve the conformational 

constraint while mitigating undesirable intramolecular interactions, we introduced a G>A substitution 

in strand U (App. C: Table 9 and Fig. 34, panel b), which would not significantly compromise the 

strand-target hybridization due to the length of the hybrid. The same substitution was preserved 

strands U of all the probes in the P2 set. Because of the intrinsic complementarity between the arms 

and G4-forming fragments, even the “open” sPDz probes (designated as P26:6, P23:9, P29:3, P26:6-teg, 

P23:9-teg, or P29:3-teg in App. C: Table 9) utilized a conformationally constrained strand U. 
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Figure 10: Performance and selectivity of the sPDz probes interrogating a G/C-rich fragment of 
Mtb rpoB gene.  a) Proposed interactions between T2 and either 6U2 or 9U2 strands. The structures 
are drawn as predicted by NUPACK (https://www.nupack.org). The G4-forming nucleotides are 
shown in green, and the arm nucleotides of strand U are in blue; the SNS position is highlighted in 
orange. b) Probes P26:6 and P29:3 in the absence of the targets (“Blank”), or in the presence of the 
specific target T2 or SNS-containing T2T. c) Probes P26:6-teg and P29:3-teg in the absence of the 
targets, or in the presence of the specific target T2 or SNS-containing T2T.D. Probes sl-P26:6-teg and 
sl-P29:3-teg in the absence of the targets, or in the presence of the specific target T2 or SNS-
containing T2T. e) Probe sl-P26:6-teg-T designed to specifically recognize T2T in the absence of the 
targets, or in the presence of either T2 or T2T. 

The presence of a C-triplet in the fragment of T2 interacting to strand S (App. C: Table 7) can 

cause several issues in the design of the sPDz probe. First, for the P23:9 probe, due to an additional 

G-triad in the arm (complementary to the CCC-stretch of T2), folding of strand 9S2 into a 

unimolecular G4 structure is expected, which, in case of parallel G4 topology (App. C: Fig. 35, panel 

a), would cause high signal of the probe disregarding the target presence. This hypothesis was 

experimentally confirmed by CD analysis (App. C: Fig. 35, panel b) and in the colorimetric assay for 

G4 peroxidase-like activity (App. C: Fig. 35, panel c). If “closing” of 9S2 is implemented to over 
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compete the G4 formation, a very stable stem-loop structure would be required, which may 

compromise probe interaction with the target. Previously,156 a stem-loop structure with ΔG ~ -12 

kcal/mol was needed to inhibit a thermodynamically favored unimolecular G4 structure. Second, the 

presence of the C-triplet in T2 makes the formation of a target-strand U extended hybrid highly 

probable for both P26:6 and P29:3 probes (Figure 10, panel a). This hybrid would mitigate the target-

specific signal for the indicated probes, which was experimentally confirmed (Figure 10, panel b). 

Indeed, no visible difference between the color intensities of the samples containing the probe alone 

or in the presence of either T2 or T2T target was observed for either probe. As expected, introduction 

of a teg-linker resulted in an increase of the signal intensity for all the samples (blank, specific and non-

specific signal) with P26:6 and P29:3 probes (Figure 10, panel c), resulting in the SF of 30 and 66, 

respectively. For both high intensity of the target-specific signal and acceptable selectivity, 

simultaneous presence of the non-nucleotide linker and the “closing tail” was required (Figure 10, 

panel d). In this case, only the P26:6 probe exhibited an appreciable color change in the presence of the 

specific target (Figure 10, panel d). Due to the presence of a wobble base-pair in the T2T-probe 

complex, a slight increase in absorbance triggered by T2T was observed, resulting in a SF of 75 (Table 

2). Nevertheless, visual differentiation between T2 and T2T was achieved (Figure 10, panel d). In the 

case of the sl-P26:6-T probe specific to T2T, the specific target triggered the signal of S/B=7.6 ± 0.1, 

while the non-specific signal was at the background level, resulting in a SF of 97 (Figure 10, panel e). 

Target T2 corresponding to a fragment of the rpoB gene from Mtb is among the most challenging 

targets to interrogate with the sPDz probe. Previously,106 discrimination between SNSs in rpoB targets 

has been achieved only in the presence of the competition probe that would bind to the mismatched 

target, thus mitigating the non-specific signal. 
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To conclude, for a target with an SNS within or immediately next to a C-cluster, the sPDz 

probe with strand S containing three G-triplets will likely fold into a G4 structure, thus generating 

high background that could not be mitigated by introduction of a stem-loop constraint into the strand. 

Such catalytically active monomolecular G4 structure can be also formed if G-triplets are brought in 

proximity as a result of a stem-loop formation in a strand, which has been previously demonstrated.146, 

157, 158 A non-nucleotide linker will be beneficial to prevent formation of a too stable extended hybrid 

between strand U and the target. For the probe with symmetric G-core splitting, it is less probable 

that the extended hybrid formation completely prevents the target to bind to both probe strands 

instead of just strand U, but this would depend on other nucleotides in the sequence of the fragment 

interrogated by strand S. 

Clusters of cytosine residues near the SNS site. In the structure of T3 (App. C: Table 7), 

there is a long (4 nt) stretch of C residues downstream the SNS sites. It is expected that the stretch is 

too far from the junction between the strands of the sPDz probe to cause the formation of a 

monomolecular G4 structure by 9S3 strand. At the same time, the presence of the stretch can affect 

the performance of the probes containing strands 6U3 and 9U3 with the G4-forming fragments long 

enough to reach to the C4 stretch on either the fully complementary or SNS-containing target (App. 

C: Fig. 36, panel a). This extended hybrid is less likely in case of strand 3U3, so the P33:9 probe is 

expected to have poor selectivity, which was experimentally verified (App. C: Fig. 36, panel b). 

Between the probes P36:6 and P39:3, the extended hybrid of T3 with 9U3 is expected to be slightly more 

stable than that with 6U3 due to the presence of additional T and G residues of strand U that can base-

pair with hanging C and G residues of the target (though not predicted by NUPACK111 algorithm). 

Therefore, the signal (both specific and non-specific) for P36:6 should be higher than that for P39:3, 
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Figure 11: Performance and selectivity of the conformationally constrained sPDz probes 
interrogating targets T3 and T4.  a) Probes sl-P36:6 and sl-P39:3 in the absence of the targets (“Blank”), 
or in the presence of the specific target T3 or SNS-containing targets indicated. b) Probes sl-P43:9, sl-
P43:9-T, and sl-P43:9-A are designed to be complementary to the targets T4, T4T, and T4A, 
respectively. The targets represent genomes of IAV subtypes H1N1, H3N2, and H5N1, respectively. 
Absorbance at 420 nm and tube images are shown for the samples containing the probes in the 
absence of the targets (“Blank”), or in the presence of the correspondent specific target or one of 
the SNS-containing targets indicated. Images of the sample tubes are taken immediately before 
absorbance measurement. 

experimentally confirmed (App. C: Fig. 36, panel b). This significantly compromised selectivity of 

both P36:6 and P39:3. Out of six SNS-containing targets used (three for each of the two SNS positions 

– nt 2058 and nt 2059), only T3CA and T3AC did not stabilize the catalytic G4-core well enough for 

visually observed color even for more selective P39:3 (App. C: Fig. 36, panel b). This can be attributed 

to even more stable hybrid between strand U and T3CA or T3AC than between strand U and the fully 
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complementary T3 (App. C: Fig. 36, panel a). By introducing a 5-nt stem in strand 1S3, it was possible 

to achieve excellent selectivity and high S/B value simultaneously (Figure 11, panel a, Table 3). For 

the conformationally constrained probe sl-P36:6, though, even the presence of the “tail” to stabilize the 

probe’s dissociated state did not help discriminate an A>G mismatch (Figure 11, panel a), due to the 

wobble-base in the S-target complex. 

Characterization of the most optimal designs of probe sets P1 and P2 was performed in 

terms of the analysis of the signal intensity dependence on the target concentration, calculation of the 

limit of detection (LOD) and limit of quantification (LOQ), as well as linear dynamic range (App. C: 

Fig. 37, panels a-d). The signal intensity increases with the concentration of the probe-specific target 

and then slightly declines after it exceeds the concentration of the probe. This phenomenon can be 

explained by the increase in abundance of the catalytically inactive complexes of the target with only 

one strand of the probe. The linear dynamic range was determined to be 0-500 nM, with LOD and 

LOQ in the range of 65-75 nM and 195-206 nM, respectively (App. C: Fig. 33, panels b and d). This 

concentration range is not low enough for the SPDz probe to be able to detect targets in biological 

fluids without target amplification. Successful use of the sPDz probes in combination with PCR103, 106 

or isothermal amplification108 has been previously reported. 

Empirical Guidelines for the Design of the sPDz probe. Based on our results and 

literature data, we summarize possible complications in the probe performance depending on the 

presence of clusters of G- or C-residues in the interrogated target fragment (Figure 12, panels a-c). 

Previously, DNA duplex-assisted formation of a G4 structure,157, 158 as well as G4 tolerance to the 

presence of additional nucleotides and even duplexes in the G4 loop portions,146 have been 

demonstrated. In case of split sPDz probes, if a target has a cluster of three or more G-residues in the  
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Table 3: Performance of the sPDz probes of the P3 seta 

 

Probe 

 

S/B 

SFb 

SNS at nt2058 SNS at nt2059 

G T C G T C 

P36:6 5.8±0.3 26 39 87 50 24 86 

P33:9 5.2±0.2 0 0 11 2 3 10 

P39:3 7.5±0.2 72 80 100 87 71 100 

P36:6-teg  5.3±0.1 0 ND ND 0 ND ND 

P33:9-teg  11.81±0.05 3 ND ND 0 ND ND 

P39:3-teg  10.3±0.2 22 ND ND 24 ND ND 

sl-P36:6 12.1±0.2 75 95 100 90 96 100 

sl-P33:9 11.48±0.08 10 ND ND 20 ND ND 

sl-P39:3 9.5±0.3 100 98 99 100 97 100 

sl-P36:6-teg  8.4±0.2 89 ND ND 95 ND ND 

sl-P33:9-teg  16.94±0.04 43 ND ND 65 ND ND 

sl-P39:3-teg  11.6±0.2 97 ND ND 100 ND ND 

a The values for S/B and/or SF indicating poor performance of the probe are in grey. Acceptable 
probes are bold. “ND” stands for “not determined”; 

b In case of a mathematical value for SF>100%, the SF was made equal to 100%. When the signal 
triggered by the mismatched target was higher when the signal in the presence of the fully 
complementary target, the SF was 0. 

fragment complementary to strand S, binding of the target to strand U can form a duplex with 

overhang G4 structure (Figure 12, panel a). As a result, even an SNS-containing target would support 

G4 formation resulting in high signal and lack of SNS discrimination. Targets with clusters of three 

or more C-residues can also trigger complications in the probe design. For example, if a probe’s strand 

recognizing the C-rich fragment of the target is designed with three G-triplets, it would fold into a 
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unimolecular G4 structure (Figure 12, panel b), regardless the target’s presence. Extremely high 

background for such probes was observed in this work (App. C: Fig. 35). We also showed that even 

in case of two consecutive C-residues in the target, the complementary strand would fold into either 

a two-tiered or incomplete three-tiered G4 (App. C: Fig. 31) with catalytic activity compromising the 

background (Figure 9, panel a). Finally, formation of an extended hybrid between a C-rich target and 

strand U beyond its arm is very likely, especially if strand U has two or three G-triplets (strands 6U or 

9U, respectively) (Figure 12, panel d). This may decrease the signal triggered by both matched and 

mismatched target. 

Taking into account the above-mentioned complications, we suggested an algorithm for the 

selection of the G4-splitting mode while designing the sPDz probe (Figure 12, panel d). The algorithm 

takes into account the presence of two or more consecutive C or G residues (C- or G-clusters, 

respectively) in the probe-interrogated target fragment. Even though in this work we studied the 

sequence effect for the targets with at least three C–residues, we included the cases of two consecutive 

C-residues in the algorithms, since folding into a parallel G4 structure with an incomplete third G-

tetrad has been demonstrated. For the probe recommendation indicated with an asterisk (*), the 

algorithm suggests the most optimal G4 split, even though alternative splitting modes can give 

acceptable performance. For targets with no indicated sequence features, all modes of G4 splitting are 

acceptable (indicated with double asterisk, ** in Figure 12, panel d). 
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Figure 12: Possible caveats and recommended strategy for the sPDz probe design. a) Formation of 
the catalytically active G4 structure by target-strand U interactions; b) Formation of the catalytically 
active G4 structure by one of the probe’s strands alone; c) Formation of the extended hybrid 
between the target and strand U resulting; d) Proposed algorithm for target-dependent selection of 
the G4-splitting mode for the probe design. In some cases (indicated by the asterisk,*), sub-optimal 
P6:6 design could be also acceptable. For targets with no complications (indicated by **), all G4 
splitting modes can give acceptable probe performance. 

This algorithm was run through the sequences interrogated by the sPDz probes reported in 

the literature (App. C: Table 12). For most of the sequences, the G4-splitting mode the authors 

selected is in agreement with one recommended by the algorithm. In one study,76 a target with C-

clusters in target fragments recognized by both strands U and S was interrogated with the P9:3 probe 
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instead of recommended P6:6 to prevent folding of the strands into full or partial unimolecular G4 

structures. Since in the reported case, strand U contained two G-doublets in addition to its G4-

forming sequence, only an incomplete G4 structure was possible, which would not significantly 

compromise the probe’s performance. In another study,106 the P9:3 instead of recommended P3:9 was 

used to interrogate a target with a 4-nt G-cluster complementary to strand S. Therefore, DNA duplex-

assisted G4 formation in target-strand U complex is expected, leading to low selectivity. To alleviate 

this problem, the authors used a competition probe complementary to the SNS-containing target and, 

at the same time, to a portion of the G4-forming sequence of strand U.106  

Further suggestions and troubleshooting. Through careful selection of the G4 splitting 

mode, it is possible to design a well-performing sPDz probe with no additional modifications. 

However, in some cases, the performance of this probe is still far from ideal. To optimize the probe, 

additional tools exist that can assist in improving the ability of the probe to discriminate SNS and/or 

increasing the intensity of the target-specific signal. A list of suggested troubleshooting options is as 

follows. 

1. Low signal. Nucleotide or non-nucleotide (e.g. teg) linkers between the arms and the 

G4-forming fragments of the probe may decrease the steric hindrance inherent to multi-stranded 

complexes, such as the probe-target complex of the sPDz probe. This would facilitate G4 formation, 

thereby increasing overall signal. However, the loss of such hindrance may reduce selectivity. 

2. High background may be reduced by extending probes with C-rich sequences that are 

not complementary to the analyzed target. These sequences will form stem-loop structures with the 

G4-forming regions, thus serving as conformational constraints that stabilize the dissociated state. 
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This would prevent association of G4-forming elements of strands U and S in the absence of the 

target.  

3. Low selectivity. Constraining the dissociated conformation of the strands due to a 

stem-loop formation described for the previous problem of high background can be helpful in 

mitigating low selectivity. The length of the stem in the conformational constraint can act as a fine-

tuning nob to maximize signal while maintaining selectivity. If the target features a G-rich region, such 

conformational constraint may be intrinsic to the target-binding region, thereby compromising signal 

intensity. Another tool is to take advantage of an intrinsic extended hybrid between the target and 

strand U to optimize the ability of the probe to discriminate SNSs. 

“Case study” to design an efficient sPDz probe for an arbitrary sequence was performed 

to check if the above guidelines are sufficient to design an optimal probe for SNS discrimination with 

minimal optimization of the probe structure. We used an arbitrary target T4, which corresponds to a 

fragment of IAV genome (subtype H1N1). The 5’-terminal fragment of the target contains several 

single nucleotide positions that are substituted in the genomes of subtypes H3N2 or H5N1 (App. C: 

Table 8, targets T4T and T4A, respectively). These SNSs can be interrogated for IAV genotyping and 

subtype identification, which is important for epidemiological purposes.153 For the probe design, we 

selected the SNS site closest to a fragment constant between the IAV subtypes (App. C: Table 7, the 

targeted SNS position is in red). In this case, it is possible to use the same strand U (the strand that is 

not designed to interact with the SNS) for all virus subtypes, and subtype identification would rely on 

the target interaction with a set of subtype-specific strands S. 

The selected target T4 folds into a secondary structure with two hairpins and the probed SNS 

site in the middle of a single-stranded region (App. C: Fig. 30). To ensure unwinding of the secondary 
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structure, we designed strand U4 to bind to a loop region and one of the stem strands. The 5’-terminus 

of the arm of strand U4 is complementary to a portions of a complementary stem strand to increase 

the probe-target affinity. The arm of strand S was designed complementary to the single-stranded 

fragment of T4 containing the SNS site.  

There are no C- and/or G-clusters in the strand S-complementary fragment of the target. 

However, there is a cluster of three cytosine residues in a T4 fragment interacting with the 5’-terminal 

portion of strand U4. The algorithm suggests the use of the P3:9 probe as a starting point. We also 

tested P9:3 and P6:6 designs to confirm that the algorithm selection was indeed the most optimal design. 

By analyzing the folding of just the arm of strand U4, it can be predicted that strand 9U4 would likely 

form a monomolecular G4 structure due to the presence of a stem-loop element (App. C: Fig. 38, 

panel a). This structure itself could trigger the color change, thus causing too high background signal 

(App. C: Fig. 38, panel b). Both strands 6S4 and 9S4 would have an intrinsic stem-loop formed between 

the arms and G4-forming nucleotides of the strands, but the conformational constraint on 9S4 is more 

stable (App. C: Fig. 38, panel c), which would result in a less intensive signal but lower background 

and higher selectivity for P43:9 relative to P46:6, which was proven experimentally (App. C: Fig. 38, 

panel d). Therefore, based on the rational considerations according to our summarized guidelines, 

probe P43:9 was proven to have the most optimal design for a T4-specific sPDz probe. Similar 3:9 G4 

splitting-based design was proven efficient for the T4T- specific sPDz probe (App. C: Table 13). To 

discriminate A>G SNS in case of T4A-specific sPDz probe (Fig. 12B), “closing” of strand S into a 

stable (ΔG= -3.8 kcal/mol) stem-loop structure (App. C: Table 13) was required. 
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Conclusions 

Our findings indicate that there is no particular design of split G4 peroxidase-

like deoxyribozyme probes that ensures optimal probe performance disregarding the target sequence. 

The most challenging targets to be interrogated are those with clusters of cytosine residues. Varying 

the distribution of G-triads may prevent excessive binding of the G4-forming fragments to the 

analyzed target, thus increasing the signal. Introducing non-nucleotide linkers for better flexibility may 

allow for an increase in signal in a similar fashion. Closing the G4-forming fragments into latent stem-

loop structures reduces background and improves selectivity. Modification of the interior-loop 

sequences of the G4-forming regions may help reduce unwanted binding of one of the probe strands 

to the target, and therefore acts as a workaround for otherwise challenging targets. An algorithm for 

the selection of the G4-splitting depending on the target sequence features for optimal signal and SNS 

discrimination is suggested and supplemented with tips on how to achieve a well-performing probe 

using additional design elements. This algorithm can be used, in least at the initial step of the probe 

design, to eliminate the probe variants that would a priori cause either high signal or low selectivity. 

With more data on interrogation of specific targets with the sPDz probes, the algorithm should be 

further adjusted to strengthen the rational element in the probe design.  

Methods 

Materials. DNA oligonucleotides were purchased from IDT, Inc. and used without 

purification. Oligonucleotides were dissolved in DNase-free water to prepare ~100 µM stock 

solutions. The concentration of the stock solutions was corrected based on the absorbance of the 

solutions at 260 nm and the extinction coefficients provided by the vendor. ABTS and H2O2 were 

purchased from Sigma-Aldrich.   
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Testing and characterization of the sPDz probes. Samples containing two probe strands 

(1 µM) in the absence or presence of correspondent DNA targets (1 µM) were prepared in a 

colorimetric buffer (50 mM HEPES-NaOH, pH 7.4, 50 mM MgCl2, 20 mM KCl, 120 mM NaCl, 1% 

DMSO, and 0.03% Triton X-100) at 22 ºC. Alternatively, probe strands were annealed to the target 

by heating at 95 ºC for three minutes and slowly cooling to room temperature overnight.  Hemin 

(375 nM), ABTS (1 mM), and H2O2 (1 mM) were added either immediately or following an overnight 

incubation at 22 ºC to observe the development of a blue-green colour. Color intensity was quantified 

by measuring absorbance at 420 nm using a Thermo Scientific NanoDrop OneC UV-Vis 

Spectrophotometer (Waltham, MA, USA). Tube images were captured using a cell phone camera. For 

the experiments to determine limit of detection (LOD), limit of quantification (LOQ) and linear 

dynamic range for the probes, the concentration of DNA targets was varied (0-2 µM).   

Circular dichroism spectra were measured with a Jasco J-810 Spectropolarimeter. 

Oligonucleotides (2 µM) were prepared at room temperature in the colorimetric buffer. Measurements 

were conducted in a 4 mm-path cell at 22 °C, and data was obtained with a 2 nm slit width from 350 

to 235 nm at 1 nm intervals. CD spectra were averaged over five scans.  
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Further Works on G-quadruplex Peroxidase Optimization 

When utilizing a G4 as a signal reporter for nucleic acid targets, the nucleotide sequence of 

the reporter may have partial complimentary to the target to be interrogated, which would 

compromise the probe’s performance. This necessitates changing the loop nucleotides of the G4 to 

avoid, or at least destabilize, the intramolecular interactions. For example, the most commonly used 

TT loops may be changed to either AT or TA. Such changes may affect the catalytic properties of the 

G4:hemin complex. Here, we explored the effects of loop composition on the peroxidation 

performance of single-stranded G4. 

Peroxidase activity of the G4:hemin complex is optimized when the G4 has undertaken a 

parallel conformation.75, 107 Several factors contribute to the preferred folding pattern of a G4-

containing sequence, including salt conditions, length of loops between guanine runs, and the 

sequence of these loops.62, 65, 159 We compared the peroxidase-like activity of G4 sequences with varying 

length and nucleotide composition of the G4 loops. All experiments were performed in the same 

buffer to exclude the effect of salt composition and concentration. 

First, sequences with an increasing number of thymine residues per loop were studied (App. 

C: Table 14). Performance was monitored by evaluating the maximum color change in the solution 

upon peroxidation of ABTS as measured through absorbance at 420 nm. Performance for G4 with 

loops of length 1, 2, and 3 nucleotides was found to be comparable, without a clearly favored 

distribution; however, upon extending to loop length 4, no color change was observed (Fig. 13A). It 

has been shown that CD spectra of G4s can be used to approximate the folding pattern of the 

structure, with a negative 265 nm value indicating an antiparallel conformation, while positive 265 nm 

values indicate parallel structures when paired with a lower 290 nm value and hybrid when paired with 
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Figure 13: Sequence-based performance of G4:hemin constructs. Signal to Background (A/A0) ratio 
is the absorbance of the complex with ABTS divided by the absorbance of ABTS in the presence of 
hemin alone. All measurements were taken after 15 minutes of incubation at room temperature 
using the pedestal function of a NanoDrop OneC (ThermoFisher). Values represent the average of 
at least three trials. Circular dichroism spectra were collected using a J-810 spectropolarimeter 
(Jasco). Spectra were collected as the average of ten scans at ambient temperature in the absence of 
hemin. Spectra shown are after background subtraction and 11-point Savitzky-Golay smoothing. 
Sequence modifications included varying the length of an oligo-T loop between G-triplets (A, B), 
varying the length of the loop with the first thymine replaced by an adenine (C, D, inset), varying the 
location of an adenine in a sequence containing 3-nt loops (E), and varying the terminal nts for the 
sequence containing ATT loops (F). 
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a higher 290 nm value.160 The CD spectra for sequences of loop length 4 and 5 demonstrated a 

significant reduction in CD at 265 nm and an increase at 290 nm when compared to the shorter loops, 

indicating an antiparallel conformation for loop length 4 and hybrid for length 5, conformations which 

have been previously shown to not exhibit strong peroxidation activity with hemin (Fig. 13B). 

Previously, it had been suggested that adenine may help coordinate peroxide with the 

G4:hemin complex, thereby increasing catalytic activity.161-163 To assess the effect of the adenine 

position on the peroxidase-like activity of G4, the first thymine in each 1-5nt loop sequence was 

substituted with an adenine (App. C: Table 14). The 4-5nt loops once more showed a loss of activity 

compared to the shorter loops (Fig. 13C). The single A loop demonstrated an 80% decrease in 

intensity compared to the single T variant. The CD spectra for the single A loop (Fig. 13D, inset) does 

not exhibit a standard quadruplex fold, with a larger CD signal than other variants. However, the 

similar structure (GGA)5 had been previously shown to fold into a quadruplex.164 The spectra shown 

here are in the absence of hemin; it is possible that a tetramer G4 is forming, seeded by hemin; 

however, further experimentation would be required to verify this hypothesis. The AT loop sequence 

exhibited nearly unchanged signal compared to TT; the ATT loop sequence, however, demonstrated 

a 110% increase in signal intensity over the adenine-less 3-nt sequence, and a 51% increase over the 

highest adenine-less intensity, TT (compare Fig. 13A and Fig. 13C). Interestingly, the CD spectra 

indicated a more hybrid structure for the 4-nt loop, closer to both the 5-nt loop with and without A; 

ultimately, this did not lead to an increase in catalytic performance (Fig. 13D). 

As the performance of the ATT loop is significantly higher than any other option so far, 

modifications to this sequence were chosen to study. Single adenine substituted sequences were 

chosen to see if a single adenine is responsible for the increase in signal over the TTT loop sequence 
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(Fig. 13E). A T>A substitution at the beginning of the second loop (position X) led to an increase in 

S/B of from 15.5 ± 3.2 with a thymine to 37.1 ± 2.7 with an adenine; position Y raised A/A0 to 30.6 

± 2.1. A substitution in the first loop (position W) had no statistically significant effect compared to 

the TTT sequence while replacing the terminal thymine (position Z) with an adenine led to a 40% loss 

of signal.  It had been previously suggested that the terminal nucleotide(s) of the monomer G4 

sequence can play a heavy role in the overall catalytic performance, emphasizing once more that 

adenine and also cytosine may help with the coordination of the peroxide.163, 165 The ATT sequence 

with a terminal AA, AC, or AAC sequence never surpassed the simple A sequence; a terminal T also 

did not significantly hinder the performance (Fig. 13F). 

Overall, it was found that, among all sequences studied, a sequence with three-thymine loops, 

with the second loop replacing the first thymine with an adenine, offered the greatest overall signal. 

The increase was substantial, offering a 71% increase over any sequence without adenine. However, 

this analysis is as-of-yet incomplete. Further testing on utilizing 1-2nt loops with this single adenine 

inclusion must be done, including variable length loops. Further, these modifications must be tested 

in a controlled environment for the effect on split probes, as dimeric G4 folding may not directly 

correlate to monomeric folding. The optimal sequence found here provides immediate uses for any 

sensing system that would wish to utilize a monomer G4:hemin construct as the output, such as the 

cascade sensor or ion-detecting sensors.166, 167  



61 
 

CHAPTER FOUR: A LIGHT-UP APTAMER FOR SPLIT-PROBE SIGNAL 
READOUT 

Introduction 

There is a growing need for low-cost, multiplex DNA-based diagnostic assays. Standard qPCR 

utilizes fluorophore-labeled molecular beacon or TaqMan probes, which have the advantage of 

allowing for a variety of fluorophore labels with varying spectral profiles to be incorporated, although 

the need of covalent conjugation of the oligonucleotide sequence with the fluorophore and quencher 

moieties and purification of the conjugate increases the overall cost per test. Light-up aptamers interact 

with fluorogenic dyes non-covalently, and intrinsic fluorescence of the dyes is low enough to eliminate 

the need for quenchers. As a result, probes utilizing light-up aptamers as signal reporters are cheaper 

per test, which makes them a promising substitute for the currently used fluorescent hybridization 

probes, especially in developing areas. 

We discovered that the DAP-10-42 aptamer demonstrated a remarkably high proficiency to 

not only light up its specific fluorogens (dapoxyl sulfonyl dyes) but also other fluorogenic molecules 

that traditionally light-up in the presence of G4 structures such as NMM, TFT, and CV. As CV 

demonstrated a light-up capacity much higher than that for the CV-specific aptamer, we set out to 

test a variety of dyes with similar structure to CV to determine the limits of this capability. As a result, 

a series of viable dyes have been found that will light-up in the presence of the aptamer. For a given 

FLAP, it may be possible to tailor the reporter utilized with DAP-10-42 to the spectral characteristics 

required for usage with another given FLAP, thereby expanding DAP-10-42’s utility in multiplex 

scenarios. 
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Promiscuous Dye Binding by a Light-Up Aptamer: 
Application for Label-Free Multi-Wavelength Biosensing 

Reproduced with permission from Connelly, R.P.; Madalozzo, P.F.; Mordeson, J.E.; Pratt, 
A.D.; Gerasimova, Y.V. Promiscuous dye binding by a light-up aptamer: application for label-free 

multi-wavelength biosensing. Chem. Commun. 2021, 57, 3672-3675. Copyright 2021 The Royal Society 
of Chemistry. 

Aptamers are nucleic acid sequences that bind their cognate targets (small molecules, proteins, 

whole cells, etc.) through stacking interactions, hydrogen bonding, and/or ionic interactions.168, 169  

With the affinities to their specific substrate characterized by dissociation constants (Kd) in the low 

micromolar to nanomolar range, aptamers are viewed as more stable alternatives of antibodies in a 

varieties of applications.169 For example, fluorescent light-up aptamers, which bind fluorogenic dyes 

and thereby increase their fluorescence manifold, can be used for tracking RNA in live cells or for 

label-free sensing biological molecules.40, 48, 71, 73, 74, 170-174 For the latter application, DNA aptamers are 

preferable due to their improved chemical stability and lower synthetic cost. 

Recently, a DNA aptamer DAP-10-42 that binds dapoxyl dyes and enhances their fluorescence 

has been reported.47 It has been fused with the ATP- or thrombin-binding aptamer to construct 

aptasensors to detect the correspondent targets.  In addition, DAP-10 aptameric core has been used 

for the design of split aptasensor for nucleic acid analysis using dapoxyl sulfonyl ethylenediamine 

(DSEDA) or dapoxyl sulfonyl fluoride (DSF) as a dye.74 Being a DNA aptamer, DAP-10-42 offers an 

advantage of greater chemical stability and lower synthetic cost as compared to RNA-based aptamers. 

Out of all known light-up DNA aptamers,175 DAP-10-42 is particularly attractive due to its high affinity 

to the dapoxyl dyes. We believe that DAP-10-42 is an exceptional candidate for a biosensor design to 

detect biological molecules, including specific DNA and RNA sequences. Indeed, unlike commonly 

used dye-conjugated fluorescent probes (e.g. molecular beacon (MB) and TaqMan probes), the split 
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aptameric probe consists of inexpensive label-free DNA oligonucleotides and, as most split (or binary) 

probes, exhibits well-documented exceptional selectivity towards signal-base substitutions.22   

Here, we demonstrate promiscuity of DAP-10-42 interactions with thioflavin T (TFT) and 

arylmethane dyes, which offers an advantage of using a variety of dyes as a signal reporter with 

emissions at different wavelengths. Moreover, we applied the discovered promiscuity to design a split 

sensor for recognition of a Mycobacterium tuberculosis gene fragment with a drug-resistance causing point-

mutation.  

The DAP-10-42 aptamer was originally selected to turn-on fluorescence of dapoxyl dyes – 

DSEDA and dapoxyl sulfonic acid (DSA). We tested the ability of the aptamer to bind other 

commonly used fluorogenic dyes‡ that contain dialkylaniline moiety present in dapoxyl (Fig. 14A). 

TFT, N-methyl mesoporphyrin IX (NMM) and arylmethane dyes are known environmentally sensitive 

dyes, with low intrinsic fluorescence due to rapid de-excitation in aqueous solutions and enhanced 

fluorescence emission upon changes in polarity and/or viscosity,41 which makes them promising 

fluorogens. Previously, the ability of the malachite green (MG) aptamer to interact with closely related 

triphenylmethane dyes has been demonstrated.176 Here, we report that, of the twelve dyes studied, 

TFT, MG, crystal violet (CV), and auramine O (AO) exhibit sub-micromolar dissociation constants 

and >100-fold fluorescence turn-on when mixed with DAP-10-42 (Fig. 14B). Fluorescence 

enhancement of CV by DAP-10-42 was even greater than by a CV-specific aptamer CV30S,42 which 

could be attributable to higher affinity of DAP-10-42 to the dye (Kd = 0.21 ± 0.07 µM, App. D: Table 

16) than reported for CV30S (Kd = 0.49 µM42). Greater fluorescence enhancement by DAP-10-42 

than by its specific DNA aptamer MG1-3 was also observed for MG.44 Remarkably, DAP-10-42 

triggered >1500-fold maximal turn-on of AO fluorescence (Fig. 14B), despite lower affinity of the  
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Figure 14: Promiscuous dye binding by DAP-10-42. A. Structures of the dyes tested. B. 
Fluorescence turn-on (as signal-to-background ratio, S/B) of the indicated dyes by DAP-10-42. C. 
Fluorescence of AO (2 µM) at the indicated DAP-10-42 concentrations upon excitation with a 365 
nm light source.  D. Enhancement of AO fluorescence by DAP-10-42 and other oligonucleotides 
(see Table S1 for sequences). S/B is calculated as fluorescence of the dye in the presence of DAP-
10-42 over intrinsic dye’s fluorescence. The average values of three independent experiments are 
shown with error bars as standard deviations.   

aptamer to AO (Kd = 0.7 ± 0.1 µM) than for its cognate dye ligand (Kd in the nanomolar range 

depending on the dapoxyl sulfonyl derivative47). The other tested dyes (TFT, MG, BG, BF, PR, MK, 

VB, and NMM) interacted with DAP-10-42 with lower affinity than AO, as evidenced by >4-times 

higher Kd (App. D: Table 15). Nevertheless, high fluorescence turn-on was observed for TFT and 

MG (App. D: Table 15). Victoria Blue B (VB) dye exhibited the lowest fluorescence turn-on by the 
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aptamer, which, along with the emission maximum at a longer wavelength than that for DSF or AO, 

makes VB an attractive dye target for selection of a VB-specific DNA aptamer. If no cross-reactivity 

between that aptamer and DAP-10-42 is noticed, the two sequences can be used as aptasensor 

scaffolds for multiplex biosensing. 

AO is an attractive fluorophore for DAP-10-42-based sensors. Unlike dapoxyl dyes, it is an 

inexpensive commercially available compound. Moreover, AO exhibits negligible background 

fluorescence, and a quantum yield (φF) of 0.00004.177 Even though the quantum yield of the AO-

aptamer complex cannot be precisely determined due to very low absorbance of the dye at the 

excitation wavelength, it can be said that DAP-10-42 causes at least 12,500-fold φf increase (φf of 0.5 

was determined for the dye-aptamer complex, App. D: Fig. 35). For DSA or DSEDA in the 

absence/presence of DAP-10-42, φf of 0.025/0.866 or 0.00086/0.621, respectively, were previously 

reported, which corresponds to 35- or 722–fold improvement of the photon emission efficiency.47 

For both DSF and AO, equimolar stoichiometry of binding to the aptamer was observed (App. D: 

Fig. 36). Fluorescence of AO in the presence of DAP-10-42 is bright enough to be observed with the 

unaided eye when excited with a broad-spectrum UV lamp (Fig. 14C). Moreover, enhancement of AO 

fluorescence in the presence of random unstructured or stem-loop folded oligonucleotide, short DNA 

duplex, other light-up aptamers, or G-quadruplex forming oligonucleotides was negligible (Fig. 14D). 

Next, we tested four dyes – DSF, TFT, CV, and AO – as fluorophores for a split dapoxyl 

aptamer (SDA) probe targeting a katG gene fragment from M. tuberculosis, point mutations in which 

have been linked to the isoniazid-resistant phenotype.178 The probe was designed by splitting DAP-

10-42 between nts 28 and 29 (Fig. 15A), which is known to retain the aptamer’s affinity to the dapoxyl 

dyes.47, 74 The aptamer fragments were connected to the target-binding fragments via a dithymidylate  
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Figure 15: Split dapoxyl aptamer probe. A. Splitting of the DAP-10-42 sequence. Numbers represent 
nucleotide positions in the intact aptamer. B. Mechanism of the signal generation in response to the 
fully complementary target (right) and lack of the signal in the presence of a mismatch target (left). 
C. Response of the katG-specific SDA probe to increasing concentrations (0-1024 nM) of katG 
(white squares) or katG-G>C (black triangles). D. Linear dynamic range of the probe with AO (2 
μM) in response to katG (0-128 nM). The line of best fit and 95% confidence interval are shown 
(black line, gray shading). 

linker (to minimize interference between the probe domains) to yield strands SDA-U and SDA-S. The 

strands were designed to associate in the presence of the fully complementary katG target (Fig. 15B, 

right), but not the mismatched katG-G>C (Fig. 15B, left). The target-binding fragment of SDA-S was 

relatively short (9-nt long) to discriminate the point mutation, while that of SDA-U was 21-nt long to 

unwind a stable secondary structure of the target (App. D: Table 16, Fig. 37). 

Regardless of the dye used, the fluorescent signal increased with concentration of the specific 

katG target in the range of 1-512 nM, while in the presence of the mismatched katG-G>C target the 

signal remained at the no-target level within the concentration range used (Fig. 15C, App. D: Fig. 38A-

C). Linear dynamic range was 0-128 nM (Fig. 15D, App. D: Fig. 38D-F). No correlation was found 

between the affinity of the parent aptamer to the dyes (App. D: Table 16) and the limit of detection 

(LOD) or limit of quantification (LOQ) of katG by the SDA probe (Table 4). However, it was 

observed that the probe with either TFT or AO, whose fluorescence enhances up to 2000-fold upon 

saturation with the aptamer, exhibits twofold lower LOD or LOQ than in the case of CV or DSF,  



67 
 

Table 4: Limits of detection and quantifications calculated for the SDA probe targeting katG in the 
presence of various fluorogenic dyes. 

Dye DSF AO CV TFT 
LOD, nM 5.4 2.6 4.7 2.8 
LOQ, nM 18 8.6 16 9.5 

 

which exhibit more modest fluorescence turn-on (App. D: Table 16). The observed LOD is 

comparable to that known for the MB probes,179 which are commonly used in commercial molecular 

diagnostic assays. Unlike MB probes, the SDA probe offers an advantage of label-free detection. In 

addition, the probe can be employed at ambient temperatures and still be point-mutation selective. 

The LOD values preclude the SDA probe to be used for point-mutation discrimination 

without amplifying the correspondent mRNA. Here, we used the Nucleic Acid Sequence-Based 

Amplification (NASBA) method180 to amplify the targeted fragment of the katG mRNA (nts 2868-

3001) from a sample of total M. tuberculosis RNA using previously optimized primer sequences.181 

Components of the NASBA reaction had little effect on the SDA-AO assay performance, as 

demonstrated by similar LOD (3.7 nM) and linear dynamic range (0-128 nM) observed when the no-

target amplification control (NTC) was spiked with increasing concentrations of the synthetic katG 

target (Fig. 16). Two independent NASBA reactions were performed (App. D: Fig. 39), and 

concentration of each amplicon (2% v/v) in the assay samples was calculated as 12 ± 4 nM and 19 ± 

2 nM (Fig. 16) based on the determined linear dynamic range. When the same amplicons were spiked 

with the synthetic katG target at the final concentration of 32 nM, they triggered a signal of the SDA-

AO sensor within the linear dynamic range, which allowed quantification of the spiked samples and 

yielded 43 ± 5 nM and 50 ± 2 nM, respectively, which corresponds to 2% deviation from the expected 

value.  
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Figure 16: Linear dynamic range of the probe using AO (2 μM) in response to katG (0-128 nM) 
spiked into NASBA NTC sample (2% v/v) performed in triplicate (white squares). The line of best 
fit and 95% confidence interval are shown (black line, gray shading). Two independent NASBA-
katG samples were assayed with the SDA sensor at 2% v/v (red rhombus, cyan circle) or 2% v/v 
spiked with katG (32 nM) (filled red rhombus, filled cyan circle). 

Therefore, we demonstrated feasibility of the AO-dependent SDA assay for quantitative analysis of 

NASBA amplicons without the need of their isolation from the amplification sample. 

The reported assay utilizes a label-free probe and thus promises to be cost-efficient in 

comparison with conventional dye-modified probes, such as MB or TaqMan probes. A label- free MB 

probe has been previously reported.182 It relies on binding of a fluorophore in place of nitrogenous 

bases lacking at the abasic sites of the DNA hairpin, which quenches the dye’s fluorescence.182 While 

promising for nucleic acid analysis and genotyping, such MB probe may have reduced shelf life due 

to inherent susceptibility to cleavage at the abasic site. More chemically stable examples of label-free 

biosensors are based on nucleic acid sequences with a propensity to acquire specific secondary/tertiary 
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structures, such as i-motifs, G-quadruplexes or DNA triplexes, which exhibit affinities to light-up dyes 

or nanomaterials.183-188 In this case, the structure-specific light-up dyes may also bind non-specifically 

to other similar structures formed with the help of a nucleic acid target or other components of the 

sample. The use of aptamers minimizes the probability of sequence non-specific dye-nucleic acid 

binding, thus reducing the background and/or the rate of false-positive responses. In the case of 

promiscuous dye-aptamer interactions, as it is demonstrated for DAP-10-42 in the present study, the 

signal wavelength can be selected based on the assay requirements by choosing an appropriate dye 

from those interacting with the aptamer. Such a property of the aptasensor reported here opens a 

venue to multiplex applications when the aptameric dye-binding core serves as a signal transducer in 

combination with another aptamer and/or secondary structure motif interacting with a structure-

specific light-up dye. 

In conclusion, we have demonstrated that a DNA aptamer DAP-10-42 originally selected to 

enhance fluorescence of dapoxyl dyes also binds thioflavin T and a few arylmethane dyes. This 

promiscuity allows to use the aptamer as a scaffold for a multi-wavelength biosensor. A split 

aptasensor – SDA probe - was designed for label-free nucleic acid detection and point-mutation 

discrimination. The sensor was shown to respond to an unpurified NASBA amplicon of the katG 

gene from M. tuberculosis. The sensor was tested using four dyes of different affinities to the parent 

aptamer. Excellent selectivity, nanomolar detection limit, and linear dynamic range were observed 

regardless of the dye used, with no obvious LOD correlation to Kd. However, the LOD seemed to 

reflect fluorescence turn-on ratios at saturation with the aptamer. 
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A Logical Array with Alphanumeric Fluorescent Output 

Molecular logic gates are molecules, often comprised of nucleic acids, that incorporate 

computational elements.83-91 These logic gates take an input (e.g. a nucleic acid input and provide a 

binary output consisting of either a high-output (digital 1) or a low-output (digital 0).92 By combining 

several such molecular logic gates into a single system, it is possible to yield complex analysis of a 

target while maintaining a binary output. A two-dimensional array of such circuits is capable of 

providing the creation of alphanumeric characters in response to the presence of specified nucleic acid 

inputs.142 When applied to DNA-based diagnostic tests, such a system provides increased reliability 

owed to the ability to interrogate a target with multiple sensors while also allowing for a simple-to-

read output that can be analyzed without instrumental assistance. A logical array for the detection of 

rifampin-resistance-conferring mutations in the rpoB gene of M. tuberculosis with alphanumeric and 

colorimetric output has been reported.142 Here, a split-DAP-10-42 aptamer has been utilized to create 

a logical array for the detection of the isoniazid-resistance-conferring mutation in the katG gene of M. 

tuberculosis is detailed. 

A series of molecular logic gates were designed with fluorescent output owed to the binding 

of the fluorogenic dye AO to DAP-10-42, utilizing the split system previously described (Fig. 17, App. 

E: Table 17).74 Previously, we have utilized the split dapoxyl aptamer to interrogate the katG gene of 

M. tuberculosis.189 There, the short, selective strand of the probe (SDA-S, Fig. 15) consisted of the 

shorter-half of the split aptamer, allowing the longer strand (SDA-U, Fig. 15) to also host the longer 

portion of the split aptamer. Combined, these two strands yield a construct with the YES-315S logic. 

The probe design for the fluorescent array system took advantage of critical evaluation of the 

performance of the earlier colorimetric systems, namely, the use of a universal strand across all probes 
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to minimize the number of unique system components was explored. The greater the number of 

probes utilized, the greater the complexity of the system; in the case of molecular logic gates utilizing 

split-transducer units such as split-G4 or split-FLAP units, this can lead to significant increases in the 

background signal. Split-G4 strands containing 6 or 9 guanine-residues may dimerize to generate an 

active G4:hemin complex in solution; by adding more sensors to the mix, the probability of dimer 

formation is increased, and therefore background is increased. As such, asymmetric splitting of the 

G4 reporter into 9- and 3-guanine containing parts is advantageous; while two 9-guanine strands can 

readily dimerize into a functional G4, four 3-guanine strands would be required to do so, which is less 

likely to occur. Further, the possibility of secondary interactions between probes in a complex system 

increases, which can decrease the maximum signal. While the exact effect of the overlapping 

interactions can be difficult to predict, minimizing the number of strands utilized can only provide 

benefits in terms of reducing complexity and cost. As such, for combinatorial logic, it is preferential 

to have an asymmetrically-split signal transducer that can minimize the utilized concentration of one 

strand. The split dapoxyl aptamer is an inherently asymmetric signal transducer, with two unique 

sequences required on abutting ends of the target-recognizing fragments to generate a signal. 

Based on these considerations, a system was designed to utilize the long SDA-U strand for all 

probes (Fig. 17A), intending to prevent probe overload-induced background increases. NOT-R logic 

may be created via the combination of this YES-S sensor (with high output only in the presence of 

the “isoniazid-susceptible,” INHS, input sequence) and a NOR sensor (with low output in the presence 

of either INHS or INHR input sequences). To create the NOR3 sensor, a stem-loop-containing 

construct SDA-N was generated; in the absence of inputs, SDA-N binds SDA-U, yielding a completed 

aptamer that provides a high output (Fig. 17B, App. D: Table 17). However, the extended toehold on  
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Figure 17: Design of molecular logic gates for utilization in the fluorescent array. A) Secondary 
structure of INHs, a synthetic mimic of the gene katG from M. tuberculosis, as predicted by NUPACK 
software.111 The mutation site is highlighted in pink. B) Design of molecular logic gates OR3, NOT-
R3, and OR3 and the complexes formed in the absence of TB-related inputs (“nO-TB”) or in the 
presence of the inputs INHS or INHR. Colors depicting target recognition sequences match those of 
SDA-U, SDA-S, and SDA-O in panel A. A grey background indicates a high output signal, whereas 
a white background indicates a low output signal. 

SDA-U allows for the target katG (either INHS or INHR) to displace SDA-N, yielding a reduction in 

signal. For NOT-R3, the bound SDA-U then pairs with SDA-S in the presence of the fully-matched 

target INHS, returning to a high output (Fig. 17B). Extending SDA-S such that it is no longer selective 

against the indicated mutation site generates a new probe SDA-O; when paired with SDA-U, this 

creates the OR3 gate with a high-output in the presence of either the fully-matched or single-

mismatched target (Fig. 17). For these three gates, SDA-U, SDA-O, and SDA-S were utilized at 1 µM 

concentration, while SDA-N was incorporated at 0.5 µM: the NOR3 and NOT-R3 sensors are 

annealed overnight, allowing for ideal binding conditions that are not available for the turn-on gates, 

reducing the relative maximum signal of the turn-on gates while administering the assay. As such, a 

higher concentration of SDA-U, SDA-O, and SDA-S is required to ensure an even signal. 

Previously, it was shown that the split dapoxyl aptamer demonstrates activity in the presence 

of several fluorogenic dyes.47, 189 The performance of the YES-315S gate was monitored with both  
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Figure 18: Alphanumeric display of molecular logic gates with fluorescent output. A) Activity of the 
YES-INHS sensor with DSF (red) and AO (black) as a function of the S/B on the input 
concentration, which demonstrates a complete overlap across the linear dynamic range. Dashed lines 
represent the linear dynamic range of the sensors. DSF measurements were taken with 10/10 slits, 
AO measurements were taken with 5/5 slits. B) A comparison of DSF and AO fluorescence with 
YES-INHS under excitation with a handheld 365 nm UV lamp. C) Layout of the alphanumeric array. 
D) Expected outputs are displayed below images of the array taken upon excitation with a UV 
transilluminator. Pictures in panels C and D were taken with a smartphone camera without 
modification. 
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DSF and AO, which bind to the aptamer with differing Kds. (Fig. 18B). When measurements were 

normalized to signal-to-background ratio, the response across the linear dynamic ranges was found to 

be independent of the dye utilized (Fig. 18B). This indicates that the assembly of the Target:SDA-

U:SDA-S:dye complex is limited by probe hybridization, not dye affinity; for instrumental analysis, 

there should be only minor changes in the measurement conditions depending on the spectroscopic 

characteristics used. 

For the two fluorogens used, both dye:aptamer complexes may be visualized with a handheld 

UV lamp (Fig. 18C). Under UV illumination, DSF exhibits a small amount of visible background 

fluorescence without target present; comparatively, AO shows an almost imperceptible background 

signal. DSF demonstrates a signal that is readily differentiable from the background at around 256 nM 

of INHS. AO, conversely, exhibits a brightness above the background at 64 nM INHS and a green-

yellow color of significant intensity at 256 nM. As such, it is apparent that AO is a preferable dye to 

utilize for detection with a handheld UV lightsource. 

The alphanumeric array was assembled in a transparent 96-well plate. The array was designed 

such that an “O” for “nO TB” would appear in the absence of any variant of katG, an “F” for “Fail” 

would appear if the resistance-causing mutation is present (such as in the presence of the INHR input), 

and a “P” for “Pass” would appear if the fully-matched sequence of the INHS input is present (Fig. 

18D). Three arrays were assembled; the first without any input added, the second with a final 

concentration of 1 µM of INHR, and the third with 1 µM of INHS added to each of the 15 wells. After 

15-minutes incubation at room temperature, the plate was visualized on a UV-transilluminator (Fig. 

18D, top). The low background and bright fluorescence indicated the desired characters and expected 

behavior (Fig. 18D, bottom) for each array. 
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More testing is required to fully validate this system, however. While the performance at 

maximum concentration shown in Fig. 18D indicates a consistent fluorescent readout at saturation, it 

may be compromised if lower input/target concentration is used. An ideal system will portray 

consistent fluorescence in all wells at any given concentration that could be found in test conditions. 

A brighter aptamer is desirable such that a lower concentration of turn-off gates (NOR, NOT-R) may 

be utilized while maintaining a similarly high signal, allowing for a distinguishable turn-off signal to be 

present at low concentrations of the target. 
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CHAPTER FIVE: OPTIMIZATION OF A LIGHT-UP APTAMER VIA 
NUCLEOTIDE SEQUENCE MODIFICATIONS 

Introduction 

Aptamers are nucleic acid based “receptors” that are capable of sequence- and/or structure-

specific binding of their cognate targets - small molecules, proteins, whole cells.35, 38, 168 Aptamers 

promise to advance such traditionally antibody-based applications as  biosensing, bioimaging, 

diagnostics, and therapy.169, 172, 190 For biosensing and bioimaging, aptamers binding low-fluorescent 

dyes with enhancement of their fluorescence (fluorescent light-up ap-tamers, FLAPs) can serve as an 

inexpensive label-free signal transducers. For example, light-up RNA aptamers have been used as 

label-free reporting systems in living systems to study RNA dynamics170, 171, 191 or for metabolite and 

ion detection.192-195 FLAPs have also found application as signal transducers in in vitro analytic assays.43, 

47, 48, 71-74, 173, 175, 189, 196 Success in elucidation of the structure of FLAPs and their complexes with dye 

ligands stimulated the development of these applications by providing a rational approach for 

designing the aptamer-based constructs. The use of DNA aptamers instead of their RNA counterparts 

can contribute to the assay’s robustness and affordability due to greater chemical stability and lower 

synthetic cost of DNA in comparison with RNA oligomers. 

An example of DNA aptamers is DAP-10-42, which was originally selected to bind and 

enhance fluorescence of dapoxyl dyes.47 We have recently demonstrated that DAP-10-42 acts as a 

light-up aptamer for other fluorogenic dyes including auramine O (AO) and crystal violet (CV).189 The 

aptamer has been explored as a signal transducer for detection of ATP,47 thrombin,47 or nucleic acids.74, 

189 A mutational analysis study has been undertaken to explore the source of this promiscuity and 

discover improvements in the fluorescence capabilities of the FLAP towards each promiscuous target. 
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Light-Up Optimization Via Sequence Modifications 

Aptamers rely on a specific nucleotide sequence in order to acquire the conformation 

responsible for tight binding of their target.168, 169 Through SELEX, more stringent sequences that 

provide tighter binding can be found.35-38 When selecting for DAP-10-42, two dyes with slightly 

different structure were used; affinity towards one dye (dapoxyl sulfonyl ethylenediamine, DSEDA) 

was greater than the other (dapoxyl sulfonic acid, DSA).47 We hypothesized that the tolerance of the 

aptamer to both structures is one of the core causes of the promiscuity of the aptamer towards 

arylmethane dyes that we previously reported.189 It is possible that by changing the nucleotide sequence 

in the aptameric core affinity of the modified aptamer to a specific dye could be modified, with or 

without compromising the affinity to another. 

We first analyzed the structure of DAP-10-42 to pinpoint potential mutation sites. Kato et 

al.47 proposed that the guanine(G)-rich sequence of DAP-10 may form a G4 structure, which is a 

common motif for light-up aptamers.172, 197-200 The predicted minimal secondary structure suggests the 

duplex/quadruplex fold that is similar to one observed for anti-thrombin DNA aptamers.201-203 

To confirm the presence of the G4 motif in DAP-10-42, we utilized CD analysis. In G4 

structures, each tetrad is formed by four guanines bound to each other via both Watson-Crick and 

Hoogsteen base-pair interactions; several tetrads stack on each other, thus stabilizing the G4 

structure.204 A variety of topologies are known for G4, which differ in the polarity of the four G-

strands, orientation of the loops between the strands, and the number of G-tetrads.204 The G4 

topologies produce characteristic signatures in their CD spectra, which makes CD spectroscopy a 

technique of choice for studying G4-folding.160 
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CD analysis for DAP-10-42 is complicated by the presence of a duplex between nts 1-8 and 

36-42 (Fig. 19A). Double-stranded (ds)DNA is known to exhibit signals in the same region of the CD 

spectrum as G4 structures.205 Therefore, subtraction of the duplex contribution from the overall CD 

spectrum was necessary to reveal a possible G4 folding of the “loop” domain. To ensure associated 

state of just the stem portion under the analysis conditions (22 °C), the self-complementary fragments 

of the aptamer were elongated by S1-S8 and S9-S16 nucleotides (DAP-10-58 in Figure 19A). The 

original DAP-10-42 and extended DAP-10-58 triggered similar fold increase in fluorescence of 

dapoxyl sulfonyl fluoride (DSF, Fig. 19B), a cognate aptamer ligand (Fig. 19C). Therefore, it was 

possible to substitute DAP-10-42 with DAP-10-58 in the CD experiments.  

A differential CD spectrum (Fig. 19D, solid black curve) was obtained by subtracting the 

spectrum for the duplex formed by Stem-5’ and Stem-3’ (App. E: Table 18) from the DAP-10-58 

spectrum. It exhibits an intense positive signal with a maximum at 260 nm, a smaller positive peak at 

~290 nm, and a negative signal at ~240 nm, which is indicative of a parallel G4 containing propeller 

loops.206 Addition of increasing concentrations of DSF results in an increase in the intensity of the 

positive 290-nm peak with the concomitant decrease at 260 nm, while the negative peak at ~240 nm 

was preserved (Fig. 19D, see the arrow directions). The CD changes can be explained by the change 

in the glycosidic bond conformations of some of the stacked guanosine residues from anti-anti in the 

absence of the dye into syn-anti in the dye-aptamer complex.206 These changes can be caused by 

flipping the polarity of the quadruplex-forming G-strands and formation of lateral loop(s), thereby 

causing a (3+1) hybrid conformation. A hybrid G4 topology has been determined for a human 

telomeric sequence Tel23a or a fragment of HIV-1 long terminal repeat LTR-III, which exhibit similar 

CD spectrum as we observed for the G4 motif of the DSF-DAP-10-58 complex (Fig. 19D).207-209 The 
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intensity of the CD signal at 290 nm correlated with the fluorescence intensity measured for the 

aptamer-DSF complex at varied dye concentration (Fig. 19E). Therefore, the dye can act as a chaperon 

by forcing the aptamer to acquire the hybrid G4 topology allowing for the formation of the dye-

binding pocket. This implies that the presence of the G4 is necessary for the function of the aptamer.  

A series of mutations were examined with DSF to pinpoint which should be utilized with all 

dyes for comparison (Fig. 19F, App. E: Table 18). Based on the changes in fluorescence of the dye 

complexes with aptamer mutants with guanine residues substituted with adenine (A) or hypoxanthine 

(I) (Fig. 19F), the bases that can be involved in the formation of G-tetrads include guanines at 

positions 10, 11, 14, 15, 16, 18, 20, 22, 23, 32, and 33. Therefore, most of the substitutions at these 

residues were not studied for optimizing the aptamer with each promiscuous dye. A loop (composed 

nts 24-31) encompasses the splitting site on the split aptamer; this site is tolerant to substitutions, 

deletions, and insertions, and is therefore less likely to affect dye binding. 

A series of DAP-10-58 mutations were selected for testing with the dyes that demonstrated 

promiscuity towards DAP-10-42 (App. E: Table 18). Nucleotides at positions 9, 34, and 35 most likely 

act as the junction between the G4 and stem; such junctions have previously been shown to be used 

as binding locations on aptamers.198, 199, 210 Additionally, mutations at sites 18 and 20 were included; 

unlike the loop consisting of nts 24-31, the sequence of this aptamer fragment seems to have some 

effect on its performance. Each sequence was tested using ten dyes that had previously shown 

fluorescent potential with DAP-10-42: DSF, AO, CV, MG, BG, PR, VB, BF, TFT, and NMM.189  

TFT and NMM have been previously utilized to detect the presence of G4s with parallel or 

hybrid conformations.211 The only modifications at positions 34 and 35 that led to a notable change 

in fluorescence with TFT were 34X,35X and 34C,35C, yielding an 84% and 65% reduction in 
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Figure 19: Analysis a potential G4 within DAP-10-58. A) Minimum energy secondary structure of 
DAP-10-58 as predicted by NUPACK.111 The nucleotides are numbered according to their positions 
in the original DAP-10-42, with the added nucleotides labelled in gray (S1-S16). B) DSF structure. C) 
Fluorescence of DSF (2 µM) in the presence of the indicated sequences (each at 1 µM).  The 
sequences are listed in App. E: Table 18. “Stem” refers to a duplex formed between nts S1-S8,1-9 
and 36-42,S9-S16 of DAP-10-58. D) Differential CD spectra for DAP-10-58 in the presence of DSF 
(0-10 µM) after subtracting the CD spectrum for the stem. E) Correlation of fluorescence intensity 
at 507 nm for DSF-DAP-10-58 complex with its CD signal at 290 nm. F) Fluorescence intensity of 
DSF in the presence of the indicated aptamer mutants compared to DAP-10-58 at 507 nm. 

fluorescence compared to the unmodified aptamer, respectively (Fig. 20A,B). Further, while 9I yielded 

no significant change, 9A led to an 83% loss in fluorescence of mutant-bound DSF when compared 

to DAP-10-58. The 9A substitution yielded extreme losses with all dyes except NMM. NMM, 

conversely, exhibited its highest signal overall in the presence of the 9A substitution (Fig. 20A-C). A 

similar trend can be seen in substitutions at position 20, where a drastic increase in NMM fluorescence 
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was observed while diminished fluorescence appeared for all other dyes. NMM fluorescence is 

maximized in the presence of a parallel G4, with reduced fluorescence for hybrid G4 conformations.212 

As such, we hypothesize that these mutations are stabilizing the parallel conformation; however, 

experimental evidence either in favor or rebuttal of this claim has yet to be obtained. 

Several dyes (BF, PR, VB) demonstrated only a slight fluorescence increase, with F/F0 below 

3 in the presence of the unmodified aptamer or any of the mutants (Fig. 20B). Even though 

fluorescence of the 34X:BF sample was higher than that in the presence of the original aptamer (Fig. 

20A), the actual fluorescence turn-on (F/F0) was only 1.1 ± 0.2 and 1.3 ± 0.2 for BF in the presence 

of DAP-10-58 and its 34X modification, respectively, rendering them indistinguishable (Fig. 20B). 

The lowered binding affinity for these dyes previously noted is therefore likely owed to the change in 

hydrophobicity among the non-methylated aniline moieties of BF and PR when compared to CV, 

MG, and BG (Fig. 14A).189 As such, it is unlikely that any single substitution will lead to a notable 

increase in fluorescence for these dyes. 

Most of the remaining mutant:dye pairings yielded a significant drop in fluorescence, although 

a few interesting cases were present. The 34X,35C variant only yielded a minor (9%) loss in signal for 

CV, while DSF, AO, and MG yielded 83-98% reductions in fluorescence (Fig. 20A). As of this study, 

no variant has been discovered that demonstrates both low F/F0 with CV and high F/F0 with another 

dye; such a combination may be useful for multiplex detection. 

Mutation 34C exhibited a 41% increase in fluorescence with DSF compared to the unmodified 

aptamer, the highest recorded fluorescence among mutant:DSF complexes reported in this study (Fig. 

20A-B). This mutant demonstrated a loss of signal with AO and CV compared to the unmodified 

aptamer, although these two dyes still exhibited a 141-fold and 70-fold F/F0 in the presence of the 
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dye, respectively. Interestingly, this mutant recorded a 68% loss of signal with NMM. A solution 

containing 2 µM of each DSF and NMM was tested in the absence and presence of both the 9A and 

34C mutants (Fig. 20D). Due to the broad emission spectrum of DSF interfering with the 608 NMM 

emission maxima, NMM fluorescence was measured at 670 nm, the second highest emission peak, 

instead of 608 nm used in other NMM-based experiments. While 34C triggers a significantly higher 

signal at 507 nm than 9A, indicating better activity with DSF, the signal difference at 670 nm is 

diminished; this may be attributed to the broad emission of DSF, opposed to activity of 9A with DSF.   

The deletion at position 34 led to no discernable change in fluorescence for DSF, although an 

89% increase in fluorescence was noted for AO, 19% for MG, and 173% for BG (Fig. 20A). While 

the 34X:BG complex’s overall fluorescent turn-on (6.7-fold) is both the highest among studied 

sequence variations with BG and comparable to some others reported,42, 44 it is significantly less than 

the 34X:AO complex’s 445-fold fluorescence increase, the highest among all sequence:dye 

combinations presented here. 

A primary goal of this investigation is to determine what sequence:dye combination provides 

the brightest turn-on when illuminated by a UV lamp. Fluorescence by the highest-turn-on sequence 

variants for each mutant (Fig. 20B) were compared under illumination from a 365 nm UV handlamp 

(Fig. 20C). Not all dyes demonstrate significant excitation under UV illumination; MG, BG, BF, PR, 

and VB all demonstrate little-to-no fluorescence. NMM exhibits little fluorescence, insufficient for the 

purpose of instrument-free analysis. DSF, TFT, CV, and AO all demonstrate significant fluorescence 

under 365 nm excitation (Fig. 20C). However, it is unclear if the optimized mutants demonstrate a 

significant increase in fluorescence observed with the unaided eye under these conditions. The  
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Figure 20: Fluorescent turn-on for the dyes in the presence of DAP-10-58. Mutational analysis of 
DAP-10-58. A) Relative turn-on values for each dye:mutant complex. B) F/F0 values for each 
dye:mutant complex. C) The fluorescence of select mutants when excited with a 365 nm handheld 
UV lamp. For each dye that exhibited the highest F/F0 in the presence of a specific DAP-10-58 
mutant, that mutant was included in the far-right column. The central column contains DAP-10-58, 
and the left column is dye only. All DNA is included at 1 µM and each dye at 2 µM, and samples 
were prepared in the running buffer. Image was captured with a smartphone camera. D) 
Fluorescence of DSF (at 507 nm) or NMM (at 670 nm) in the absence of DNA or in the presence 
of either 34C or 9A mutants. The samples contained both dyes (2 µM, each). 
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expected signal gains were marginal for CV (35TTT: 20% ± 9% gain over DAP-10-58 as measured 

with a spectrofluorimeter) and insubstantial for TFT (34X,35A: 4% ± 4%). At the same time, mutants 

containing samples with DSF (34C: 41% ± 9%) and AO (34X: 89% ± 19%) were expected to 

demonstrate greater brightness (Fig. 20C). The difference in brightness for DSF and AO with their 

optimized mutants will likely be more observable by the unaided eye at lower aptamer concentrations, 

where the overall fluorescence is non-saturated. 

The 34X:AO, 34C:DSF, 34X,35C:CV, and 9A:NMM complexes represent an improvement 

in the fluorescent capabilities of the dapoxyl aptamer with each of these fluorophores. The discovery 

of these higher-performing mutant:dye pairings can provide immediate value for systems with a 

complete aptamer as a signaling system. However, splitting the aptamer may not yield identical results; 

the maximum fluorescence of a split DAP-10-42 variant is diminished compared to the monomer 

aptamer (Fig. 18B). As such, a further study into the optimal sequence for the split dapoxyl aptamer 

would be required in order to translate these optimizations to utilization in split probes.  
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CHAPTER SIX: CONCLUSIONS 
In this work, we sought to improve upon split hybridization probe technology for the 

detection of antibiotic-resistance-conferring and species/strain-typing single-nucleotide 

polymorphisms in nucleic acid targets corresponding to bacterial and viral genomes. To this end, we 

focused on studying two systems: one that provides a colorimetric output due to the activity of the 

peroxidase-like G4:hemin complex and another that provides a fluorescent output owed to utilizing a 

light-up aptamer. For each system, we sought to improve upon the signal generation provided by their 

respective signal-transducer via sequence optimizations. Further, we sought to explore the viability of 

label-free split probes for multiplex detection. 

In Chapter 2, we sought to explore the utilization of molecular logic gates with colorimetric 

readout for single-nucleotide polymorphism detection. We created a series of molecular logic gates 

that exhibit NOR, NOT, OR, PASS-1, PASS-0, and YES logic that were utilized to create a 15-

segment display that provides an alphanumeric readout. Interrogating the target sequence through 

multiple simultaneous probing events provides a level of redundancy to the test, theoretically 

providing a decrease in the false positive rate when compared to tests without such redundancy. 

Further, the application of such an assay provides the potential for instrument-free analysis at a clinical 

level. 

In Chapter 3, we sought to determine an optimum split-G4 sequence for split-probes. In our 

work, we determined that no singular sequence was optimal for all targets. As an example, a 6:6 split 

of the G4-folding domain was ideal for the C526T mutation of the M. tuberculosis’s rpoB gene while a 

9:3 split was ideal for the G315C mutation in katG. We determined that three elements in the target’s 

sequence should be considered when choosing a splitting pattern: the presence of a C-cluster in the 
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fragment to be interrogated by the SNS-selecting strand of the probe, the presence of G-clusters in 

this region, and the presence of C-clusters in the region targeted by the non-SNS-selecting strand. We 

compiled our findings into an algorithm that would dictate what sequences would work best for a 

given target, then confirmed the algorithm’s accuracy using influenza viral strain-typing as a case study. 

Due to the formation of an unwanted stem loop, the sensor sequence for rpoB had to be modified 

from a TT to a TA loop. Curious on the effects of such modifications, we began a study into loop 

sequences on monomer G4s to determine the effects on peroxidase activity, where preliminary results 

indicated that a G4 with loops of TTT, ATT, and TTT provides a significant increase in catalytic 

activity; however, further testing would be required to determine the best sequence for the dimeric 

split-G4. 

In Chapter 4, we discovered promiscuity in the interactions of DAP-10-42 with fluorogenic 

dyes. We demonstrated that a series of arylmethane dyes showed increased fluorescence with DAP-

10-42, with auramine O in particular demonstrating at least a 12,500-fold increase in quantum yield 

upon aptamer binding, even though the aptamer exhibited decreased affinity to the dye as compared 

to dapoxyl sulfonyl dyes. We utilized auramine O with DAP-10-42 to detect the isoniazid-resistance-

conferring mutation in katG and paired this sensor with the isothermal amplification technique 

NASBA. The sensors utilizing AO maintained a limit of detection (LOD) of 2.6 nM, compared the 

5.4 nM limit of the same system with DSF. The linear dynamic range for the detection of the same 

nucleic acid analyte using the split aptamer probe was overlapping for the systems with either DSF or 

AO. Hence, no correlation between the LOD and the Kd for the dye-aptamer complex was observed. 

We utilized AO with a series of molecular logic gates based on the split dapoxyl aptamer to generate 
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an alphanumeric display with fluorescent readout for the katG fragment that can be seen through 

simple UV illumination. 

In Chapter 5, we sought to further optimize the sequence of DAP-10-42 in terms of its ability 

to enhance fluorescence of specific fluorogens through targeted single-nucleotide substitutions and/or 

deletions in the aptamer sequence. In our testing, we discovered sequence alterations that provide an 

increase in fluorescence of DSF (34C, 141% of DAP-10-58 fluorescence), CV (35TTT, 120%), NMM 

(9A, 368%), AO (34X, 189%), and MG (34X, 119%). While this provides an immediate avenue to 

lowered limits of detection with any system utilizing a monolith aptamer, further testing is still required 

to determine if such a modification is beneficial for a split sensor. 

The innovations and improvements to the G4:hemin peroxidase-like deoxyribozyme and 

DAP-10-42 outlined in this work expand upon the capacity to utilize these systems for signal 

transduction. Our work towards generating an algorithm to streamline split-G4 sensor design 

simplifies the design task towards new targets. We have discovered improvements towards the 

activities of monomer G4 and DAP-10-42-based output systems. The discovery of promiscuously 

binding dyes with DAP-10-42 offers opportunities for multiwavelength analyte detection and can 

contribute to the development of multiplex systems with the aptamer due to a broader choice in 

spectral signatures to pair with another aptamer. The capacity to provide a fluorescent output with 

simple UV excitation through the DAP-10-42:AO system expands upon the capacity of split-probes 

for utilization in point-of-care settings where expensive and complicated equipment may be 

unavailable. Further, the ability to utilize molecular logic gates inside the detection system can provide 

increased redundancy-based reliability of the test without relying on the use of computer algorithms 
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for output analysis. We believe that these advancements should provide a greater push towards the 

utilization of split-probes for single-nucleotide substitution analysis for infectious disease. 
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Reproduced in part with permission from Connelly, R.P.; Morozkin, E.S.; Gerasimova, Y.V: 
Alphanumeric Visual Display Made of DNA Logic Gates for Susceptibility Testing of Pathogens. 

ChemBioChem. 2018, 19 (3), 203-206. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA. 

Experimental Section 

Colorimetric assay. The strands of an individual DNA logic gate (1 µM for YES and OR, and 0.5 

µM for NOT) were mixed in a running buffer containing 50 mM HEPES, pH 7.4, 50 mM MgCl2, 20 

mM KCl, 120 mM NaCl, 0.03% Triton X-100, 1% DMSO. For the NOTR logic, the mixture contained 

0.75 µM YES gate strands and 0.4 µM NOT gate strands. The mixtures were then split into three 

tubes, 30 µL each, followed by addition of either RIFR or RIFS input strand (1 µM) in two of the tubes. 

Then, hemin (375 nM), ABTS (1 mM) and H2O2 (1 mM) were sequentially added to the samples, 

followed by incubation at room temperature (22 °C) for 10-15 min. The absorbance of the samples at 

420 nm was measured using a Nano Drop OneC UV-Vis spectrophotometer (Thermo Fisher 

Scientific). Alternatively, a picture of the tubes was taken using a smartphone camera. The data from 

three independent experiments were averaged to calculate the standard deviation from the average. 

Ten standard deviations were used as a threshold to distinguish high output from low output. The 

data was processed using Excel. 

Time-drive experiments. A sample containing an individual DNA logic gate (1 µM for YES and 

OR, 0.5 µM for NOT) in 60 µL of the running buffer in the absence of in the presence of either RIFR 

or RIFS input strand (1 µM) was mixed with hemin (375 nM) and ABTS (1 mM). Immediately after 

the addition of H2O2 (1 mM), the sample was placed in a quartz micro cuvette, and absorbance kinetics 

over 60 min was measured at 420 nm using a Nano Drop OneC UV-Vis spectrophotometer (Thermo 

Fisher Scientific). The data was processed using Excel. 
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Visual Display. To assemble the display, four solutions were prepared in 1x running buffer: 

PASS1 (300 nM PW17), OR (1 µM OR_A, 1 µM OR_B), NOR (500 nM NOR_A, 500 nM NOR_B), 

and NOTR (1 µM YES_A, 1 µM YES_B, 500 nM NOR_A, 500 nM NOR_B). Each solution (200 µL) 

was placed into an appropriate well of a 96-well plate as outlined in Figure 3B. One of the inputs (1 

µM), hemin (375 nM), ABTS (1 mM), and H2O2 (1 mM) were added to each well, and the samples 

were mixed by pipetting up and down several times. The images we were captured upon a 10-min 

incubation at room temperature using a smartphone camera. 

Gel analysis. The complexes corresponding to high and low output states were analyzed using 

15% PAAG under non-denaturing conditions. The gel was supplemented with KCl (10 mM) and 

MgCl2 (10 mM) to ensure proper formation of the G4-containing complexes. The samples for the 

analysis were prepared as described for the colorimetric assay. As controls, samples containing 

individual gate strands or input strands in the running buffer were used. The gel was run at 80 V for 

2 h. 
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Table 5: Oligonucleotides used in this study.* 

Name Sequence 
RIFS  GGA CCA GAA CAA CCC GCT GTC GGG GTT GAC CCA CAA GCG CCG  
RIFR  GGA CCA GAA CAA CCC GCT GTC GGG GTT GAC CTA CAA GCG CCG  
RIFR-G GGA CCA GAA CAA CCC GCT GTC GGG GTT GAC CGA CAA GCG CCG  
OR-A  GGG TT GGG /isp9/ GGT TGT TCT GGT CCa a  
OR-B  ccc tac GGT CAA CCC CGA CAG CG /isp9/ GGG TA GGG  
YESS-A  GGG TT GGG /isp9/ AAC CCC AAC AGC GGG TTG T  
YESS-B  ccc ta TGT GGG TC /isp9/ GGG TA GGG  
NOR-A GGG TT GGG TTG TTC TGG TCC  
NOR-B  CAG AAC AAA CGT AGT ATA TCT ACG T GGG TA GGG  
PW17 GGG TA GGG C GGG TT GGG 

 *isp9 – triethylene glycol linker; nucleotides of codon 526 are underlined; single-nucleotide 
substitutions in RIFR inputs are shown in cyan; nucleotides forming G4 structures are in italics; 
nucleotides complementary to portions of G4-forming fragments of strands A and B are in low case. 
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Figure 23: G4-OR gate. A) In the absence of an input, OR-A and OR-B strands acquire stem-loop 
conformations preventing their re-association into a G4 structure and, therefore, ensuring low 
background of the “LOW output” (left). Addition of an input (e.g. RIFS) triggers association of OR-
A and OR-B by hybridizing to the input-recognition fragments of the strands (shown in dark grey) 
and formation of the catalytically active G4 peroxidase responsible for green color of “HIGH 
output” state (right). The structures are shown as predicted by Mfold213 or Nupack111 software. 
Nucleotides of the gate strands that are not complementary to the input sequence are shown in light 
grey. Nucleotides involved in the formation of G4 structure are in green. Position of a point 
mutation in the input is in cyan. Triethylene glycol linkers between the output-generating and input-
recognizing modules of the gate strands are shown as black dotted curves. B) Absorbance at 420 nm 
of the samples containing OR-A and OR-B in the absence (“No input”) or presence of either RIFS, 
RIFR or RIFR-G inputs. Threshold between low output and high output absorbance is represented 
by green dashed line. The data are average values for three independent measurements with standard 
deviations as error bars. Inset: Image of the tubes containing the same samples. C) Analysis of 
“LOW input” and “HIGH input” states of G4-OR gate in non-denaturing 15% PAAG. The lane 
contents are shown under the gel image. “ssL” and “dsL” designate single-stranded and double-
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stranded DNA ladder, respectively. The sizes of the ladder fragments are indicated to the sides of 
the gel. The band corresponding to OR-A/OR-B complex is indicated by a green arrow. 

G4-OR gate consisted of OR-A and OR-B strands, which contained output-generating G-rich 

sequences at their 5’- and 3’-ends, respectively. The input-recognition sequences at the opposite ends 

of the strands were complementary to the abutting positions of RIFS or RIFR input (nt 1-31) away 

from the site of a resistance-causing point-mutation (Fig. 23A). Therefore, OR-A and OR-B strands 

associated in response to the presence of either RIFS or RIFR input (Fig. 23A, right). To prevent self-

association of the G-rich regions under low output conditions (no color), OR-A and OR-B were 

designed to acquire stem-loop conformations upon dissociation (Fig. 23A, left). For this purpose, 

additional nucleotides, not complementary to the inputs, were added to the input-recognition 

fragments of the strands (shown in light grey in Fig. 23A). To minimize the interfering effect of a 

double-stranded complex between the input and input-recognition site of the gate on G4 formation 

and, thus, catalytic activity, triethylene glycol linkers were introduced between the output-generating 

and communicating modules (black dotted curves in Fig. 23A). 

The logical behavior of the OR gate was tested by measuring the absorbance at 420 nm of the 

samples containing the gate strands in the absence of inputs, or in the presence of RIFS, RIFR or RIFR-

G input (Fig. 23B). A threshold between the high and low output states of the OR gate was placed at 

A420 = 1 o.u. The input-triggered absorbance was 2-5 times higher than the threshold, which enabled 

reliable differentiation between the absence and presence of the inputs. Alternatively, the color 

development in the presence of an input could be seen by the naked eye (Fig. 23B, inset). As expected, 

intense blue-green color (high output) was observed only when the input corresponding to either 

rifampin-sensitive or rifampin-resistant bacterial phenotype was added to the sample.  
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The samples corresponding to low output and high output were analyzed in native 15% PAAG 

(Fig. 23C). High output complexes (lanes 3-5, indicated by a green arrow) containing 97 nt overall 

migrated at ~200 bp position due to the presence of the G4 structure. RIFR-G input associated with 

the two strands of OR gate not as efficiently as the two other inputs. This was due to the formation 

of a 9-nt stem in the structure of RIFR-G input (Fig. 27B), which rendered the input secondary 

structure too stable to open, thereby decreasing the amount of G4-forming OR-A/OR-B/RIFR-G 

complex. This observation is in accordance with lower absorbance observed for the OR gate in the 

presence of RIFR-G, as compared to the one for RIFS and RIFR (Fig. 23B, Inset). Either OR-A or 

OR-B alone could hybridize to the inputs (lanes 6-11), but these binary complexes did not trigger the 

color change because of the lack of the second portion of the G4 structure and thus inability to form 

catalytically active G4 peroxidase (data not shown).  

G4-YESS gate consisted of YES-A and YES-B strands, which contained output-generating 

G-rich sequences at their 5’- and 3’-ends, respectively. The input-recognition fragment of YES-B was 

made of only 9 nt to ensure its binding to a fragment (nt 28-36) of only fully complementary RIFS, 

but not to mismatched RIFR or RIFR-G (Fig. 24A, right). The input-recognition sequence of YES-A 

targeted a fragment (nt 9-27) of the input without the point-mutation and thus could bind either RIFS 

or RIFR (Fig. 24A and B). In the dissociated state YES-A and YES-B acquired stem-loop 

conformations to prevent self-association of the G-rich regions of the strands into the catalytically 

active G4 structure under low output conditions (Fig. 24A, left). For this purpose, the 5’-terminal part 

of YES-B was elongated with extra nucleotides, not complementary to the inputs (shown in light grey 

in Fig. 24A). For YES-A strand, a G>A substitution was introduced in its input-recognizing fragment 

to ensure stable binding of a portion of the input-recognition fragment to the output-generating 
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fragment. Without this substitution, different secondary structure was more stable (according to 

Mfold213 software), where a stem-loop structure was formed within the input-recognition region of 

YES-A (Fig. 24C). To minimize the interfering effect of the double-stranded complex between the 

input and input-recognition site of the gate on G4 formation and, thus, catalytic activity, triethylene 

glycol linkers were introduced between the output-generating and communicating modules (black 

dotted curves in Fig. 24A). 

The logical behavior of the YES gate was tested by measuring the absorbance at 420 nm of 

the samples containing the gate strands in the absence of inputs, or in the presence of RIFS, RIFR or 

RIFR-G input (Fig. 24D). A threshold between the high and low output states was placed at A420 = 1.1 

o.u, which corresponded to the average absorbance of the gate triggered by RIFR input plus ten 

standard deviations. Alternatively, the difference in the color of the samples could be observed by the 

naked eye (Fig. 24D, inset). As expected, intense blue-green color (high output) was generated only in 

the presence of RIFS input. The sample containing the gate strands and RIFR input had slightly higher 

absorbance at 420 nm than in the absence of inputs or in the presence of RIFR-G. The color attributed 

to the formation of a G-T wobble pair in YES-A/YES-B/RIFR complex, which stabilized the high 

input complex. At the same time, RIFS and RIFR-G inputs could be still unambiguously differentiated 

by the YESS gate (Fig. 24D), with about 3-fold difference in the color intensity (as calculated from the 

absorbance values). 
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Figure 24: G4-YES gate. A) In the absence of RIFS input, YES-A and YES-B strands acquire stem-
loop conformations preventing their re-association into a G4 structure and, therefore, ensuring low 
background of the “LOW output” (left). Addition of the input triggers association of YES-A and 
YES-B by hybridizing to the input-recognition fragments of the strands (shown in dark grey) and 
formation of the catalytically active G4 peroxidase responsible for green color of “HIGH output” 
state (right). The structures are shown as predicted by Mfold213 or Nupack111 software. Nucleotides 
of the gate strands that are not complementary to the input sequence are shown in light grey. 
Nucleotides involved in the formation of G4 structure are in green. Position of a point mutation in 
the input is in cyan.  Triethylene glycol linkers between the output-generating and input-recognizing 
modules of the gate strands are shown as black dotted curves. B) Structure of YES-A/RIFR complex 
predicted by Nupack.111 C) Secondary structure of an alternative YES-A sequence without a G>A 
substitution, as predicted by Mfold.213 The substitution position is underlined. D) Absorbance at 420 
nm of the samples containing YES-A and YES-B in the absence (“No input”) or presence of either 
RIFS, RIFR or RIFR-G inputs. A threshold between low output and high output absorbance is 
represented by green dashed line. The data are average values for three independent measurements 
with standard deviations as error bars. Inset: Image of the tubes containing the same samples. E) 
Analysis of “LOW input” and “HIGH input” states of G4-YES gate in non-denaturing 12% PAAG. 
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The lane contents are shown under the gel image. “ssL” and “dsL” designate single-stranded and 
double-stranded DNA ladder, respectively. The sizes of the ladder fragments are indicated to the 
sides of the gel. The band corresponding to YES-A/YES-B/input complex is shown by a green 
arrow. 

To prove the formation of the complexes corresponding to low input and high input states, 

gel electrophoresis analysis was performed (Fig. 24E). As expected, the low mobility band of the YES-

A/YES-B/input complex was observed only in the presence of RIFS input (lane 5, indicated by a 

green arrow; compare lanes 5-7). Either of the three inputs could bind to YES-A strand due to the 

long input-recognition fragment of the strand (lanes 8-10), but even RIFS, which had fully 

complementary sequence to the input-recognition module of YES-B, did not complex with YES-B in 

the absence of YES-A (lane 11), thus ensuring high selectivity of the input recognition by YESS gate. 
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Figure 25: G4-NOR gate. A) In the absence of an input, NOR-A and NOR-B strands associate into 
a catalytically active structure of G4 peroxidase, thus producing “HIGH output” (left). 3’-Terminal 
overhang of NOR-A serves as a toehold for an input (e.g. RIFS) to displace NOR-A from the NOR-
A/NOR-B complex and switch the gate into the “LOW output” state (right). The structure are 
shown as predicted by Mfold213 or Nupack111 software. Nucleotides of the gate strands that are not 
complementary to the input sequence are shown in light grey. Nucleotides involved in the formation 
of the G4 structure are in green. Position of a point mutation in the input is in cyan. B) Absorbance 
at 420 nm of the samples containing NOR-A and NOR-B in the absence (“No input”) or presence 
of either RIFS, RIFR or RIFR-G inputs. A threshold between low output and high output absorbance 
is represented by green dashed line. The data are average values for three independent 
measurements with standard deviations as error bars. Inset: Image of the tubes containing the same 
samples. C) Gel analysis of “LOW input” and “HIGH input” states of G4-NOR gate. The lane 
contents are shown under the gel image. “ssL” and “dsL” designate single-stranded and double-
stranded DNA ladder, respectively. The sizes of the ladder fragments are indicated to the sides of 
the gel. The bands corresponding to NOR-A/NOR-B and NOR-A/input complexes are indicated 
with green and cyan arrows, respectively. 

G4-NOR gate was made of NOR-A and NOR-B strands, which associated into a G4-forming 

complex in the absence of either of the inputs due to the complementarity between the 3’-terminal 
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fragment of NOR-B and part of the input-recognition fragment of NOR-A (Fig. 25A, left). The last 

4 nt at the 3’-end of NOR-A served as a “toehold” for either of the three inputs, which displaced 

NOR-A from NOR-A/NOR-B associate, thereby destroying the catalytically active G4 structure (Fig. 

25A, right). For the G4-NOR gate design, the triethylene glycol linkers were omitted due to two 

reasons: 1) to slightly destabilize the G4 structure in the absence of the inputs for easier turning-off 

of the gate; 2) to stabilize the NOR-B/input complex, since in the absence of the linkers three 

additional nucleotides of the input were available for hybridization with NOR-B (see secondary 

structure of NOR-B in Fig. 25A, right). NOR gate could unambiguously differentiate between the 

absence (high output) and presence (low output) of the inputs, as could be observed by the naked eye 

and the difference in the absorption at 420 nm (Fig. 25B). A threshold between the low and high 

output states of the NOR gate was placed at A420 = 0.7, which corresponded to the average response 

of the NOR gate to RIFR input plus ten standard deviations. The intensity of the high output signal 

was 4.5-5-fold higher than one for the low output state. Formation of NOR-A/NOR-B complex 

could be seen in PAAG (Fig. 25C, lane 4, indicated by a green arrow). Addition of either of the three 

inputs resulted in disappearance of the correspondent band accompanied with the appearance of the 

band corresponding to NOR-A/input complex (Fig. 25C, lanes 5-7, indicated by a cyan arrow, 

compare with lane 8). 
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Figure 26: Logical negation of RIFR (NOTR function). A) Symbol for NOTR logic function obtained 
by mixing NOR and YESS gates. The NOR/YESS combination produces an output as if the outputs 
of NOR and YESS were recognized as inputs of an OR gate. B) Truth table for NOTR logic function 
as a sum of NOR and YESS logic functions. High output is highlighted in green. C) Absorbance at 
420 nm of the samples containing a mixture of NOR-A, NOR-B, YES-A and YES-B in the absence 
(“No input”) or presence of either RIFS, RIFR or RIFR-G inputs. A threshold between low output 
and high output absorbance is represented by a green dashed line. The data are average values for 
three independent measurements with standard deviations as error bars. Inset: Image of the tubes 
containing the same samples. C) Analysis of the samples in non-denaturing 12% PAAG. The lane 
contents are shown under the gel image. “ssL” and “dsL” designate single-stranded and double-
stranded DNA ladder, respectively. The sizes of the ladder fragments are indicated to the sides of 
the gel. The bands corresponding to either NOR-A/NOR-B or YES-A/YES-B/input complex are 
indicated by a green arrow. The bands corresponding to NOR-A/input complexes are indicated 
using a cyan arrow. 

NOTR logic function was obtained by mixing NOR and YESS gates. The gates computed 

independently from each other, so their mixture could be perceived as if the outputs of NOR and 

YESS were recognized as inputs of an OR gate (Fig. 26A). As a result, high output was expected in 

the absence of the inputs (due to NOR function) and the presence of RIFS input (due to YESS 

function), while the presence of either RIFR or RIFR-G resulted in low output, since the inputs turning 
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off the NOR were not recognized by YESS gate (Fig. 26B). The observed response of NOR/YESS 

mixture corresponded to the NOTR logic (Fig. 26C). Formation of high output complexes was also 

confirmed using gel analysis (Fig. 26D, lanes 1 and 2, indicated by green arrows; compare with lanes 

9 and 10). NOR-A/input complexes were formed in the presence of any input (Fig. 26D, lanes 2-4, 

indicated by cyan arrows). 
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Figure 27: Time dependence of the color generation due to ABTS peroxidation reaction for A) YESS 
gate. B) OR gate. C) NOR gate. High output sample (green curve) contained the gate strands (1 µM) 
in the presence of RIFS input (1 µM) for the YESS and OR gates, but only the gate strands (0.5 µM) 
for the NOR gate. Low output sample (black curve) contained just the gate strands (1 µM) for the 
YESS and OR gates. For the NOR gate, it contained the gate strands (0.5 µM) in the presence of 
RIFS input (1 µM). A threshold placed at A420 ~ 1 o.u. is indicated by a green dashed line. 

 

Figure 28: Dependence of the color generation due to ABTS peroxidation reaction on RIFS input 
concentration for the YESS, OR and NOR gates. A) RIFS concentration in a range of 0-2.5 µM. B) 
Linear dependence of the absorbance on RIFS concentration in a range of 0-0.5 µM. 

The individual logic gates (YESS, OR, and NOR) were further characterized in terms of 

dependence of the signal intensity on the time of peroxidation reaction (Fig. 27) and input 

concentration (Fig. 28). It can be seen that the high output signal was generated within the first 10 

min after the addition of H2O2 and was stable over the course of at least 60 min. The smallest input 

concentration sufficient to trigger the gate response to statistically differentiate the low and high 

output signal (detection limit) was found to be in the range of 30-70 nM. 
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Figure 29: Alphanumerical display response to RIFR-G input. (A) Predicted (left) and observed 
(right) read-out of the logic gate display in response to RIFR-G input. (B) Secondary structure RIFR-
G input, which is more stable and more difficult to open than that of RIFS and RIFR. 

When RIFR-G input containing a C>G substitution was used instead of RIFR input with C>T 

substitution, the logic gate array displayed letter “F”, indicating that RIF-susceptibility test failed (Fig. 

26A). The middle well in the 3rd row of the display was not colored as bright as other high output-

producing wells. This led to a weaker response of the G4-OR gate to the presence of RIFR-G input 

as compared with RIFS and RIFR inputs (Fig. 23B). Such imperfect performance of OR gate was due 

to more stable stem-loop structure of RIFR-G (Fig. 23B) than, for example, of RIFS (Fig. 23A). At the 

same time, this structural hurdle did not prevent the formation of the correct alphanumerical read-out 

of the logic gate display and unequivocal classification of the input as a sequence causing bacterial 

RIF-resistance. 
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Further Works 

Table 6: Oligonucleotides used in this study.* 

Name Sequence 
RIFS  GGG ATA AGG AGC CAG CTG AGC CAA TTC ATG GAC CAG AAC AAC 

CCG CTG TCG GGG TTG ACC CAC AAG CGC CGA CTG ACG GCG CT 
RIFR-516G  GGG ATA AGG AGC CAG CTG AGC CAA TTC ATG GGC CAG AAC AAC 

CCG CTG TCG GGG TTG ACC CAC AAG CGC CGA CTG ACG GCG CT 
RIFR-526T GGG ATA AGG AGC CAG CTG AGC CAA TTC ATG GAC CAG AAC AAC 

CCG CTG TCG GGG TTG ACC TAC AAG CGC CGA CTG ACG GCG CT 
rB-N GGCTCCTTCTCCC TGGGTTGGGTTGGG 
rB-N2  TTGGGT GGCATCTTTTTGATGCC GGGAGA 
rB516-U  TTGGGT GAATTGGCTCAGCT 
rB516-S CTGGACCAT /isp9/ TGGGTTGGGTTGGG 
rB526-U GGGTTGGGT /isp9/ AACCCCAACAGCGGGTTGTT 
rB526-S ccaa TTGTAGGTC /isp9/ TGGGTTGGG 
rB-O ccctac GGTCAACCCCGACAGCG TGGGTTGGG 
rB-O2 GGGTTGGGT GGTTGTTCTGGTCCA accc 
PW17 GGG TA GGG C GGG TT GGG 

 *isp9 – triethylene glycol linker; single-nucleotide substitutions in RIFR inputs are shown in 
cyan; nucleotides forming G4 structures are in italics; nucleotides complimentary to the G4 sequence 
that are not part of the target-recognizing sequence are in lower case. 
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APPENDIX C: SUPPORTING INFORMATION FOR CHAPTER THREE 
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Reproduced with permission from Connelly, R.P.; Verduzco, C.; Farnell, S.; Yishay, T.; 
Gerasimova, Y.V. Toward a Rational Approach to Design Split G-Quadruplex Probes. ACS Chem. 

Biol. 2019, 14 (12), 2701-2712. Copyright 2019 American Chemical Society. 

 

 

Figure 30: Minimum energy secondary structures for the targets T1, T1C, T2, T3, T3, T4 and T4A 
calculated by NUPACK (http://www.nupack.org). In the structures, nucleotides are color coded 
according to their nature (A, C, T or G, see color-coding on the left). The target fragments 
complementary to the target-recognition elements of strands U and S of the probes are shown by 
blue and orange curve, respectively. The predicted values for the secondary structure free energy are 
indicated. The secondary structures of the targets with SNSs – T2T, T3GA, T3AG, T3TA, T3AT, 
T3CA, T3AC, and T4T – are the same as for their “wild type” (specific for the sPDz probes) 
counterparts (T2, T3, and T4). 
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Table 7: Full sequences for the targets used in the study.a 

Name Sequence (5’-3’) 
T1 T1 AACCGGTAAGGACGCGATCACCAGCGGCATCGAGGTCGTATGGA

CGAACACCCCGACGAAATGGGACAACAGTTTCCTCG 

T1C AACCGGTAAGGACGCGATCACCACCGGCATCGAGGTCGTATGGACGAA
CACCCCGACGAAATGGGACAACAGTTTCCTCG 

T2 T2 GGACCAGAACAACCCGCTGTCGGGGTTGACCCACAAGCGCCG 

T2T GGACCAGAACAACCCGCTGTCGGGGTTGACCTACAAGCGCCG 

T3 T3 ACGAGTAAAGATGCTCGTTACGCGCGGCAGGACGAAAAGACCCCG 

T3G
A ACGAGTAAAGATGCTCGTTACGCGCGGCAGGACGAGAAGACCCCG 

T3T
A ACGAGTAAAGATGCTCGTTACGCGCGGCAGGACGATAAGACCCCG 

T3C
A ACGAGTAAAGATGCTCGTTACGCGCGGCAGGACGAGAAGACCCCG 

T3A
G ACGAGTAAAGATGCTCGTTACGCGCGGCAGGACGAAGAGACCCCG 

T3A
T ACGAGTAAAGATGCTCGTTACGCGCGGCAGGACGAATAGACCCCG 

T3A
C ACGAGTAAAGATGCTCGTTACGCGCGGCAGGACGAACAGACCCCG 

T4 T4 GACTAAGGGAATTTTAGGATTTGTGTTCACGCTCACCGTGCCCAGTGAG
CGAGGAC 

T4T GACTAAGGGGATTTTAGGGTTTGTTTTCACGCTCACCGTGCCCAGTGAG
CGAGGAC 

T4A GACTAAAGGGATGTTGGGATTTGTATTCACGCTCACCGTGCCCAGTGAG
CGAGGAC 

a Nucleotides at the probed SNS positions are in red. Other SNS positions, if present, are 
underlined. Target fragments interrogated by the probes are in italics. 
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Table 8: The strand sequences for the P1 probes targeting a fragment of the MTB katG gene. 

Name Sequence (5’-3’)[a] 

P16:6 
6U1 TTCGTCCATACGACCTCGATGTGGGTTGGG 
6S1 GGGTTGGGTCCGCTGGTG 

P13:9 
3U1 TTCGTCCATACGACCTCGATGTGGGTT 
9S1 TGGGATGGGTTGGGTCCGCTGGTG 

P19:3 
9U1 TTCGTCCATACGACCTCGATGTGGGTTGGGTAGGGT 
3S1 TTGGGTCCGCTGGTG 

P16:6-teg  
6U1-teg  TTCGTCCATACGACCTCGATG/iSp9/TGGGTTGGG 
6S1-teg  GGGTTGGGT/iSp9/CCGCTGGTG 

P13:9-teg  
3U1-teg  TTCGTCCATACGACCTCGATG/iSp9/TGGGTT 
9S1-teg  TGGGATGGGTTGGGT/iSp9/CCGCTGGTG 

P19:3-teg  
9U1-teg  TTCGTCCATACGACCTCGATG/iSp9/TGGGTTGGGTAGGG

T 
3S1-teg  TTGGGT/iSp9/CCGCTGGTG 

sl-P16:6 

 

sl-6U1 CCAACTTCGTCCATACGACCTCGATGTGGGTTGGG 

sl-6S1 GGGTTGGGTCCGCTGGTGCAAC 

sl-P13:9 
sl-3U1 AACCTTCGTCCATACGACCTCGATGTGGGTT 

sl-9S1 TGGGATGGGTTGGGTCCGCTGGTGCATCC 

sl-P19:3 
sl-9U1 CCTACTTCGTCCATACGACCTCGATGTGGGTTGGGTAGG

GT 

sl-3S1 TTGGGTCCGCTGGTGCCAA 

sl-P16:6-teg  
sl-6U1-teg  CCAACTTCGTCCATACGACCTCGATG/iSp9/TGGGTTGGG 

sl-6S1-teg  GGGTTGGGT/iSp9/CCGCTGGTGCAAC 

sl-P13:9-teg  
sl-3U1-teg  AACCTTCGTCCATACGACCTCGATG/iSp9/TGGGTT 

sl-9S1-teg  TGGGATGGGTTGGGT/iSp9/CCGCTGGTGCATCC 
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sl-P19:3-teg  
sl-9U1-teg  CCTACTTCGTCCATACGACCTCGATG/iSp9/TGGGTTGGG

TAGGGT 

sl-13S1-teg  TTGGGT/iSp9/CCGCTGGTGCCAA 
[a]Nucleotides corresponding to the G4 signal-transducing elements are in green. Nucleotides of the 

target-recognizing elements complementary to the target SNS sites are in red. Self-complementary 

regions of the strands are underlined. Nucleotides of the strands that do not belong to the target-

recognizing or signal-transducing domains are in grey. Triethylene glycol (teg) linkers are indicated by 

“/iSp9/” (notation used by IDT, Inc.). 
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Table 9: The strand sequences for the P2 probes targeting a fragment of the MTB rpoB gene. 

Name[a] Sequence (5’-3’)[b] 

P26:6 
sl-6U2 GGGTTGGGTAACCCCAACAGCGGGTTGT 
6S2 TTGTGGGTCTGGGTTGGG 

P23:9 
sl-3U2 TTGGGTAACCCCAACAGCGGGTTGT 
9S2 TTGTGGGTCTGGGTTGGGTAGGGT 

P29:3 
sl-9U2 TGGGTTGGGTTGGGTAACCCCAACAGCGGGTTG

T 
3S2 TTGTGGGTCTGGGTT 

P26:6-teg  
sl-6U2-teg  GGGTTGGG/iSp9/AACCCCAACAGCGGGTTGT 
6S2-teg  TTGTGGGTC/iSp9/GGGTAGGG 

P29:3-teg  
sl-9U2-teg  TGGGTTGGGTTGGGT/iSp9/AACCCCAACAGCGG

GTTGT 
3S2-teg  TTGTGGGTC/iSp9/GGGTT 

sl-P26:6 

 

sl-6U2 GGGTTGGGTAACCCCAACAGCGGGTTGT 

sl-6S2 CCCTATTGTGGGTCTGGGTAGGG 

sl-P23:9 
sl-3U2 TTGGGTAACCCCAACAGCGGGTTGT 

sl-9S2 CCAACCTTGTGGGTCTGGGTTGGGTTGGGT 

sl-P29:3 
sl-9U2 TGGGTTGGGTTGGGTAACCCCAACAGCGGGTTG

T 
sl-3S2 AACCTTGTGGGTCTGGGTT 

sl-P26:6-teg  
sl-6U2-teg  GGGTTGGG/iSp9/AACCCCAACAGCGGGTTGT 

sl-6S2-teg  CCCTATTGTGGGTC/iSp9/GGGTAGGG 

sl-P23:9-teg  
sl-3U2-teg  TTGGGT/iSp9/AACCCCAACAGCGGGTTGT 

sl-9S2-teg  CCAACCTTGTGGGTC/iSp9/TGGGTTGGGTTGGGT 

sl-P29:3-teg  
sl-9U2-teg  TGGGTTGGGTTGGGT/iSp9/AACCCCAACAGCGG

GTTGT 
sl-3S2-teg  AACCTTGTGGGTC/iSp9/GGGTT 

sl-6U2-teg  GGGTTGGG/iSp9/AACCCCAACAGCGGGTTGT 
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sl-P26:6-teg-
T 

sl-6S2-teg-
T CCCTATTGTTGGTC/iSp9/GGGTAGGG 

[a]Strands U contained an intrinsic stem-loop motif in all the sPDz probe designs. 

[b]Nucleotides corresponding to the G4 signal-transducing elements are in green. Nucleotides of the 

target-recognizing elements complementary to the target SNS sites are in red. Self-complementary 

regions of the strands are underlined. Nucleotides of the strands that do not belong to the target-

recognizing or signal-transducing domains are in grey. Triethylene glycol (teg) linkers are indicated by 

“/iSp9/” (notation used by IDT, Inc.). In strand U sequences, a SNS G>A was introduced (shown 

in blue). 
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Table 10: The strand sequences for the P3 probes targeting a fragment of the Mabs rrl gene. 

Name Sequence (5’-3’)[a] 

P36:6 
6U3 GGGTTGGGTTCCTGCCGCGCGTAACGAGCATCTT  
6S3 GTCTTTTCGTGGGTTGGG  

P33:9 
3U3 TTGGGTTCCTGCCGCGCGTAACGAGCATCTT  
9S3 GTCTTTTCGTGGGTTGGGTTGGGT 

P39:3 
9U3 TGGGTTGGGTTGGGTTCCTGCCGCGCGTAACGAGCAT

CTT  
3S3 GTCTTTTCGTGGGTT 

P36:6-teg  
6U3-teg  GGGTTGGGT/iSp9/TCCTGCCGCGCGTAACGAGCATCT

T  
6S3-teg  GTCTTTTCG/iSp9/TGGGTTGGG  

P33:9-teg  
3U3-teg  TTGGGT/iSp9/TCCTGCCGCGCGTAACGAGCATCTT  
9S3-teg  GTCTTTTCG/iSp9/TGGGTTGGGTTGGGT 

P39:3-teg  
9U3-teg  TGGGTTGGGTTGGGT/iSp9/TCCTGCCGCGCGTAACGA

GCATCTT  
3S3-teg  GTCTTTTCG/iSp9/TGGGTT 

sl-P36:6 

 

6U3 GGGTTGGGTTCCTGCCGCGCGTAACGAGCATCTT  

sl-6S3 CCTAAGTCTTTTCGTGGGTTGGG  

sl-P33:9 
3U3 TTGGGTTCCTGCCGCGCGTAACGAGCATCTT  

sl-9S3 CCCAAGTCTTTTCGTGGGTTGGGTTGGGT 

sl-P39:3 
9U3 TGGGTTGGGTTGGGTTCCTGCCGCGCGTAACGAGCAT

CTT  

sl-3S3 AACCGTCTTTTCGTGGGTT 

sl-P36:6-
teg  

6U3-teg  GGGTTGGGT/iSp9/TCCTGCCGCGCGTAACGAGCATCT
T 

sl-6S3-teg  CCTAAGTCTTTTCG/iSp9/TGGGTTGGG  
3U3-teg  TTGGGT/iSp9/TCCTGCCGCGCGTAACGAGCATCTT  
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sl-P33:9-
teg  sl-9S3-teg  CCTAAGTCTTTTCG/iSp9/TGGGTTGGGTTGGGT 

sl-P39:3-
teg 

9U3-teg  TGGGTTGGGTTGGGT/iSp9/TCCTGCCGCGCGTAACGA
GCATCTT  

sl-3S3-teg  AACCGTCTTTTCG/iSp9/TGGGTT 
[a]Nucleotides corresponding to the G4 signal-transducing elements are in green. Nucleotides of the 

target-recognizing elements complementary to the target SNS sites are in red. Self-complementary 

regions of the strands are underlined. Nucleotides of the strands that do not belong to the target-

recognizing or signal-transducing domains are in grey. Triethylene glycol (teg) linkers are indicated by 

“/iSp9/” (notation used by IDT, Inc.). 
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Table 11: The strand sequences for the P4 probes containing a fragment of the IAV segment 7. 

Name[a] Sequence (5’-3’)[b] 

P46:6 
6U4 ACTGGGCACGGTGAGCGTTGGGTTGGG 

sl-6S4 GGGTTGGGTTGAACACAA 

P43:9 
3U4 ACTGGGCACGGTGAGCGTTGGGTT 

sl-9S4 TGGGTTGGGTTGGGTTGAACACAA 

P43:9-T 
3U4 ACTGGGCACGGTGAGCGTTGGGTT 
9S4-T TGGGTTGGGTTGGGTTGAAAACAA 

P43:9-A 
3U4 ACTGGGCACGGTGAGCGTTGGGTT 
9S4-A TGGGTTGGGTTGGGTTGAATACAA 

sl-P43:9-A 
3U4 ACTGGGCACGGTGAGCGTTGGGTT 

sl-9S4-A TGGGTTGGGTTGGGTTGAATACAAAACC 

P49:3 
9U4 ACTGGGCACGGTGAGCGTTGGGTTGGGTTGGGT 

sl-3S4 TTGGGTTGAACACAA 
[a] Strand S of the probes P43:9 targeting T4 contained an intrinsic conformational constraint that was 
absent in case of strands S targeting T4T or T4A. 
[b]Nucleotides corresponding to the G4 signal-transducing elements are in green. Nucleotides of the 
target-recognizing elements complementary to the target SNS sites are in red. Self-complementary 
regions of the strands are underlined. Nucleotides of the strands that do not belong to the target-
recognizing or signal-transducing domains are in grey. In strand 9U4, there is a G-triplet (shown in 
blue) in the target-recognizing element of strand U, which is brought in the proximity with the 
signal-transducing element of the same strand by a stem-loop (underlined nucleotides). 
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Figure 31: Folding of strand 9S2 into a monomolecular parallel G4 structure with peroxidase-like 
activity. A. Schematic illustration of a parallel G4 folding. B.  CD spectrum C. Peroxidase activity of 
strands 3U2 or 9S2 alone, or both strands in the absence (blank) or presence of the fully 
complementary T2 target. 

 

Figure 32: Performance and selectivity of the sPDz probes interrogating a fragment of Mabs rrl gene.  
A. Proposed interactions between T3 or its SNS-counterparts T3CA and T3AC, and either 6U3 or 
9U3 strands. The structures are drawn as predicted by NUPACK (https://www.nupack.org). The 
signal-transducing region is shown in green, and the target-recognizing element of strand U is in 
blue; the SNS position is highlighted in orange. B. Probes P36:6, P39:3 and P33:9 in the absence of the 
targets (“Blank”), or in the presence of the specific target T3 or SNS-containing targeted (as 
indicated). 
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Figure 33: Dependence of the signal of the sPDz probes of the P1, P2, and P4 sets on the target 
concentration. A,C,E. Absorbance at 420 nm for samples containing 1 µM P19:3 (A), sl-P26:6-teg (C), 
or sl-P43:9 (E) with varying concentrations of T1 and T1C (A), T2 and T2T (C), or T4 and T4T (E). 
B,D,F. Linear dynamic range of T1 with P19:3 (B), T2 with sl-P26:6-teg (D), and T4 with sl-P43:9 (F) 
indicating the limits of detection (LOD) and quantitation (LOQ). LOD and LOQ were calculated as 
the target concentrations triggering the signals equal to the average background signal plus three and 
ten standard deviations from the blank, respectively. 
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Table 12: Target sequences and probe designs reported in the literature. 

Target 
sequencea 

C-clusters in the 
target’s fragment 
interacting with 
strand S 

SNS in 
the C-
cluster 

G-clusters in the 
target’s fragment 
interacting with 
strand S 

C-clusters in 
the target’s 
fragment 
interacting 
with strand U 

Recom-
mended 
G4 
splittingb 

Used 
G4 
splitting 

Additional 
elements 
used 

Reference 

GGGTGCACC
AGGACACGG
TTTT 

no no yes no P3:9* P6:6 teg-linkers 103 

ACCCAGCACA
ACATTAGAG 

yes yes no no P6:6 P6:6 teg-linkers 141 

GGCAGCAATT
TCACCAGTAC
TACAGTTAAG
GCCGCCTGT 

yes no no yes P6:6 P9:3 Competiti
on probe 
was used 
for 
improved 
selectivity 

106 

CTGGCGGCG
CTGGGGCCC
GGCGGTCTG
TCACGTGAG 

no no yes no P3:9 P9:3 108 

AGAGTCCACC
AACCGCTTCA
GATTAG 

no no no yes P3:9* P3:9 TTTT-
linkers to 
increase 
signal 

146 

CACCAGCGGC
ATCGAGGTCG
TATGGACGAA 

yes no yes no P9:3* P9:3 teg-linkers 
improved 
the signal 
intensity 

This 
paper 

ACAACCCGCT
GTCGGGGTT
GACCCACA 

yes yes no yes P6:6 P6:6 teg-linkers 
were 
required to 
increase 

This 
paper 



132 
 

the signal 
intensity; 
while 
“closing” 
of strand S 
helped to 
discriminat
e C>T 
SNS 

AAGATGCTCG
TTACGCGCGG
CAGGACGAA
AAGACCCC 

yes no no no P9:3* P9:3 “closing” 
of strand S 
into a 
stem-loop 
helped to 
discriminat
e all SNSs 
in two 
adjacent 
positions 

This 
paper 

TTGTGTTCAC
GCTCACCGTG
CCCAGT 

no no no yes P3:9* P3:9  This 
paper 

 
a The position of SNSs is in red. An underlined nucleotide was not complementary to strands S and U (gap nucleotide) 
b Sub-optimal, but acceptable (depending on the type of SNS) probe designs are indicated with an asterisk (*).
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Figure 34: Performance and selectivity of the sPDz probes interrogating a fragment of segment 7 of 
IAV.  A. Minimum energy secondary structures for the target-recognition element (left) or whole 
sequence of strand 9U4 calculated by NUPACK (http://www.nupack.org). In the structures, 
nucleotides are color coded according to their nature (A, C, T or G, color-coding is indicated). The 
nucleotides of the signal-transducing element of the strand are highlighted by a green area. Light-
blue area highlights a G-triplet in the target-recognizing element of the strand. B. Absorbance at 420 
nm and tube images for the samples containing probe P49:3 in the absence of the targets (“Blank”), 
or in the presence of the specific target T4; or strands 9U4 or 3S4 of the probe alone. C. Minimum 
energy secondary structures for the target-recognition element (left) or whole sequence of strand 
9U4 calculated by NUPACK. D. Absorbance at 420 nm and tube images for the samples containing 
either probe sl-P46:6 or probe sl-P43:9 in the absence of the targets (“Blank”), in the presence of the 
specific target T4, or one of the non-specific targets T4T and T4A. 
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Table 13: Performance and selectivity of the sPDz probes of the P4 set.a 

Probe 
P4 set 

P46:6 P43:9 P43:9-T P43:9-A sl-P43:9-
A 

P49:3 

S/B 
6.3±0.1 6.5±0.1 7.2±0.1 6.0±0.1 4.7±0.2 1.0±0.5 

SFb 
36 99 96 58 76 0 

a The values for S/B and/or SF indicating poor performance of the probe are in grey. Acceptable 

probes are in bold. 

b In case of a mathematical value for SF>100%, the SF was made equal to 100%. When the signal 

triggered by the mismatched target was higher when the signal in the presence of the fully 

complementary target, the SF was 0. 
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Further Works 

Table 14: The strand sequences for the G4 loop-modifications study. 

Sequence (5’-3’)[b] 

GGG T GGG T GGG T GGG T 

GGG TT GGG TT GGG TT GGG T 

GGG TTT GGG TTT GGG TTT GGG T 

GGG TTTT GGG TTTT GGG TTTT GGG T 

GGG TTTTT GGG TTTTT GGG TTTTT GGG T 

GGG A GGG A GGG A GGG A 

GGG AT GGG AT GGG AT GGG A 

GGG ATT GGG ATT GGG ATT GGG A 

GGG ATTT GGG ATTT GGG ATTT GGG A 

GGG ATTTT GGG ATTTT GGG ATTTT GGG A 

GGG ATT GGG TTT GGG TTT GGG T 

GGG TTT GGG ATT GGG TTT GGG T 

GGG TTT GGG TTT GGG ATT GGG T 

GGG TTT GGG TTT GGG TTT GGG A 

GGG ATT GGG ATT GGG ATT GGG AA 

GGG ATT GGG ATT GGG ATT GGG AC 

GGG ATT GGG ATT GGG ATT GGG AAC 
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APPENDIX D: SUPPORTING INFORMATION FOR CHAPTER FOUR 
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Reproduced with permission from Connelly, R.P.; Madalozzo, P.F.; Mordeson, J.E.; Pratt, 
A.D.; Gerasimova, Y.V. Promiscuous dye binding by a light-up aptamer: application for label-free 

multi-wavelength biosensing. Chem. Commun. 2021, 57, 3672-3675. Copyright 2021 The Royal Society 
of Chemistry. 

Experimental Section 

Materials. Oligonucleotides were custom-synthesized by IDT, Inc. (Coralville, IA, USA). 

Auramine O and brilliant green were purchased from MP Biomedicals (Solon, OH, USA). Basic 

fuchsin and Michler’s ketone were purchased from Alfa Aesar (Ward Hill, MA, USA). Crystal violet 

and malachite green were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fluorescein, methyl 

violet 2B, pararosaniline, thioflavin T, and victoria blue B were purchased from ACROS Organics 

(Morris, NJ, USA). N¬-methyl mesoporphyrin IX was purchased from Frontier Scientific (Logan, 

UT, USA). Rhodamine 6G was from Armor Forensics (Jacksonville, FL, USA). Quartz cuvettes for 

measuring absorbance, fluorescence, or circular dichroism were purchased from Starna Cells 

(Atascadero, CA, USA). NASBA liquid kit was purchased from Life Sciences Advanced Technologies 

Inc. (Saint-Petersburg, FL). RiboRuler Low Range RNA Ladder was from ThermoFisher Scientific 

(Waltham, MA). Agarose was from Lonza (Basel, Switzerland). 

Characterization of dapoxyl sulfonyl fluoride (DSF). Dapoxyl sulfonyl fluoride (DSF) was 

synthesized as previously described214 and kindly provided by Dr. Kikuchi. The dye sample was 

characterized prior to use in this work. ESI-MS: [M+H]+ calculated=347.09, [M+H]+ 

observed=347.08. 1H-NMR (CDCl3):  8.30 (2H, d); 8.09 (2H, d); 7.61 (2H, d); 7.34 (1H, s); 6.77 (2H, 

d); 3.05 (6H, s). 19F-NMR (CDCl3): 66.26 (s). 

Affinity constant determination. Samples contained 0-50 µM DAP-10-42 and 2 µM of the 

respective dye. DSF, AO, and MK were suspended in buffer A (20 mM Tris-HCl, pH 7.4, 20 mM 
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KCl, and 25 mM MgCl2); all other dyes were measured in buffer B (50 mM HEPES, pH 7.4, 20 mM 

KCl, 50 mM MgCl2, 120 mM NaCl, 1% DMSO, and 0.03% Triton X-100). Fluorescence data was 

blank subtracted then normalized to the largest value in range as 100% Turn-On (TO%). 

Excitation/emission wavelengths were as follows: DSF, 390/507 nm; TFT, 440/500 nm; CV and MV, 

590/630 nm; MG and BG, 617/660 nm; PR, 557/600 nm; BF, 560/600 nm; VB, 635/690 nm; AO, 

475/540 nm; MK, 390/450 nm. Fluorescence intensity was plotted as a function of the aptamer 

concentration ([DAP]) and analyzed using Origin software. The Kd values were calculated using 

Equation 2: 

𝑆𝑆/𝐵𝐵 =  (𝐴𝐴𝑇𝑇+𝐷𝐷𝑇𝑇+𝐾𝐾𝑑𝑑)−�(𝐴𝐴𝑇𝑇+𝐷𝐷𝑇𝑇+𝐾𝐾𝑑𝑑)2−4𝐴𝐴𝑇𝑇𝐷𝐷𝑇𝑇
2𝐴𝐴𝑇𝑇

  ( 2 ) 

where S/B is the signal-to-background ratio calculated by dividing the fluorescence intensity of the 

aptamer-containing sample by the average intrinsic dye’s fluorescence, AT is the total concentration 

of DAP-10-42 in a given sample and DT=2 µM is the total dye concentration.  

Quantum yield analysis. Samples containing 0-7.5 µM DAP-10-58 and 7.5 µM AO, or 7.5 µM 

DAP-10-58 and 0-7.5 µM AO, were prepared in the buffer A. Standards contained fluorescein in 0.1 

M sodium hydroxide or rhodamine 6G in ethanol. Absorbance spectra were collected with a 

NanoDrop OneC (ThermoScientific, Waltham, MA, USA) at ambient temperature using a 1 cm quartz 

cuvette. Fluorescent spectra were recorded upon excitation at 475 nm using a Cary Eclipse 

Fluorescence Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at ambient 

temperature using a 3 mm quartz cuvette. 

Job plot analysis. Samples were prepared in the assay buffer (20 mM Tris-HCl, pH 7.4, 20 mM 

KCl, 25 mM MgCl2) at 4 µM total molar concentration of both DAP-10-42 and either DSF or 
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auramine O (AO). Fluorescence emission was measured using a Cary Eclipse Spectrofluorimeter at 

507 nm upon excitation at 399 nm (DSF), or at 540 nm upon excitation at 475 nm (AO) in a 1 cm 

quartz cuvette. 

SDA probe assay. Samples (50 µl) containing SDA-S and SDA-U (each at 0.5 µM) in buffer A 

supplemented with 1% DMSO and 2 µM dye (DSF, AO, CV, or TFT) in the presence of a synthetic 

target (katG or katG-G>C) at the indicated concentration or 2% (v/v) NASBA sample were incubated 

at 22 °C for 15 min prior to measuring their fluorescence using a Cary Eclipse Fluorescence 

Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) at ambient temperature using a 1 

cm quartz cuvette. Alternatively, fluorescence measurements were performed in a time-drive mode 

using an Infinite® 200 PRO Plate Reader (Tecan, Switzerland). The measurements in this case began 

within 5-10 min of the target addition. As a negative control, a sample in the absence of the target was 

used. 

Calculation of LOD and LOQ was performed using a 3σ/S and 10σ/S rule,215 respectively, 

where σ is the standard deviation of the y-axis intercept, and S is the slope of the linear trendline for 

the signal concentration dependence in the linear dynamic range. The data processing was done using 

OriginLab© 2018b graphing software. 

NASBA reaction was performed according to the manufacturer’s instruction, with the sample 

volume decreased to 12 μl. Specifically, samples were prepared by mixing 4 μl of 3×NASBA Reaction 

Buffer, 2 μl of 6×Nucleotide Mix, 2 μl of 1.5 μM primer mix, and 1 μl of either RNase-free water (for 

no-target control, NTC) or total bacterial RNA (10 pg/µl). The samples were incubated at 65 °C for 

2 min followed by cooling to 41 °C for 10 min. Then, 3 μl of 4×NASBA enzyme cocktail was added, 

and the samples were incubated at 41 °C for 90 min. The obtained samples were analyzed by 2% 
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agarose gel electrophoresis (1 µl per lane) with RNA in the gel stained by GelRed. Amplicon 

concentration in the NASBA samples was determined by comparing the intensity of the 

corresponding band with the intensity of the band containing a 300-nt marker of the RiboRuler Low 

Range RNA ladder using a BioRad GelDoc XR+ Molecular Imager coupled with ImageLab software.   
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Table 15: Sequences of oligonucleotides used in this study. 

Name Sequence, 5’→3’a 

ssDNA GGACATTTTAGAACATTACATACCCCG 

slDNA GGACCAGAACAACCCGCTGTCGGGGTTGACCGACAAGCGCCG 

TBA GGTTGGTGTGGTTGG 

PW17 GGGTAGGGCGGGTTGGG 

CV30S AACGACCACCGGTGCGCCGTACAGGTAACTAGCGTCGTCGTT 

Tel23a AGGGTTAGGGTTAGGGTTAGGGT 

MG1-3 CTCAGATCTAACCTTGTTAAATTGAG 

DIR2-1 GACGACGACGCTAGGAAGGCGTTGGTGGGCACGCCGGTCGTC 

AT11 TGGTGGTGGTTGTTGTGGTGGTGGTGGT 

EAD2 CTGGGAGGGAGGGAGGGA 

Agro100 GGTGGTGGTGGTTGTGGTGGTGGTGG 

HT AGGGTTAGGGTTAGGGTTAGGG 

RHT GGGTTAGGGTTAGGGTTAGGGA 

DAP-10-42 CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGGTTCGTATTG 

SDA-U TTCGTCCATACGACCTCGATGTTCTACGGGGGAGGGTGTGTGGTTTTG
GTCAT 

SDA-S ATGACCTTGGTTCGTAGTTCCGCTGGTG 

katG AACCGGTAAGGACGCGATCACCAGCGGCATCGAGGTCGTATGGACGA
ACACCCCGACGAAATGGGACAACAGTTTCCTCG 

katG-G>C AACCGGTAAGGACGCGATCACCACCGGCATCGAGGTCGTATGGACGA
ACACCCCGACGAAATGGGACAACAGTTTCCTCG 

NASBA-
katG 

gggagaagggcuugggcuggaagagcucguauggcaccggaaccgguaaggacgcgaucaccagcggcaucgag
gucguauggacgaacaccccgacgaaaugggacaacaguuuccucgagauccuguacggcuacgagugg  

a Stem-forming nucleotides are underlined; nucleotides of the dye-binding aptamer core are in italics 

“linker” nucleotides in the sensor strands are in grey; single-nucleotide substitution positions in katG 

and katG-Mut are in bold; complementary nucleotides of the sensor strands and the targets are color-

coded; ribonucleotides in the NASBA amplicon of the katG gene are in lowercase, with nucleotides 

absent in the mRNA indicated in grey lowercase.  
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Table 16: Characteristics of DAP-10-42 interaction with different fluorogenic dyes. 

Dye Kd (µM) S/BMAX
a LODb 

(nM) 
Dye Kd (µM) S/BMAX

a LODb 

(nM) 
DSF 0.011 ± 0.022 132 5.4 PR 24 ± 1.6 18 N/D 
CV 0.21 ±0.07 131 4.7 BF 5.9 ± 1.2 20 N/D 
MV 0.42 ± 0.05 104 N/D VB 3.4 ± 2.2 2 N/D 
MG 6.9 ± 0.82 258 N/D AO 0.74 ± 0.12 2070 2.6 
BG 4.8 ± 0.87 59 N/D MK 6.6 ± 0.89 6 N/D 
TFT 10 ± 1.1 1870 2.8 NMM 130 ± 79 121 N/D 

a The signal-to-background ratio (S/BMAX) was determined from the fitting of the data in Figure 1B 

using the Origin software. It serves as a measure of the dyes’ fluorescence turn-on. 

b The LOD values are determined for the SDA probe in the presence of the selected dyes. N/D – 

not determined. 
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Figure 35: Quantum yield (φf) determination for the DAP-10-42:AO complex. Absorbance spectra 
for increasing concentrations (0-7.5 µM) of DAP-10-42 at 7.5 µM AO (A) and increasing 
concentrations (0-7.5 µM) of AO at 7.5 µM DAP-10-58 (B), as well as their respective fluorescence 
emission spectra upon excitation at 475 nm (C and D, respectively) were recorded in the assay 
buffer. Fluorescent spectra are shown after 7-point Savitzky-Golay smoothing. The slopes of 
integrated fluorescent intensity versus A475 for each set (E) were compared to two standards 
(fluorescein, rhodamine 6G) with literature φf values of 0.95 and experimental φf values of 0.934 and 
0.966, respectively. The average φf compared to the two standards is 0.511. 
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Figure 36: Continuous variations analysis (Job plot) for the complex of DAP-10-42 with DSA (A) or 
AO (B). The total concentration of the dye and aptamer was 4 μM. The DAP-10-42 molar fraction 
was calculated as the ratio between the aptamer concentration and the total (aptamer and dye) 
concentration. Average values from three independent experiments are shown with the error bars as 
standard deviations. 
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Figure 37: Minimum energy secondary structures of the synthetic target katG (A) and NASBA 
amplicon NASBA-katG (B) as predicted by NUPACK software (http://www.nupack.org/). The 
G315C mutation site is outlined with a yellow box. The nucleotide identity is color-coded. The 
target fragments interacting with SDA-S and SDA-U are indicated with cyan and red lines, 
respectively. 
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Figure 38: Response of the SDA probe utilizing DSF (A and D), CV (B and E), or TFT (C and F) to 
increasing concentrations (0-1024 nM) of katG (cyan squares) or katG-G>C (red triangles). 
Response to katG within the linear dynamic range (D-F) was used to calculate the limits of detection 
and quantification using the 3σ and 10σ rules, respectively. The calculated values are listed in Table 
4. The line of best fit and 95% confidence interval are shown (black line, gray shading). For each 
graph shown, the fluorescence intensity values from three independent experiments were combined 
in one plot. 

 

Figure 39: Analysis of NASBA samples in 2% agarose gel electrophoresis. NASBA no-target control 
(NTC) and two amplicon-containing samples (1 and 2) obtained in parallel by two different 
experimentalists using total RNA from M. tuberculosis (10 pg per reaction) were loaded on the gel in 
aliquots of 1 µl. L – RiboRuler Low Range RNA ladder (70 ng/µl per band, 0.5 µl per lane).
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A Logical Array with Alphanumeric Fluorescent Output 

Table 17: Oligonucleotides used in this study.* 

Name Sequence 
INHs AAC CGG TAA GGA CGC GAT CAC CAG CGG CAT CGA GGT CGT ATG GAC GAA CAC CCC GAC GAA ATG 

GGA CAA CAG TTT CCT CG 
INHR AAC CGG TAA GGA CGC GAT CAC CAC CGG CAT CGA GGT CGT ATG GAC GAA CAC CCC GAC GAA ATG 

GGA CAA CAG TTT CCT CG 
SDA-U TGTTCGTCCATACGACCTCGATG TT CTACG GGGGAGGGTGTGTGGTTTT GGTCAT 
SDA-S ATGACC TTGGTT CGTAG TT CCGCTGGTG 
SDA-O ATGACC TTGGTT CGTAG TT CCGCTGGTGATCGCG 
SDA-N ATGACC TTGGTT CGTAG TT GGCATCTTTTTGATGCC CATCGAGG 

 * single-nucleotide substitution in INHR input is shown in cyan; nucleotides forming aptameric core fragments are in italics. 
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Experimental Section 

Samples were prepared in the running buffer (20 mM Tris-HCl pH 7.4, 20 mM KCl, 25 mM 

MgCl2, 0.1% Triton X-100) in the presence of 2 µM of either DSF or AO and 1 µM of SDA-U and 

SDA-S. Measurements were taken using an Agilent Cary Eclipse Fluorescent Spectrophotometer after 

15 minutes of incubation at room temperature. Fluorometer settings for AO included excitation at 

475 nm, emission measurements at 540 nm, and 5/5 Ex/Em slitwidths. DSF settings included 

excitation at 390 nm, emission at 507 nm, and 10/10 Ex/Em slitwidths.   
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APPENDIX E: SUPPORTING INFORMATION FOR CHAPTER FIVE 
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Experimental Section 

Materials  

Oligonucleotides were custom-made by IDT, Inc. (Coralville, IA, USA). Auramine O was 

purchased from MP Biomedicals (Solon, OH, USA). Thioflavin T was purchased from ACROS 

Organics (Morris, NJ, USA). N-methyl mesoporphyrin IX was purchased from Frontier Scientific 

(Logan, UT, USA). Quartz cuvettes for measuring absorbance, fluorescence, or circular dichroism 

were purchased from Starna Cells (Atascadero, CA, USA). 

Methods 

Fluorescent assays. Samples containing a dye and the aptamer or one of its mutants at the 

indicated concentrations were prepared in the assay buffer (20 mM Tris-HCl pH 7.4, 20 mM KCl, 25 

mM MgCl2) and incubated at 25 °C for 24h to reach equilibrium. Fluorescence measurements were 

performed using a Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies, Santa Clara, 

CA, USA) at ambient temperature using a 3 mm quartz cuvette (Starna Cells, Atascadero, CA, USA). 

CD analysis. Samples (2 µM) were prepared in the assay buffer (20 mM Tris-HCl pH 7.4, 20 

mM KCl, 25 mM MgCl2) in the absence or presence of 4 µM of the respective dye without annealing 

and allowed to reach equilibrium at 22 °C over 48 hours in a dark environment before measurement. 

CD spectra were recorded in a 4 mm quartz cuvette using a JASCO J-810 spectropolarimeter (JASCO 

Inc., Easton, MD, USA), and data was obtained with a 2 nm slit width from 350 to 235 nm at 1 nm 

intervals. CD spectra were averaged over five scans. Spectra were normalized by subtracting the 

spectra of the blank and normalizing the baseline by subtracting the average reading for each sample 

in the 320-350 nm range. Difference G4 spectra were obtained by subtracting the spectra of a sample 
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containing only the equivalent stem-loop portion of the aptamer from the spectrum of the aptamer 

(or one of its mutants).
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Table 18: Oligonucleotides used in this study.* 

Name Sequence 
DAP-10-42 CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGGTTCGTATTG 
DAP-10-58 GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
Core GGGGAGGGTGTGTGGTCTTGCTTGGTT 
StemA GCGAATAT CAATTACG 
StemB CGTATTG ATATTCGC 
8A,36T GCGAATAT CAATTACAGGGGAGGGTGTGTGGTCTTGCTTGGTTTGTATTG ATATTCGC 
8C,36G GCGAATAT CAATTACCGGGGAGGGTGTGTGGTCTTGCTTGGTTGGTATTG ATATTCGC 
9A GCGAATAT CAATTACGAGGGAGGGTGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
9I GCGAATAT CAATTACGIGGGAGGGTGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
10A GCGAATAT CAATTACGGAGGAGGGTGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
10I GCGAATAT CAATTACGGIGGAGGGTGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
11A GCGAATAT CAATTACGGGAGAGGGTGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
11I GCGAATAT CAATTACGGGIGAGGGTGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
12I GCGAATAT CAATTACGGGGIAGGGTGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
12T GCGAATAT CAATTACGGGGTAGGGTGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
14A GCGAATAT CAATTACGGGGGAAGGTGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
14I GCGAATAT CAATTACGGGGGAIGGTGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
15A GCGAATAT CAATTACGGGGGAGAGTGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
15I GCGAATAT CAATTACGGGGGAGIGTGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
16A GCGAATAT CAATTACGGGGGAGGATGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
16I GCGAATAT CAATTACGGGGGAGGITGTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
18A GCGAATAT CAATTACGGGGGAGGGTATGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
18I GCGAATAT CAATTACGGGGGAGGGTITGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
18T GCGAATAT CAATTACGGGGGAGGGTTTGTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
20A GCGAATAT CAATTACGGGGGAGGGTGTATGGTCTTGCTTGGTTCGTATTG ATATTCGC 
20I GCGAATAT CAATTACGGGGGAGGGTGTITGGTCTTGCTTGGTTCGTATTG ATATTCGC 
20T GCGAATAT CAATTACGGGGGAGGGTGTTTGGTCTTGCTTGGTTCGTATTG ATATTCGC 
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22A GCGAATAT CAATTACGGGGGAGGGTGTGTAGTCTTGCTTGGTTCGTATTG ATATTCGC 
22I GCGAATAT CAATTACGGGGGAGGGTGTGTIGTCTTGCTTGGTTCGTATTG ATATTCGC 
23A GCGAATAT CAATTACGGGGGAGGGTGTGTGATCTTGCTTGGTTCGTATTG ATATTCGC 
23I GCGAATAT CAATTACGGGGGAGGGTGTGTGITCTTGCTTGGTTCGTATTG ATATTCGC 
24-31T10 GCGAATAT CAATTACGGGGGAGGGTGTGTGGTTTTTTTTTTGGTTCGTATTG ATATTCGC 
24-31T8 GCGAATAT CAATTACGGGGGAGGGTGTGTGGTTTTTTTTGGTTCGTATTG ATATTCGC 
24-31T6 GCGAATAT CAATTACGGGGGAGGGTGTGTGGTTTTTTGGTTCGTATTG ATATTCGC 
24-31T4 GCGAATAT CAATTACGGGGGAGGGTGTGTGGTTTTGGTTCGTATTG ATATTCGC 
28T,29T GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTTTTTGGTTCGTATTG ATATTCGC 
32A GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTAGTTCGTATTG ATATTCGC 
32I GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTIGTTCGTATTG ATATTCGC 
33A GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGATTCGTATTG ATATTCGC 
33I GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGITTCGTATTG ATATTCGC 
34A GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGGATCGTATTG ATATTCGC 
34C GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGGCTCGTATTG ATATTCGC 
34X GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGG_TCGTATTG ATATTCGC 
35A GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGGTACGTATTG ATATTCGC 
35C GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGGTCCGTATTG ATATTCGC 
35TTT GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGGTTTTCGTATTG ATATTCGC 
34X,35X GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGG__CGTATTG ATATTCGC 
34X,35A GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGG_ACGTATTG ATATTCGC 
34X,35C GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGG_CCGTATTG ATATTCGC 
34A,35A GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGGAACGTATTG ATATTCGC 
34C,35C GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGGCCCGTATTG ATATTCGC 
34X,35TEG GCGAATAT CAATTACGGGGGAGGGTGTGTGGTCTTGCTTGG/isp9/CGTATTG ATATTCGC 

* Nucleotide substitutions / deletions are shown in cyan. Additional nucleotides added to stem are shown in red. /isp9/: 

triethylene glycol linker 
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