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Nucleic acids are a uniquely flexible and multi-faceted class of molecules that 

fulfill fundamental and defining tasks such as replication and determination of heritable 

characteristics in every living organism. From the microscopic to the gigantic, from the 

most primitive to the most complex, life has been both molded and served by nucleic 

acids.  

Nucleic acid circuits straddle the realm of nature and technology. The elegance of 

interaction between nucleic acid molecules invites us to gain a deeper understanding of 

the naturally occurring systems they compose and to apply our ingenuity and foresight 

toward developing ever more complex synthetic systems. Nature has provided these basic 

building blocks, which we can now arrange – and augment – for the purpose of creating 

molecular-level machinery. 

Here we describe some ways in which we have rationally harnessed nucleic acids. 

In preparation for outbreaks of novel and deadly avian influenza viruses, we used 
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quantitative polymerase chain reaction (qPCR) to track the number of flu virus particles 

surviving in the presence of potential antiviral drugs. We engineered tunable on/off 

switches that can be used to evaluate a series of conditions for diagnostic applications or 

to enable ‘smart’ drugs that sense, analyze, and respond to their microenvironment. 

We optimized the conditions for, and used, a unique set of guanine-rich DNA 

sequences called G-quadruplexes, whose enzymatic and structural properties make them 

prime effector candidates in diagnostic platforms. G-quadruplex folding powers 

isothermal DNA amplification, and the small organic molecules they bind endow G-

quadruplexes with expanded catalytic abilities. We genotyped drug resistance mutations 

in tuberculosis via visually detectable color changes in the reaction buffer. We developed 

a paper fluidics assay that employs soluble and bead-immobilized nucleic acids to scan 

for genes in tuberculosis, and upon detection, to generate a readily observable 

discoloration on the paper strip. 

Finally, we probed the boundary of nucleic acid circuitry by attempting to expand 

its language via the incorporation of unnatural nucleobases into oligonucleotide 

components of a catalytic hairpin assembly (CHA) circuit. We subsequently evaluated 

the resilience of the unnatural CHA circuit to contamination by random DNA species, 

such as may be encountered in clinical samples. 
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Chapter 1: Introduction 

 

Current DNA amplification techniques 

DNA amplification has been an indispensable part of the molecular biology 

revolution that has taken place over the past twenty years. Nearly every molecular 

biology research endeavor has used or has depended on DNA amplification. DNA 

amplification has paved the way for genomic sequencing of new species, forensics, gene 

function discovery, drug development, and disease diagnostics. The main method of 

amplifying DNA is polymerase chain reaction (PCR), which relies on temperature 

cycling 1. Briefly, the sample is cycled through several temperatures: 1) a double-

stranded template DNA is denatured by heating to 95 C; 2) cooling to 50-60 C to allow 

small oligonucleotides called primers, which are complementary to regions flanking the 

amplified segment on opposite strands, to bind; 3) heating to 72 C to allow extension of 

the template by the thermophilic polymerase.  

PCR has become the gold standard for a variety of diagnostic applications owing 

to its specificity and sensitivity of detection 2. One of the main drawbacks to PCR is that 

it requires an apparatus equipped with both a heating and rapid cooling unit, which is 

costly, bulky, and technically complex to use. Repeated denaturation and re-annealing 

makes PCR prone to unintended hybridization events, whereby the primers or products 

anneal to themselves or to each other at incorrect locations, yielding undesired extendable 

products. These undesired products can be favored due to their smaller length compared 

to the desired product, and can use up the resources in the reaction (enzyme, dNTPs) to 
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the detriment of the intended product. Once the PCR product reaches low nanomolar 

concentrations, the likelihood of two full-length complementary strands of the product 

finding and binding to each other during the primer annealing step increases dramatically. 

The full-length complement to the template competes with the primer, and can 

irreversibly displace it by strand migration, eliminating the primer’s ability to be 

extended and making that template oligonucleotide unproductive in that round of 

replication. 3; 4; 5 For these reasons, a variety of isothermal DNA amplification techniques 

have been developed. 

 

Enzyme-free nucleic acid amplification circuits 

Enzyme-free nucleic acid circuits have found applications in several fields, 

including logic functions for implementing biologic computation6; 7, nanomachines8; 9, 

nanostructures10, in-situ microscopy11, neural networks12 and controlled synthesis of 

organic polymers13. In order to increase the efficiency of these varied functions and yield 

an appreciable amount of output, many applications rely on DNA-based amplification 

techniques. The advent of PCR has revolutionized molecular biology due to its ability to 

specifically amplify nucleic acids that can thereafter be used for any number of 

biotechnological purposes. In a similar manner, enzyme-free amplification is just 

beginning to make its mark and will become increasingly more important as the number 

of applications that incorporate DNA circuits grows. 

 

The need for nucleic acid-based on/off switches  
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Medical personnel are often required to make life and death decisions against an 

unrelenting clock for the benefit of their patients. It is common in such situations to rely 

on clear cut diagnostic and treatment guidelines that give concise directives built upon 

the combined experience of the medical profession and current scientific knowledge. 

These directives often include assigning cutoffs for test results, yielding a certain 

diagnosis and treatment if the value is above the cutoff, or another diagnosis and 

treatment if the value is below the cutoff. Embedding this logic into diagnostic kits or 

even semi-autonomous "smart" drugs on the therapeutic end of the spectrum would be of 

great benefit. And since medical conditions have organic causes, often involving an event 

at the genetic level, what better way to implement this logic than using nucleic acids that 

interact - or can be engineered to do so - directly with the root causes of these disorders? 

 

G-quadruplex structures 
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Figure 1.1: G-quadruplex conformations 

DNA molecules can take conformations other than the canonical right-handed B-

form double-helix structures that dominate under physiological conditions and that were 

first described by Watson and Crick.  Other such structures include A-DNA, Z-DNA, G-

quadruplexes, cruciforms, and triplexes.14; 15; 16 Of particular interest are G-quadruplexes, 

which occur in regions of DNA where guanines hydrogen bond via Hoogsteen structures 

and stack in a repeating pattern.17; 18 Specifically, four guanines line up in the same plane, 

with each guanine forming hydrogen bonds to two adjacent guanines. G-quadruplexes 

can be intra- or inter- molecular. (figure 1.1) That is, the guanine residues can be 

contributed by the same strand of DNA or by different strands. If the same strand of 

DNA contributes more than one set of three or more guanines to a single G-quadruplex 
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structure, there are intermediary loops that bulge out and that are composed of the 

nucleotides separating the sets of guanines. 17; 19  

G-quadruplexes can be engineered to form higher-order structures by interlocking 

individual G-quadruplexes together. While several ways of interlocking quadruplexes 

have been explored, what they have in common is that G-rich strands from one unit 

participate in the formation of G-quadruplexes mostly made up by another unit. 20  

DNA has been used to facilitate reactions by bringing the reactant molecules in 

close proximity to each other in a controllable fashion. One way in which the DNA 

molecules can bring the reactants together is by having different DNA molecules 

covalently linked to individual reactants. The DNA molecules then come together by 

hybridizing to each other, aligning the reactants in a predetermined fashion that provides 

enantioselectivity. Reactions demonstrated by such setups include a Diels-Alder reaction, 

a 1,3-dipolar cycloaddition of polyamides, and an aldol reaction between a variety of 

aldehydes and ketones. G-quadruplex binding to porphyrins can take the place of 

Watson-Crick base pairing to facilitate aldol reactions. 21  

 

Biotechnology applications for G-quadruplexes 

G-quadruplex structures can be harnessed for multiple purposes, including 

detection of input and performing logic operations. The common denominator that allows 

these varied functions is the distinctive binding properties of G-quadruplex structures. G-

quadruplexes are able to bind to a number of small molecules, whose physical properties 

change depending on whether or not they are bound. A common, but not universal, 
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feature of G-quadruplex binding molecules is that they are planar aromatic or 

heteroaromatic, which facilitate pi stacking. G-quadruplexes can vary in several 

characteristics: how many individual DNA molecules participate in making the structure 

(if only one molecule, then the G-quadruplex is intramolecular, if multiple molecules, 

then the G-quadruplex is intermolecular);  orientation of the DNA backbones relative to 

each other (parallel or antiparallel); the length of the guanine tract; and the length of 

extruding loops.  It is possible to take into account all of these parameters when 

engineering molecules that will preferentially bind to one type of G-quadruplex but not 

another. When such molecules bind, they should preferentially change their state, and this 

change should be observable or otherwise probable. One property that can change in a 

molecule that binds G-quadruplexes is its energy emission spectrum and intensity. A 

recent review lists 12 synthetic G-quadruplex-binding small organic molecules that have 

been engineered to exhibit controllable luminescence. 7 Interestingly, there is a large 

array of behaviors within this group of luminescent G-quadruplex binders: some emit 

better when bound, whereas some emit when released; some are always bound, but 

change intensity or emission wavelength depending on perturbations of the surrounding 

G-quadruplex structure. The end goal towards which the controllable luminescence is 

harnessed also varies: systems exist to detect organic molecules; metal ions; nucleic acids 

and enzymes. Other systems use G-quadurplex controlled luminescence to implement 

logic gates such as ‘AND’, ‘OR’, and ‘NOT’. 

One of the properties of G-quadruplexes that has been most utilized for 

biosensing purposes is the ability to bind the iron-containing porphyrin hemin. 22 This 
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binding confers chemical and electrochemical abilities to the G-quadruplexes, which can 

be harnessed for various analytical purposes. For instance, an electrochemical platform 

for quantifying microRNA was built by using the microRNA as a linker to bring the G-

quadruplex/hemin complex in proximity to a gold surface electrode. 23 G-quadruplex 

structural change measured electrochemically was also used to quantify lead ion 

concentrations ranging from 0.5nM to 50uM. 24 A thrombin detector was built by 

allowing the thrombin aptamer to bind hemin, creating an electrocatalytic structure. 

When the thrombin is added, it displaces the hemin, reducing the electrochemical signal. 

25 Whereas the peroxidase activity of the hemin/G-quadruplex complex has mostly been 

followed by observing spectrophotometric changes of modified substrates, it is possible 

to follow the activity through electrochemical means. 26  

 

Point-of-care detection of tuberculosis 

There is an increased need to develop point-of-care diagnostic assays for the 

detection of pathogens in developing countries or war zones.27 The prohibitive cost of 

healthcare is preventing patients from being diagnosed in time, if at all, leading to high 

mortality and morbidity rates for conditions that have been treatable for decades. In order 

to be diagnosed and treated, patients in remote locations of the developing world have to 

travel to population centers, which requires leaving work and family behind and paying 

for transportation. Patients therefore often have no other option but to ignore symptoms 

and put off seeking medical help due to these considerations. Doing so is 

counterproductive from the standpoint of an individual, their family and society as a 
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whole, as the patients risk entering an advanced phase of their disease that is harder and 

more expensive to treat.  

 

The need for a more diverse arsenal of anti-influenza drugs 

Influenza is a group of viruses responsible for respiratory disease in humans or 

animals. Influenza can be highly contagious, and certain strains have exhibited the 

potential to cause epidemics and pandemics that kill a large percentage of those who 

become infected. In the United States alone, the typical annual death toll attributed to 

Influenza is 50,000 people, while the number of hospitalizations can be in excess of 

100,000 per year. 28; 29 There are three subtypes of the influenza virus: A, B, and C. 

Influenza A can infect humans and a range of other animals, including mammals and 

birds. On the other hand, influenza B has only been found in humans and seals, whereas 

influenza C is known to infect humans, dogs and pigs. 30 The most lethal influenza to 

human populations has been influenza A, a subtype of which caused a pandemic in 1918 

that killed between 20 and 40 million people worldwide. 31 

The currently-approved drugs against influenza fall into two classes: those 

binding to the viral M2 ion channel protein and those binding neuramidase (NA). Several 

H5N1 strains have been found to have mutations in the respective proteins to render them 

resistant to the available neuramidase inhibitors (zanamivir and oseltamivir) and M2 

inhibitors (amantadine and rimantadine). M2 inhibitors work only against influenza A 

because the M2 proteins of influenza B and influenza C are sufficiently divergent. 30; 32 

Resistance to M2 inhibitors develops rapidly 33; 34, and has been detected in the H5N1 
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avian flu 35; 36. NA inhibitors work against both influenza A and influenza B, but H5N1 

variants resistant to oseltamivir have arisen despite the limited spread of the H5N1 in 

human populations. 37; 38; 39 98% of seasonal H1N1 flu strains are resistant to oseltamivir, 

and there is nothing to indicate that resistance in bird flu strains cannot reach similar 

levels. 40 The emerging and highly lethal H7N9 avian influenza has already been 

suspected of sporadic human to human transmission.41 
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Chapter 2: Evaluating anti-viral NS1 inhibitors 

 

INTRODUCTION 

With the advent of the proliferation of resistance to the two classes of anti-

influenza drugs currently in clinical use (M2 inhibitors and Neuramidase inhibitors), 

there is an impending need to find new compounds that inhibit the influenza virus. The 

NS1 protein is essential in the influenza replication cycle and plays a crucial role in 

crippling the host cell’s response to becoming infected. As such, NS1 is an attractive 

target for rationally-designed inhibitors. This chapter evaluates the efficiency of 

compounds targeting NS1 for the purpose of inhibiting in-vitro influenza replication. The 

evaluation is performed by measuring the viral RNA in the supernatant of tissue cultures 

at various timepoints, using RT-qPCR. RT-qPCR has several advantages compared to 

traditional means of quantifying viral load, and has thus significantly sped-up the process 

of screening for compounds that inhibit influenza. RT-qPCR decreased the resources, 

effort, cost and time needed to quantify viral load in timecourse aliquots, while at the 

same time maintaining the accuracy of those quantifications. 

 

Impact of influenza on the health of the world 

Having reservoirs of Influenza A in animal hosts allows these strains to 

occasionally acquire mutations that enable them to infect people. Once such mutations 

are acquired and the virus can replicate within a human host, new mutations may appear 

easing the transmissibility from person to person. Since human populations have limited 



 11

resistance to these new strains immediately after their introduction, they tend to have high 

mortality rates.  

 

Molecular mechanisms of influenza survival 

The influenza A genome is composed of 8 single-stranded RNA segments, which 

code for 11 proteins. 42; 43 These proteins are the polymerase subunits (PA, PB1, PB2), 

hemagglutinin (HA), neuraminidase (NA), nucleoprotein (NP), Matrix Protein 1 (M1) 

and Matrix Protein 1 (M2). The two polymerase-basic (PB1 and PB2) and one 

polymerase-acidic (PA) subunits make up the RNA-dependant RNA polymerase. The 

PB1-F2 protein is an apoptotic factor, only found in some strains of influenza A, that is 

an alternative transcript of PB1 from a different reading frame. The smallest chromosome 

in influenza A and influenza B codes for a pre-mRNA that can be differentially spliced 

into NS1 or NS2. 

 

Therapeutics to treat influenza 

Whenever a new influenza strain with pandemic potential appears, there is a delay 

of 6-8 months to generate vaccines.44 Consequently, people living near the epicenters of 

the spreading virus will face the risk of contracting it at a point in time when no vaccine 

is available. Traditional vaccine production relies on chicken embryonated eggs, which is 

a slow process that requires manual intervention and that is difficult to scale up. 45; 46 

Since 1-2 eggs are needed for every vaccine dose, over 300 million eggs would need to 

be used to provide a vaccine to every person in the United States. Influenza strains with 
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pandemic potential that enter the human population from avian sources pose even greater 

difficulties for vaccine production because poultry needed to lay the eggs may themselves 

become infected and need to be culled, creating a shortage of eggs. Finally, the antigenic 

proteins on influenza change rapidly enough that a vaccine developed at the start of a 

pandemic event might provide only partial protection to a modified strain that becomes 

widespread. 47; 48  

Antiviral compounds, on the other hand, can be stockpiled in advance as a 

precaution against pandemic influenza. Tamiflu, the mainstay drug for treating influenza, 

has a 5-7 year shelf life, which under optimal storage conditions can be extended to over 

20 years. 49 While influenza strains are known to gain mutations that make them resistant 

to the drugs used against them, these drugs are likely to retain their effectiveness during 

the critical initial period of spread, when vaccines are not in mass production. As the 

effectiveness of the drugs decreases due to acquired resistance, the burden of mitigating 

the pandemic will be shifted to vaccines whose production by then has ramped up.  

 

Novel targets for development of drugs to inactivate influenza 

The NS1 protein of influenza A is henceforth referred to as NS1A in order to 

differentiate it from the NS1 proteins of the other influenza species, NS1B and NS1C for 

influenza B and influenza C, respectively. NS1A has a double-stranded RNA binding 

domain on its N-terminal end. NS1A also contains an effector domain that inhibits the 

cleavage and polyadenylation factor found in host cells. Specifically, NS1A binds to the 

30-kDa subunit of the cleavage and polyadenylation factor (CPSF30 for short) that is 
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crucial to correct processing of the 3’ ends of all host pre-mRNAs. 50; 51 This is important 

for the effectiveness of influenza infection because anti-viral genes, such as IFN-B, are 

kept from being expressed. 50; 52; 53  

We evaluated the effect of compounds designed to bind and inhibit three protein 

surfaces: the dsRNA binding domain of NS1A, the dsRNA binding domain of NS1B, and 

the CPSF30 binding domain of NS1A. 

 

RESULTS AND DISCUSSION 

The inhibition of influenza A/Udorn/72 by BAS and a large panel of its derivative 

compounds was examined first. Subsequently, single-cycle infections using high MOIs 

were performed to examine the candidate drugs’ effects before the onset of an interferon-

mediated response. Then, the inhibition of several viruses by the compounds was 

quantified in cells deficient in interferon production. 

There was a close correlation between the virus titers reported by the plaque assay 

and those reported by RT-qPCR, which is important since plaque assays are the gold 

standard of virus titer quantification in tissue culture (figure 2.1 and figure 2.2). The 

number of influenza particles did not vary between cultures containing 0.1% and 1% 

DMSO, as shown using RT-qPCR and plaque assays. In the same experiment, compound 

B32, the form of Tamiflu that comes directly from the pill, was able to suppress viral 

growth (aliquots from B32 were only tested in the RT-qPCR reaction and not in the 

plaque assay). The compound UZI (figure 2.26) did not inhibit the virus. 
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Figure 2.1: Multiple cycle growth curve, plaque assay, data from Sarah Villareal 
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Figure 2.2: Influenza A/Udorn/72, duplicate qPCR reactions 

One of the first modifications made to BAS was to replace the hydroxyl group 

with its methoxy derivative, yielding compound BAS-D (figure 2.27). A side-by-side 

comparison of BAS with BAS-D at 30uM concentrations (figure 2.3) shows that BAS is 

a better inhibitor to influenza A/Udorn/72, pointing to an important role for the hydroxyl 

group at the 2 position. The decrease in perceived flu particles at the 55 hour timepoint is 

likely attributed to degradation of the viral particles and of the RNA genomes by 

nucleases present in the cell culture. 
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Figure 2.3: Udorn flu, duplicate qPCR 

Substituting the R group (figure 2.24) greatly affected the number of influenza 

particles that were produced (figure 2.4). As expected, cultures containing 8uM of each 

compound yielded fewer influenza particles than cultures containing 4uM of the same 

compound. The difference between 4uM and 8uM was amplified in the later timepoints. 

For instance, in the B27 cultures at the 24 hour timepoint, there was a ~7-fold difference 

in the number of viral particles between the cultures containing 4uM and 8uM of the 

compound. However, by 48 hours, the difference increased to ~100-fold. 

All the derivative compounds had some inhibitory effect compared to the DMSO 

negative control. Overall, inhibition was greatest when R was a phenyl group (B31). 
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Linear, 3-hydrocarbon chains ending in a chlorine (B29) or a diethylamine (B30) had 

poor activity, as did a single hydrogen (B10).  From this, one can infer that the cavity 

needs a hydrophobic element at the R site, but cannot encompass a long carbon chain.  

 

 

Figure 2.4: Inhibition of Influenza A virus production in MDCK cells by a panel of BAS 

derivatives, quantified by RT-qPCR 
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Figure 2.5: Inhibition of Influenza A virus production in MDCK cells by a panel of BAS 

derivatives, quantified by HA assay, performed by Ran Chen 

Replacing R with cyclical moieties resulted in activities that were as good as or 

better than that of BAS. At 4uM and 24 hours, pretty much all the cyclical substituted 

compounds were better than BAS. At 8uM and 24 hours, B27 with its cyclopentyl group 

and B24 with its branched isopropyl group are better inhibitors than BAS. At 4uM and 48 

hours, B28 with its hexane group and B25 with its cyclopropyl group have an ~10-fold 

decrease in virus particle generation. At 8uM and 48 hours, the only compounds that 

work better than BAS are B31 and B27. 

Detecting viral particles via RT-qPCR has several advantages to 

Hemagglutination assays: the range of sensitivity is much greater and the readings are 
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more precise. As can be seen from figure 2.4 and figure 2.5, virus particles were 

undetectable at 24 hours in the HA assay, whereas they were well within the detectable 

range in the RT-qPCR assays. In the HA assay, the titer values all cap off at 128, whereas 

on the RT-qPCR results, there is no abrupt upper value cutoff, indicating that higher 

values are still quantifiable. The fact that, as expected, the absolute highest value at 48 

hours is the positive control further supports this hypothesis.  

Even when the HA assays provided values, these appeared mostly in discrete 

intervals instead of a gradient. It is highly unlikely that the different cultures all had the 

exact same value (i.e. 62 HA units). What is more likely is that the reading methodology 

could not distinguish the difference in real values that fell within a range of ~30 to ~90 

HA units, and instead reported all the values as some fixed number in-between them. 

Hence, whereas the values were in reality different, they were all leveled off artificially in 

the HA assays. The qPCR assays are unaffected by this problem, and they are even able 

to provide an idea of the combined error attributed to the reverse transcription and qPCR 

steps. The error bars were made possible by running the reverse transcription reaction in 

duplicate for every supernatant aliquot. Hence, the difference between the duplicates 

reflects the error introduced by both the reverse transcription step and the qPCR step. The 

value that is plotted is the average of the two duplicates, and the error bars are one 

standard deviation higher and one standard deviation lower from the average. 

 

Single-cycle growth curves using high MOI 
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Figure 2.6: Influenza A/Udorn/72, duplicate reverse transcription, MOI 5, 6uM 

concentrations 

The multiplicity of infection (MOI), or the number of infectious particles per cell, 

for all experiments is 0.001, unless otherwise specified. In some experiments, a large 

viral load was added to the cells (MOI = 5), in order to observe inhibition of replication 

in all cells. Experiments having a high MOI were shorter-term than experiments having a 

low MOI (up to 24 hours as opposed to > 60 hours), because the viral titer was expected 

to plateau, perhaps even decrease, as a result of the death of infected cells and the 

degradation of existing viral particles. The number of supernatant aliquots in high MOI 

experiments remains high because the aliquots are taken at smaller time intervals, in 

order to obtain a high-resolution snapshot of the infection stage. High MOI experiments 

can be used to examine a compound’s effect on the first cycle of the virus’s infection, 
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before viruses that are produced in the culture get a chance to infect new cells. Cells 

infected with a high MOI will not have time to release interferons and to react to the 

interferons released by surrounding cells, thereby minimizing the contribution of 

interferon-related host defense systems. As shown in figure 2.6, the inhibitory effect of 

6uM BAS at high MOI at 24 hours was not nearly as large as the inhibitory effect of 4uM 

BAS at low MOI at 24 hours (figure 2.4).  

 

 

Figure 2.7: Influenza B, MOI 5, duplicate reverse transcription 
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Figure 2.8: Influenza A/Udorn/72 flu, duplicate reverse transcription, early timepoints, 

MOI 5 

A high MOI experiment (figure 2.7) with influenza B shows that the inhibitory 

effect of B1 increases as time progresses. B1 has a cyclopentyl group replacing the 

cyclohexyl group in BAS (figure 2.24). A similar experiment with influenza A/Udorn/72 

(figure 2.8) that compares compounds B31, B33 and B7 shows minimal suppression by 

the tested compounds, likely due to the low concentration (3uM) of the compounds.  
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Figure 2.9: Swine flu, duplicate qPCR, 30uM compounds 

As seen in figure 2.9, at 30uM concentrations, BAS was significantly better than 

tamiflu (B32) at inhibiting swine flu (influenza A H1N1/California/09; CA09). This is 

very promising, considering that CA09 swine flu is the most recent strain to have caused 

a pandemic. It is interesting that the NS1A of CA09 swine flu and of the majority of 

swine-derived influenza A viruses have a suboptimal CPSF30 binding site, and that 

interferon generation was higher in response to CA09 swine flu than to human adapted 

influenza A viruses such as influenza A/Texas/36/91. 54 It is possible that the already 

inefficient CPSF30-binding activity of CA09 swine flu is thoroughly degraded by BAS.  
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For CA09 swine flu at 28 hours, B1, with its cyclopentyl group in the D region of 

the compound (figure 2.24), was a slightly better inhibitor than B4, which lacks a second 

ring structure in the D region.  

 

 

Figure 2.10: Influenza A/Texas/36/91, duplicate reverse transcription, 28 hour timepoint 

Compound B1 was able to suppress influenza A/Texas/36/91 growth after 28 

hours at 8uM concentration, but not at 4uM (figure 2.10). This is in contrast with the 

influenza A/Udorn/72 experiment, where the minimal efficacious concentration was 

determined to be around 2uM. Compound B1 had a clear inhibitory effect on influenza B 
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production even at 4uM, and this effect was amplified at later timepoints. As expected, 

compound B1 at 8uM concentration inhibits influenza B better than at 4uM, as shown in 

figure 2.23. This is evidence that NS1A inhibitors may be able to cross-react with NS1B 

proteins, although more direct data from differential scanning fluorimetry (DSF), 

heteronuclear single quantum coherence (HSQC), high throughput fluorescence 

polarization (HTP-FP), or crystallography experiments is warranted before making this a 

definitive conclusion.  
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Figure 2.11: Influenza A/Udorn/72, duplicate reverse transcription, 0.5uM compound 

concentration 

 

 

Figure 2.12: Influenza A/Udorn/72 duplicate reverse transcription, 1uM compound 

concentration 
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Figure 2.13: Influenza A/Udorn/72 duplicate reverse transcription, 2uM compound 

concentration 
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Figure 2.14: Influenza A/Udorn/72 duplicate reverse transcription, 4uM compound 

concentration 

We attempted to find the smallest concentrations of BAS-related compounds that 

are still able to exert an inhibitory effect. Concentrations of 0.5uM, 1uM, 2uM, and 4uM 

were tested; the lowest concentration that visibly decreased the viral load was 2uM, 

especially for B31. Concentrations of 0.5uM and 1uM did not have any effect. (figures 

2.11-2.14) 
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Viral inhibition in cells deficient in interferon production 

 

Figure 2.15: Influenza A/Udorn/72, duplicate reverse transcription, 28 hour timepoint 
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Figure 2.16: Influenza A/Udorn/72, duplicate reverse transcription, Vero cells 

Influenza A/Udorn/72 growth in the standard MDCK cells was compared to 

growth in Vero cells, which lack the ability to produce type 1 interferon. It was expected 

that in the absence of any BAS derivative, Vero cells would produce a higher titer of viral 

particles than MDCK cells, since MDCK cells are equipped with an additional anti-viral 

mechanism. However, at the 28 hour timepoint, MDCK viral production vastly exceeds 

Vero viral production (figure 2.15). While this finding may seem paradoxical, it is in line 

with previous literature which has reported that influenza A and B grow faster in MDCK 

cells, and that the viral titer in Vero cells catches up to the titer in MDCK cells only by 

the 4th day (i.e. after 96 hours). 55 This proved to be the case, because the virus titer 
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continued growing until at least the 48 hour timepoint (figure 2.16). Influenza 

A/Udorn/72 was increasingly suppressed by B1 at 4uM and 8uM in Vero cells, indicating 

that the compound may have inhibitory properties outside of the type 1 interferon 

response pathway. CPSF30 is needed for correct 3’ end-processing of a variety of other 

host pre-mRNAs that may have anti-viral roles, and their inhibition by the BAS 

derivatives may result in higher susceptibility to viral proliferation. The compound Ly-6-

56, which substitutes an amine for the hydroxyl in BAS, did not have any inhibitory 

effect at either 4uM or 8uM (figure 2.15).  
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Figure 2.17: Sendai virus, duplicate reverse transcription 

 

 

Figure 2.18: Vesicular stomatitis virus, duplicate reverse transcription, 28 hour 

timepoint, Vero cells 
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Figure 2.19: Vesicular stomatitis virus, duplicate reverse transcription, 28 hour 

timepoint, Vero cells (infection performed again) 

The effect of BAS derivatives on the proliferation of viruses not related to 

influenza was evaluated. Vesicular stomatitis virus (VSV) of the Rhabdoviridae family 

and Sendai virus of the Paramyxoviridae family are negative-strand RNA viruses. Unlike 

influenza, which is in the Orthomyxoviridae family, VSV and Sendai have a genome 

composed of a single RNA molecule that is not separated into segments. 56 Neither VSV 

nor Sendai have known analogs to NS1, yet the data shows that B1 inhibits Sendai virus 

at 8uM concentration (figure 2.17) and VSV at both 4uM and 8uM concentrations 

(figure 2.18). This inhibition was verified in two separate experiments, with the results 

matching very well (figure 2.19). As a follow-up, it would be useful to obtain an 

overview of host gene expression after infection in the presence and absence of the 
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compound. The presence of NS1 modulates the expression of host antiviral genes directly 

and indirectly. It would be important to find out what pathways are affected by the 

inhibitors, by using a gene expression panel. A previously reported NS1 antagonist was 

determined to not exert its anti-viral effect via an interferon pathway, and to protect 

interferon-impaired Vero cells from viral-induced death. The same antagonist was found 

to enrich the mTORC1 pathway and transcription of REDD1 mRNA, which were 

reversed by adding the transcription inhibitor actinomycin D. 57 

 

 

Figure 2.20: Influenza A/Udorn/72, duplicate reverse transcription, no compound, range 

of MOI 
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Figure 2.21: Influenza A/Udorn/72, duplicate reverse transcription, 10uM BAS 

concentration, range of MOI 

We wanted to assess the ability of the BAS derivative compounds to inhibit viral 

proliferation when the inoculating viral load varied. Cultures were inoculated with 

influenza A/Udorn/72 to final MOIs that varied in 10-fold increments (0.01, 0.001, and 

0.0001) in the presence and absence of BAS (figure 2.20 and figure 2.21). As expected, 

lower MOIs were reflected in lower titers read by qPCR. For the no-BAS cultures, the 

biggest titer separation between the different MOIs occurred at the earliest timepoint (24 

hours). At 32 hours, there was no difference between the highest two MOIs (0.001 and 

0.01) and by 48 hours all the cultures had reached the same titer. Interestingly, when BAS 

was added to the cultures, the distinction between the three MOIs remained constant all 

the way to the 48 hour timepoint. The fact that the difference between MOI was 

preserved only in BAS cultures is probably reflective of the fact that cells in these 
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cultures were not all infected by the 48 hour timepoint, due to the protective effects of 

BAS. The cells in the cultures with no BAS were likely to have been largely infected 

early on, and by the last timepoints there were almost no live cells actively producing 

new virus. Hence, when the high MOI culture was allowed to replicate unhindered by 

BAS, it reached the maximum titer early on, allowing the titer in the low MOI cultures 

without BAS to catch up. 

 

 

Figure 2.22: Influenza A/Udorn/72, duplicate reverse transcription, 10uM concentrations 
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Figure 2.23: Influenza B, duplicate reverse transcription 

An initial comparison of the compounds B25 and B29 was performed against 

BAS and a no-compound control over a period of 48 hours, with all compounds being at 

10uM concentrations. The results indicated that B25 was a better inhibitor than B29 and 

BAS (figure 2.22). 

It is important to test the cytotoxic profile of BAS and its derivatives at various 

concentrations in order to gauge the safety of these compounds and to determine to what 

extent their effectiveness in reducing viral proliferation is attributed to host cell death. 

Negative controls for cytotoxicity should include cultures exposed to 1% DMSO, since 

DMSO may itself cause some cell death that should not be attributed to the compounds it 
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dissolves. Other negative controls should be commercially-available anti-influenza 

medications such as Tamiflu and Relenza (zanamivir). Positive controls for cytotoxicity 

should include a chemotherapeutic drug such as doxorubicin. Doxorubicin is a potent 

antibiotic in the anthracycline class that has been demonstrated to kill a variety of 

immortalized cell lines, exhibiting an IC50 ranging between 0.69uM and 5uM. 58 

A useful cell viability test would be CellTiter-Glo, which uses luciferase 

bioluminescence in the presence of intracellular ATP to determine the level of metabolic 

activity in cells. The CellTiter-Glo substrate is mixed with CellTiter-Glo buffer, and then 

aliquoted to the cell cultures. Recording the luminescence can be done within 10 minutes 

of adding the substrate/buffer mixture to the cells. The luminescence is directly 

proportional to the number of live cells, and has a half life of over 5 hours. 

Other studies that have screened for NS1 antagonists were able to generate 

derivatives of the initially discovered antagonist that are considerably less cytotoxic.57 It 

is entirely possible that a BAS derivative will display low cytotoxicity as well. A 

thorough cytotoxicity analysis of all the BAS derivatives, especially those that have 

shown good viral inhibitory properties at low concentrations, should be conducted before 

conclusively ruling out the entire class of compounds as being cytotoxic. 

 

CONCLUSIONS 

The overall project involved identifying targets on the proteome of the influenza 

virus that are important in its lifecycle, increasing the understanding of the natural 

functions of these proteins by assaying their functions, rationally designing small 
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molecule inhibitors to sites on these proteins, assaying the efficiency of in-vitro 

compound binding, and assaying the efficiency of viral growth inhibition in cell culture. 

This chapter analyzed viral growth inhibition in cell culture. Molecular assays were 

designed to evaluate the inhibitory ability of the compounds developed in this study. 

RT-qPCR experiments have demonstrated that several BAS derivatives efficiently 

suppress proliferation of unrelated ssRNA viruses in mammalian cell cultures. The 

majority of the tests were performed on influenza A/Udorn/72. Other viruses included 

CA09 swine flu, Influenza A/Texas/36/91, Influenza B/Yamanashi/166/98, Sendai, and 

VSV. Among the BAS derivatives, there were compounds that were shown to inhibit 

most of these viruses. Given that these viruses are highly divergent, future studies should 

look into the specific intracellular effects on a variety of cell lines. Different cell lines 

have different infection propensities to these viruses. Some cell lines have fully 

functional interferon generation and response systems; other cell lines have one but not 

the other. Interestingly enough, Vero cells, which lack the interferon generation pathway, 

take a longer time to reach the same level of influenza A and B titers as MDCK cells, 

which are able to produce interferons. This paradoxical discrepancy could possibly be 

attributed to the fact that Vero cells originate in African green monkeys, whereas MDCK 

cells originate in dogs. A given virus strain may be better optimized for infecting one 

species because the viral proteins interact with - and antagonize - host cells more 

efficiently out of evolutionary reasons. Alternatively, some cells might just have a slower 

metabolic activity, leading to a slower growth of the virus, something that does not reflect 

poorer infectivity. The efficiency with which the compounds inhibit virus replication is 
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likely to vary depending on the interaction of the virus with the cell lines. Cell lines 

whose viral defense relies heavily on CPSF30 or the RNase L pathway are likely to be 

most helped by compounds that inhibit the respective domains of NS1.  

Future experiments should include gene expression panels for infected cells to 

reveal what genes are upregulated and downregulated in the presence of the BAS 

derivatives. Virus strains carrying inactivating mutations in the different domains of 

NS1A have been engineered.59 Gene expression panels can reveal whether adding a 

compound to cell cultures infected with viruses carrying functional, wildtype NS1A 

yields similar expression patterns for key antiviral genes as cell cultures infected with 

viruses carrying mutant, inactivated NS1A domains. This would act as proof that NS1A 

inhibited by the compound behaves in a similar manner to NS1A whose domain has been 

rendered non-functional by the mutation. This would also support the hypothesis that the 

compound binding to NS1A results in inactivation of the domain and inhibition of its 

regulatory effects.  

Each BAS derivative should be tested for cytotoxicity in a variety of cell lines and 

for a range of concentrations, including the concentrations in which it has been shown to 

be effective at inhibiting viral proliferation. Cytotoxicity was shown to vary greatly 

among the previously reported NS1A antagonists, which share structural similarity.60; 61 It 

is therefore likely that there is variability in the cytotoxicity of the BAS derivatives tested 

here. A thorough screen of all the compounds will hopefully reveal some that have low 

cytotoxicity and that still retain antiviral properties.  
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Another hurdle that needs to be passed before any of these compounds can be 

considered for clinical use is solubility and absorption. After a non-toxic, effective 

compound has been identified, modifications should be made to it to increase its oral 

bioavailability and eliminate the need for an organic solvent such as DMSO. The 

compounds should then be tested in a variety of animal models, both intravenously and 

orally.  

 

MATERIALS AND METHODS 

 

Quantifying virus load by hemagglutination assay 

Quantifying the inhibitory effects of the compounds on virus proliferation in 

tissue culture was performed by RT-qPCR, hemagglutination (HA), and plaque assays. 

The HA assay relies on the ability of hemagglutinin present on the viral coat to bind N-

acetylneuraminic acid on the surface of red blood cells. The N-acetylneuraminic is 

attached to proteins on the cell membrane of erythrocytes; as hemagglutinin molecules on 

viral particles bind to N-acetylneuraminic acid molecules on the mammalian or avian 

cells, the cells begin to form clumps, being held together by the viral particles that sit 

between them. 62; 63 The cells are incubated in the presence of the viral particles for 1 

hour at 4 C. Higher temperatures activate the neuraminidase protein on the viruses, which 

detach the viruses from the cells and in the process break apart the distinctive network of 

cell clumps. HA assays are read by finding the least concentrated dilution of virus 

particles that is still able to clump cells together. Dilutions generate discrete intervals of 
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concentration, so the results can only be as precise as the difference in concentration 

between the dilution that formed clumps and the dilution that didn’t. Assuming the 

researcher has a rough idea of the actual viral titer, then smaller intervals can be tested, 

although it will become increasingly harder to differentiate a positive result from a 

negative result, giving experimental factors such as inadvertent physical disturbance or 

variation in temperature a larger impact on the outcome of the assay. HA assays detect 

particles containing HA, some of which may have remained infectious and some of 

which may have been de-activated by adverse environmental conditions (i.e. drying out).  

 

Quantifying virus load by plaque assay 

Plaque assays are the gold standard in determining the number of infective 

particles in a sample. Following is a brief description of the plaque assay protocol. First, 

MDCK cells are grown to confluence. Dilutions are made of the virus-containing sample 

that requires quantification. The appropriate dilution of virus is added to the cells of one 

well, and the cells are left to incubate for a few hours. Several dilutions are made and 

tested for each virus-containing sample that requires quantification, in case plaques are 

too crowded and cannot be distinguished. The cells are then covered with a semi-solid 

layer of agar and incubated for 1-2 days. The agar prevents virus particles from traveling 

horizontally between plaques. The results are reported as plaque forming units in each 

dilution, from which the total number of infectious particles in the stock solution can be 

back-calculated.64; 65 
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Growth of virus in tissue culture 

Compounds that passed in-silico and biochemical vetting were tested for 

inhibition in mammalian cells. The mammalian cells used to culture the RNA viruses 

were Madin-Darby Canine Kidney (MDCK) epithelial cells. In a few experiments, Vero 

cells were used to test the effect of compounds on cells lacking the ability to generate 

type 1 interferon. Unless otherwise specified, influenza A/Udorn/72 at an MOI of 0.001 

was grown in MDCK cells growing at 37 C in serum-free DMEM media containing 1% 

DMSO, and compounds were present at 4uM concentrations. Cell cultures, infections, 

plaque assays, and HA assays were performed in the Krug Lab by Ran Chen or Sarah 

Villareal. Synthesis of chemical compounds was performed by Sanmitra Barman and Lei 

You in the Anslyn Lab. 

BAS and its derivatives have poor solubility in water, such that they don’t readily 

dissolve at their stock concentrations of 10mM. The stock concentrations are therefore 

created in dimethyl sulfoxide, which is then added to the cell cultures. Consequently, 

negative control cultures that have no compounds are also grown in the presence of 1% 

DMSO. If animal or human testing will be performed on these compounds, it might be 

necessary to try adding charged groups at different locations in order to increase the 

compounds’ solubilities (figure 3). Preliminary attempts to this end have been made, for 

instance, when substituting the naphthalene structure with a benzyl in B2 or adding a 

bromine to the naphthalene structure in B3.  

 

Reverse transcription quantitative PCR 
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RT-qPCR assays were employed to measure the concentration of viral particles in 

aliquots of the supernatant surrounding cells infected with the different viruses being 

tested. The probes are labeled with Fluorescein on the 5’ end and Iowa Black Fluorescent 

Quencher on the 3’ end. The oligonucleotides were ordered from Integrated DNA 

Technologies (Coralville, Iowa, USA). 

 

For influenza A strains, the primer/probe set detects segment 7: 66 

FluA.PR  /56-FAM/TTTGTGTTCACGCTCACCGT/3IABkFQ/ 

FluA.F   AAGACCAATCCTGTCACCTCTGA 

FluA.R   CAAAGCGTCTACGCTGCAGTCC 

 

For influenza B strains, the primer/probe set detects segment 8: 67 

FluB.Pr  /56-FAM/CCAATTCGAGCAGCTGAAACTGCGGTG/3IABkFQ/ 

FluB.F   TCCTCAACTCACTCTTCGAGCG 

FluB.R   CGGTGCTCTTGACCAAATTGG 

 

For Vesicular stomatitis virus, the primer/probe set is as follows: 68 

VSV.PR  /56-FAM/TGCACCGCCACAAGGCAGAGA/3IABkFQ/ 

VSV.F   GATAGTACCGGAGGATTGACGACTA 

VSV.R   TCAAACCATCCGAGCCATTC 

 

For Sendai virus, the primer/probe set is as follows: 69 
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SEN.PR  /56-FAM/TGCATCATCAGTCACACTTGGGCCTAGTA/3IABkFQ/ 

SEN.F   CAGAGGAGCACAGTCTCAGTGTTC 

SEN.R   TCTCTGAGAGTGCTGCTTATCTGTGT 

 

Supernatant samples were reverse transcribed in duplicate using M-MuLV 

Reverse Transcriptase (NEB) and forward primer (1.25uM concentration) for 12 hours at 

37 C. The reverse transcribed products were amplified in duplicate on MicroAmp Optical 

384-Well Reaction plates (Applied Biosystems, Foster City, CA, USA) using FastStart 

Universal Probe Master with ROX (Roche, Indianapolis, IN, USA), forward primer 

(0.8uM concentration), reverse primer (0.8uM concentration), and probe (0.24uM 

concentration). Fluorescence was recorded on a 7900HT Fast Real-Time PCR System 

(Applied Biosystems). The PCR protocol was as follows: 2 minutes at 50 C, 10 minutes 

at 95 C, and then 50 cycles of 95 C for 15 seconds and 60 C for 1 minute. For any single 

time-course compound comparison, all the reverse transcription and qPCR reactions were 

performed using a single master mix. The master mix was aliquoted to different wells of 

a 384-well plate. Supernatant or reverse-transcribed product was added, with duplicate 

reverse transcription and duplicate PCR reactions running in parallel. The 384-well plate 

was then sealed tightly with an adhesive cover, mixed by shaking, and centrifuged briefly 

to collect the liquid at the bottom of the wells. The viral RNA concentrations are reported 

relative to the smallest concentration of viral RNA that was detected in each experiment. 
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Figure 2.24: Chemical structure of compounds BAS, B1-B7, B10 
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Figure 2.25: Chemical structure of compounds BAS, B10, B22-B31 (B26 excluded) 
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Figure 2.26: Chemical structure of compounds UZI, Zanamivir, B32 and B33 
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Figure 2.27: Rational modification of moieties found on BAS 
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Chapter 3: Maximizing signal amplification using recyclable DNA 

catalysts 

 

INTRODUCTION 

While RT-qPCR is certainly a useful technique in laboratories equipped with 

state-of-the-art fluorimeter/thermocycler machines and -80 C freezers, it is difficult to 

imagine how it can be adapted to point of care (POC) applications in underdeveloped 

countries. We wanted to focus on the development of alternative DNA amplification 

methods that have minimal resource requirements. To this end, we worked on two 

enzyme-free nucleic acid amplification techniques. The purpose of the circuits is to create 

an amplified signal resulting from the presence of a small amount of input 

oligonucleotide, which acts as a catalyst. The eventual aim is to lower the detection limit 

of the catalyst and to minimize the time in which it can be detected. The first system, 

catalytic hairpin assembly (CHA), is a low-background, high-catalysis system for 

amplifying a signal received in the form of a single-stranded molecule.11 It has been 

proven to interface with a number of output modalities, including colorimetry, 

fluorescence, electrochemistry and other DNA circuits that accept a single-stranded 

domain as an input. 

CHA consists of a series of hairpins that are opened up sequentially, with the final 

result being the dissociation of a reporter complex composed of a fluorophore strand and 

a quencher strand. The single-stranded catalyst is recycled and can thus trigger multiple 

reporter dissociations, yielding amplification of the signal. 70   
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The other DNA amplification method that will be discussed here is linear and 

driven by entropy. 71 The single-stranded trigger molecule is recycled with the help of a 

fuel molecule. The process generates two different types of double-stranded waste 

complexes. Output can be fluorescent or enzymatic, via activation of a G-quadruplex. 

Following the branch migration event through the 1b* domain of the gate, the invader 

strand will dissociate due to the weak hybridization provided by the 2t* domain. The fuel 

molecule displaces the trigger from the gate and generates a fuel:gate duplex which is 

considered waste_1. The trigger is now free to attack another gate:invader duplex. Once 

released, the invader will use its 2t domain as a toehold for binding to the 2t* domain of 

the blocker. The invader will then irreversibly free the DNAzyme from the blocker, 

because the DNAzyme does not have a single-stranded toehold region through which to 

hybridize to the blocker again. The blocker:invader duplex is considered waste_2. The 

DNAzyme is now functional because a key portion of the G-quadruplex is now single-

stranded and available to fold into the catalytically-active conformation. Prior to the 

separation of the blocker from the DNAzyme, the DNAzyme was deactivated by having 

five of its residues that contribute to forming the G-quadruplex structure hybridized to the 

blocker. The G-quadruplex’s role in binding hemin and helping to facilitate the 

peroxidase reaction by which ABTS is converted into its colored derivative is discussed 

in Chapter 4. 

 

RESULTS AND DISCUSSION 
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We compared the efficiency of the original version of CHA70 to a version of CHA 

whose component oligonucleotides contain the four unnatural nucleobases puAAD(P), 

puDDA (isoG), pyDDA(Z), and PyAAD(isoC). Their structures are depicted in figure 

3.1. The oligonucleotides containing unnatural bases were designed by Dr. Xi Chen from 

the Ellington Lab and kindly provided by Dr. Steven Benner of FFAME. The domain 

sequences for the unnatural CHA version can be found in figure 3.7. Both the P:Z and 

the isoC:isoG pairs form three hydrogen bonds with their complementary nucleobases, 

creating strong pairings. In fact, it was reported that the dP:dZ bond adds more to the 

stability of a nucleic acid duplex than any of the natural base pairs. 72  

 

 

Figure 3.1: Structures of the unnatural nucleobases used in the unnatural CHA circuit 

The natural and unnatural CHA circuits share the same reporter duplex (FRM2), 

which contains only natural bases that make up domains 2, 5, 5*, 6, and 6*. This was 

done in order to avoid synthesizing unnatural oligonucleotides containing a fluorescein or 

a quencher. Additionally, using the same reporter for both systems ensures that the 
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maximal fluorescence of a fully dissociated reporter is the same. However, one drawback 

is that the extraneous contaminating DNA can interact with - and negatively impact, as 

described below - the natural domains in the otherwise unnatural CHA circuit. 

 

Efficiency of catalyst activation in the natural and unnatural CHA circuits 

The natural CHA circuit was more efficiently activated than the unnatural CHA 

circuit by the same concentration of the respective catalysts (figure 3.2 and figure 3.3). 

The natural system reached a final fluorescence level of approximately 230, while the 

unnatural system reached a final fluorescence level of only 130. This implies that the 

predicted toehold binding and/or the branch migration occurs more slowly and less 

efficiently in the unnatural CHA circuit than in the natural one. 

The background signal contributed by the A and M hairpins was significantly 

larger in the unnatural CHA circuit than in the natural CHA circuit (figure 3.2 and figure 

3.3). The background signal contributed by the unnatural M1 hairpin caused a slow, 

linear, long term increase in fluorescence evident from the 2nd to the 14th hour (figure 

3.3). This increase was not observed in the background attributed to the A1 hairpin alone.  
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Figure 3.2: Amplification by the natural CHA circuit 
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Figure 3.3: Amplification by the unnatural CHA circuit 

The linear, M1-derived background (figure 3.3) is likely a consequence of a 

steady, ongoing opening of the M1 hairpin. As the stem structure of M1 partially opens 

by breezing, it gives the temporarily single-stranded 2* domain an opportunity to bind to 

the 2 toehold domain on F, initiating the breakup of the reporter duplex. The early, fast 

rise in background fluorescence is shared between all samples containing the A1 hairpin, 

and is therefore probably associated with the A1’s single-stranded 2* domain interacting 

with F’s domain 2 toehold. 
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Effect of random DNA contamination on uncatalyzed (background) natural and 

unnatural circuits 

We wanted to test whether random contaminating DNA molecules increase or 

decrease the background signal of the CHA system. To this end, varying amounts (0 - 

1000nM) of a DNA aptamer pool composed of 34 random nucleotides per DNA 

molecule were added to catalyst-free CHA reactions. When no catalyst is present, the 

effect of random DNA contamination turned out to be similar on the natural CHA circuit 

as on the unnatural CHA circuit (figure 3.4). In both circuits, the inclusion of random 

DNA caused a decrease in the catalyst-free fluorescence level. 

 

 

Figure 3.4: Effect of nonspecific DNA on background signal 

 

Effect of random DNA contamination on catalyzed natural and unnatural circuits 
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It was hypothesized that random contaminating DNA molecules would reduce the 

fluorescence output of a CHA system in the presence of catalyst, and that this effect 

would be more pronounced in the natural system. In this scenario, some of the random 

DNA may be able to bind to toeholds in the system, thereby competing with and 

preventing the intended oligonucleotides from using those toeholds. As a consequence, 

the circuit would be stopped in the middle of its progression and would not reach its 

endpoint, where the fluorescent strand (F) separates from the quencher strand (Q). Figure 

3.5 and figure 3.6 show that this hypothesis is incorrect. Opposite to what was predicted, 

random DNA molecules actually increased the fluorescence of the samples containing 

catalyst. The rise in fluorescence occurred regardless of whether the circuit was natural or 

unnatural, although it was more pronounced in the natural circuit. As the concentration of 

random DNA increased, so did the fluorescence. The fact that base pairing between 

natural and unnatural bases is highly disfavored likely accounts for the relative resilience 

of the unnatural circuit in the face of random DNA.  
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Figure 3.5: Effect of nonspecific DNA on natural catalyst 

 

 

Figure 3.6: Effect of nonspecific DNA on unnatural catalyst 

 

Linear, entropy-driven amplification system 

Vlad Codrea’s contribution to the linear, entropy-driven system was to write a 

computer program that generates component domains for systems of this type. 

Experimental data was gathered by Grace Eckhoff under the guidance of Dr. Xi Chen and 

Dr. Andrew D. Ellington. The domains and the oligonucleotides that are built using the 

domains must meet several criteria, which are adjustable by the user. Since all the DNA 

species in the system must remain linear, the program uses UNAFold 73 to fold each 

oligonucleotide and find the structure yielding the minimum free energy. If the energy is 

lower than a user-defined amount, the oligonucleotide and the domains that went into 

making it are rejected. 
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The program ensures that oligonucleotides do not contain homopolymers longer 

than four bases in a row and that their GC content falls within a user-specified range. The 

program also ensures that oligonucleotides that are not supposed to interact with each 

other do not hybridize. Finally, the program allows domains to be set manually, such as 

when adapting this system to use a biologically relevant DNA or RNA as its trigger. It 

was foreseen that one of the primary applications of this and other DNA-based 

amplification circuits is to detect pathogenic organisms and genotype the virulence 

factors they carry. Many drug resistance genes are encoded by single nucleotide 

polymorphisms (SNPs, such as the ones detailed in Chapter 4). This linear entropy 

amplification system is highly specific to trigger molecules containing an exact sequence. 

In fact, the system is resilient against a high concentration (150nM) of a false positive 

trigger containing an incorrect SNP variant.71 

 

CONCLUSIONS 

Using non-natural nucleobases to build nucleic acid circuits is a brand new area of 

study that has the potential to expand the usefulness of these circuits and their impact on 

other aspects of Biology. The ability to expand the Watson-Crick base pairing code from 

just two pairs of complementary bases to many pairs increases the power of nucleic acids 

on many levels. Importantly, more information will be able to be encoded within shorter 

nucleotide sequences. 

The unnatural CHA circuit was found to be less efficient at amplifying the same 

concentration of catalyst. This could be attributed to the inherent qualities of the 
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unnatural bases or to a poor quality of the oligonucleotides containing those bases. 

Inherent qualities may include less efficient hydrogen bonding between complementary 

strands and slower branch migration rates. Quality problems may include base 

misincorporations or degradation of the residues once they have been incorporated. 

Synthesis of unnatural oligonucleotides requires individualized coupling parameters for 

each base, which may not have been optimized. 

IsoC is relatively unstable, with a degradation half life of 4 days under neutral 

aqueous conditions. IsoG can undergo tautomerization into its enol form, which hydrogen 

bonds with T.74 These problems may have contributed to the lower catalytic efficiency.  

The results indicate that random DNA molecules have a similar effect on the 

background signal of both the natural and unnatural CHA circuits. Unlike initially 

hypothesized, the random DNA was not antagonistic towards the catalyst, but aided it in 

separating the F strand from the Q strand. This indicates that part of the random pool of 

DNA was able to mimic the catalyst and/or the other activated components of the circuit. 

The random DNA can bind to single-stranded toeholds and cause the stems to 

temporarily open up, potentially triggering a reaction in a middle component of the CHA 

circuit that was not initiated by the catalyst. The signal introduced by random DNA was 

greater in the natural system than in the unnatural system when catalyst was present, 

indicating that the unnatural CHA circuit is slightly more resilient to false triggering by 

extraneous contaminating DNAs.  

From the engineering goal of increasing the specificity of interaction between 

circuit components and preventing undesired interactions, the new bases will come as a 
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tremendous help. Designing circuits free of cross-reaction sometimes clashes with other 

design goals, such as thermostability. The design of thermostable circuits comes at the 

cost of making the domains longer and/or CG-rich. Longer domains cause a slowdown in 

the circuit because branch migration is a reversible process that takes more time to 

complete if the branch migration domains are long. CG-rich domains are likely to cross-

react due to the inevitability of sequence similarity when the diversity of bases is 

constrained. Introducing unnatural bases in some domains but not others will help avoid 

unwanted cross-talk.  

While these experiments do not involve enzymes, subsequent nucleic acid circuits 

that use these unnatural nucleobases might interface with enzymes such as polymerases, 

helicases, and endonucleases. dZ:dP is recognized by common polymerases such as Taq 

and Vent(exo-) and is able to take part in PCR reactions performed by those enzymes. 75 

IsoC and isoG are recognized by Klenow fragment and T7 RNA polymerase. 74 Non-

natural nucleobases have also been incorporated into mRNAs that were then translated in 

vitro and used to direct the incorporation of the unnatural amino acid 3-iodityrosine. 76 

While these existing systems employ both enzymes and unnatural nucleobases, it is likely 

that other, more complex systems will require the engineering of enzymes to interact 

more efficiently with unnatural bases.   

In diagnostic assays where DNA circuits play a critical role in amplification of 

weak signals, there may be significantly more contaminating DNA than the sequence that 

is being detected. Constructing amplification circuits using unnatural bases will help 

avoid leakage induced by contaminating DNA species, as was shown in these 
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experiments. Clinical samples contain nucleases, which are notoriously stable and 

difficult to inactivate. It is likely that unnatural nucleic acids will be more resistant to 

these nucleases, helping to maintain the integrity of the amplification circuit that the 

diagnostic kit relies on. 

 

MATERIALS AND METHODS 

 

Catalytic hairpin assembly (CHA) 

All CHA 70 reactions were performed at 37 C with the following reagent concentrations 

unless otherwise specified: 100nM F, 200nM Q, 100nM A, 40nM M, 2.5nM C, 1uM 

oligo-dT, 20mM Tris-HCl, 140mM sodium ion, and 4mM potassium ion.  

 

CHA circuit containing unnatural nucleobases 

Figure 3.7 contains the sequences of the component oligonucleotides that make 

up the unnatural CHA circuit.  
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Figure 3.7: Domain composition of the unnatural CHA circuit 
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Chapter 4: G-quadruplex enabled colorimetric detection of SNP 

mutations conferring drug resistance to pathogens 

 

INTRODUCTION 

We have chosen to focus on the enzymatic properties of the hemin/G-quadruplex 

complex because it has a great potential for signal amplification and for direct, human-

accessible result presentation without the need for cumbersome and expensive detection 

equipment. DNAzymes made of G-quadruplexes bound to hemin have been used to 

effectuate output signals from various reactions that detect mercury 77, cocaine 78, 

cholesterol 79, cysteine 80, and terbium (III) 81. G-quadruplex/hemin has also been used 

for high-throughput detection and screening for potential antioxidant compounds. 82 A 

number of chromogenic or fluorogenic molecules have been developed as substrates for 

the peroxidase activity, including 3,3',5,5'-tetramethylbenzidine sulfate (TMB) 83, 2,2'-

azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) 22, and p-

hydroxyphenylacetic (HPA) 84. 

Access to fast and robust molecular diagnostics is critical to the successful 

management of health conditions. Detection of TB and identification of any drug 

resistance it may carry is a bottleneck preventing timely treatment 85. The distribution of 

TB is skewed toward low-income countries with a poor medical infrastructure, where 

point-of-care (POC) diagnostics are the only economically-feasible detection modality. 

PCR products are commonly detected by staining double-stranded DNA with dyes such 

as SYBR Green or by hybridization with sequence-specific fluorescent probes such as 
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TaqManTM. Both these systems require advanced instrumentation such as real-time PCR 

machines for reading the fluorescent signal. PCR is able to amplify small amounts of 

nucleic acids found in easily obtainable biospecimens like sputum. Older, less sensitive 

detection platforms often require samples with higher analyte counts, such as biopsies of 

infected tissue acquired by invasive procedures. Harnessing PCR’s sensitivity while 

eliminating the prohibitive cost of quantifying its output by fluorescence would pave the 

way for large-scale use of field-ready diagnostic kits in poor nations. 

We will describe an application that harnesses the properties of G-quadruplexes 

for detecting pathogens such as Mycobacterium tuberculosis. In addition to simple 

detection, we will describe a genotyping scheme that will reveal whether samples of the 

disease-causing bacteria contain genomic features that confer resistance to antibiotic 

drugs. First we will discuss changes to the conditions of G-quadruplex/hemin peroxidase 

reactions that maximize sensitivity, specificity and resistance to contamination. We will 

then detail a novel DNA amplification technology called G-quadruplex-generating PCR 

(GG-PCR), which features a human-visible colorimetric readout of PCR powered by the 

catalytic activity of G-quadruplexes. GG-PCR enables distinction of SNPs with a high 

degree of sensitivity and specificity.  

 

RESULTS AND DISCUSSION 

 

ABTS colorimetric assay using Cacodylate for G-quadruplex quantification 
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We first attempted to find optimal conditions for the G-quadruplex/hemin-

mediated peroxidase reaction. The substrate used for this reaction was ABTS, which 

experiences a color change from the initial colorless species to the green ABTS*+ 

reaction product. We initially used the reaction conditions employed previously by 

Eckhoff et. al. in the Ellington Lab 71: 25mM Tris-HCl, pH 4.5, 150mM sodium ion, 

20mM potassium ion, 0.03% Triton X-100, 1% DMSO, 200nM quadruplex. We later 

modified the conditions to make the reactions more resilient to contaminants.  

The purpose of the peroxidase reaction is to quantify the amount of G-quadruplex 

present. Using HPA as the reporter molecule has proven to be a capricious reaction that is 

prone to over- and under-estimation of the amount of G-quadruplex present, depending 

on the type of contaminant in the reaction. For instance, adding detergents can yield an 

inordinately large fluorescence value, thereby giving the impression that there is more G-

quadruplex present than there actually is. On the other hand, adding lead ions (and 

perhaps other ions that haven’t yet been tested) will suppress the signal, thereby giving 

the impression that there is less G-quadruplex present than there actually is. If G-

quadruplex systems are to be used in real-world detection kits where the G-quadruplex 

samples may be tainted with these compounds and other environmental contaminants, the 

peroxidase reaction needs to be significantly more robust. For this reason, an alternative 

reaction that uses cacodylate as the key buffer component was attempted. The arsenic-

containing cacodylate was reported to confer extraordinarily low background in G-

quadruplex peroxidase reactions. 86 
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Despite the fact that this buffer contains 0.05% Triton X-100, it exhibits a low 

background signal for the hemin substrates ABTS and TMB 86. This buffer requires an 

extremely high concentration of ATP (10mM) for the G-quadruplex to be active. 

However, the no-DNA control, even in the presence of 0.05% Triton, remains negligible. 

Using the buffer with 10mM ATP, Stefan et. al. were able to detect as little as 5nM of G-

quadruplex DNA. 86 

Here, we demonstrate that cacodylate + 10mM ATP buffer yields no Taq-induced 

background, and can detect as little as 5nM of the BL G-quadruplex. The Taq-positive 

and Taq-negative lines match almost perfectly (figure 4.1), demonstrating the robustness 

of the buffer to contaminants and the specificity of the buffer to the G-quadruplex. 
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Figure 4.1: ABTS absorbance from G-quadruplex. Endpoint quantification using 

cacodylate/ATP buffer. The values of the reactions containing and lacking Taq 

polymerase are superimposed.  

 We next wanted to test whether the G-quadruplex based peroxidase reaction was 

resilient to lead ions, which have been previously shown to affect G-quadruplex folding 

and the catalytic properties of the folded product87. Lead ion concentrations of 0uM, 

5uM, 10uM, 25uM, 50uM and 100uM were added to peroxidase reactions containing a 

full-length G-quadruplex. Even at lead ion concentrations of 50uM, the reduction of 

peroxidase activity was indiscernible, whereas there was a minimal reduction at 100uM 

(figure 4.2).  
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Figure 4.2: Peroxidase activity of G-quadruplex in cacodylate buffer and lead 

concentration from 0-100uM 

We then wanted to see whether we could find a buffer in which the full-length G-

quadruplex, but not a truncated version, is able to catalyze the peroxidase activity. The 

truncated G-quadruplex is shorter by one base on the 3’ end (figure 4.12). Such truncated 

G-quadruplexes are used in Quadruplex Priming Amplification (QPA)88, where a 

truncated G-quadruplex primer is extended by a DNA polymerase, causing dissociation 

of the product that enables amplification. The QPA amplification reaction, as initially 

described by its inventors, uses an internal fluorescent analog of adenine, 2-aminopurine 
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(2AP), that only emits UV radiation when the oligonucleotide attains a quadruplex 

structure. The excitation and emission wavelengths of 2AP are 310nm and 370nm, 

respectively, requiring a UV light source and a specialized photodetector to quantify. The 

emission and excitation in the UV range also precludes the use of eyesight to visually 

observe the reaction. Observing QPA products via fluorescence has several drawbacks: 1) 

the excitation radiation is dangerous to eyes and skin; 2) reading modalities require a 

controlled environment (clean dark box) lacking contaminants such as dirt or ambient 

light; and 3) the sensor equipment and analysis module (a type of computerized device) 

are too expensive, electricity-intensive, and fragile to be used in field diagnostics. It 

would be useful if the product of QPA reactions would produce a chromogenic substance 

visible under plain sunlight. We therefore sought to adapt the ABTS peroxidation to 

quantify QPA products.  

 A significant problem we encountered in trying to quantify QPA products is that 

the primers have some ability to catalyze the peroxidase reaction in the original 

ATP/cacodylate buffer, thereby producing a high background. We hypothesized that 

there exists some concentration of lead ion that inhibits the peroxidase activity of the 

truncated G-quadruplex QPA primer but not the activity of the full-length G-quadruplex. 

This hypothesis was based on the expectation that the folding of the QPA primer into a 

catalytically-active structure is less stable than the folding of the full-length G-

quadruplex. Seeing that lead ion concentrations as high as 50uM did not affect the 

peroxidase activity of the G-quadruplex while 100uM concentrations did, we hoped that a 

concentration in this range would be able to thoroughly disrupt the weaker folding of the 
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truncated QPA primer while not affecting the stronger folding of the full length G-

quadruplex. Unfortunately, lead ion concentrations of 0uM, 5uM, 10uM, 25uM, 50uM 

and 100uM did not inhibit the peroxidase activity of the truncated G-quadruplex QPA 

primer (figure 4.3).  

 

 

Figure 4.3: Peroxidase activity of QPA primer in cacodylate buffer and lead 

concentration from 0-100uM 

In conclusion, ABTS with cacodylate and ATP buffer provides a robust platform 

for quantifying the concentration of G-quadruplex. This buffer provides exquisite 

sensitivity to G-quadruplex (as little as 5nM) and is resistant to contamination with 
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compounds that are prone to cause high background. The ABTS + cacodylate/ATP 

system also has the advantage of generating a human-readable signal in the form of an 

unmistakable dark green color. This is a distinct advantage over HPA, whose 

fluorescence must be read using a specialized apparatus that is able to emit and detect UV 

light. This opens the door to applications of the technology where the readout can be 

performed by any person, and will not require bulky, energy-expending, and costly 

fluorescence detectors and personnel trained to use them. 

 

G-quadruplex-generating PCR (GG-PCR) 

G-quadruplex-generating PCR (GG-PCR) is a variation on polymerase chain 

reaction where the forward and reverse primers are extended by a 17-nt sequence 

complementary to a G-quadruplex. It was conceived by Dr. Sanchita Bhadra with input 

from Dr. Andrew D. Ellington and Vlad Codrea. As the PCR reaction proceeds, the 

double-stranded products will include a strand that can fold into a G-quadruplex. When 

the product is heated in the presence of hemin, the G-rich strand will form a functional 

deoxyribozyme (DNazyme), a G-quadruplex that binds to the hemin and that can catalyze 

a peroxidase reaction (figure 4.4). This peroxidase reaction converts a colorless substrate 

into a colorimetric signal.  
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Figure 4.4: Schematic diagram of GG-PCR 

The primary advantage of GG-PCR over existing PCR variations is that the 

readout is user-visible. Rather than needing complex machinery to analyze the readout, a 

simple color change in a test tube will inform the investigator whether a SNP allele is 

present or not. Other means of measuring PCR products include gel electrophoresis, 

which requires specialized equipment such as UV lights, electrophoresis power supplies, 

rigs, substrates (agarose gel, acrylamide gel, capillary), and potentially carcinogenic dyes 

(ethidium bromide, Sybr Gold). Measuring the extent of the PCR reaction in real-time 

requires even more expensive and bulky equipment such as a Realtime PCR system, 

which costs tens or hundreds of thousands of dollars. These apparatuses include lasers, 

heating blocks, and photodetectors and require controlled laboratory conditions to operate 

within normal parameters. Carrying a real-time qPCR machine to mobile clinics or to 

diagnostic facilities on the field in third world countries is not feasible. On the other 
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hand, thermocycling a test tube reaction and then observing a color change that is visible 

with the naked eye is a much more attainable endeavor. 

Allele-specific GG-PCR primers were designed such that the SNP was 

complementary to the 3’ end of the primer. The length of complementarity between the 

primers and the template was between 20 and 24 nt long, in order to endow the primers 

with a high affinity for the template even at high temperatures of elongation. The GC 

content of the primers ranged from 55% to 73% and melting temperatures ranged from 61 

C to 72 C, suggesting that GG-PCR can be applied to the detection of both GC-rich and 

AT-rich genomic regions. By choosing a high Tm for the primer, we were able to execute 

GG-PCR in a two-step thermocycle.  

Real-time quantifications of GG-PCR were performed using a TaqMan probe 

complementary to a region of the amplicon (figure 4.11). The reaction parameters 

initially used for the RpoB531 SNP failed to distinguish between the matching and 

mismatched template. When new parameters were tried, a delta-ct of 5.15 +/- 0.13 was 

generated. Consequently, the new set of parameters was used for the remainder of the 

qPCR experiments (figure 4.5). 
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Figure 4.5: Two sets of parameters (old and new) used for real-time GG-PCR 

A single G-T mismatch at the 3’ end of the primer may be too weak to inhibit 

amplification. In this case, introducing multiple mismatches (with the SNP being the 

tipping point for disruption of primer binding) could aid the differentiation. 89 Another 

method to weaken the interaction of the primer to a mismatched template is to include 

multiple inosines in the primer. Inosine residues can base pair with adenine, thymine, and 

cytosine residues, albeit more weakly. 90; 91 The protein translation mechanism has taken 

advantage of this property by including inosines in the wobble positions of some tRNAs, 

thereby allowing those tRNAs to recognize multiple codons. 92 The hydrogen bonds that 

inosine makes with the DNA bases on the template strand are weak. A primer containing 

multiple inosines will bind more weakly to the template than a primer of the same length 

that is perfectly complementary. It is hoped that an inosine-laden primer will hurt the 

binding of the mismatched template more than it will hurt the binding of the matching 

template. It is hypothesized that this differential weakening of binding will increase the 

specificity of the inosine-laden forward primer to its matching template. 
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Delta-ct values between the correct template and the incorrect template for the 

different SNPs are summarized in figure 4.6.  Some SNPs did not have double-mismatch 

or inosine primers, and so no delta-ct values could be obtained for them. The higher the 

delta-ct values, the better the primers are at discriminating between the correct and 

incorrect templates. As expected, weakening the primer binding (i.e. via an extra 

mismatch and a poly-inosine stretch) increased the specificity of the primer for the 

matching template. 

 

 

Figure 4.6: Specificities in amplification provided by three types of primers: regular, 

two-mismatch, and two-mismatch/polyinosine 

 

GG-PCR quantification using ABTS in cacodylate buffer 

ABTS/cacodylate quantifications for triplicate GG-PCR reactions were 

performed. Dr. Sanchita Bhadra performed the following amplification reactions, and 

Vlad Codrea quantified the reaction products. Amplification involved using gene-specific 

outer primers for nested PCR that were between 26nt and 30nt long and had a Tm 

between 72 C and 74 C. The primers were very specific to the corresponding plasmid-
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derived templates, and there was no amplification caused by the incorrect template 

(figure 4.7 and figure 4.8).  

 

 

Figure 4.7: Specific amplification of the wildtype RpoB513 allele by the wildtype 

RpoB513 primer 
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Figure 4.8: Specific amplification of the mutant RpoB513 allele by the mutant RpoB513 

primer 

ABTS/cacodylate quantification of GG-PCR products using genomic templates at 

high, medium, and low concentrations was performed. Unlike previous experiments, 

which used plasmid DNA as the template, these experiments use DNA purified from 

Mycobacterium tuberculosis cultures. The high (H), medium (M), and low (L) genomic 

templates have ~26850,  268.5 and 1.34 genome copies per ul, respectively. The low 

samples could not be distinguished from the negative controls, indicating that the assay is 

not sensitive to 1.34 genome copies per ul (figure 4.9). 
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Figure 4.9: Limit of detection of the wildtype RpoB513 genomic template by the 

wildtype primer 

 

CONCLUSIONS 

QPA is an ingenious method of amplifying a target DNA template without the 

need for heat denaturation. A drawback to QPA in its present form is that the product 

cannot be detected without spectrophotometric equipment. Adapting QPA to be evaluated 

with the naked eye is theoretically possible by inducing a color change via a hemin 

peroxidase reaction. The problem is that QPA generates a high background as a result of 

having a reactant (a truncated G-quadruplex primer) that is not readily distinguishable 

from the product being assayed (the full-length G-quadruplex). Despite having tested the 

addition of varying concentrations of lead ion to minimize the background signal, no 
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suitable buffer was found to allow the peroxidation reaction to conclusively distinguish 

between the partial G-quadruplex primers and the full-length G-quadruplex. Such a 

buffer might require engineering small organic molecules (some candidates are already 

available) that specifically inhibit the peroxidation reaction by the primers or that 

preferentially stabilize the full-length G-quadruplex. 

Unoptimized versions of the peroxidase reaction that quantifies G-quadruplex 

presence in a sample are unreliable and prone to distortion. For instance, environmental 

contaminants such as lead ion and detergents cause significant suppression of signal and 

background noise, respectively. Performing the peroxidase reaction in cacodylate/ATP 

buffer with ABTS as the reporter molecule is a robust platform for quantifying G-

quadruplexes, and it is resistant to influence by the earlier-mentioned contaminants. The 

ABTS reaction is readily observable by the naked eye and does not require equipment to 

interpret the results. 

Catalysis by DNazymes such as G-quadruplex peroxidases has been used to 

generate output signals in a variety of detection and amplification assays 93; 94. For 

example, analyte-dependent extension and completion of partial G-quadruplexes have 

powered chain reactions resulting in nucleic acid amplification 88; 95. Other G-quadruplex-

based platforms place the G-quadruplexes inside double-stranded probes or split them 

into separate oligonucleotides that are brought together by the analyte 94; 96. 

 GG-PCR is a user-friendly biosensor platform that genotypes drug resistance-

conferring SNP alleles with a high sensitivity (268.5 TB genome copies per ul) and 

selectivity. GG-PCR has the potential to allow medical personnel in third world countries 
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to know what antibiotics their patient’s strain of tuberculosis is resistant to. This 

determination can be performed in low tech environments such as clinics set up close to 

the patient’s residence, because GG-PCR does not require expensive and fragile 

spectrophotometry equipment.  

In order to increase the specificity of amplification, forward primers that contain 

another mismatch in addition to the SNP itself were tested. The motivation for trying this 

was that the second mismatch would destabilize the binding of the template having the 

incorrect allele more than it would destabilize the binding of the template having the 

correct allele. This turned out to be true. Additionally, it was possible to further 

destabilize the binding of a mismatched primer by incorporating inosine residues. While 

destabilizing primer binding causes a decrease in sensitivity, it also causes an increase in 

selectivity for the matching template, which is critical in distinguishing SNPs. A large 

difference in the cycle number at which the matching template gets amplified compared 

to the mismatched template allows for selection of a cycle at which one reaction 

generates product and the other reaction does not. The reaction that generates product 

will turn green when assayed by ABTS/cacodylate, whereas the other reaction will 

remain clear. With the proliferation of smart phones carrying cameras, it is theoretically 

possible to develop smart phone apps that perform some color intensity quantification to 

supplement the visual inspection by clinical personnel.  

 

MATERIALS AND METHODS 
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G-quadruplex quantification using cacodylate buffer and ABTS as the substrate 

For the experiment to find the minimum concentration of G-quadruplex that is 

detectable using cacodylate buffer and ABTS, the concentrations of reactants are as 

follows: 10mM sodium cacodylate buffer (pH 7.2), 10mM potassium ion, 90mM lithium 

ion, 0.05% Triton X-100, 0.1% DMSO, 10mM ATP, 6mM H2O2, 1µM hemin and 5mM 

ABTS. 

 

G-quadruplex-generating PCR (GG-PCR) 

We applied GG-PCR to detect the presence of DNA containing four SNPs known 

to confer drug resistance in Mycobacterium tuberculosis. The rpobS531L, and 

rpobQ513L SNPs confer resistance to the antibiotic rifampicin, whereas the katGS315T 

SNP confers resistance to the antibiotic isoniazid. The genomic sequences surrounding 

these SNPs can be found in figure 4.10. These mutations have been identified as being 

key predictors of multi-drug resistant tuberculosis (MDR-TB).97; 98; 99 

 

 

Figure 4.10: SNP variants conferring drug-resistance from the genome of 

Mycobacterium tuberculosis 

The templates for the wildtype and mutant rpoB genes were cloned into PCR 2.1 

Topo TA plasmids and sequenced by Dr. Sanchita Bhadra. She also designed the GG-
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PCR primers, while Vlad Codrea designed the probes. In GG-PCR, the FWD primer is 

specific to the SNP because the 3’ end of the FWD primer sits on the SNP. The probe sits 

between the FWD and the R primer, as shown in figure 4.11. 

 

 

Figure 4.11: Arrangement of primers and probe in GG-PCR 

The oligonucleotides used in GG-PCR experiments are shown in figure 4.12. 

Primers ending in “FWD” are regular forward primers, those ending in 2mFWD have an 

additional mismatch, and those ending in 2mDpoFWD have an additional mismatch and 

a run of inosine residues. 

 

 

Figure 4.12: Oligonucleotides used in the GG-PCR experiments 
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Real-time quantitative PCR was performed using 0.1 ng plasmid per 100 µl of 

reaction containing 100 nM forward primer, 100 nM reverse primer, 200 nM probe 

labeled with 5’-end 6-FAM and 3’-end Iowa Black dark quencher, and 1X Roche 

FastStart Universal Probe Mastermix with ROX (Roche, Indianapolis, IN). Temperature 

cycling was preceded by a one-time hold at 50 C for 2 minutes, followed by a one-time 

hold at 95 C for 10 minutes. Each temperature cycle consisted of 15 seconds at 95 C 

followed by 1 minute at 70 C. The experiments were performed on a ViiA 7 Real-Time 

PCR System (Life Technologies, Grand Island, NY, USA) and the results were analyzed 

using the ViiA 7 Software v1.2. 



 85

 

Chapter 5: Paperfluidic detection of Mycobacterium tuberculosis 

 

INTRODUCTION 

Quantitative PCR-based diagnostic equipment is the most accurate means of 

diagnosing pathogenic microorganisms that are difficult to grow on media or to 

distinguish using colony morphology and microscopy. These systems provide accurate 

genotyping of virulence factors and drug resistance genes, but cost hundreds of thousand 

of dollars. These apparatuses also have high ongoing maintenance costs for activities 

such as laser source and thermal block calibration and occasional failure of mechanized 

components. In countries such as those in Southeast Asia, which harbor 59% of 

tuberculosis cases and where governments allocate just $15 a year per capita on health 

100, it may be difficult for the government to overcome the intimidating price tag of such 

sophisticated equipment.  

Tuberculosis is a disease caused by Mycobacterium tuberculosis that has plagued 

humans since the beginnings of recorded history, having entered the human population 

possibly earlier than the Neolithic period. 101 It grew to become the number one health 

concern by the 18th century, and by the time of the Civil War, approximately 1 in 5 

people in the United States died of tuberculosis. 102 Tuberculosis infections reached a low 

of 36 deaths per 100,000 in 1980, but have seen a slight resurgence as a result of 

increased travel and the appearance of multidrug resistant strains. 103 As of 2009, there 

were 10 million new tuberculosis cases every year, and about one third of the world’s 
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population (two billion people) were latent carriers. 101 In view of the magnitude of the 

problem, it is no surprise that constant surveillance aided by accurate diagnoses is critical 

to keeping the pandemic in check.  

The traditional method of diagnosing Tuberculosis has been sputum smear for 

acid-fast bacilli in patients exhibiting pulmonary symptoms. Radiological findings 

indicative of tuberculosis include lung opacities, lung cavities and calcified lymph nodes. 

The gold standard for diagnosis is growth on liquid culture, which due to the slow growth 

of the organisms requires 16 days to complete. 104  

Much of the developing world lies in equatorial climates, where high 

temperatures can spoil reagents such as enzymes that are required components of 

diagnostic kits. High humidity and environmental contaminants such as dust and sand can 

also spoil reagents that require controlled conditions. One of the most far-reaching 

limitations to performing advanced diagnostics on-site is the lack of reliable electricity. 

100 

 

RESULTS AND DISCUSSION 

 

Overview of bead conjugation 

We propose to develop a paper fluidics system for the detection of 

Mycobacterium tuberculosis mRNA. A gene that is highly expressed in M. tuberculosis 

was chosen for detection. In order to facilitate the evaluation of the system using live 

cells in a BSL-2 environment, a segment on the gene that is perfectly conserved between 
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the pathogenic M. tuberculosis and its innocuous relative M. smegmatis was selected to 

act as the linker between the bead and the enzyme. The buffer was optimized for both 

hybridization efficiency and enzyme activity. Beads were demonstrated to capture 

enzyme after being incubated with the enzyme in-vitro. Finally, beads were demonstrated 

to capture the fluorescent tag (169F) on paper. 

 

Enzyme capture on bead 

The single-stranded mRNA of fbpB is envisioned to act as a linker between the 

enzyme and beads that have been immobilized on a paper strip (figure 5.1). 

 

 

Figure 5.1: Bead conjugation scheme 

Two synthetic DNA fragments have been made deriving from the fbpB gene: 

fbpBL contains just the regions complementary with 236Am and 169Bi, whereas 

fbpBFullMtL contains those perfectly conserved regions and the intervening 44-nt 

partially conserved region. When used as a linker between 236Am and 169F/Bi, 

fbpBFullMtL will have a single-stranded loop corresponding to the 44-nt partially 
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conserved region. The advantage of using fbpBFullMtL instead fbpBL as a model for the 

fbpB mRNA is that fbpBFullMtL takes into account the properties of the intervening 

loop and any interference it might present. 

Carboxy-coated beads are conjugated with the amine labeled 236Am bead 

conjugate oligonucleotide, which is complementary to part of the fbpB gene. The 169F 

and 169Bi oligonucleotides are complementary to another segment of the fbpB gene; 

169F is conjugated on its 3’ end with fluorescein while 169Bi is conjugated on its 3’ end 

with biotin. Thus, 169F or 169Bi can be bound to the 236Am-labeled bead if there is 

fbpB mRNA there to link them via hybridization. (figure 5.1) 

Streptavidin is a protein that has an extremely high affinity to biotin 105, and 

conjugates between streptavidin and the enzyme beta-galactosidase are commercially 

available. Adding a streptavidin/beta-galactosidase conjugate to a solution containing 

236Am-coated beads, fbpB mRNA, and 169Bi will result in capture of the beta-

galactosidase to the beads. Similarly, adding 236Am-coated beads, fbpB mRNA and 

169F will result in fluorescently labeling the beads. 

 

Optimizing bead conjugation and the effect of sulfo-NHS 

This bead conjugation protocol was arrived at after several rounds of 

optimizations. For example, one variant of this protocol calls for adding N-

hydroxysulfosuccinimide sodium salt (sulfo-NHS), available from Thermo Scientific 

(Pittsburgh, PA). 106 The sulfo-NHS is intended to create a more stable amine-reactive 

intermediate, allowing more time for the amine-labeled 236Am oligonucleotide to react. 
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The regular bead conjugation protocol was compared to a modified bead conjugation 

protocol where 1mg/mL sulfo-NHS was added to the reaction. Beads were hybridized 

according to both protocols, and the DNA target was a duplex consisting of prehybridized 

bead conjugate (236Am) and full linker (fbpBFullMtL).  

Unconjugated negative control beads were compared with beads conjugated by 

the regular method and to beads conjugated by the modified method that uses sulfo-NHS. 

The ability of each bead type to retain the fluorescent tag oligonucleotide (169F) was 

measured by flow cytometry. The results indicate that the sulfo-NHS aided conjugation 

failed, as can be observed by the inability of the beads conjugated using sulfo-NHS to 

retain the fluorescent tag oligonucleotide (169F) (figure 5.2). The fluorescence of the 

beads conjugated in the presence of sulfo-NHS was indistinguishable from the 

fluorescence of the negative control, unconjugated beads. The double peak appearing for 

the fluorescence of the beads conjugated with EDC alone is attributed to aggregation of 

the beads, where the aggregated particles appear more fluorescent. Aggregation is a 

minor problem because it reduces the total surface area with which the DNA linker can 

interact and bind. 
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Figure 5.2: Quantification of fluorescence  

 

Verifying conjugation of 236Am alone to the beads 

Beads used for detection of M. tuberculosis mRNA need to be conjugated with 

the bead conjugate oligonucleotide (236Am) alone. To verify the conjugation of 236Am 

to the beads, some conjugated beads were incubated in-vitro with the fbpBFullMtL linker 

and the 169F fluorescent tag, whereas some beads were incubated with just the 169F 

fluorescent tag. As expected, in the absence of the fbpBFullMtL linker, no fluorescence 

remained on the negative control beads after three washes with hybridization buffer. The 

beads with the fbpBFullMtL linker, however, did retain fluorescence after the washes. 

The positive control for ensuring that fluorescence is detected consisted of the 

supernatant taken from the first wash (figure 5.3). 
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Figure 5.3: Visual confirmation of fbpBFullMtL linker-facilitated trapping of the 169F 

fluorescent tag 

 

Paperfluidics system 

Beta-galactosidase is an enzyme well known for enabling blue/white staining of 

bacterial colonies in cloning experiments. It works by hydrolyzing 5-bromo-4-chloro-3-

indolyl-β-d-galactoside (X-gal) to yield galactose and 5-bromo-4-chloro-3-

hydroxyindole, which has a blue color.107 Beta-galactosidase also converts the compound 

3,4-cyclohexenoesculetin β-D-galactopyranoside (S-gal) from a light-yellow solute to an 

intensely black precipitate. 108 

The paperfluidics system is designed with the goal of facilitating reagents that 

interact with the beads to become immobilized on the beads, while washing away all the 

other reagents. The strip layout was designed and printed by Dr. Peter Allen in the 

Ellington lab, and Dr. Allen provided important guidance on optimizing lateral flow and 

conjugating the amine-labeled DNA to the carboxy-coated beads. Buffer flow takes place 

from the bottom reservoir to the top reservoir. 1ul of beads are spotted at the upper arrow. 

S-gal is added in the maze in the bottom half of the strip. The dark region contains melted 

wax, whereas the light region is made up of exposed Whatman chromatography paper. 
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The entire back side of the strip is coated by a layer of wax to prevent seepage of the 

buffer. The top reservoirs have several layers of Whatman paper clipped on them during 

the course of the experiment to allow continuous absorption of buffer. Buffer is pipetted 

to the bottom reservoir in 50ul increments, forming a bead of liquid due to surface 

tension. The buffer flows through channels underneath the black strip; this is intended to 

limit the flow of buffer and allow time for reagents to interact before they are swept 

upward into the top reservoir. The schematic on the left side of figure 5.4 shows the 

locations of reagents that are added to the paper strip in the final, production version of 

the paperfluidics assay.  

The example strip shown on the right side of figure 5.4 contained just buffer, S-

gal, and beads. The positive control beads on the right, which turned dark, were 

conjugated to the 236Am bead conjugate oligonucleotide and incubated in-vitro with the 

fbpBFullMtL linker and the 169Bi biotinylated tag. The negative control beads on the 

left, which remained white, did not have fbpBFullMtL linker added. The absence of the 

fbpBFullMtL linker prevented the enzyme from remaining conjugated following the three 

washes with hybridization buffer, and consequently no conversion of the substrate to its 

black precipitate took place. 
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Figure 5.4: In-vitro capture of enzyme onto beads 

Fortunately for the purposes of this assay, the dark precipitate is significantly 

more sedentary than the S-gal precursor, which means that it remains for the most part 

where it is generated by the enzyme. If buffer is allowed to travel over the area for 

several hours, some of the precipitate will travel toward the upper reservoir, but enough 

will remain on the beads to indicate that enzyme is present there. Additional S-gal can 

also be added to the maze any time after the buffer has started flowing to ensure there is 

ample substrate for the bead-bound enzyme. 
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Optimization of enzyme activity 

The buffer conditions in which the enzyme most efficiently catalyzed the 

conversion of S-gal to the black precipitate were optimized. Figure 5.5 shows a 

comparison of enzyme activity in the presence of buffers containing various 

concentrations of ammonium ferric chloride, magnesium chloride, and the blocking 

agents Superblock and Tween. The concentration of ammonium ferric chloride had the 

greatest impact for color intensity, with 5mg/mL yielding the strongest signal (figure 

5.5). The other factors tested did not significantly impact color generation. 
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Figure 5.5: Optimizing buffer for beta-galactosidase/streptavidin conjugate enzyme 

 

Trapping enzyme on 236Am/fbpBFullMtL-conjugated beads 

Beads labeled TB#10, which were added to strips A, B, and C, were conjugated 

with pre-hybridized 236Am amine-labeled oligonucleotide and the fbpBFullMtL linker. 

Beads labeled TB#9, which were added to strip D, were conjugated with just the 236Am 

amine-labeled oligonucleotide without the linker. The order of reagents spotted on the 

paper strip, going from the bottom to the top is as follows: S-gal, Enzyme, 169Bi 
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biotinylated tag and beads. An increasing volume of 20uM 169Bi was added going from 

strip A to strip B to strip C: 0.5ul, 1ul, and 2ul, respectively (figure 5.6). 

 

 

Figure 5.6: Result of on-paper trapping of enzyme with varying 169Bi biotinylated tag 

concentrations 

As expected, beads exposed to the largest volume of 169Bi retained the most 

enzyme, resulting in the darkest coloration. Also as expected, beads that were conjugated 

with no fbpBFullMtL linker did not retain any enzyme because they could not trap 

169Bi. 
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Ability of various concentrations of soluble linker to trap 169F 

We attempted to determine the minimum concentration of buffer-dissolved 

fbpBFullMtL linker that is needed to trap 169F onto 236Am-conjugated beads. Five 

different buffers were prepared, having final fbpBFullMtL concentrations of 25nM, 

100nM, 500nM, 2uM, and 10uM each. These buffers were loaded as usual in the bottom 

reservoir. 0.5ul of 1mM 169F was added to each strip, above which 1ul of 236Am-

conjugated beads was also added (figure 5.7). 

 

 

Figure 5.7: Result of on-paper trapping of 169F with varying DNA linker concentrations 

Buffer containing the various concentrations of fbpBFullMtL linker was allowed 

to wick from the bottom reservoirs to the top reservoirs, and then to seep through the 

padding covering the top reservoirs. The buffer carried 169F and fbpBFullMtL past the 
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beads, where some of the fbpBFullMtL/169F conjugates got trapped by the beads. As 

expected, the higher the linker concentration, the more 169F was captured by the beads. 

There was a slight anomaly in the 25nM strip, which seems to have retained 169F around 

the upper left corner of the beads. This can be explained by decreased flux of buffer on 

the left side of that strip, which is also evidenced by the bright pooling of 169F on the 

upper left corner of the upper reservoir. The paper padding covering the leftmost strip 

likely did not have sufficient contact with the upper reservoir to allow the buffer to seep 

into the padding and to carry the excess 169F with it.  This resulted in the leftmost beads 

not getting washed to the same extent as the other beads and hence retaining more 169F. 

 

Optimizing hybridization buffer 

We wanted to detect concentrations of fbpBFullMtL linker that are lower than 

500nM. In order to reduce the minimum concentration of linker detected, several new 

types of hybridization buffers were tested for their ability to facilitate capture of the 169F 

fluorescent tag to beads in the presence of the fbpBFullMtL linker. Separate 

hybridization reactions were performed where the concentration of PBS was increased 

from 1X to 3X, the concentration of magnesium chloride was increased from 2mM to 

20mM, and 0.1% tween and 1% superblock were added. It was discovered that in the 

presence of 20mM magnesium chloride, the hybridization of the oligonucleotides and 

consequently the retention of the 169F fluorescent tag on the beads is much more 

efficient (figure 5.8). Smaller increments of magnesium chloride ranging from 2mM to 

20mM need to be tested in order to find an optimal concentration of magnesium chloride 
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that maximizes 169F fluorescent tag capture in the presence of the fbpBFullMtL linker 

while preventing background binding in the linker’s absence.  

 

 

Figure 5.8: Optimizing buffer for in-vitro hybridization of beads followed by thorough 

washing 

 

CONCLUSIONS 

We have laid the groundwork for positively diagnosing M. tuberculosis, the 

causative agent of tuberculosis, by detecting the presence of a DNA oligonucleotide 

representing one of M. tuberculosis’ most ubiquitous mRNAs. The system was shown to 

detect the DNA mimicker of the fbpB mRNA at concentrations of 500nM and above 
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using a fluorescent tag as the output. The detection limit using the fluorescent tag is 

expected to be even lower after optimizing the hybridization buffer, with the inclusion of 

higher concentrations of magnesium chloride. Furthermore, the sensitivity is expected to 

be higher when trapping the enzyme on the beads than when trapping the 169F 

fluorescent tag. Only a single 169F fluorescent tag can hybridize to each fbpBFullMtL 

linker, whereas an enzyme bound to the linker will be able to catalyze the conversion of 

multiple S-gal units into the visible product. 

  This system has the potential to become a point-of-care kit after some further 

development. The next step needed to turn the present system into a point-of-care assay is 

to verify that it functions as expected in detecting the mRNA of M. smegmatis. High-

purity total RNA (which includes the fbpB mRNA) should be isolated using the RNeasy 

kit and a mycobacterium-specific cell lysis protocol. 109 It must then be verified that total, 

purified RNA can immobilize the enzyme to the beads just as the DNA linker was able 

to. Afterwards, it would be important to optimize an mRNA extraction protocol that does 

not require equipment such as microcentrifuges. Ideally, the mRNA extraction should be 

performed directly on the paper strip, by adding the raw sputum sample, followed by a 

sequence of reagents intended to lyse the cells and release the mRNA. Lysing reagents 

such as lysozyme and detergents might negatively impact the bead-based assay, either by 

inhibiting the beta-galactosidase or by interfering with the hybridization of nucleic acids 

linking the enzyme to the beads. If this is determined to be the case, an in-vitro mRNA 

extraction protocol that does not require centrifugation might need to be developed. 

Regardless of whether the mRNA is isolated on paper or in-vitro, it is likely to include 
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residual lysis components, and so the enzyme capture and color-change reaction might 

need to be optimized to perform in the presence of those additional compounds. Finally, 

the minimum number of bacterial cells needed to yield a positive signal on the paper strip 

needs to be determined. 

The design of the platform has made it possible to apply it as-is toward detecting 

the pathogenic M. tuberculosis H37RV organism, without the need to modify the 

sequence of the component oligonucleotides. In-vitro or on-paper amplification steps 110 

may be required to generate a sufficiently strong signal. The choice of beta-galactosidase 

as an enzyme was favorable because it is transportable at room temperature in lyophilized 

form and it generates a product that is readily visible with the naked eye. 

The consensus among worldwide tuberculosis experts is that any single modality 

for diagnosing tuberculosis will not be sufficient to serve the needs of patients in the 

vastly divergent settings that tuberculosis occurs in. 100 Consequently, the door is open 

for new diagnostic methodologies such as the one being developed here, which can be 

optimal for niche settings where bringing sample analysis to the patient is of critical 

importance. 

 

MATERIALS AND METHODS 

 

Selection of mRNA in Mycobacterium spp. to be detected 

The gene that was chosen for detection is the fbpB gene that codes for antigen 85 

complex B (85B). It makes up 41% of protein produced by Mycobacterium tuberculosis 
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in log phase growth 111, and has been extensively used as a RT-qPCR target for detection 

and therapeutic monitoring of M. tuberculosis. 112; 113; 114  

The fbpB gene is well conserved between the pathogenic Mycobacterium 

tuberculosis H37RV and its innocuous relative, Mycobacterium smegmatis, which has 

been extensively used as a laboratory model. M. smegmatis can be grown in a Biosafety 

Level (BSL) 2 environment, unlike M. tuberculosis, which is a BSL 3 organism, 

requiring significantly more handling precautions. There are two 23-nt regions perfectly 

conserved between the fbpB genes of both organisms. These regions are separated by a 

44-nt region of partial complementarity (figure 5.9). 

 

 

Figure 5.9: Selected regions of complementarity in the fbpB gene 

 

Sequence of oligonucleotides 

The sequences of the oligonucleotides used in the paperfluidics platform are 

shown in figure 5.10. The full linker (fbpBFullMtL) contains an intervening sequence 

that remains unhybridized and does not participate in linking the enzyme to the beads. 
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This intervening sequence is derived from the fbpB sequence of M. tuberculosis, in order 

to mimic the intervening sequence found in the mRNA.  

 

Figure 5.10: Oligonucleotides used in the paperfluidics platform 

 

Bead conjugation protocol 

Unless otherwise specified, the conjugation reaction between the amine-labeled 

bead conjugate oligonucleotide (236Am) and the carboxy beads is performed under the 

following conditions: 100ul of 3um-size carboxy beads from Bang Labs (Fishers, IN) are 

washed 4 times and resuspended in the same volume of pH4.5 2-(N-

morpholino)ethanesulfonic acid (MES) buffer from Sigma (St. Louis, MO). 3ul of 1mM 

bead conjugate oligonucleotide (236Am) from IDT (Coralville, IA) are added and the 

bead slurry is vortexed. 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDC) from Sigma is added to a concentration of 10mg/mL, and the reaction is incubated 

on a shaker at 23 C overnight. The reaction is quenched by adding quenching buffer 

containing Tris pH 7 with 0.1% Tween-20 from Sigma. 115 The beads are washed three 
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times with quenching buffer. Long term storage buffer consists of quenching buffer plus 

0.05% sodium azide from Sigma, to prevent microbial growth. 

 

In-vitro enzyme conjugation protocol 

Conjugating beads to enzyme in-vitro is performed as follows: 3ul of 1mM bead 

conjugate oligonucleotide (236Am) is annealed added to 3ul of 1mM full linker 

oligonucleotide (fbpBFullMtL) and 20ul of MES pH 4.5 buffer. The solution is mixed 

and heated to 95 C for 1 minute, followed by slow cooling at 0.1 C / sec to 23 C. The 

hybridized duplex is conjugated to the beads as described in the bead conjugation 

protocol. The beads are washed three times and resuspended in 100ul of hybridization 

buffer consisting of 1X PBS, 2mM magnesium chloride, and 0.1% Tween-20. 3ul of 

beta-galactosidase streptavidin conjugate enzyme from Merck Chemicals (Darmstadt, 

Germany) are added to 20ul of beads and incubated at 23 C for 2 hours while shaking. 

The beads are then washed three times and resuspended in 20ul of hybridization buffer. 

 

Evaluating fluorescence of beads 

20ul of beads (either 236Am-conjugated or unconjugated), 0.5ul of 1mM 

fbpBFullMtL linker, and 0.5ul of 1mM fluorescent tag (169F) are added to 79ul of 

hybridization buffer and vortexed. They are incubated at 23 C for 15 minutes, then 

washed three times and resuspended in 20ul of hybridization buffer. For visual inspection 

of fluorescence, 2ul of beads are spotted onto chromatography paper. Quantification of 
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the fluorescence on each bead is achieved by flow cytometry on a FACSCalibur machine 

from BD Biosciences (San Jose, California).  
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Chapter 6: Cooperativity-enabled threshold determination using DNA 

circuits 

 

INTRODUCTION 

The cooperativity-enabled thresholding mechanism described herein is an 

integrative network that processes data collected by input modules. Inputs can be DNA 

molecules that interact directly with the substance being sensed (i.e. aptamers against 

those substances 116) or outputs of upstream nucleic acid circuits. A key component of 

this network is the on/off switch, which can make discrete decisions based on a 

continuously variable condition. Our aim is to engineer on/off switches using cooperative 

ultrasensitivity, and to develop a model for rationally controlling the input threshold at 

which these switches are activated. This cooperativity system allows the end-user to 

accurately set an arbitrary threshold concentration of input molecule simply by changing 

the concentrations of the reagents that go into making up the circuit. 

The stimulus response curves of many biological mechanisms are hyperbolic, 

where increasing stimulus results in an increasingly tapered response. Exceptions to this 

include ultrasensitive responses, the best known example of which is hemoglobin. The 

binding of the first oxygen molecule changes the structure of the protein to make the 

binding of the next oxygen molecule more favorable, and so on, until all four receptor 

sites on the hemoglobin are occupied by an oxygen molecule. 117; 118; 119 Analogously, in 

our DNA-based cooperativity system, the binding of the first trigger molecule on the 
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dock molecule opens up the door for the next trigger to bind, until all five trigger binding 

sites on the dock are occupied by triggers. 

 

 

Figure 6.1: Overview of cooperativity thresholding system 

Dr. Xi Chen described the initial idea for the system, and he and Dr. Andrew D. 

Ellington provided valuable guidance on the mathematical modeling and troubleshooting 

of experiments. Sequence design and experiments were performed by Vlad Codrea. The 

system is composed of a large oligonucleotide (dock) which is labeled on the 5’ end by a 

fluorophore (figure 6.1). The dock is pre-hybridized to several smaller oligonucleotides, 
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each of which is complementary to a region on the dock. On the 3’ end of the dock, there 

is a single-stranded region called the initial toehold. Going in the 5’ direction from that 

region, there are binding sites for four smaller complementary oligonucleotides called 

blockers. All the blockers have the same sequence, and are thus interchangeable. The 5’ 

end of the dock is complementary to another smaller oligonucleotide called the quencher; 

this oligonucleotide has a quenching molecule covalently attached on its 3’ end. The 

quenching oligonucleotide shares part of its sequence with the blocker. 

The third oligonucleotide that can bind to the dock is the trigger; it is 

complementary to the 3’ end of the dock, and is of the same length as the blocker. It 

overlaps the blocker, sharing part of its sequence, but it is offset from the blocker. The 

difference between the trigger and the blocker is that the relative position of the toehold 

from the branch migration domain is switched: the trigger’s toehold is on the 5’ end of 

the trigger, whereas the blocker’s toehold is on the 3’ end of the blocker. 

To prime the system, the dock is incubated with quencher and blocker molecules. 

The concentration of blocker is four times the concentration of quencher, the ratio being 

derived from the fact that there are four times as many blocker binding sites than 

quencher binding sites. The oligonucleotide species are present in reaction buffer 

typically consisting of 1X TE, 1mM magnesium ion, 1mM poly-dT and 1X Denhardt’s 

(DH) solution. The solution is heated up to 90 C and slowly cooled to 23 C at 0.1 C per 

second. 

Trigger is added in a concentration equal to that of blocker plus quencher. The 

only way for a trigger molecule to bind to the dock is when the trigger’s 5’ toehold binds 
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to the 3’ toehold on the very end of the dock. 120; 121; 122 The dock’s 3’-most toehold is 

only 3nt long, shorter than the other toeholds, which are 6-nt long. This disparity between 

toehold lengths favors the binding of the first blocker instead of the first trigger, making 

the binding of the first trigger a relatively infrequent event. Thus, a higher concentration 

of trigger is needed than of blocker to reach an equilibrium where the initial binding site 

is occupied half the time by blocker and half the time by trigger. 

After the initial trigger’s toehold binds to the dock, it can undergo strand 

migration, which involves two processes: 1) the unzipping of the blocker oligonucleotide 

one base at the time; and 2) the zipping of the trigger molecule’s branch migration region 

one base at a time. 123; 124; 125 There is no inherent directionality in this random walk 

process: the unzipping of one base on the blocker does not necessitate the immediate 

zipping of one base on the trigger. Additionally, the unzipping of one base on the blocker 

does not mean that the unzipping of the second or subsequent bases on the blocker has to 

follow. In fact, the unzipping can be followed by the re-zipping of the same base, hence 

negating the reaction. Eventually, the entire branch migration region of the blocker has 

been unzipped, and the entire branch migration region of the trigger has become 

hybridized to the dock. At this point, the trigger may undergo strand migration in the 

opposite direction and displace the blocker, or it may dissociate from the dock altogether.  

The only thing that keeps the blocker hybridized to the dock is the blocker’s 6-nt 

toehold. Once this dissociates, it reveals a single-stranded region on the dock that is 

perfectly complementary to the toehold on another trigger (figure 6.1, step 2). The 

trigger’s toehold can bind to this newly opened 6-nt toehold binding site on the dock, 
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followed by strand displacement in the toehold’s branch migration region, displacing the 

blocker’s branch migration region. Just as before, the blocker is only bound to the dock 

via its 6-nt toehold, and it may dissociate, revealing a single-stranded region on the dock 

to which the subsequent trigger toehold can bind. 

 

 

Figure 6.2: Deriving G5 as a function of T 

The only species of dock that fluoresces is G5, in which the fluorophore on the 

dock in unquenched (figure 6.1). In order to arrive at a mathematical equation that 

calculates the concentration of G5, each exchange of a trigger for a blocker must be 



 111

written out as a chemical equation. The equation coefficients for each reaction are 

expressed as a fraction where the numerator is the product of the final dock and final 

blocker concentrations and the denominator is the product of the initial dock and initial 

trigger concentration. The first equation coefficient (K0) is small because the reactants are 

favored over the products. The subsequent three equation coefficients (K1-K3) are equal 

to 1 because the blocker has the same affinity to the dock as the trigger (figure 6.2).  
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Figure 6.3: G5 as a function of T (continued derivation) 

The total concentration of dock corresponds to the amount of single-stranded 

dock initially added to the system and is equal to the sum of all the types of hybridized 

docks. Dividing by G5 results in a sum of fractions. G5/G5 is one, whereas dividing G4 

through G0 by G5 can be re-written as fractions in terms of the quencher concentration Q, 

the equation coefficient of the final quencher-displacing reaction K4, the concentration of 
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blocker B, and the concentration of trigger T. The equation can be rearranged to solve for 

G5, and the left side can be multiplied by one in the form of T5/T5 (figure 6.3). 

 

 

Figure 6.4: Plot of G5 as a function of T 

The concentration of G5 can be graphed as a function of trigger concentration T. 

The other variables are fixed according to the concentrations of species added to the 

reaction. The values for K4 and K0 are determined by the relative strengths of the 

toeholds.  After setting T to range from 1 to 1200nM, the graph displays the predicted S-

shaped function that mimics an on-off switch. There is a lag period, followed by a sharp 

rise in G5, and then a plateau after a certain trigger concentration has been reached. The 
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trigger concentration at which the sharp rise occurs can be modulated by changing the 

relative toehold strengths and concentrations of non-trigger species (figure 6.4). 

 

 

Figure 6.5: G4 as a function of T 

The concentration of the penultimate dock species (G4) can also be expressed as a 

function of quencher concentration Q, the equation coefficient of the final quencher-

displacing reaction K4, the concentration of blocker B, and the concentration of trigger T. 

G4 is expected to be a transient species because there is no functional reason for the 

strand migration to stop in that state: the dock will either move to the G5 fluorescent state 
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or go back to the G0 state. The relative strengths of the trigger and quencher toeholds are 

similar, and so there is not a great impediment to the trigger displacing the quencher.  

However, at a certain concentration of trigger, there is a spike in G4. It is important to 

note that the maximum concentration of G4 is 103 times less than the total concentration 

of dock (GTot), and so it represents a very small proportion of the total dock (figure 6.5 

and figure 6.6). 

 

 

Figure 6.6: Plot of G4 as a function of T 

 

RESULTS AND DISCUSSION 
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Four oligonucleotide sequence sets (10j, 10m, 10a, and 10may) were developed to 

test strand displacement, each subsequent set being an improvement on the previous set. 

The sets differ from one another based on the composition of their branch migration 

domains and the lengths of their toeholds. There are two possible types of quencher 

titration experiments for each oligonucleotide sequence set: in the first type, quencher is 

added to fluorescent dock; in the second type, quencher is added to dock that is pre-

hybridized to trigger. There are also trigger titration experiments where trigger is added 

to dock that is pre-hybridized to quencher. For the final oligonucleotide series (10may), 

cooperative behavior is compared when letting the reaction proceed at 23 C and when 

using heat equilibration. The minimum temperature needed to achieve heat equilibration 

is determined. Cooperative behavior is finally tested in the presence of multiple 

concentrations of blocker. 

 

First sequence set (10j), designed to prevent self-folding of oligonucleotides 

The first implementation of the cooperativity system, labeled 10j, was designed 

with oligonucleotides that contained either long stretches of the purine residues (adenine 

and guanine) or long stretches of the pyrimidine residues (cytosine and thymidine) 

(figure 6.20). The choice was made to create oligonucleotides containing only three 

residues in order to prevent undesired self-folding and to promote hybridization of the 

complementary strands.  
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Figure 6.7: Minimum quencher needed for 10j system 

A quencher titration was performed to find out the minimum quencher 

concentration needed to fully quench 10nM of fluorescent dock (10j.fd). As expected, an 

equimolar concentration (10nM) of quencher fully quenched the fluorescence of the dock 

(figure 6.7). 
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Figure 6.8: Trigger titration, high-pyrimidine (10j) system 

10nM of the Fd.10j fluorescent dock was pre-hybridized with either equimolar 

(10nM) or 10-fold excess (100nM) quencher and heat-annealed. Trigger was then added 

to reach a final concentration ranging from 0-47.5nM for the equimolar samples or 0-

475nM in the quencher-excess samples. As expected, the samples having 10-fold excess 

of quencher had a slightly lower fluorescence, but the quenching was efficient for the 

equimolar samples as well (figure 6.8). In neither case was the trigger able to recover 

fluorescence by displacing the quencher. It was hypothesized that the high-pyrimidine 

composition of the trigger was generating triplex DNA structures that are incompatible 

with the desired toehold hybridization and branch migration events. 126; 127; 128; 129 

 

Second sequence set, designed to avoid poly-pyrimidine tracts 
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New, low-pyrimidine sequences, labeled 10m, were designed such that every 

oligonucleotide contained an even distribution of pyrimidines and purines, in order to 

avoid the potential for forming DNA triplex structures (figure 6.20).  

A trigger titration in figure 6.9 for the low-pyrimidine (10m) sequences was 

performed. A fluorescent dock (10m.fds) was heat-annealed to the quencher (10m.q), 

after which trigger (10m.tr) was added. The recovery in fluorescence after 70 minutes 

was slightly better for the 10m system than for the 10j system, but fluorescence still did 

not reach the level of unquenched 10m.fds.  

 

 

Figure 6.9: Trigger titration, 10m system 

 

Decreasing the strength of the quencher toehold (10a sequence set) 

We considered that 10m.tr was not able to displace the 10m.q because 10m.q’s 

toehold was too strong. Consequently, a slightly modified sequence set, labeled 10a, was 
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designed to have a weak, 4nt A/T-rich quencher toehold (figure 6.20). In contrast, 10m.q 

has a much stronger, 6-nt G/T-rich toehold. 

A trigger titration was performed using a 10a.fds dock that was heat-annealed to 

equimolar 10a.q. This time, ~15nM trigger is able to completely displace the quencher 

(figure 6.10). This is explainable by the fact that the trigger is so much stronger than the 

quencher, with the trigger having a 6nt, G/C-rich toehold while the quencher has a 4-nt, 

A/T-rich toehold. 

 

 

Figure 6.10: Trigger titration, 10a system 

The opposite titration was attempted: fluorescent dock was heat-annealed with 5-

fold excess trigger (50nM trigger, since an exact dock:trigger ratio cannot be determined 

a priori by fluorimetry), then quencher was added at increasing concentrations. The 

quenching did not seems to work at all (figure 6.11), and so the concentration of trigger 
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was decreased to be equimolar to the fluorescent dock (10nM trigger), and the quencher 

titration attempted again (figure 6.12). This time, the quenching was stronger, but still 

not complete. 

 

 

Figure 6.11: Quencher titration with 50nM preincubated trigger, 10a system 
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Figure 6.12: Quencher titration with 10nM preincubated trigger, 10a system 

 

Sequences with increased quencher strength (10may sequence set) 

A new set of oligonucleotides, labeled 10may, was generated that have a stronger 

quencher, by increasing the quencher toehold from 4 bases to 6 bases, but retaining its 

A/T-rich composition. The fact that the quencher toehold contains no guanine residues 

avoids the danger of quenching the fluorescein. 
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Figure 6.13: Quencher titration, 10may system 

A quencher titration of the 10may fluorescent dock (10may.fds) revealed that 

12nM quencher can quench a nominal 10nM concentration of dock (figure 6.13). A 

trigger titration with pre-annealed equimolar dock/quencher reveals that approximately 

250nM of 10m.tr is needed to completely displace 13nM of 10may.q from 10nM of 

10may.fds. At ~10nM trigger, approximately half of the dock is occupied by trigger and 

half by quencher, indicating that the strengths of the trigger toehold and the quencher 

toehold are on the same order of magnitude (figure 6.14). 
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Figure 6.14: Trigger titration with pre-incubated quencher, 10may system 

Two quencher titrations with pre-incubated trigger were performed. The first 

quencher titration (figure 6.15) used 5nM fluorescent dock and 2-fold excess (10nM) of 

trigger. The quencher appears weak in comparison to the trigger, likely because the 

quencher toehold contains only As and Ts, whereas the trigger toehold contains some Cs 

and Gs. Nevertheless, the fluorescence change is opposite of that in the trigger titration 

(figure 6.14), which indicates that the reaction is reversible and that the strengths of the 
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trigger and quencher toeholds are comparable. It seems that whichever oligonucleotide 

was pre-annealed to the dock has an advantage, and that inordinately high concentrations 

of the competing oligonucleotide are needed to displace it. This observation points to a 

partial failure of branch migration, which likely stalls in a fraction of the complexes due 

to synthesis errors. 

 

 

Figure 6.15: Quencher titration with 2-fold excess pre-incubated trigger, 10may system 

The second quencher titration (figure 6.16) used 10nM fluorescent dock and 3-

fold excess (30nM) of trigger. Bleed-through fluorescence from the quencher became 

obvious at quencher concentrations higher than 1uM. 
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Figure 6.16: Quencher titration with 3-fold excess pre-incubated trigger, 10may system 

 

Evaluation of cooperativity using the ligated full-length dock 

A cooperativity dock containing four binding sites for blockers and one binding 

site for quencher (figure 6.21) was generated for testing the theoretical framework 

described earlier in figure 6.1. The large dock was ordered as three oligonucleotides and 

ligated using T4 DNA ligase. 

The ligated full-length dock (20nM) was heat-annealed with 2-fold excess 

quencher (40nM) and 2-fold excess blocker (160nM). On the full dock, there is one 

binding site for the quencher and four binding sites for blockers. Hence, 80nM of blocker 

is theoretically just enough to cover all the blocker binding sites, while 160nM blocker is 

a 2-fold excess. Displacement of the pre-annealed nucleic acid species by the trigger 

occurred under two separate conditions: at 23 C for 12 hours or heat-equilibrated. 
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Recovery of fluorescence by the trigger was more effective in the heat-equilibrated 

samples. If heat equilibration had taken place, lower concentrations of trigger were 

needed to recover fluorescence to the same level (figure 6.17). In other words, a given 

concentration of trigger was able to displace more blockers and quenchers if the samples 

had been heat-equilibrated. This implies that heat overcame certain obstacles in the strand 

displacement process. 

 

 

Figure 6.17: Trigger titration with 10may full dock containing 5 trigger binding sites, 

comparing strand displacement at 23 C and after heat equilibration 

 

Determining the minimum amount of heat needed to achieve equilibration 

In order to determine the minimum temperature at which heat equilibration takes 

place, 20mM full ligated dock was pre-annealed with 2-fold excess blocker and 2-fold 

excess quencher. Considering that there are five trigger binding sites on the dock, 



 128

2,000nM trigger represents a 20-fold excess of trigger to dock. The trigger was added to 

several tubes, which were each brought to a different temperature for 10 minutes before 

being cooled back down to 23 C. The fluorescence of the solution in each of those tubes 

was plotted as a function of the temperature at which they were incubated (figure 6.18). 

It can be observed that fluorescence increases along with temperature from roughly 25 to 

70 C, but then plateaus at higher temperatures. This implies that there are no benefits to 

taking temperatures higher than 70 C, and that any equilibration that would take place 

within 10 minutes will already have occurred at that temperature.  

A finer-grade temperature map was desired in order to pinpoint the precise 

temperature at which equilibration takes place, so a second experiment was performed 

recording fluorescence values from five closely spaced temperatures between 55 C and 

70 C. This revealed that 60 C is the lowest temperature at which equilibration is fully 

achieved within 10 minutes. 
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Figure 6.18: Finding the minimum equilibration temperature for the quencher 

displacement reaction 

 

Effect of blocker concentration on the ability of trigger to achieve G5 dock state 

We were able to show that the 5-unit cooperativity system works when using heat 

equilibration, at five distinct concentrations of blocker (0nM, 160nM, 320nM, 480nM, 

and 640nM). The dock was pre-hybridized to 2-fold excess quencher and the varying 

amounts of blocker. Different amounts of trigger were then added to the docks, which 

were then heat-equilibrated. The fluorescence of the samples to which no trigger was 

added was considered to be the maximal fluorescence of the samples having the same 
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concentration of blocker. As expected, the higher the blocker concentration, the more 

trigger is needed to displace the blockers and recover fluorescence, thereby raising the 

threshold of trigger at which the signal is turned on (figure 6.19). Hill coefficients for the 

0nM, 160nM, 320nM, 480nM and 640nM curves were determined to be 10.22, 2.93, 

3.15, 3.39, and 3.26, respectively.  

 

 

Figure 6.19: Trigger titration with 10may full dock, multiple blocker concentrations 

 

CONCLUSIONS 

We aimed to provide a mathematical basis for the behavior of an on/off switch 

that uses cooperative ultrasensitivity to yield a sharp rise in output signal at a specific 

threshold of input. The system is composed entirely of DNA molecules, with no need for 

enzymes. In addition to establishing the mathematical foundation for this cooperativity 
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system, we demonstrate how to predict the shape of the output curve given a sample set 

of concentrations of the DNA species that make up the system. By manipulating these 

concentrations, it is possible to set the threshold to an arbitrary value, thereby showing 

how the system can be rationally engineered to respond to different levels of input.  

Toehold length is critical to the ability of a trigger to displace a quencher or vice 

versa. If one oligonucleotide species has a toehold that is much stronger than the other, a 

large concentration of the weaker species is needed to displace the stronger species, as 

expected. Cooperativity using heat equilibration is possible even considering the high 

error rate of base incorporation in chemically synthesized oligonucleotides. The 

experimental output of the system can diverge from the predicted value, especially in the 

absence of heat equilibration, due to factors such as mismatch-induced branch migration 

blockage, aberrant hybridization of toeholds prior to initiating strand displacement, and 

unforeseen quenching of fluorophores by nearby bases. These factors cause the system’s 

approach to the theoretical equilibrium conditions to appear slow and incomplete. 

This DNA-based cooperative ultrasensitivity mechanism has the potential to play 

a crucial role in diagnostic assays that require an easily tunable threshold of detection. 

The same thresholding mechanism can be put to use in “smart drugs” that sense their 

surroundings, and based on these, make discrete decisions as to whether or not to exert 

their effects. Given that these effects can be destructive, such as in the case of 

chemotherapeutics and antimicrobials, smart drugs will have potentially fewer side 

effects. An era of personalized and situationalized medicine is around the corner, where 

drugs that interact intelligently with their environment will be programmed to affect each 
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person, organ and cell differently. It is our belief that nucleic acids possess the necessary 

qualities to comprise the decision-making networks that control these drugs. 

 

MATERIALS AND METHODS 

 

Conditions for cooperativity experiments 

Cooperativity experiments are performed in 1mM magnesium ion, 1X DH, 1uM 

oligo-dT, and 1X TE pH 7.5 buffer, unless otherwise specified. Heat annealing is 

performed by heating the sample to 95 C for 1 minute, then cooling slowly by 0.1 C until 

the temperature reaches 23 C.  

 

Sequence compositions of systems being tested 

The oligonucleotide sequences of the four cooperativity system revisions are 

displayed in figure 6.20.  
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Figure 6.20: Oligonucleotide sequences of the four cooperativity system revisions 

 

Evaluation of cooperativity using the ligated full-length dock 

The oligonucleotides used to ligate and test cooperativity on a large dock 

containing five trigger binding sites can be found in figure 6.21.  

 

 

Figure 6.21: Oligonucleotides used in ligating and testing cooperativity on the full dock 

having five trigger binding sites 
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