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ABSTRACT OF THE DISSERTATION 

 

Development of Catalytically Active Au(I) Metal-Mediated Base Pairs and Applications in vitro 

and in vivo 

 

By 

 

Sydnee Alexis Green 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2021 

Professor Hosea Nelson, Chair 

 

 The union of transition metal catalysis with native biochemistry presents a powerful 

opportunity to perform abiotic reactions within complex biological systems. However, several 

chemical compatibility challenges associated with incorporating reactive metal centers into 

complex biological environments have hindered efforts in this area, despite the many opportunities 

it may present. More challenging than chemical compatibility is biocommunicative transition 

metal catalysis, where the reactivity of the metal species is regulated by native biological stimuli, 

akin to natural biocatalytic processes. This dissertation describes the discovery of Au(I)-bound 

metal-mediated base pairs (MMBPs) in pyrimidine mismatches. Additionally, the application of 
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these Au(I)-DNA complexes as catalysts that are dependent on genetic information was shown. 

These Au(I)-DNA catalysts form fluorescent product in response to nucleic acid fragments and 

can be used to detect nucleic acids in complex biological matrices. 

 Chapter One is a perspective on transition metal bound to RNA and DNA sequences. These 

complexes often possess nuclease-type activity in natural biological systems. However, there are 

some examples of researchers creating abiotic metalallo-nucleic acid complexes that are 

asymmetric catalysts, that exhibit sequence rate enhancing ligands, or in a few rare examples, are 

activated through addition of a specific sequence. 

 Chapter Two details experimental and computational studies of Au(I) metal-mediated base 

pairs with all three pyrimidine mismatches. Au(I) is incorporated into DNA duplex and hairpin 

structures containing a C–C, C–T, and T–T mismatch leading increases in thermal stability, 

changes in circular dichroism, and mass adducts through mass spectrometry. The stable complexes 

formed through the addition of (Me2S)AuCl to these mismatches can be used in further 

applications in nanotechnology and biocatalysis. 

 Chapter Three describes the activity of a Au(I)-DNA catalyst formed through a C–Au(I)–

T metal-mediated base pair. This catalyst is composed of a DNA hairpin structure with a toehold 

sequence, to aid in hybridization, and a C–T mismatch in the stem. Once the Au(I) precursor is 

added, an inactive catalyst is formed. Only through hybridization does this catalyst become active, 

catalyzing the formation of a fluorescent BODIPY molecule through a Au(I)-catalyzed 

hydroamination reaction. This catalyst become active when hybridized to DNA or RNA 

complement and exhibits sequence selectivity for the nucleic acid analyte. 
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 Chapter Four outline the development of a Au(I)-DNA catalyst that exhibits turnover, 

unlike the previous catalyst system (Chapter Three). This catalyst, formed through a C–Au(I)–C 

metal-mediated base pair, catalyzes the formation of a fluorescent coumarin derivative through a 

Au(I)-catalyzed hydroarylation. The Au(I)-DNA catalyst or Au(I)-CAP (chemocatalytic 

amplification probe) with substrate, leads to significant increases in fluorescence, even at low nM 

concentrations of catalyst. This Au(I)-CAP system outperforms standard molecular beacon 

technology and works in complex biological systems, such as cell lysates and E. coli whole cells, 

leading to a fluorescent response. 

 Chapter Five describes the use of a Au(I)-CAP that hybridizes to SARS-CoV-2 related 

nucleic acid fragments. Hairpins were designed such that they hybridize to either the viral RNA or 

viral cDNA of the N gene of the SARS-CoV-2 genome. These catalysts form a fluorescent 

coumarin product in response to the viral genetic information leading to detection levels in the low 

fM range. In addition, this can be paired with a nucleic acid amplification technique to detect less 

than 1 copy/l of viral RNA or DNA. Finally, direct detection of viral RNA from heat-inactived 

virus in human saliva was achievable in this system. 
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CHAPTER ONE 
 
 
 

Metal-Nucleic Acid Complexes and Their Role in Catalysis 
 
 

 
1.1 Abstract 

 The unique structural and metal binding properties of DNA makes it an ideal candidate for 

forming metal-dependent nucleic acid catalysts. This chapter discusses the various metal-DNA 

complexes and the strategies utilized to form them. This includes the formation of metal-

DNAzymes through in vitro selection, as well as the covalent and noncovalent anchoring of 

synthetic ligands to a DNA structure to form an active metal-DNA complex. Catalysts formed 

through in vitro selection often have reactivity limited to canonical nucleotide chemistry, similar 

to that of natural ribozymes. Catalysts formed through anchoring, covalent or noncovalent 

anchoring, have a wider reaction scope that includes abiotic transformation, such as aryl iodide 

reduction and asymmetric Diels-Alder reactions. Despite these advances in forming metal-nucleic 

acid complexes for catalysis, developing complexes from simple and cheap nucleic acid 

sequences, composed of natural bases, that have activity divergent from natural ribozymes, 

remains unexplored. 

 

1.2 Introduction 

 Since the discovery of nucleic acid catalysts by Westheimer and Cech in the 1980’s, 

interest in the utility of nucleic acids has rapidly expanded.1,2 While DNA and RNA were initially 

thought of just as a molecule for information storage, their well programed hybridization and 
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inherent metal binding properties make them an optimal candidate for the use as catalysts, whose 

structure and reactivity are readily optimized through standard in vitro selection protocols. 

 Early developed DNA catalysts (DNAzymes) resemble, in structure and reactivity, natural 

ribozymes. However, a few strategies have been utilized to expand the chemical scope of 

DNAzymes. Along with in vitro selection to incorporate unnatural metals, the use of noncovalent 

and covalent anchoring of ligands has been used to create novel metal-DNAzymes (Figure 1.1), 

whose reactivity is divergent from that of natural RNAzymes. In the examples discussed, single 

and double stranded DNA is used to enhance the reactivity of the metal center and induce 

asymmetry onto the products formed.3 

  

Figure 1.1 Catalytically active transition-metal-bound nucleic acid complexes.

 

 

1.3 Metal-DNAzymes formed through in vitro selection 

 RNAzymes, also known as ribozymes, were first discovered by Cech in 1986 as self-

cleaving RNA molecules that rely on a Lewis Acidic metal interaction, specifically Mg2+.4 

Since these initial reports, the repertoire of metal bound RNA- and DNAzymes has expanded to 

include even abiotic (in the context of RNAzymes) transition metals, such as Cu2+, Mn2+, Hg2+, 

Pb2+, Ni2+, and Ag+, among others.3 While natural ribozymes are responsible for the cleavage of 
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the phosphodiester bond of RNA, many DNAzymes have been produced through in vitro selection 

methods to catalyze a variety reactions, such as DNA cleavage,5 DNA and RNA ligation,6 

phosphorylation,7 nucleopeptide linkage,8 and, in a few rare examples, amide hydrolysis.9 

 The most thoroughly developed catalytic chemistry involving metal-DNAzymes, natural 

an unnatural, is the cleavage of DNA and RNA. Although many of these nucleic acid catalysts 

have metal cofactors, only a few contain d-block transition metals which are traditionally 

associated with more complex chemical transformations. Most of these examples contain a 

transition metal that acts as a Lewis acid, inducing cleavage through activation of the phosphate 

backbone, allowing for nucleophilic attack by the 2’ hydroxyl of the adjacent ribose sugar or 

another endogenous or exogenous nucleophile, such as water (Figure 1.2a).10 Alternatively, it has 

been shown that the cleavage of DNA can be induced through a Cu-catalyzed oxidative cleavage 

mechanism, in which oxidation of the bases or sugars can lead to depurination and finally b-

elimination (Figure 1.2b). In addition, DNAzyme activity including phosphorylation and 

dephosphorylation of peptides and nucleic acids has been shown to involve DNA-metal complexes 

with Mn2+, Cu2+, and Zn2+ through a similar phosphate activation mechanism. 
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Figure 1.2 DNA and RNA cleavage mechanisms with metal-dependent DNAzyme. 

 

 

 Researchers have more recently developed complexes with catalytic activity that is more 

divergent from that of natural RNAzymes. In 2016, Silverman and co-workers showed that in vitro 

selection can be used to discover metal-DNAzymes with catalytic activity other than DNA ligation 
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and cleavage.9 They were able to successfully develop a Zn2+ dependent DNAzyme with amide 

hydrolysis activity that cleaves an amide bond linking two distinct nucleic acid segments together 

(Figure 1.3a). In this way, they were able to use in vitro selection methods to optimize the 40-

nucleotide metal binding sequence that consisted of modified nucleobases (1.1), an early example 

of using in vitro selection methods to design a catalyst with activity other than phosphate cleavage 

and ligation.  

 

Figure 1.3 Zn(II)-DNAzyme catalyzed amide hydrolysis. 

 

 

 In these examples of DNA-transition metal catalysts, the metal is directly bound to specific 

binding pockets in ssDNA (Figure 1.3c), and the complexes have been shown to catalyze a range 

of different bond breaking and bond forming reactions, and most interestingly can be optimized 

for specific metal binding or substrate sequence selectivity through a few rounds of in vitro 
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performed by these catalysts are limited to nucleic acid and nucleic acid/peptide or small molecule 

derived substrates. 

 

1.4 Intercalation of transition metal catalysts to DNA 

While original efforts in the development of DNAzymes mainly focused on the breakage 

and formation of nucleic acid and nucleopeptide bonds, researchers have since pursued the 

discovery of nucleic-acid-metal complexes which perform more complex transformations. Toward 

this effort, it was found that the non-covalent interactions of metal complexes with nucleic acids 

can alter the reactivity of the metal complex through both electronic and steric affects, thereby 

expanding the potential utility of these complexes. Notably, there is extensive potential in utilizing 

hybrid catalysis which combine catalytic activity of transition metals with the chirality of these 

biological ligands. Furthermore, the modularity and ease of access to these biopolymers, like 

nucleic acids, allow for facile development of numerous metal complexes with various reactivity 

profiles. Specifically, this reactivity can be modulated by both the chirality of the DNA, as well as 

the ligand acceleration effects observed due to the p-stacking interactions with ligands intercalated 

between bases.  

The supramolecular anchoring of transition-metal complexes to biomolecules has been 

explored extensively in the context of protein-transition metal hybrid catalysts since early reports 

by Whitesides in 1978.11 However, reports in 2005 by Roelfes and Feringa showed that a Cu2+ 

ligand with a distal 9-aminoacridine moiety (1.2) could intercalate into dsDNA helix and catalyze 

a Diels-Alder reaction between azachalcone 1.3 cyclopentadiene 1.4 in water, with moderate 

enantioselectivities of the endo isomer (up to 49% ee) .12 Since this seminal report, the repertoire 

of asymmetric reactions, catalyzed by intercalating ligands with dsDNA, has expanded to include 
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asymmetric Michael addition, Friedel-Crafts alkylation, electrophilic fluorination, hydrolytic 

kinetic resolution of epoxides, and cycloproponation of a-diazo-b-keto sulfones, all with enhanced 

enantioselectivities up to 99% ee.  

 

Figure 1.4 Cu-DNA complex formed through ligand intercalation and Cu-catalyzed Diels-Alder 

reaction. 

 

 

While the initial reports resulted in the formation of enantioenriched products, it was found 
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acceleration in the presence of dsDNA and that this acceleration was highly sequence and 

intercalating-ligand dependent. Interestingly, this sequence preference and catalysis did not 

correspond to the binding constant of the copper complex with the DNA. For example, tighter 

binding copper complexes did not form the most reactive catalysts. Likely the microenvironment 

provided by the nucleobases within the DNA altered the electronics of the intercalating ligand on 

Cu2+, resulting in a more active copper center.  

In another example, the intercalation of metal-porphyrin complexes to G-quadruplexes 

resulted in the formation of catalysts capable of oxidation of small molecules.13,14 These G-

quadruplex heme hybrid catalysts exhibit peroxidase activity and have been shown to catalyze the 

reaction of luminol with hydrogen peroxide, producing a chemiluminescent response.22 These 

initial reports led to further investigation of the activity of this DNA-Fe peroxidase catalyst and 

showed the potential application of this complex as a peroxide sensor. The combination of this 

oxidation catalyst with an aptamer sequence led Golub and coworkers to develop DNAzyme-

Aptamer 1.5 capable of oxidizing small molecules such as dopamine 1.6 to form N-hydroxy-L-

arginine (1.7) and aminochrome (1.8) to citrulline (1.9) selectively.23 Specifically, known aptamers 

for these substrates, 1.6 and 1.8, were paired with the peroxidase DNAzyme, bringing the substrate 

in proximity to the DNAzyme active site, allowing for substrate specific reactivity. This catalyst 

system utilizes a reactive Fe-heme within the G-quadruplex structure and an aptamer substrate 

binding site (1.5), resulting in a DNAzyme catalyst with substrate specificity that parallels that of 

protein enzyme catalysts. 
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Figure 1.5 G-quadruplex-Aptamer complex with Fe-heme cofactor with peroxidase activity. 

  

 

Overall, the non-covalent interactions between transition metal complexes and the 

secondary structures of DNA make for more active and efficient chiral catalysts. However, while 

the complex structure and electronic properties of DNA are useful in forming unique catalysts, the 

nonspecific interactions between these intercalating catalysts make it difficult to obtain high levels 

of control and predictability of the catalyst reactivity.   
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1.5 Covalent attachment of metal binding ligands to DNA 

Another approach to forming hybrid metal-DNA catalysts is to covalently attach ligands 

to the DNA backbone. This has been shown to gain a greater level of control over the metal 

environment to induce enantioselectivity. In addition, there are a few examples of controlling the 

metal reactivity through hybridization to a specific sequence. In this way, transition metal 

reactivity is modulated by a specific nucleic acid analyte. While these reactions are of interest from 

a reactivity and catalyst control stand point, they have been proven more challenging to synthesize 

and have limitations in optimization as they require laborious synthetic modifications of nucleic 

acid sequences. 

Alternatively, direct functionalization of nucleobases to incorporate metal binding motifs 

has proven successful in forming transition metal-DNA complexes. Phosphine and diene derived 

nucleosides have been used to form Pd(II)15 and Ir(I)16 DNAzymes, 1.10 and 1.11 respectively. 

Both complexes catalyze allylic amination reactions with modest to high levels of 

enantioselectivity (Figure 1.6a). While this initial approach led to the development of unique 

catalysts, the steric constraints of having the metal ligand be a nucleoside within a DNA strand 

resulted in a less active and optimizable catalysts. For example, Pd(II) complex 1.10 forms allylic 

amine 1.12 in >99% conversion, however, when incorporated into a trimer sequence (C-1.10-G), 

the conversion was reduced to 30%. 
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Figure 1.6 Palladium and Iridium DNA-complexes for asymmetric allylic amination. 

 

 

Another alternative approach to forming metal-DNAzymes with covalently bound ligands 

is through covalent attachment of ligand to the more synthetically accessible 5’ or 3’ ends of the 

nucleic acid sequence. A Cu2+-bpy catalyst was designed using this concept such that three short 

nucleic acid sequences hybridize to form the intact complex. In this design, the metal is bound to 

a ligand in the center of the duplex, and is capable of catalyzing a Diels-Alder reaction with modest 

levels of enantioselectivity. The advantage of this approach is the ability to exchange sequence 

segments 2 (DNA2, 1.13) and 3 (TEMPLATE, 1.14) to optimize overall complex, making for a 

modular and easily optimized catalyst (Figure 1.7a).  
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In a similarly designed system, ligands can be attached to both the 5’ end of one short 

nucleic acid sequence (1.15) and the 3’ end of a complementary sequence (1.16). Upon 

hybridization, an active catalyst is formed (Figure 1.7b). This was initially applied to a DNAzyme 

system forming a Ni-salen complex that exhibits nuclease activity.17 More recently, this has been 

adapted to form a diphenylphosphine Pd(II)-complex for reduction of a nonfluorescent diiodo-

BODIPY (1.17) precursor to form a fluorescent BODIPY product (1.18), allowing for fluorescent 

detection of palladium ions in solution (Figure 1.7c).18 Furthermore, this concept has been adapted 

to a Cu2+ complex that catalyzes the sequence selective amide cleavage of an ester peptide nucleic 

acid (PNA) bond.19 

 

Figure 1.7 Metal-DNAzyme formation through covalent attachment of ligands to end of nucleic 

acid sequence and catalyst activation through hybridization. 
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1.6 Conclusion 

Metal-DNAzymes are capable of catalyzing a wide variety of reactions ranging from 

nucleic acid cleavage and ligation with biologically relevant metals, such as Zn2+ and Cu2+, to 

asymmetric allylations with abiotic metals, such as Pd2+ and Ir+. The three main approaches to 

forming catalytically active metal-DNAzymes include in vitro selection processes to identify a 

metal binding site, non-covalent complex formation through intercalating ligands, and covalent 

attachment of synthetic ligands to the limited synthetically accessible regions of nucleic acids.  
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While all approaches form catalytically active metalloDNAzymes with unique reactivity, there are 

often limitations. DNAzymes that are easily optimized through in vitro selection are formed from 

simple and cheap unmodified nucleic acids but suffer from limitations in substrate scope, as the 

catalyst only works with nucleic acid derived substrates.  While the formation of catalytic metal-

DNA complexes through covalent and non-covalent ligand attachment lead to more synthetically 

interesting reactions, these are often more expensive and challenging to optimize. Additionally, 

systems which employ non-covalent interactions, such as intercalation, are often inherently 

difficult to control and rationally design.  The development of a transition metal catalyst formed 

through addition of an abiotic metal to simple, unmodified DNA could overcome the current 

limitations of metalloDNAzymes.
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CHAPTER TWO 

 

 

 

Metal-Mediated Base Pairs Comprised of Au(I) Incorporated into Pyrimidine Mismatches 

 

 

Unpublished Work: Sydnee Green, Hayden R. Montgomery, Tyler Benton, K. N. Houk, Hosea 

M. Nelson 

 

2.1 Abstract 

 We report the formation of three Au(I) pyrimidine metal-mediated base pairs (MMBP) 

between a cytosine-cytosine, cytosine-thymine, and thymine-thymine mismatch. Incorporation of 

Au(I) into all three metal-mediated base pairs led to a large increase in thermal stability (7 °C – 33 

°C) and can be observed through mass spectrometry. We found that the cytosine-Au(I)-cytosine 

led to the largest increase in thermal stability ever reported for a MMBP consisting of natural bases 

and incorporated two Au(I) ions per mismatch. In addition, we showed that these stable MMBP 

do not lead to a large change in helicity as shown by circular dichroism. These highly stable Au(I) 

bound DNA complexes have potential applications in nanomaterials and biocatalysis. 

 

2.2 Introduction 

Past studies of the interactions between transition metals and DNA have led to the 

development of metal-based therapeutics as well as advances in DNA-based nanotechnology.1 

Specifically, the discovery of metal-mediated base pairs (MMBP), metal-coordination complexes 

incorporated into DNA base pairs, have fueled many recent advances in new technologies and 

have enhanced our understanding of metal-DNA interactions.2,3,4 The site-specific incorporation 

of transition metals has led to the development of new metal sensors, the improvement of charge 
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transfer through DNA, and the design of metal-responsive materials.5 However, there are limited 

transition metals that can be incorporated into oligonucleotides. Additionally, most MMBPs rely 

on engineered synthetic bases.2 Therefore, the exploration of new metals that can be incorporated 

into canonical bases is important for further developments of metalloDNA-based nanotechnology 

and therapeutics. 

Currently, Ag(I) and Hg(II) are the only two metals that have been reported to coordinate 

specifically to canonical DNA mismatches.6,7 Au(I), a metal sharing similar coordination and size 

to Ag(I) and Hg(II), is an ideal candidate for further investigating transition metal interactions with 

oligonucleotides.8 Additionally, there is significant precedence for Au(I) as a medicinally relevant 

transition metal for treatment of diseases such as rheumatoid arthritis and cancer, lending to the 

extensive investigation of Au(I) and DNA interactions over the last four decades.3, 9  The 

possibility of interstrand binding of Au(I) to double stranded DNA was originally proposed over 

three decades ago by Blank and Dabrowiak.10 Further spectroscopic experiments suggested Au(III) 

and Au(I) binding to N7 of guanine as well as a dimeric Au(II) complex between two cytosine 

nucleosides.11,12 However, despite numerous theoretical predictions and experimental data 

showing Au(I) interactions with nucleobases, the coordination of Au(I) within a DNA mismatch 

has never been reported.13 This study discloses the first example of Au(I) incorporation into 

pyrimidine mismatches within a DNA duplex, facilitating the formation of the most stable metal-

mediated base pair between canonical bases to date. We probed the formation of this highly 

stabilizing Au(I) metal-mediated base pair using thermal stability measurements, density 

functional theory (DFT) calculations, mass spectrometry (MS), and circular dichroism (CD) 

spectroscopy.  
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Figure 2.1 Formation of metal-mediated base pairs with pyrimidine mismatches and 

incorporation of Au(I) ions into duplex DNA containing mismatch. 

 

 

2.3 Thermal Denaturation Studies 

In order to characterize Au(I) binding, we performed thermal denaturation studies to 

identify changes in the thermal stabilities of the mismatch-containing duplexes in the presence of 

Au(I).  Common Au(I) complexes favor the coordination of one neutral donating ligand and one 

anionic ligand in a linear geometry.14 Therefore, we hypothesized that binding between N3 of 

cytosine and the deprotonated N3 of thymine would be favorable. These interactions, in addition 

to the coordination geometries proposed for T–Hg(II)–C (2.3) and T–Ag(I)–C (2.4) MMBPs, led 

to the proposed structure of the T–Au(I)–C (2.5) metal mediated base pair shown in Figure 2.2.15 

Furthermore, crystal structure and NMR studies that show binding of Au(I) to deprotonated N3 of 

1-methylthymidine and N3 of cytosine are consistent with this structure. 12 
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Figure 2.2 Proposed structure of T-Au(I)-C mismatch based on proposed structures of with 

Hg(II) and Ag(I). Calculated binding energy of each metal through N3 of cytosine and N3 of 

thymine. All the energy values are Gibb’s free energies reported in kcal/mol. Geometries from 

B3LYP/6-31G(d)LANL2DZ. Energies are given in G from B3LP/6311++G(2df,2pd)/SDD in 

H2O (SMD model). 

 

 

Table 2.1 Tm values for matches and pyrimidine mismatches. 

 

aIncrease in CG1 due to known favorable interactions between gold, cytosine, and guanine.10,11 

bTwo values reported due to biphasic melting. 
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Thermal denaturation experiments show that the thermal stability of the cytosine-

thymidine mismatched duplex, CT1, increases by 10.7 °C upon addition of two equivalents of 

Au(I) (Table 1, entry 3). This metal mediated base pair suggests the incorporation of approximately 

one Au(I). Moderate increases with additional Au(I) ions, as shown by thermal stability titration, 

due to nonspecific binding were also observed.16 The addition of one equivalent of Au(I) leads to 

an increase in 7 °C with CT1 compared to the duplex with no metal (entry 3). This increase is 

significant and not unlike common Tm changes associated with many metal-mediated base pairs.   

Unlike the addition of Au(I) to CT1, the addition of Au(I) to CC1 and TT1 mismatched 

duplexes exhibit higher thermal stability than the respective control Watson-Crick AT and GC 

matched duplexes (entries 4–5). The addition of one equivalent of Au(I) to TT1 increases the 

thermal stability by 10.2 °C (entry 4). This change in thermal stability is similar to reported T–

Hg(II)–T metal mediated base pair containing a single T–T mismatch. The addition of excess 

Au(I), up to three equivalents, results in increased thermal stability. This is suggestive that it may 

be possible to incorporate multiple Au(I) atoms per mismatch, similar to Ag(I) incorporation into 

4-thiothymine.17 

In the case of CC1, we observe a large increase in thermal stability with the addition of 

two equivalents of Au(I), while the addition of excess Au(I) has minimal effect (entry 5). The 

biphasic properties of the thermal melting curves indicate direct formation of a doubly 

incorporated MMBP, behaving similarly to previously reported Ag(I) complexes.18 The formation 

of a single Au(I) incorporated C–C mismatch does not appear to be present (Figure 2.3c). When 

0.4, 1.0, and 1.4 equivalents of Au(I) are graphed to fit a biphasic curve, there are two Tm 

transitions. The early transition thermal stability corresponds to a mismatch duplex containing no 

gold ions, whereas the second transition has a very large thermal stability increase, likely due to 
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incorporation of two gold ions. This preference for binding of two Au(I) ions can be explained in 

part to the known aurophillic interaction between gold atoms.19 

 

Figure 2.3 a) Incorporation of Au(I) ions into a duplex pyrimidine mismatch. Thermal 

denaturation curves for b) CT1, c) CT1, and d) CC1. 

 

To the best of our knowledge, this is the largest increase in thermal stability from a metal 

mediated base pair containing canonical bases. Many other examples contain highly engineered 

bases and/or covalent bond formation.20 Additionally, this exceptionally large increase in thermal 

stability is unique to Au(I). Other metals including Ni, Fe, and Cu, which have been previously 

reported to interact with nucleic acids, as well as Au(III) species and more stabilized Au(I) 

precursors did not affect the thermal stability of the pyrimidine mismatches.21 
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2.4 Proposed Structure of C-Au(I)-C Complex and pH Dependence 

To elucidate potential binding modes of Au(I) to a C–C mismatch, the base-pairing energy 

of various 1-methycytosine–Au(I) ions were calculated. Figure 2.4 depicts the structures and 

corresponding base pairing energies (BE) of various possible 1-methylcytosine complexes with 

either one or two Au(I) ions. Complexes incorporating a single Au(I) ion have modest binding 

energies with the N3-Au(I)-N3 complex (2.6) preferred over all calculated possibilities. The lack 

of hydrogen bonding in the mono-Au complex allows for additional metal coordination without 

an energetic cost associated with breaking of the highly stabilizing hydrogen bonds present in 

canonical base pairs. Addition of a second Au(I) ion can then be incorporated either between the 

4-amino nitrogen (2.7) or the 2-keto oxygen (2.8), with a preference for the later by nearly 10 

kcal/mol. Displacement of a proton from a single 4-amino group results in a more stable complex 

2.9 and this effect is significantly more pronounced in the neutral, doubly deprotonated complex 

2.10. 

Figure 2.4 Energy of C–Au(I)–C binding with 1 and 2 Au(I) ions bound. 
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We hypothesized that the formation of cationic complex 2.9 and neutral complex 2.10, 

resulting from the loss of one or two protons, would be highly pH dependent. Specifically, 

deprotonation of the exocyclic amines of cytosine, and binding to Au(I), should be favored under 

basic conditions. In turn, acidic conditions should disfavor this binding and result in loss of Au(I) 

binding. In fact, at pH 5.5 the increase in thermal stability is only 12.6 °C (Figure 2.5a), a loss of 

20.4 °C of stabilization present at pH 7. Under basic conditions, at pH 8.5, the increase in thermal 

stabilization is 34 °C (Figure 2.5b), exhibiting no significant change from thermal stability at 

neutral pH 7. This is consistent with the formation of the cationic complex 2.8 (Figure 2.4), 

stabilized by the highly negative backbone of DNA. Previous NMR and IR studies suggest that 

Au(I) binds both N3 and the carbonyl of free cytidine. Therefore, the stability of the complex 

exhibiting this mode of binding would not be dramatically affected under basic conditions. 

Additionally, the known protonation of N3 of cytosine under acidic conditions is consistent with 

our result, as protonation would inhibit binding of Au(I), decreasing the stabilization effect.22 

 

Figure 2.5 Thermal stability curves of CC1 in a) pH 5.5 and b) pH 8.5 phosphate buffer with no 

(Me2S)AuCl and 2 equivalents (Me2S)AuCl. 
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2.5 Mass Spectrometry 

Highly specific metal mediated base pairs, such as thymine-Hg(II)-thymine, have been 

shown to form dimeric complexes with poly(thymine) sequences, such as 5’-TTTTT-3’ (T5).7 

Based on the large increase in thermal stability, we proposed that poly(cytosine) sequences would 

also dimerize in the presence of Au(I) ions. Mass spectrometry experiments indicate formation of 

a base pair dimer in the presence of 5’-CCCCC-3’ (C5), and 5 equivalents of Au(I), 1 equivalent 

per cytosine, wherein 5 and 6 Au(I) ions are coordinated, with the most intense peak containing 6 

Au(I) adducts (Figure 2.6a). In the case of the T5 sequence, only the mass for the single stranded 

sequence was observed as well as some nonspecific binding to the single stranded sequence 

(Figure 2.6b). In the presence of equimolar T5 and C5 sequences, only the mass corresponding to 

C5 dimers is observed (Figure 2.6c). This is suggestive of specific binding to cytosine-cytosine 

mismatches with a binding affinity strong enough to hold together a sequence of complete 

mismatches. Further, in the presence of G5 (5’-GGGGG-3’), and C5 there is a preference for 

formation of the C5 dimers (Figure 2.6d), suggesting that this new MMBP is favored over the 

natural CG base pair. 
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Figure 2.6 Mass spectrum of a) C5 and b) T5 with and without 5 equivalents of (Me2S)AuCl. c) 

Mass spectrum of C5 and T5 with 5 equivalents of (Me2S)AuCl. d) Mass spectrum of C5 and G5 

with 5 equivalents of (Me2S)AuCl. 
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2.6 Circular Dichroism 

While our experiments indicated the formation of a highly stabilized novel metal-mediated 

base pair, we sought to detect any structural changes to the DNA duplex upon addition of Au(I), 

as it is known that metal binding can cause changes to its helical structure. CD experiments show 

minimal change in the ellipticity profiles of duplexes containing a single C–C (CC1), C–T (CT1), 

or T–T (TT1) mismatch both before and after the addition of Au(I), suggesting that a single 

pyrimidine mismatch does not induce a significant deformation of the duplex (Figure 2.7a-c). 

However, duplexes containing multiple C–C mismatches show slight changes in spectrum upon 

addition of Au(I) (Figure 2.7d). Upon addition of Au(I) to a double C–C mismatched DNA duplex, 

CC2, the positive peak of the CD spectrum decreases in intensity and is shifted to a higher energy 

wavelength. In addition, the minimal changes in the CD spectrum show that it is unlikely to be 

forming a complex secondary structure, such as a G-quadruplex, in the presence of the cationic 

Au(I) atom.  

Interestingly, the addition of (Me2S)AuCl to C5 leads to an increase in helicity. The 

addition of 1 equivalent and 2 equivalents of gold per C–C mismatch corresponds to increases in 

helicity, with new peaks forming at about 250 nm and 270 nm (Figure 2.7e). The fully saturated 

duplex (2 Au(I) ions per mismatch) forms a helical duplex corresponding to a left-handed helix, 

contrary to the standard right-handed DNA duplex helix that arises under normal buffer 

conditions.23 
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Figure 2.7 CD spectrum of a) CC1, b) CT1, c) TT1 with no (Me2S)AuCl and 1 equivalent 

(Me2S)AuCl. d) CD spectrum of CC2 with 0, 1, 2, and 4 equivalents (Me2S)AuCl. e) CD 

spectrum of C5 with 0, 1, and 2 equivalents of (Me2S)AuCl per mismatch and representation of 

single stranded to Au(I) bound duplex upon addition of gold ions. 
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2.7 Conclusion 

Over the last few decades, there have been many reports of MMBPs and extensive efforts 

have been dedicated to making these types of metal-DNA complexes into useful sensors, 

nanowires, and other devices for nanotechnology. However, only two metals have been previously 

shown to bind the bases of natural DNA mismatches. In this paper, we report on the first metal-

mediated base pair containing Au(I) atoms with exquisite C–C mismatch selectivity. This highly 

stabilizing MMBP contains two Au(I) per mismatch and to the best of our knowledge, is the 

highest reported Tm increase for a MMBP composed of naturally occurring DNA bases. This new 

discovery adds to the repertoire of metal-mediated base pairs for the further development of 

nanotechnologies and biologically relevant therapeutics.  
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2.8 Experimental Section 

2.8.1 Materials and Methods 

All oligonucleotides were purchased through Integrated DNA Technology with standard 

desalting unless otherwise specified. Samples for thermal denaturation, mass spectrometry 

studies, and catalysis were prepared by heating the buffered DNA solution without metal at 90 

°C in a heating block for 10 minutes then cooled to room temperature for 30 minutes. Once cool, 

the metal solution was added. In thermal denaturation experiments, all absorbances were 

measured at 260 nm using HP-8453 spectrophotometer with HP-89090A Peltier temperature 

controller from 15–90 °C at 5 °C min–1 with a hold time of 1 min. Relative absorbance, 

A260nm=(At–A15 °C)/(A90 °C –A15 °C), vs. temperature (°C) curves were fitted using GraphPad 

Prism 7.0c.  

 

Table 2.1 DNA Sequences in Experiments. 

Sequence Name Sequence 1 (5’-3’) Sequence 2 (5’-3’) 

CTH CGTTCTGTTTTCAGCACG __ 

CCH CGTCCTGTTTTCAGCACG __ 

TTH CGTTCTGTTTTCAGTACG __ 

CT1 GAGGGACAGAAAGG CCTTTCTTTCCCTC 

CC1 GAGGGACAGAAAGG CCTTTCTCTCCCTC 

TT1 GAGGGATAGAAAGG CCTTTCTTTCCCTC 
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TA1 GAGGGAAAGAAAGG CCTTTCTTTCCCTC 

GC1 GAGGGACAGAAAGG CCTTTCTCTCCCTC 

C5 CCCCC __ 

T5 TTTTT __ 

G5 GGGGG __ 

 

2.8.2 Thermal Stability Studies 

 

General Procedure for Sample Preparation for Thermal Stability Measurements 

Solutions contained 3.5 M DNA in buffer containing 0.75 mM sodium phosphate, pH 7, 

150 mM NaClO4 and 0 M (0 eq) or 3.5 M (1 eq) of (Me2S)AuCl (60:1 H2O:MeOH v/v). DNA 

and buffer were heated at 90 °C for 10 minutes then allowed to cool to room temperature over 45 

minutes. After the solution was cooled, (Me2S)AuCl (210 M stock solution in methanol) was 

added and the resulting solution was incubated at room temperature for 5 min before performing 

experiments. The reported data is based on 3 trials and graphed on GraphPad Prism 7.0c. 
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Au(III) Precursors with Each Pyrimidine Mismatch Duplex (CT, CC, TT) 

 

Figure 2.8 Relative absorbance, A260nm=(At–A15 °C)/(A90 °C –A15 °C), vs. temperature (°C) curves 

for pyrimidine-mismatch-containing oligonucleotides, a) CT1, b) CC1, and c) TT1 with and 

without 1 equivalent of AuCl3. 

a) CT1 

 

 

 

 

 

 

 

 

 

20 40 60 80

0.0

0.5

1.0

Temperature (°C)

N
o

rm
a
li
z
e
d

 A
b

s
o

rb
a
n

c
e

no gold

AuCl3



 34 

b) CC1 

 

c) TT1 
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Table 2.2 Thermal denaturation values for CT1, CC1 and TT1 with AuCl3 

Thermal Denaturation – CT1, CC1, TT1 

Sequence 0 equiv Tm (°C)  1 equiv Tm (°C)  Tm (°C) Error 

CT1 40.6 41.2 0.6 1.4 

CC1 38.3 37.8 0.5 2.0 

TT1 43.3 43.8 0.5 1.2 

 

Melting temperatures calculated from the thermal denaturation profiles of pyrimidine-mismatch-

containing oligonucleotides in the presence of various concentrations of (Me2S)AuCl. Melting 

temperatures and error calculated using the sigmoidal dose-response feature in GraphPad Prism 

7.0c. 
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Other Metals with Pyrimidine Mismatched Hairpins and CT1 Duplex 

 

Figure 2.9 Relative absorbance, A260nm=(At–A15 °C)/(A90 °C –A15 °C), vs. temperature (°C) curves 

for pyrimidine-mismatch-containing oligonucleotides, a) MTCH, b) MCCH, and c) MTTH with 

and without 1 equivalent of CuCl, CuCl2, NiCl2, FeCl3, and (Me2S)AuCl. 

a) MTCH 
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b) MCCH 

 

 

c) MTTH 
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Table 2.3 Thermal denaturation values for CT1, CC1 and TT1 with AuCl3 

Thermal Denaturation – CT1, CC1, TT1 

Sequence No Metal  CuCl CuCl2 NiCl2 FeCl3 (Me2SAuCl) 

CT1 46.2 48.2 47.2 47.4 46.0 53.1 

CC1 46.3 46.4 46.4 44.9 44.1 63.7 

TT1 46.3 48.3 48.1 46.7 49.2 54.5 

 

Melting temperatures calculated from the thermal denaturation profiles of pyrimidine-mismatch-

containing oligonucleotides in the presence of various concentrations of (Me2S)AuCl. Melting 

temperatures and error calculated using the sigmoidal dose-response feature in GraphPad Prism 

7.0c. 

 

Table 2.4 Error of thermal denaturation values (from Table 2.4) for CT1, CC1 and TT1. 

Thermal Denaturation – CT1, CC1, TT1 

Sequence No Metal  CuCl CuCl2 NiCl2 FeCl3 (Me2SAuCl) 

CT1 0.3 0.6 0.4 0.3 0.5 2.2 

CC1 0.3 0.5 0.5 0.7 0.4 2.6 

TT1 0.3 0.5 0.6 0.5 0.7 0.9 

 

Melting temperatures calculated from the thermal denaturation profiles of pyrimidine-mismatch-

containing oligonucleotides in the presence of various concentrations of (Me2S)AuCl. Melting 

temperatures and error calculated using the sigmoidal dose-response feature in GraphPad Prism 

7.0c. 
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pH Dependence of CT1 Duplex with and without (Me2S)AuCl 

 

Figure 2.10 Relative absorbance, A260nm=(At–A15 °C)/(A90 °C –A15 °C), vs. temperature (°C) curves 

for pyrimidine-mismatch-containing oligonucleotide CT1 at a) pH 5.5 and b) pH 8.5. 

a) pH 5.5 
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b) pH 8.5 

 

 

Table 2.5 Thermal denaturation values for CT1 with and without (Me2S)AuCl 

Thermal Denaturation – CT1, CC1, TT1 

pH 0 equiv Tm (°C)  1 equiv Tm (°C)  Tm (°C) Error 

5.5 40.4 48.0 7.6 1.4 

8.5 43.1 67.6 24.5 1.5 

 

Melting temperatures calculated from the thermal denaturation profiles of pyrimidine-mismatch-

containing oligonucleotides in the presence of various concentrations of (Me2S)AuCl. Melting 

temperatures and error calculated using the sigmoidal dose-response feature in GraphPad Prism 

7.0c. 
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Control Sequences (GC and TA match) with and without (Me2S)AuCl 

 

Figure 2.11 Relative absorbance, A260nm=(At–A15 °C)/(A90 °C –A15 °C), vs. temperature (°C) curves 

for pyrimidine-mismatch-containing oligonucleotides, a) GC1 and b) TA1 with and without 1 

equivalent of (Me2S)AuCl. 

a) GC1 
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b) TA1 

 

 

Table 2.6 Thermal denaturation values for GC1 and TA1 

Thermal Denaturation – GC1 and TA1 

Sequence 0 equiv Tm (°C)  1 equiv Tm (°C)  Tm (°C) Error 

GC1 55.6 60.0 4.4 1.4 

TA1 52.4 53.8 1.4 0.9 

 

Melting temperatures calculated from the thermal denaturation profiles of pyrimidine-mismatch-

containing oligonucleotides in the presence of various concentrations of (Me2S)AuCl. Melting 

temperatures and error calculated using the sigmoidal dose-response feature in GraphPad Prism 

7.0c. 
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Melting Temperature vs Equivalents of (Me2S)AuCl 

 

Figure 2.12 Melting temperature (°C) vs equivalents of (Me2S)AuCl with a) CT1, b) CC1, and 

c) TT1. 

a) CT1 
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b) CC1 

 

 

c) TT1 
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2.8.3 UV Absorbance 

 

General Procedure for UV Absorbance Titration Experiment 

Solutions contained 3.5 M DNA in buffer containing 0.75 mM sodium phosphate, pH 7, 

150 mM NaClO4 and 0 M (0 equivalents) multiple equivalents of (Me2S)AuCl (60:1 

H2O:MeOH v/v).  

 

Figure 2.13 Absorbance at 300 nm versus equivalents of (Me2S)AuCl per cytosine base in 

sequence. 
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Table 2.7 Thermal denaturation values for GC1 and TA1 

Au(I) equivalencies/per Cytosine Absorbance (300 nm) 

0 0.012 

0.4 0.034 

0.8 0.065 

1.2 0.11 

1.6 0.15 

2.0 0.14 

2.4 0.16 

2.8 0.19 

3.2 0.19 

 

 

2.8.4 Mass Spectrometry 

General Procedure for Sample Preparation for Mass Spectrometry Experiments 

Solutions contained 5 mM C5, T5, G5, or A5 and 5 mM to 25 mM of (Me2S)AuCl in 

0.3% NH4OH in 1:1 H2O:MeOH v/v. For experiments containing duplex DNA CC1 and TT1, 5 

mM of duplex was formed by annealing duplex in water by heating at 90 °C for 10 minutes and 

then cooling for 45 minutes before adding (Me2S)AuCl to a final concentration of 5 mM in 50 

mM NH4OAc in 4:1 H2O:MeOH v/v. Solution containing DNA and (Me2S)AuCl  were mixed 

and data was collected within one hour on MS. Mass spectrometry data was collected on a 

Thermo Scientific Q Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer using 

negative ionization mode. 
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Figure 2.14 Mass Spectrometry of CT1 a) without and b) with1 equivalent of 

(Me2SAuCl) 

a) CT1 
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b) CT1 + 1 equivalent (Me2S)AuCl 

 

 

 

2.8.5 Circular Dichroism 

General Procedure for Sample Preparation for Circular Dichroism Spectroscopy 

Solutions contained 3.5 M DNA in buffer containing 0.75 mM sodium phosphate, pH 7, 

150 mM NaClO4 and 0 M (0 equivalents) or 3.5 M (1 equivalents) of (Me2S)AuCl (60:1 

H2O:MeOH v/v). DNA and buffer were heated at 90 °C for 10 minutes then allowed to cool to 

room temperature over 45 minutes. After the solution was cooled, 5 l of (Me2S)AuCl (210 M 

stock solution in methanol) was added and the resulting solution was incubated at room 

temperature for 5 min before performing experiments. The data was graphed on GraphPad Prism 

7.0. 

2.8.6 Computational Studies 
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All density functional theory (DFT) calculations were performed using Gaussian 09 revision 

D.01.24 Geometry optimizations and frequency calculations were performed using the functional 

B3LYP with the 6-31G(d) basis set for all non-metals and the LANL2DZ effective core potential 

for Au, Ag, and Hg, in implicit water solvent using the SMD continuum solvation model.25 Single-

point energy corrections were calculated with the 6-311++G(2df,2pd) basis set for all non-metals 

and the SDD effective core potential for Au, Ag, and Hg, in water solvation (SMD).26 Dispersion 

corrections using D3(BJ), consisting of the D3 method developed by Grimme along with the  

Becke−Johnson damping scheme, were applied to all calculations.27 Gibbs free energies were 

calculated with vibrational entropy contributions using the GoodVibes python script, in which the 

vibrational frequencies are corrected by a quasi-harmonic approximation for entropy with a free-

rotor description for frequencies below 100 cm-1, as proposed by Grimme.28 Normal mode analysis 

of the harmonic vibrational frequencies confirmed that optimized structures are minima (no 

imaginary frequency). All 3D rendering of stationary points was generated using CYLview.29 1-

methylthymine and 1-methylcytosine were used as the model nucleobases for all calculations. 

 

Figure 2.15 Optimized structures of the C–T metal mediated base pairs showing key bond 

lengths and structural differences. Left is Au, middle right is Ag, and right is Hg. 

Energies. 
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For the following tables, E corresponds to the electronic energy, ZPE to the zero-point energy 

correction, H to enthalpy, T•S entropy, T•qh-S quasi-harmonic corrected entropy, G(T) 

uncorrected Gibbs energy, and qh-G(T) to the quasi-harmonic Gibbs energy (calculated using a 

standard state of 1 atmosphere of pressure and at 298.15K). Values are given in atomic units. SPC 

indicates single point corrected energy. Overall calculation method: 

B3LYP-D3(BJ)/SDD-6-311++G(2df,2pd)/SMD(H2O)//B3LYP-D3(BJ)/LANL2DZ-6-

31G(d)/SMD(H2O) 

 

Table 2.8 Optimization level SCF energies in addition to ZPE and entropy corrections of all 

pertinent species used for this study. 

Optimization/frequency calculation method: B3LYP-D3(BJ)/LANL2DZ-6-31G(d)/SMD(H2O) 

Structure E ZPE T•S T•qh-S 

Thymine anion -492.994207 0.129584 0.042885 0.042603 

Ag (I) -146.859656 0 0.018966 0.018966 

Au (I) -135.581849 0 0.019831 0.019831 

Cytosine -434.286064 0.126526 0.040988 0.04083 

C–Ag–T -1073.01804 0.260984 0.073707 0.06972 

C–Au–T -1062.71006 0.261439 0.074086 0.069948 

C–Hg–T -969.862223 0.26139 0.075102 0.070725 

Hg (II) -153.186096 0 0.019867 0.019867 

 

Table 2.9 Single-point corrected energies of all pertinent species used for this study. 

Single-point correction method: B3LYP-D3(BJ)/SDD-6-311++G(2df,2pd)/SMD(H2O) 
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Structure E (SPC) H (SPC) G(T) (SPC) qh-G(T) (SPC) 

Thymine anion -493.196659 -493.057693 -493.10058 -493.100297 

Ag (I) -146.859656 -146.857296 -146.87626 -146.876262 

Au (I) -135.581849 -135.579489 -135.59932 -135.59932 

Cytosine -434.4576 -434.322427 -434.36342 -434.363258 

C–Ag–T -1074.59864 -1074.316016 -1074.3897 -1074.385735 

C–Au–T -1063.36986 -1063.086825 -1063.1609 -1063.156773 

C–Hg–T -1080.95165 -1080.668803 -1080.7439 -1080.739528 

Hg (II) -153.186096 -153.183736 -153.2036 -153.203603 

 

 

Cartesian Coordinates 

(Optimized with B3LYP-D3(BJ)/LANL2DZ-6-31G(d)/SMD(H2O) using Gaussian 09.) 

 

Thymine anion 

Charge: –1 

 

Cartesian coordinates 

C    -2.414779     1.359558     0.000000 

H    -3.245782     0.658200    -0.000191 

N    -1.170421     0.593075    -0.000064 

C     0.022763     1.270509    -0.000035 

H    -0.057990     2.353203    -0.000069 

C     1.214358     0.627998     0.000011 

C     2.528455     1.351197    -0.000004 

H     2.381609     2.436510    -0.000102 

H     3.131224     1.088701     0.878976 

H     3.131284     1.088551    -0.878898 

C     1.185032    -0.834793     0.000103 

O     2.271400    -1.484509     0.000099 

N    -0.012506    -1.486605     0.000024 

C    -1.184796    -0.817398    -0.000060 
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O    -2.298494    -1.402699    -0.000069 

H    -2.474584     1.992553    -0.891191 

H    -2.474709     1.992216     0.891424 

There are no imaginary frequencies.  

 

 

Cytosine  

Charge: 0  

        

Cartesian coordinates 

N    -1.115249     0.437812    -0.000083 

C    -0.261991     1.497645    -0.000089 

H    -0.718707     2.480411    -0.000174 

C     1.084911     1.316368    -0.000010 

H     1.767646     2.156352     0.000043 

C     1.551525    -0.034435     0.000063 

N     2.875662    -0.280302     0.001019 

H     3.209191    -1.234170    -0.002130 

H     3.546055     0.475125    -0.002437 

N     0.723631    -1.083996    -0.000041 

C    -0.619870    -0.884709    -0.000032 

O    -1.442415    -1.820405    -0.000091 

C    -2.565220     0.627692    -0.000052 

H    -3.005760     0.169114    -0.888436 

H    -3.005672     0.169545     0.888604 

H    -2.777866     1.696908    -0.000286  

There are no imaginary frequencies.  

 

 

C–Au–T  

Charge: 0  

        

Cartesian coordinates 

N    -4.378615    -0.733764    -0.033827 

C    -4.967433     0.483764     0.124306 

H    -6.049947     0.488334     0.157695 

C    -4.231310     1.619327     0.230948 

H    -4.698214     2.586973     0.356153 

C    -2.814246     1.500613     0.174167 

N    -2.040502     2.583111     0.273221 

H    -2.462499     3.494787     0.390520 

N    -2.236706     0.285671     0.017664 

C    -2.991569    -0.863387    -0.096668 

O    -2.480884    -1.978953    -0.248369 

C    -5.174275    -1.959088    -0.163899 

H    -4.979144    -2.427430    -1.130846 
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H    -4.912713    -2.657481     0.633301 

H    -6.228373    -1.694893    -0.089925 

Au    -0.162668     0.050221    -0.032583 

C     4.498962    -2.649810     0.266887 

H     4.242879    -3.291770    -0.579323 

N     3.865925    -1.337164     0.122919 

C     4.617279    -0.190476     0.040713 

H     5.690377    -0.337472     0.080368 

C     4.059829     1.038407    -0.080093 

C     4.871489     2.297614    -0.163861 

H     5.941728     2.074009    -0.124526 

H     4.667779     2.841969    -1.093936 

H     4.631524     2.978993     0.661470 

C     2.609663     1.128629    -0.113952 

O     2.012830     2.225130    -0.205091 

N     1.895778    -0.054906    -0.039247 

C     2.479092    -1.290485     0.073484 

O     1.818994    -2.344129     0.135200 

H     4.164356    -3.129167     1.189846 

H     5.579040    -2.509478     0.301769 

H    -1.029583     2.507545     0.230246 

There are no imaginary frequencies.  

 

 

C–Ag–T  

Charge: 0  

        

Cartesian coordinates 

N    -4.583339    -0.373602    -0.022519 

C    -4.902011     0.952041    -0.021406 

H    -5.960012     1.184236    -0.031036 

C    -3.944725     1.915448    -0.010222 

H    -4.202483     2.966330    -0.011374 

C    -2.582588     1.490348     0.002445 

N    -1.589931     2.385518     0.011266 

H    -1.816618     3.371125     0.006318 

N    -2.279080     0.176178     0.006957 

C    -3.248520    -0.787194    -0.000814 

O    -2.978103    -1.998861     0.010190 

C    -5.620294    -1.408771    -0.028739 

H    -5.474156    -2.074250    -0.881574 

H    -5.574433    -1.992386     0.893612 

H    -6.592008    -0.922127    -0.107380 

C     5.133636    -2.033646    -0.024864 

H     4.951309    -2.690677    -0.878274 

N     4.170555    -0.932325    -0.021435 
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C     4.585753     0.375895    -0.021954 

H     5.660139     0.521171    -0.034576 

C     3.717310     1.417785    -0.009268 

C     4.159548     2.850968    -0.010892 

H     5.251345     2.923277    -0.020148 

H     3.771684     3.384759    -0.887189 

H     3.787060     3.381472     0.874018 

C     2.298332     1.106620     0.004517 

O     1.423707     2.014464     0.012680 

N     1.927392    -0.214605     0.009264 

C     2.812853    -1.247172     0.001092 

O     2.456111    -2.443394     0.011921 

H     5.049162    -2.618409     0.894810 

H     6.138478    -1.617436    -0.097859 

H    -0.603741     2.111840     0.015014 

Ag    -0.203710    -0.501887     0.017515  

There are no imaginary frequencies.  

 

 

C–Hg–T  

Charge: +1  

        

Cartesian coordinates 

N    -4.621843    -0.106421     0.004889 

C    -4.874372     1.234588     0.011567 

H    -5.919917     1.516686     0.016125 

C    -3.874673     2.154211     0.012746 

H    -4.081703     3.216220     0.019017 

C    -2.533142     1.666445     0.006846 

N    -1.492115     2.497867     0.010521 

H    -1.658181     3.495632     0.014697 

N    -2.302278     0.338915    -0.002323 

C    -3.309649    -0.581955    -0.007267 

O    -3.085797    -1.803256    -0.021286 

C    -5.709116    -1.089595    -0.002950 

H    -5.675772    -1.676280    -0.923822 

H    -5.608761    -1.758994     0.853473 

H    -6.656711    -0.555170     0.057608 

C     5.301765    -1.743523     0.006493 

H     5.151756    -2.412083    -0.843954 

N     4.286932    -0.688607    -0.000016 

C     4.636508     0.640146    -0.002963 

H     5.702805     0.835566    -0.004483 

C     3.720267     1.640972    -0.004570 

C     4.091476     3.094487    -0.008337 

H     5.178232     3.220178    -0.007360 
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H     3.686096     3.604081    -0.890919 

H     3.683985     3.608795     0.870535 

C     2.315877     1.266139    -0.004598 

O     1.396602     2.123052    -0.009873 

N     2.020968    -0.072847     0.001172 

C     2.950133    -1.069204     0.009518 

O     2.639475    -2.276269     0.023808 

H     5.241612    -2.324767     0.930162 

H     6.284527    -1.278501    -0.067178 

H    -0.522969     2.163689     0.002879 

Hg    -0.174242    -0.663274    -0.002082 

There are no imaginary frequencies.  
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CHAPTER THREE 
 

 
 

Regulating Transition Metal Catalysis Through Interference by Short RNAs 
 
 
 

Adapted From: Sydnee A. Green, Hayden R. Montgomery, Tyler Benton, Neil J. Chan, Hosea 

M. Nelson, Angew., Chem. Int. Ed, 2019, 58, 16400–16404. 

 

 
3.1 Abstract 

 We report the discovery of a Au(I)-DNA hybrid catalyst that is compatible with 

biological media and whose reactivity can be regulated by small complementary nucleic acid 

sequences. The development of this catalytic system was enabled by the discovery of a C–Au(I)–

T metal-mediated base pair. In the Au(I)-DNA catalyst’s latent state, the Au(I) ion is sequestered 

by the mismatch such that it is coordinatively saturated, rendering it catalytically inactive. Upon 

addition of an RNA or DNA strand that is complementary to the latent catalyst’s oligonucleotide 

sequence, catalytic activity is induced leading to a 7-fold increase in formation of a fluorescent 

product, forged through a Au(I)-catalyzed hydroamination reaction. Moreover, we demonstrate 

that regulation of this abiotic chemical reactivity is highly sequence selective, as 1-nucleotide and 

2-nucleotide mismatched complements underperform the perfect complement. Further 

development of this catalytic system will expand not only the chemical space available to synthetic 

biological systems but also allow for temporal and spatial control of transition metal catalysis 

through gene transcription. 
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3.2 Introduction 

The use of biocatalysis in synthetic chemistry is emerging as a powerful strategy for the 

construction of complex molecules.1, 2 Protein enzymes, utilized in isolated form,3, 4 as part of 

constructed artificial pathways,5, 6 or encapsulated within cells programmed to express them,7, 8 

often form reaction products efficiently and stereoselectively under mild conditions. While many 

of the recently developed biocatalytic transformations are mechanistically similar to native 

biochemical processes, several reported systems feature distinctly abiotic transformations, where 

the products of the reactions arise through a mechanism hitherto unknown in biology. Examples 

include Ru-catalyzed olefin metathesis reactions in the artificial active site of an evolved 

streptavidin protein9 and Ir- and Fe-catalyzed metal-carbenoid and nitrenoid insertion reactions 

from evolved P450 enzymes.10, 11, 12 In these systems, abiotic chemical reactivity is developed 

through directed evolution,13 construction of novel metalloenzymes via transmetalation 

reactions,14 a posttranslational metalation,15 or some combination thereof.16 It is doubtless that as 

these strategies improve, the availability of protein enzymes that catalyze novel abiotic 

transformations will advance in unison. However, chemical concepts allowing for control of 

biocatalytic reactions by biological stimuli, a goal that would lead to advances in synthetic biology 

and chemical biology, have yet to be explored fully.17, 18 

Inspired by current hypotheses concerning the role of ribozymes in biogenesis,19, 20 the 

stimuli-responsiveness of riboswitches and molecular beacons, and the well-established propensity 

of late transition metals to bind nucleic acids in a sequence selective manner,21, 22 our group 

recently became interested in the development of biocatalytic systems composed of nucleic acids 

and transition metals that mediate chemical reactions.  Here, we envisioned the application of 

metal-mediated base pairs23 (MMBPs) comprised of catalytically relevant transition metal centers 
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and duplex DNA composed exclusively of canonical nucleobases. Specifically, toehold-stem-loop 

oligonucleotide hairpins could be designed with MMBPs such that the metal reactivity would be 

regulated through outer sphere, sense/antisense interactions with small RNA/DNA. Here, strand 

displacement reactions would dictate the coordination sphere of the reactive metal center and 

influence substrate binding events (Figure 3.1a).  In this scenario, chemical transformations 

mediated by transition metal species could then be “controlled” by inherently biological molecules. 

The successful demonstration of this concept could open the door to genotype-specific transition 

metal catalysis and the development of new biosynthetic pathways that feature transformations 

with no biological equivalent.  Here we report the initial steps toward achieving this goal. We find 

that an unprecedented Au(I) MMBP is formed through the treatment of DNA hairpins possessing 

a C–T mismatch with an appropriate Au(I) precursor (Figure 3.1b). Importantly, the rate at which 

this organometallic complex mediates an abiotic hydroamination reaction is dramatically increased 

when exposed to short strands of sequence-complementary DNA or RNA. This study represents 

an early example of an organometallic catalyst that can be regulated by biological stimuli.  
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Figure 3.1 a) Incorporation of metal ions into DNA hairpin containing mismatch and modulation 

of metal reactivity using hybridization. b) Au(I) addition to C–T mismatch. 

 

 

3.3 Fluorescent Response Following Addition of Complement 

Having previously designed a sequence-specific transition metal binding motif through 

formation of a Au(I)-mediated base pair, we moved forward with investigations of its catalytic 

properties. We hypothesized that the hairpin containing a C–T mismatch in the stem (3.1) would 

bind one equivalent of Au(I) (refer to Chapter Two) to form latent DNA-Au complex 3.2 (Figure 

3.2a). Upon exposure to a short, complementary DNA or RNA sequence, strand displacement 

would interfere with the Au–base bonds of the stable MMBP, forming an active complex 3.3. We 

assessed the catalytic activity of this complex using pro-fluorophore 3.4, which cyclizes to form 

fluorescent BODIPY 3.5 through a Au-catalyzed hydroamination reaction, allowing for high 

throughput sequence optimization using a simple plate reader (Figure 3.2b). 
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Figure 3.2 a) Addition of Au(I) into hairpin TCH5 and formation of active duplex following 

complement addition. b) Fluorescent BODIPY product formed through Au(I)-catalyzed 

hydroamination reaction. c) Kinetics of inactive catalyst 3.2 and active catalyst 3.3 

 

 

We were pleased to find that treatment of latent DNA-Au catalyst 3.2 with 1 equivalent of 

a complementary short oligo (cTCH5) increases the fluorescence of a solution containing pro-

fluorophore 7 by approximately 700% when compared to the reaction containing no complement.  

Fluorescence based kinetics show that the initial rate of hydroamination with active complex 3.3 

are significantly higher than that of complex 3.2. Interestingly, both putative complexes have 

similar substrate affinity (KM = 16 �M), suggesting that this affinity is inherent to the Au(I) center. 

However, the initial rates are dramatically increased upon addition of the complement strand, 

wherein more Au(I) is accessible, resulting in a higher effective catalyst concentration.  The 

background fluorescence induced by latent catalyst 3.2 may be due to unbound Au(I) or Au(III) 

formed through decomposition of precatalyst 3.2 in solution.24 In previous thermal stability 
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studies, we determined that Au(III) does not bind C–T mismatches, but does catalyze the formation 

of fluorophore 3.5 (refer to Chapter Two) .  

 

3.4 FRET Probe Control 

To further support that the observed reactivity was due to the modulation of the Au(I)-

mediated base pair in a sequence-specific manner, we carried out further control experiments. 

First, we sought to confirm that a hairpin bearing a Au-mediated base pair could undergo strand-

displacement reactions, analogous to canonical structured oligonucleotides, despite the inclusion 

of strong Au-base bonds. A FRET probe was designed to probe this key elementary step. 

Fluorescein (3.6) was appended to the 5’ end of hairpin 3.2 and a distal quencher dabcyl (3.7) was 

appended to the 3’ end, forming FRET probe 3.8 (Figure 4a-b). Here, strand displacement with a 

complementary sequence would yield fluorescent duplex 3.9.25 Gratifyingly, the addition of 

complement to either probes containing a Au(I) MMBP or a mismatch without Au(I) resulted in 

an increase in fluorescence due to spatial separation between the donor and quencher (Figure 3.3c). 

This result confirms that stabilization of the duplex due to strong Au(I)-base bonds does not hinder 

strand displacement reactions.  
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Figure 3.3 a) On and off state of molecular beacon. b) Structures of the fluorophore (FAM) and 

quencher on molecular beacon. c) Fluorescence of molecular beacon on (3.9) and off (3.8) state 

with and without Au(I) 
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instead of a C–T mismatch in complex 3.2) to the complement strand (cTCH5) did not result in 

an increase of fluorescence (Figure 3.4a). This suggests that a precatalytic complex analogous to 
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complementary, purine-rich, random DNA sequence R1, there is no significant activation of the 

latent DNA-Au catalyst 3.2, as minimal increase in fluorescence is observed (Figure 3.4b). In 

sequence-selectivity experiments, the highest increase in fluorescence is exhibited in the presence 

of the exact complementary sequence (cTCH5), whereas addition of complements possessing 

single (1-nt) or double (2-nt) mismatches (TMs/3s/5s and TMd/3d/5d, respectively) result in 

lower fluorescence intensity, with the 2-nt mismatched sequence TMd resulting in the lowest 

levels of fluorescence (Figure 3.4b). This further supports our hypothesis that complement 

hybridization is required to form the active catalyst.  

 

Figure 3.4 a) Addition of Au(I) to non-mismatched hairpin and fold increase in fluorescence 

upon addition of complement. b) Fold increase in fluorescence with matched and mismatched 

complementary sequences. 
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3.6 Biological Conditions 

Excited by our initial results and sequence selectivity, we wanted to see if we could for the 

active complex 3.3 in the presence of biological conditions. Biological systems contain many 

potential ligands for metal binding, leading to difficulties developing biocompatible complexes 

and controlling abiotic metal reactivity under physiological conditions. Specifically, Au(I) and 

Au(III) have been shown to readily form nanoparticles in the presence of small biomolecules, such 

as short nucleic acids, amino acids, and sugars.26 To assess the stability and reactivity of complex 

3.2 under biological conditions, we exposed our catalyst system to mixtures of nucleic acids and 

biologically relevant solutions.  We were pleased to find that the addition of a mixture of random 

sequence R1 and complement cTCH5 to latent catalyst 3.2, led to a 1.5-fold increase in 

fluorescence, a significant increase in reactivity when compared to complex 3.2 alone (Figure 

3.5a). In addition, complex 3.3 showed significant catalytic activity under conditions containing 

urine or saliva solutions, with nearly a 2-fold and 4-fold increase in yield respectively. This result 

is especially remarkable due to the fact that these solutions contain albumin, an enzyme with a 

considerable amount of sulfur containing residues,27 and urea, a small molecule well known to 

denature DNA.28 These examples suggest that Au(I) binding to hairpin 3.1 protects the metal ion 

from non-productive binding to nucleic acids, proteins, and small biomolecules. These findings 

suggest that control of the reactivity of species such as latent catalyst 3.2 can be achieved in 

biologically relevant environments.  

In living organisms, it is known that small RNA sequences selectively bind to 

complementary nucleotide acids and promote nucleotide degradation via the recruitment of active 

enzymes. These systems in which small RNA sequences modulate gene expression have been 

utilized as biological tools and therapeutics.29 We envisioned an analogous system in which our 
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DNA-Au complex could be regulated by small RNA sequences, ultimately controlling the 

chemical reactivity of transition metal DNAzymes. Gratifyingly, the addition of a short 

complementary RNA strand (RcTCH5) to latent Au-DNA catalyst 3.2 results in nearly a 600% 

increase in yield, akin to the DNA-based complement (cTCH5) (Figure 3.5b). This increase in 

fluorescence, likely due the formation of a hybrid DNA-RNA complex, demonstrates that there is 

potential for the use of this type of system to perform catalytic reactions in response to gene 

transcription.  

 

Figure 3.5 a) Fold increase in fluorescence in various biological solutions, including random 

nucleic acid sequences, synthetic urine, and synthetic saliva. b) Fold increase in fluorescence 

with DNA complement (cTCH5) and RNA complement (RcTCH5). 
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and catalytic formation of therapeutics in targeted cells, the construction of artificial biosynthetic 

pathways possessing abiotic chemical transformations, and the catalytic modification of 

biomolecules. This work represents an early proof-of-principle study where the innately abiotic 

reactivity of a transition metal catalyst can be regulated through interactions with native biological 

molecules such as DNA and RNA. 
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3.8 Experimental Section 

3.8.1 Materials and Methods 
 
Unless stated otherwise, reactions were performed in flame-dried glassware under an atmosphere 

of nitrogen. Benzene, THF, dichloromethane, and dimethylformamide were degassed and dried in 

a JC Meyer solvent system. SilicaFlash P60 silicagel (230–400 mesh) was used for flash 

chromatography. NMR spectra were recorded on a Bruker AV-300 (1H), Bruker AV-400 (1H, 

13C), Bruker DRX-500 (1H), and Bruker AV-500 (1H, 13C). 1H NMR spectra are reported 

relative to CDCl3 (7.26 ppm). All oligonucleotides were purchased through Integrated DNA 

Technology with standard desalting unless otherwise specified. Samples for thermal denaturation, 

mass spectrometry studies, and catalysis were prepared by heating the buffered DNA solution 

without metal at 90 °C in a heating block for 10 minutes then cooled to room temperature for 30 

minutes. Once cool, the metal solution was added. In thermal denaturation experiments, all 

absorbances were measured at 260 nm using HP-8453 spectrophotometer with HP-89090A Peltier 

temperature controller from 15–90 °C at 5 °C min–1 with a hold time of 1 min. Relative absorbance, 

A260nm=(At–A15 °C)/(A90 °C –A15 °C), vs. temperature (°C) curves were fitted using GraphPad Prism 

7.0c. Fluorescence experiments were recorded on a Tecan Infinite M1000 Pro plate reader with 

the following conditions: 480 nm excitation, 510 nm emission, 8 mm excitation and emission 

bandwidth, 50 flashes with a frequency of 400 Hz, and a 10 ms delay time. Fluorescence data was 

collected on a JASCO-J715 CD spectrophotometer with a scan rate of 20 nm/min from 200 nm to 

300 nm with 3 accumulations. Mass spectrometry data was collected on a Thermo Scientific Q 

Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer using negative ionization mode. 
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3.8.2 Thermal Stability Measurements 
 
Thermal stability measurements. Solutions of 3.5 �M mismatch-containing DNA were 

prepared in 0.75 mM phosphate buffer, pH 7.0, and 150 mM NaClO4. Samples were 

annealed at 90 °C in a heating block for 10 minutes and allowed to cool to room 

temperature over 30 minutes. One equivalent (3.5 mM) of (Me2S)AuCl was added in 

methanol such that the solution contained 60:1 H2O:MeOH (v/v). Melting temperature 

profiles were recorded using HP-8453 spectrophotometer with HP-89090A Peltier 

temperature controller from 15–90 °C at 5 °C min–1 with a hold time of 1 min. Relative 

absorbance at 260 nm, A260nm=(At–A15 °C)/(A90 °C –A15 °C), vs. temperature(°C) curves were 

fitted using GraphPad Prism 7.0c 

 

Table 3.1 Sequences used in thermal denaturation experiments. 

Sequence Name Hairpin (5’-3’) 

CTH CGTTCTGTTTTCAGCACG 

TAH CGTTCTGTTTTCAGAACG 

GCH CGTGCTGTTTTCAGCACG 

TCH3 CGTTCTGTTTTCAGCACGACA 

cTCH3 TGTCGTGCTGAAAAC 
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Thermal denaturation profiles TCH3 and TCH3 + cTCH3 in the presence of 

(Me2S)AuCl 

Figure 3.6 Relative absorbance, A260nm=(At–A15 °C)/(A90 °C –A15 °C), vs. temperature (°C) 

curves for pyrimidine-mismatch-containing oligonucleotides, a) CTH b) TAH c) CGH in 

the presence of (Me2S)AuCl. Solutions contained 3.5 �M DNA in buffer containing 0.75 

mM sodium phosphate, pH 7, 150 mM NaClO4 and 0 and 1 equivalent (Me2S)AuCl (60:1 

H2O:MeOH v/v).   
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b) TCH3 + cTCH3 
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c) GCH 

 

Table 3.2 Thermal denaturation values for control sequences CTH, TAH, AND GCH 

Thermal Denaturation – CTH, TAH, and GCH 

Sequence 0 equiv Tm  (°C)  1 equiv Tm  (°C)  �Tm  (°C) Error 

CTH 45.9 56.6 10.7 2.5 

TAH 67.9 69.2 1.3 6.9 

GCH 74.7 84.4 9.7 9.0 

Melting temperatures calculated from the thermal denaturation profiles of pyrimidine-

mismatch-containing oligonucleotides in the presence of various concentrations of 

(Me2S)AuCl. Melting temperatures and error calculated using the sigmoidal dose-response 

feature in GraphPad Prism 7.0c. 
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Thermal denaturation profiles of TCH3 and TCH3 + complement 

Figure 3.7 Relative absorbance, A260nm=(At–A15 °C)/(A90 °C –A15 °C), vs. temperature (°C) 

curves for pyrimidine-mismatch-containing oligonucleotides, a) TCH3 and TCH3 + 

complement in the presence of (Me2S)AuCl. Solutions contained 3.5 µM DNA in buffer 

containing 0.75 mM sodium phosphate, pH 7, 150 mM NaClO4  and 0 and 1 equivalent 

(Me2S)AuCl (60:1 H2O:MeOH v/v). 
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b) TCH3 + complement 
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Table 3.3 Thermal denaturation values for control sequences TCH3 and TCH3 + cTHC3 

Thermal Denaturation – CTH, TAH, and GCH 

Sequence 0 equiv Tm  (°C)  1 equiv Tm  (°C)  DTm  (°C) Error 

TCH3 46.7 56.6 10.7 2.5 

TCH3 + 
cTCH3 

66.1 66.9 1.3 6.9 

Melting temperatures calculated from the thermal denaturation profiles of pyrimidine-

mismatch-containing oligonucleotides in the presence of various concentrations of 

(Me2S)AuCl. Melting temperatures and error calculated using the sigmoidal dose-response 

feature in GraphPad Prism 7.0c. 
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3.8.3 Circular Dichroism (CD) 

General Procedure for Sample Preparation for Circular Dichroism Spectroscopy 

Solutions contained 3.5 µM DNA in buffer containing 0.75 mM sodium phosphate, pH 7, 150 mM 

NaClO4 and 0 µM (0 equiv) or 3.5 µM (1 equiv) of (Me2S)AuCl (60:1 H2O:MeOH v/v). DNA and 

buffer were heated at 90 °C for 10 minutes then allowed to cool to room temperature over 45 

minutes. After the solution was cooled, 5 µl of (Me2S)AuCl (210 µM stock solution in methanol) 

was added and the resulting solution was incubated at room temperature for 5 min before 

performing experiments. The reported data is based on 3 trials and graphed on GraphPad Prism 

7.0c. 

 

Figure 3.8 CD spectra of TCH duplex in the presence of 0 equiv (0 eq) or 1 equiv (1 eq) 

(Me2S)AuCl. 
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Figure 3.9 CD spectra of TAH hairpin in the presence of 0 equiv (0 eq) or 1 equiv (1 eq) 

Me2SAuCl. 
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3.8.4 DNA-Au(I) Hydroamination Reactions 

Fluorescent DNA-Au(I) hydroamination reactions. Samples for catalysis were prepared by 

heating the buffered DNA solution without metal at 90 °C in a heating block for 10 minutes. 

Solutions were cooled to room temperature over 30 minutes. Then one equivalent (2.38 µl, 420 

µM stock solution) of (Me2S)AuCl as a solution in acetone was added. Following the addition of 

the gold solution, the complement sequence was added and the solution was allowed to incubate 

at room temperature for 5 minutes. Then a solution of BODIPY 3.4 in ethanol was added resulting 

in a final solution containing (1:1:0.02 H2O:EtOH:(CH3)2CO). Reactions contain 10 µM DNA 

hairpin, 10 µM complement sequence, 250 mM NaClO4, and 40 µM BODIPY 3.4. Positive control 

contains no DNA. Negative control contains no DNA nor (Me2S)AuCl. No complement reactions: 

0 equivalents of complement sequence added to reaction. 1 equivalent of complement: 1 equivalent 

(10 �M) complement sequence added to reaction. Progress of reactions was determined by 

fluorescence intensity. All fluorescence values reported in arbitrary units (AU). A standard curve 

containing various concentrations of BODIPY 3.5 was used to calculate a yield of product (60 µM, 

30 µM, 15 µM, 7.5 µM, 3.25 µM, 1.63 µM, and 0.81 µM). 
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Figure 3.10 Gold catalyzed hydroamination reaction.30 
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Rc-TCH5 GAUGUCGUGCUGAAAAC 

GCH5 CGTGCTGTTTTCAGCACGACATC 

TTH5 CGTTCTGTTTTCAGTACGACATC 

CCH5 CGTCCTGTTTTCAGCACGACATC 

TCH3 CGTTCTGTTTTCAGCACGACA 

TCH7 CGTTCTGTTTTCAGCACGACATCAG 

cTCH3 TGTCGTGCTGAAAAC 

cTCH7 CTGATGTCGTGCTGAAAAC 
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3.8.4.1 Fluorescence Data 

Figure 3.12 Fluorescence intensity of TCH5 with ( 1 equiv) and without (0 equiv) complement. 

 

Table 3.5 Fluorescence intensity of TCH5 with ( 1 equiv) and without (0 equiv) complement. 
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Positive 33160 __ 

Negative  116 __ 
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Figure 3.13 Fluorescence intensity with and without complement after background subtraction. 

 

Figure 3.14 Percent yield of standard conditions with no complement and with 1 equivalent of 

complement. 
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Figure 3.16 Fluorescence intensity of reactions containing TCH5 with matched and mismatched 

complements background subtracted at 62.5 mM sodium perchlorate condition. 
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cTCH5-3d 5787 865 

cTCH5-TMs 5190 359 

cTCH5-5s 6208 770 

cTCH5-3s 6795 416 

 

Figure 3.17  Fold increase in fluorescence o reactions containing f TCH5 with matched and 

mismatched complements at 62.5 mM sodium perchlorate condition. 
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Figure 3.18 Percent yield reactions containing TCH5 with matched and mismatched 

complements at 62.5 mM sodium perchlorate condition. 

 

Figure 3.19 Fluorescence intensity of reactions containing TCH5 with matched and mismatched 

complements background subtracted at 250 mM sodium perchlorate condition. 
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Table 3.7 Fluorescence intensity of reactions containing TCH5 with matched and mismatched 

complements background subtracted at 250 mM sodium perchlorate condition. 

Conditions Mean Std. Dev. 

none 2469 594 

cTCH5  8221 1229 

R 2860 107 

cTCH5-TMd 4260 357 

cTCH5-5d 5308 145 

cTCH5-3d 5599 659 

cTCH5-TMs 4424 620 

cTCH5-5s 5642 740 

cTCH5-3s 6347 827 
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Figure 3.20 Fold increase in fluorescence of reactions containing TCH5 with matched and 

mismatched complements background subtracted at 250 mM sodium perchlorate condition. 

 

Figure 3.21 Percent yield of reactions containing TCH5 with matched and mismatched 

complements background subtracted at 250 mM sodium perchlorate condition. 
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Figure 3.22 Fluorescence intensity of reactions containing TCH5 with and without DNA and 

RNA complement at 62.5 mM sodium perchlorate condition. 
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Conditions Mean Std. Dev. 
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Figure 3.23 Fold increase in fluorescence of reactions containing TCH5 with and without DNA 

and RNA complement at 62.5 mM sodium perchlorate condition. 

 

Figure 3.24 Percent yield of reactions containing TCH5 with and without DNA and RNA 

complement at 62.5 mM sodium perchlorate condition. 
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Figure 3.25 Fluorescence intensity of reactions containing TCH5 with and without DNA and 

RNA complement at 250 mM sodium perchlorate condition. 
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Table 3.9 Fluorescence intensity of reactions containing TCH5 with and without DNA and RNA 

complement at 250 mM sodium perchlorate condition. 

Conditions Mean Std. Dev. 

CTH5 2469 485 

cCtH5  8221 921 

RcCTH5 6153 971 

 

Figure 3.26 Fold increase in fluorescence of reactions containing TCH5 with and without DNA 

and RNA complement at 250 mM sodium perchlorate condition. 
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Figure 3.27 Percent yield of reactions containing TCH5 with and without DNA and RNA 

complement at 250 mM sodium perchlorate condition. 

 

Figure 3.28 Fluorescence intensity of TCH5, CCH5, and TTH5 with and without 1 equivalent of 

complement. 
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Table 3.10 Fluorescence intensity of TCH5, CCH5, and TTH5 with and without 1 equivalent of 

complement. 

Hairpin Complement Equiv. Mean Std. Dev. 

TCH5 0 1220 413 

TCH5 1  3289 1118 

CCH5 0 2298 174 

CCH5 1 4236 1529 

TTH5 0 5291 1097 

TTH5 1 7716 347 
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Figure 3.29 Fluorescence intensity of TCH3, TCH5, and TCH7 with and without 1 equivalent of 

complement. 
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TCH5 1 17301 4896 

 

Figure 3.30 Fluorescence intensity of reactions containing TCH5 mixed with different gold 

precursors with and without 1 equivalent of complement. 

 

Table 3.12 Fluorescence intensity of reactions containing TCH5 mixed with different gold 

precursors with and without 1 equivalent of complement. 

Au Precursor Complement Equiv. Mean Std. Dev. 

DMSAuCl 0 3477 183 

DMSAuCl 1  5673 134 

PPh3AuCl 0 27849 2194 

0 1 0 1 0 1
0

10000

20000

30000

40000

50000

Complement Equivalents

Fl
uo

re
sc

en
ce

 In
te

ns
ity

 (A
U

) AuCl3Ph3PAuCl DMSAuCl



 101 

PPh3AuCl 1 35099 4371 

AuCl3 0 13153 4343 

AuCl3 1 11061 1742 

 

Figure 3.31 Fluorescence intensity of reaction containing GCH5 and TCH5 with and without 1 

equivalent of complement. 
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Figure 3.32 Fluorescence intensity of just (Me2S)AuCl, TCH5, and TCH5 with complement all 

with one equivalent of R1 added to standard reaction conditions. 

  

Table 3.13 Fluorescence intensity of just (Me2S)AuCl, TCH5, and TCH5 with complement all 

with one equivalent of R1 added to standard reaction conditions. 

Condition Mean Std. Dev. 

R1 669 17 

R1 + CTH5  1574 205 

R1 + CTH5 + cCTH5 3269 105 
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Preparation of experiments containing biologically relevant fluids 

Solutions contain 10 µM DNA hairpin, 10 µM complement sequence, and 62.5 mM NaClO4 and 

40 µM BODIPY 7 with 10 uM R1, or 30 % solutions of synthetic saliva (Artificial Saliva for 

Medical and Dental Research purchased through Pickering Laboratories) or synthetic urine (300 

mM urea, 60 mM KCl, 128 mM NaCl, 30 mM Na3PO4, 15 mM creatine, and 1 µM albumin 

powder).  

 

Figure 3.33 Fluorescence intensity of reactions containing TCH5 with and without complement 

under urine conditions. 
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Table 3.14 Fluorescence intensity of reactions containing TCH5 with and without complement 

under urine conditions. 

Condition Mean Std. Dev. 

Positive 1979 __ 

0 equiv complement  57 63 

1 equiv complement 191 171 

 

Figure 3.34 Fluorescence intensity of reactions containing TCH5 with and without complement 

under saliva conditions. 
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Table 3.15 Fluorescence intensity of reactions containing TCH5 with and without complement 

under saliva conditions. 

Condition Mean Std. Dev. 

Positive 2986 __ 

0 equiv complement  676 117 

1 equiv complement 3278 344 
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3.8.5 Synthesis 

Preparation of BODIPY (3.2) 

 

 

 

3,5-dimethyl-4-(ethoxycarbonyl)pyrrole (3.11): Synthesized according to reported literature. 

Purified by flash chromatography to obtain 3.10 as a yellow oil in 75% yield of product over two 

steps.  NMR spectra match those reported in literature31.  

 

 

 

4-bromo-3-nitrobenzaldehyde (3.12): Synthesized from 4-bromobenzaldehyde according to 

reported literature. Purified by recrystallization in ethanol to obtain 87% yield of product. NMR 

spectra match those reported in literature32. 

 

 

H
N

OEt
O

O O

OEt
+ H2N

OH

1. THF, 4 Å MS
7 days, rt

2. Pd(PPh3)4 (2 mol%)
MesBr (1 equiv), K2CO3 (2 equiv)

DMF, 150 °C
3.10(XX% yield)

Br

O

Br

O

NO2

3.11

NaNO3, H2SO4

(XX% yield)
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2-bromo-4-methylaniline (3.13): Synthesized from 4-methylaniline according to reported 

literature. Purified by flash chromatography in 3:1 Hexanes:EtOAc to obtain 58% yield of a yellow 

oil. NMR spectra match those reported in literature33. 

 

 

2-bromo-4-methyl-iodobenzene (3.14): Synthesized according to reported literature. Purified by 

flash chromatography in 20:1 Hexanes:EtOAc to obtain 78% yield of product NMR spectra match 

those reported in literature4. 

 

 

 

3-(2-bromo-4-methylphenyl)prop-2-yn-1-ol (3.15): Synthesized from 2-bromo-4-

methyliodobenzene according to reported literature.  Purified by flash chromatography in 1:1 

Hexanes: DCM with 0-10% EtOAc to obtain 85% yield of product. NMR spectra match those 

reported in literature1. 

NH2

NH2

Br
N-Bromosuccinimide

DMF

3.12
(XX% yield)

NH2

Br
I

Br1. HCl
2. NaNO2

3. KI

3.13 3.14
(XX% yield)

Br
OHPd(PPh3)2Cl2

CuI
Propargyl alcohol

TEA

3.15

I
Br

3.14

(XX% yield)
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2-bromo-1-(3-methoxyprop-1-ynyl)-4-methylbenzene (3.16):  Synthesized from 3-(2-bromo-4-

methylphenyl)prop-2-yn-1-ol according to reported literature.  Purified by flash chromatography 

in 5:1 Hexanes:EtOAc to obtain 92% yield of product NMR spectra match those reported in 

literature1. 

 

 

2’-(3-methoxyprop-1-yn-1-yl)-5’-methyl-2-nitro-[1,1’-biphenyl]-4-carbaldehyde (3.17): 

Synthesized from 4-bromobenzaldehyde according to reported literature. Purified by column 

chromatography to obtain 52% yield over two steps. NMR spectra match those reported in 

literature1. 

 

Br
OH

Br
O

NaH, MeI

THF

3.15 3.16

(XX% yield)

Br
O

O2N

O

O

1. n-BuLi, B(OiPr)3
THF

2. 4-bromo-3-nitrobenzaldehyde (3.12),
Pd(PPh3)4

toluene/ethanol, aq K2CO3

3.16 3.17(XX% yield)
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2,8-bis(ethoxycarbonyl)-5,5-difluoro-10-(2'-(3-methoxyprop-1-yn-1-yl)-5'-methyl-2-nitro-

[1,1'-biphenyl]-4-yl)-1,3,7,9-tetramethyl-5H-dipyrrolo[1,2-c:2',1'-f][1,3,2]diazaborinin-4-

ium-5-uide (3.18): Synthesized according to reported literature. Purified by flash chromatography 

in 1:1 Hexanes:DCM with 3% EtOAc to obtain 45% yield of product NMR spectra match those 

reported in literature1. 

 

 

2,8-bis(ethoxycarbonyl)-5,5-difluoro-10-(6-)2-methoxyehtyl)-9-methylphenanthridin-3-yl)-

1,3,7,9-tetramethyl-5H-dipyrrolo[1,2-c:2’,1’-f][1,3,2]diazaborninin-4-ium-5-uide (3.19): 

Synthesized according to reported literature. Purified by flash chromatography in 1:1 Hexanes: 

DCM with 2% EtOAc to obtain 34% yield of product NMR spectra match those reported in 

literature1. 

O2N

O

O

1. (3.11), TFA
CH2Cl2

2. DDQ
3. BF3•Et2O

toluene

3.17

(XX% yield)

O
O2N

NN
CO2EtEtO2C

B
FF
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O
O2N

NN
CO2EtEtO2C
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FF

O
H2N

NN
CO2EtEtO2C

B
FF

SnCl2
con. HCl

THF/EtOH

3.18 3.19

(XX% yield)
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3.9 Spectra Relevant to Chapter Two: 

 

Regulating Transition Metal Catalysis Through Interference by Short RNAs 
 
 
 

Adapted From: Sydnee A. Green, Hayden R. Montgomery, Tyler Benton, Neil J. Chan, Hosea 

M. Nelson, Angew., Chem. Int. Ed, 2019, 58, 16400–16404 
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Figure 3.35 1H NMR (400 MHz, CDCl3) of compound 3.11. 

 

 
Figure 3.36 1H NMR (400 MHz, CDCl3) of compound 3.12. 
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Figure 3.37 1H NMR (400 MHz, CDCl3) of compound 3.14. 

 
 

 
Figure 3.38 1H NMR (400 MHz, CDCl3) of compound 3.15. 

Br

OH

Br
I



 113 

 
Figure 3.39 1H NMR (400 MHz, CDCl3) of compound 3.16. 

 
 

 
Figure 3.40 1H NMR (400 MHz, CDCl3) of compound 3.17. 
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Figure 3.41 1H NMR (400 MHz, CDCl3) of compound 3.18. 

 
 

 
Figure 3.42 1H NMR (400 MHz, CDCl3) of compound 3.19
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CHAPTER FOUR 
 
 

Chemocatalytic Amplification Probes Composed of a C–C Mismatch Enable 
Transcriptionally-Regulated Au(I) Catalysis in vitro and in vivo 

 
 

Adapted From: Sydnee A. Green, Benjamin Wigman, Sepand K. Nistanaki, Hayden R. 

Montgomery, Christopher G. Jones, Hosea M. Nelson 2020, ChemRxiv. Preprint. 

https://doi.org/10.26434/chemrxiv.12915761.v2 

 
 
4.1 Abstract 

 Here we report a novel Au(I)-DNAzyme that is activated by DNA and RNA in a highly 

sequence-specific manner and that is compatible with complex biological matrices. The active 

Au(I)-DNAzyme catalyzes the formation of a fluorescent molecule with >10 turnovers. This 

functional allostery, resulting in chemocatalytic signal amplification, is competent in complex 

biological settings, including within recombinant E. coli cells, where the catalytic activity of the 

Au(I)-DNAzyme is regulated by transcription of an inducible plasmid in cell lysates and whole 

cells. This optimized system highlights the potential for the use of chemocatalytic amplification 

probes to detect RNA transcripts in vitro and in vivo. 

 

4.2 Introduction 

While transition metal catalysis has become a powerful and efficient tool in synthetic 

chemistry, its application in biology has trailed behind, as synthetic transition metal complexes 

struggle to avoid deleterious reactions with the diverse chemical functionalities present in 

biological media. The biocatalytic community has made great strides toward overcoming this 

challenge, demonstrating that engineering of wild-type metalloenzymes can lead to biocatalysts 
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that mediate abiotic chemical transformations such as insertion and other metal-carbenoid 

reactions.1,2  In fewer examples, novel metalloenzymes with non-native metal centers have been 

reported, in some cases capable of mediating transformations well beyond the scope of wild-type 

biochemical transformations.3,4 Organometallic complexes have also found use in biological 

settings, although rarely employed catalytically.5,6 

 Our group has become interested in developing transition metal catalysts that are not only 

functional under the challenges presented in biological conditions, but also regulated by gene 

transcription. In this scenario, we envisioned genotype-specific catalysis, where bioconjugation 

reactions and activation of pro-drugs or reporter molecules could be controlled temporally and 

spatially through transcriptional upregulation. Moreover, akin to biochemical amplification 

regimes such as polymerase chain reaction (PCR), we envisioned that signal amplification could 

be achieved through this chemical catalysis, allowing for detection of infinitesimally-small 

quantities of gene transcripts for applications in chemical biology, genetics, and diagnostics. To 

this end, we previously reported an example of a novel Au(I)-DNAzyme that performs abiotic 

hydroamination reactions under highly sequence specific upregulation by short RNA or DNA 

fragments (Figure 4.1).7 In our initial study, we provided proof-of-principle, but were not able to 

demonstrate efficacy in biological matrices as our Au(I)-DNA catalyst proved to be poorly 

compatible with biological media.  Herein we report the development of a new chemocatalytic 

amplification probe (CAP) featuring a novel metal-binding motif comprised of a Au(I)-mediated 

cytosine–cytosine (C–C) base pair with unprecedented thermal and biological stability. We show 

that this new Au(I)-DNA catalyst is capable of catalyzing hydroarylation reactions of alkynes in 

response to gene transcription in cellular extracts and inside living E. coli cells. 
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Figure 4.1 Activation of Au(I)-CAP with complementary DNA or RNA fragments. 

 

 

4.3 Catalytic Amplification Probe formed through a C–C mismatch 

Encouraged by the strong binding of Au(I) to C–C mismatches (Chapter Two), which 

implied a potential for greater stability in complex chemical environments, we attempted to 

incorporate Au(I) into a hairpin sequence to forge a Au(I)-DNA catalyst. We envisioned that two 

Au(I) ions could be incorporated into a hairpin sequence containing a single C–C mismatch 

(CC15-5 5’-CGT TCT GTT TTC ACA GAA CGA CAT CAG AGA GTA GG-3’), providing a 

coordinatively saturated metal complex (Chapter Two). Addition of a complementary nucleic acid 

strand induces strand displacement revealing a coordination site on the metal (Figure 4.2a). 

Presumably, binding of alkyne 4.1 to this coordination site initiates cyclization to a fluorescent 

coumarin product 4.2 (Figure 4.2b).8 In initial experiments, we were pleased to find that upon 

addition of 1 equivalent of complement there was an 8- or 10-fold increase in fluorescence with 1 

µM or 250 nM of complex 4.3, respectively (Figure 4.2c). In addition, activation of a 250 nM 

solution of the Au(I)-DNA complex with one catalytic equivalent of complement initiated nearly 

13 catalytic turnovers based on the concentration of Au(I) added. Importantly, without addition of 

the complementary nucleic acid strand, there was approximately 0.1 turnovers (Figure 4.2d). This 

finding, though representing modest turnover numbers (TON) from a chemistry perspective, 
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revealed the opportunity to achieve superior sensitivity to our previously reported C–T system due 

to a dramatic decrease in background reactivity of the probe in the absence of a transcriptional 

activator (increased signal-to-noise ratio), likely due to less gold leaching in the more stable C–

Au(I)–C metal-mediated base pair. 

 

Figure 4.2 a) inactive DNA-Au complex and formation of active complex following addition of 

complement. b) Au(I)-catalyzed hydroarylation for formation of fluorescent coumarin product 

4.2. c) Fluorescence intensity and fold increase in fluorescence with 1 µM and 250 nM complex 

4.3. d) Amplification factor ([4.2]/[4.3]) of reaction containing 250 nM of complex 4.3. 
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4.4 Detection Sensitivity Compared to Molecular Beacon 

With the heightened sensitivity of this probe compared to our previously reported system 

(250 nM detection vs. 10 µM detection), we were compelled to compare the sensitivity of our CAP 

complexes to molecular beacons routinely used for sensing nucleic acids. Molecular beacons are 

often used in conjunction with PCR for quantitative detection of nucleic acids.9,10 These FRET-

based probes provide a single fluorescent output for every complementary nucleic acid that is 

hybridized, hence there is a need for amplification through PCR or other means to increase the 

amount of detectable nucleic acid present to meet the beacon’s limit of detection (250 nM in our 

hands).11 We hypothesized that our catalytic platform could overcome this inherent limitation 

given its ability to amplify signal through the catalytic production of >10 equivalents of 

fluorophore in response to a single hybridization event. Ultimately, this would allow entry to a 

more sensitive gene detection platform with improved limits of detection. Indeed, in direct 

comparison at 1 µM, addition of one equivalent of complementary sequence led to a 13-fold 

increase (fold increase = [fluorescence with complement]/[fluorescence with no complement]) in 

fluorescence with the Au(I)-CAP, compared to less than a 2-fold increase with the FRET-based 

molecular beacon. At complement concentrations lower than one equivalent respective to probe, 

our Au(I)-CAP maintained over a 4-fold increase in fluorescence, whereas the detection limit of 

the molecular beacon was ~0.25 µM, above which there was only a 1.3-fold increase in 

fluorescence (Figure 4.3). Interestingly, addition of excess complementary sequence to our CAP 

complex 4.3 results in lower levels of fluorescence. This is likely due to the decrease in gold 

activity with excess nucleic acids available to non-specifically sequester gold ions (Chapter Three). 
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Figure 4.3 a) Molecular beacon hairpin and duplex. b) Fold increase in fluorescence upon 

addition of various complement concentrations with 1 µM 4.3 and 4.4. 

 

 

4.5 CAP System in E. coli Cell Lysates and Whole Cells 

 The increased sensitivity of our CAP system inspired us to explore its ability to detect 

mRNA directly produced through transcription. The direct (PCR-free) detection of mRNA or DNA 

in cell lysates could contribute to several areas, including diagnostics and forensics, by lowering 

detection limits. We initially attempted to detect mRNA extracted from recombinant E. coli cells. 

We transformed competent E. coli cells with a plasmid containing our complement (gene CC15-

5) and a T7 lac promoter. As an appropriate control, we transformed a group of cells with the 

plasmid that did not contain gene CC15-5.12 The cell lysates of both cell lines were incubated with 

our CAP at 1 µM and profluorophore 4.1 at 200 µM for 12 hours and subjected to confocal 

microscopy to visualize fluorescence (Figure 4.4a). We observed that the cell lysate of the cells 

expressing the complement exhibited nearly a 3-fold increase in fluorescence when compared to 

the control cell lysate (Figure 4.4b). 
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Figure 4.4 a) Cell lysate experimental design and b) fluorescence intensity of cell lysates. 

 

 

 To further assess the ability of our catalyst to perform in biologically relevant conditions, 

we incorporated the HP-Au(I) complex directly into competent E. coli cells using heat shock 

(Figure 4.5).13  After a three-hour incubation of E. coli transformed with gene CC15-5 plasmids 

with 1 µM of the HP-Au(I) complex, followed by stringent washing, and a subsequent overnight 

incubation with profluorophore 4.1, we observed that the cells expressing the complementary 

sequence (Figure 4.5b) were more fluorescent than the cells containing the control plasmid (Figure 

4.5c). These results further demonstrate the ability of this novel Au(I)-DNA complex to catalyze 

abiotic chemical transformations in cellulo in response to gene transcription, highlighting the 

potential for this technology to be used as a highly sensitive diagnostic tool for detection of nucleic 

acid material in both biotechnological and clinical applications.  
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Figure 4.5 a) Reaction scheme of E. coli whole cells reacted with with Au(I)-CAP catalyst. b) 

Fluorescence microscopy of cells expressing gene CC15-5. c) Fluorescence microscopy of cells 

expressing control gene. d) Fluorescence intensity of cells after lysing once the reaction is 

complete. e) Histogram of fluorescence in images from (b) and (c). 
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these Au(I)-DNA complexes, they are able to effectively hybridize to low concentrations of 

complementary nucleic acid strands, and activate the catalytic activity of the Au(I) metal center. 

These findings permitted the detection of low concentrations of mRNA in complex biological 

matrices such as cell lysates and whole cells, and were competitively more sensitive than standard 

molecular beacon technologies. This system shows promise as an inexpensive method for the 

detection nucleic acids. 
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4.7 Experimental Section 

4.7.1 Materials and Methods 

Unless stated otherwise, reactions were performed in flame-dried glassware under an atmosphere 

of nitrogen. Benzene, THF, dichloromethane, and dimethylformamide were degassed and dried in 

a JC Meyer solvent system. SilicaFlash P60 silicagel (230–400 mesh) was used for flash 

chromatography. NMR spectra were recorded on a Bruker AV-300 (1H), Bruker AV-400 (1H, 

13C), Bruker DRX-500 (1H), and Bruker AV-500 (1H, 13C). 1H NMR spectra are reported 

relative to CDCl3 (7.26 ppm). All oligonucleotides were purchased through Integrated DNA 

Technology with standard desalting unless otherwise specified. Samples for thermal denaturation, 

mass spectrometry studies, and catalysis were prepared by heating the buffered DNA solution 

without metal at 90 °C in a heating block for 10 minutes then cooled to room temperature for 30 

minutes. Once cool, the metal solution was added. In thermal denaturation experiments, all 

absorbances were measured at 260 nm using HP-8453 spectrophotometer with HP-89090A Peltier 

temperature controller from 15–90 °C at 5 °C min–1 with a hold time of 1 min. Relative absorbance, 

A260nm=(At–A15 °C)/(A90 °C –A15 °C), vs. temperature (°C) curves were fitted using GraphPad Prism 

7.0c. Fluorescence experiments were recorded on a Tecan Infinite M1000 Pro plate reader with 

the following conditions: 480 nm excitation, 510 nm emission, 8 mm excitation and emission 

bandwidth, 50 flashes with a frequency of 400 Hz, and a 10 ms delay time. Fluorescence data was 

collected on a JASCO-J715 CD spectrophotometer with a scan rate of 20 nm/min from 200 nm to 

300 nm with 3 accumulations. Mass spectrometry data was collected on a Thermo Scientific Q 

Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer using negative ionization mode. 
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4.7.2 DNA-Au(I) Freidel-Crafts Reactions in vitro 

General Procedure 

Hairpin-Au(I) complex made at 50 uM and stored at 4 °C for up to 2 days. The solution was left 

to incubate for 30 min at room temperature to allow for complete formation of metal-mediated 

base pair before added to any experiments. Further dilutions were made to desired stock 

concentration for reaction. Following hairpin addition to the reaction, the complement sequence 

was added and the solution was allowed to equilibrate for 10 minutes before adding it to a 

solution of alkyne 2 in 40% ethanol resulting in a final solution containing (3:2 H2O:EtOH). 

Reactions contain 250 nM DNA hairpin, 250 nM complement sequence, 125 mM NaClO4 and 

200 µM alkyne 2. All other conditions/concentrations vary depending on experiment. Positive 

control contains no DNA. Negative control contains no DNA nor (Me2S)AuCl. No comp (0 

equiv): 0 equivalents of complement sequence added to reaction. Comp (1 equiv): 1 equivalent 

(250 nM) complement sequence added to reaction. Progress of reactions was determined by 

fluorescence intensity. All fluorescence values reported in arbitrary units. Fold increase in 

fluorescence was calculated based on equation FI = (F1 eq– F0 eq)/(F0 eq). Yields were calculated 

using a standard curve of product coumarin derivative 1 at known concentrations ranging from 

3.25 µM to 60 µM, this was then fit to a line in excel and the equation was used to calculate the 

yield of fluorescent product for each reaction. 
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Figure 4.6 Gold catalyzed Friedel-Crafts reaction. 

 

 

Table 4.1 Sequences used in catalysis and E. coli cell experiments (section 4). 

Sequence Name Hairpin (5’-3’) 

CC15-5 GCTTCTGTTTTCACAACGACATCAAGAGAGTAGGG 

CCBeacon GCTTCTGTTTTCACAACGACA 

CC comp CCTACTCTCTGATGTCGTTGTGAAAAC 

CC comp RNA CCUACUCUCUGAUGUCGUUGUGAAAAC  
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4.7.2.1 Data 

Figure 4.7 Fluorescence of CC15-5 at 1 µM or 250 nM with no complement (0) or 1 equivalent 

complement (1). 

 

Table 4.2 Fluorescence values of CC15-5 at 1 µM or 250 nM with no complement (0) or 1 

equivalent complement (1). 

[Hairpin] [Complement] Mean Std. Dev. 

1 µM 0 µM 340 26 

1 µM 1 µM 2910 136 

250 nM 0 nM 133 16 

250 nM 250 nM 1324 51 
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Figure 4.8 Turnover of CC15-5 at 1 µM or 250 nM with no complement (0) or 1 equivalent 

complement (1). 

 

Table 4.3 Turnover values of CC15-5 at 1 µM or 250 nM with no complement (0) or 1 

equivalent complement (1). 

[Hairpin] [Complement] Mean Std. Dev. 

1 µM 0 µM 0.6 0.1 

1 µM 1 µM 7.5 0.4 

250 nM 0 nM 0.1 0.1 

250 nM 250 nM 12.8 0.5 
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Figure 4.9 Fluorescence of CC15-5 (250 nM) with no complement (0) or 1 equivalent 

complement (1) with (Me2S)AuCl (blue) or HAuCl4 (purple). 

 

Table 4.4 Fluorescence of CC15-5 (250 nM) with no complement (0) or 1 equivalent 

complement (1) with (Me2S)AuCl (blue) or HAuCl4 (purple). 

Au(I) Precursor Complement Equiv Mean Std. Dev. 

(Me2S)AuCl 0 133 16 

(Me2S)AuCl 1 1324 51 

HAuCl4 0 442 111 

HAuCl4 1 591 5 
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Figure 4.10 Fluorescence of CC15-5 (1 µM) with no complement (0) or 1 equivalent 

complement (1) with (Me2S)AuCl (blue) or HAuCl4 (purple). 

 

Table 4.5 Fluorescence of CC15-5 (1 µM) with no complement (0) or 1 equivalent complement 

(1) with (Me2S)AuCl (blue) or HAuCl4 (purple). 

Au(I) Precursor Complement Equiv Mean Std. Dev. 

(Me2S)AuCl 0 340 26 

(Me2S)AuCl 1 2910 136 

HAuCl4 0 1031 373 

HAuCl4 1 3081 351 
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Figure 4.11 Fluorescence of CC15-5 (1 µM) with varying concentrations of CC comp and CC 

comp RNA. 

 

Table 4.6 Fluorescence of CC15-5 (1 µM) with various equivalents of DNA complement. 

[Complement] Mean Std. Dev. 

0 µM 1308 442 

0.1 µM 4430 933 

0.25 µM 6280 746 

0.5 µM 6558 216 

0.75 µM 12211 86 
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1 µM 15871 1614 

2 µM 7271 1002 

4 µM 4702 1101 

 

Table 4.7 Fluorescence of CC15-5 (1 µM) with various equivalents of RNA complement. 

[Complement] Mean Std. Dev. 

0 µM 1308 442 

0.1 µM 3826 635 

0.25 µM 5777 2261 

0.5 µM 6163 2368 

0.75 µM 14503 1466 

1 µM 17640 8403 

2 µM 3293 147 

4 µM 766 6 
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Figure 4.12 Fluorescence of CC beacon (1 µM) with varying concentrations of CC comp. 

 

Table 4.8 Fluorescence of CC beacon (1 µM) with various equivalents of DNA complement. 

[Complement] Mean Std. Dev. 

0 µM 8828 327 

0.1 µM 10132 913 

0.25 µM 10443 800 

0.5 µM 12528 1186 

0.75 µM 15226 1308 
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1 µM 16523 1289 

8 µM 36898 556 

 

4.7.3 DNA-Au(I) Friedel-Crafts Reactions in cellulo and in lysates 

Cell transformation and expression 

Gene CC15-5 (5’-GTTTTCACAACGACATCAGAGAGTAGGTTAGT-3’) was cloned into 

pET24a, which had been digested with NdeI and XhoI, by Gibson assembly. The sequence was 

verified by DNA sequencing (Genewiz). pGeneCC15-5 and pControl (pET24a) were grown in 

LB broth, 500 ml for pGeneCC15-5 and 250 ml for pControl, at 37 °C. RNA expression was 

induced with 1 mM IPTG when the cells reached an OD600 of ~ 0.5. Cell growth was continued 

at 37 °C for 4 hours and the cells then harvested (50 ml conical tubes) by centrifugation using 

JS5.3 rotor (10 minutes at 6.8K). Cell pellets were diluted in LB buffer and re-aliquoted such 

that the pellets would be OD600 = 10 in 1 ml of buffer. 
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Figure 4.13 Insertion of Gene CC15-5 into pET24a plasmid for transformation into E. coli cells. 

Gene CC15-5 cell line contains plasmid with inserted Gene CC15-5 and Control cell line was 

transformed with original pET24a plasmid. 

 

Lysate Experiments 

To each cell aliquot (Gene CC15-5 and Control E. coli cells) was added 1 ml of lysis buffer 

(1.5% isoamyl alcohol, 750 mM sodium perchlorate, and 40% EtOH) or 1 ml other lysing 

conditions (Phenol-Chloroform or TRIzol). The cells were then sonicated for 30 minutes. 

Following sonication, cells were aliquoted into reaction tubes and fluorescent probe and CC15-5-

Au(I) complex was added. Final concentrations (1 µM CC15-5-Au(I) complex, 200 uM probe 1, 

50% EtOH, 125 mM sodium perchlorate). 

 

Whole Cell Experiments 

Competent gene CC15-5 and control E. coli cell aliquots were diluted in 1 ml of TB buffer 

(Millipore Sigma). The cells were vortexed until monodispersed in tubes and then 200 ul added 
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to 0.6 ml epitubes. To these tubes were added CC15-5-Au(I) complex (10 µM) in TB buffer such 

that the final concentration was 5 µM CC15-5-Au(I) complex and cell OD600 = 5 in 400 µl TB 

buffer. After 1 hour incubation at 37 °C, the cells were centrifuged for 10 minutes and washed 

with TB buffer (x3). Then solution containing 100 µM probe 1 (in 100 µl TB buffer, 1% DMSO) 

was added to pelleted cells and incubated overnight at 37 °C. Following incubation, cells were 

washed and dehydrated using 40% EtOH for visualization. 
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4.7.3.1 Data 

Figure 4.14 Cell lysates (Gene CC15-5 and control) using Phenol-Chloroform extraction.14 

 

Table 4.9 Fluorescence values of CC15-5 (1 µM) with cell lysates (Phenol-Chloroform 

extraction) with Gene CC15-5 and Control gene. 

Gene Mean Std. Dev. 

CC15-5 33 9 

Control 26 3 
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Figure 4.15 TRIzol extraction of cell lysates with 25 mM, 12.5 mM, and 6.25 mM.15 

 

Table 4.10 Fluorescence values of CC15-5 (1 µM) with cell lysates (Phenol-Chloroform 

extraction) with Gene CC15-5 and Control gene. 

[TRIzol] µM Gene Mean Std. Dev. 

6.25 CC15-5 185 16 

12.5 CC15-5 462 42 

25 CC15-5 604 82 

6.25 Control 143 55 

12.5 Control 438 69 
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25 Control 510 54 

 

Figure 4.16 Fluorescence of CC15-5 (1 µM) with cells lysed with 2% Isopropyl alcohol in 

various concentrations of sodium perchlorate. 

 

 

Table 4.11 Fluorescence values of CC15-5 (1 µM) with cells lysed with 2% Isopropyl alcohol in 

various concentrations of sodium perchlorate. 

[Sodium Perchlorate] mM Gene Mean Std. Dev. 

125 CC15-5 14149 3347 

250 CC15-5 19443 3783 
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500 CC15-5 18523 3306 

125 Control 8289 948 

250 Control 10419 1698 

500 Control 17940 994 

 

Figure 4.17 Fluorescence of CC15-5 (1 µM) with cells lysed with 250 mM sodium perchlorate 

with various percentages of isopropyl alcohol. 
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Table 4.12 Fluorescence values of CC15-5 (1 µM) with cells lysed with 2% Isopropyl alcohol in 

various concentrations of sodium perchlorate. 

Isopropyl alcohol (%) Gene Mean Std. Dev. 

2 CC15-5 8034 1679 

1.75 CC15-5 8927 2039 

1.5 CC15-5 12569 4639 

1.25 CC15-5 9287 1468 

1 CC15-5 9905 2290 

0.75 CC15-5 10946 3331 

2 Control 4958 400 

1.75 Control 5012 1203 

1.5 Control 4426 1280 

1.25 Control 6116 929 

1 Control 5980 400 

0.75 Control 5411 478 
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Figure 4.18 Fluorescence of CC15-5 (1 µM) with cells lysed with 1.5% isopropyl alcohol with 

various concentrations of sodium perchlorate. 

 

 

Table 4.13 Fluorescence values of CC15-5 (1 µM) with cells lysed with 2% Isopropyl alcohol in 

various concentrations of sodium perchlorate. 

[Sodium Perchlorate] mM Gene Mean Std. Dev. 

750 CC15-5 23285 3603 

500 CC15-5 14973 2346 
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250 CC15-5 13691 4125 

125 CC15-5 21096 __ 

750 Control 8447 472 

500 Control 6308 824 

375 Control 6225 866 

312.5 Control 8063 406 

250 Control 4120 3999 

125 Control 12876 790 
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Figure 4.14 a) Brightfield and fluorescence of pGeneCC15-5 cell line with CC15-5 Au(I)-CAP 

b) histogram of fluorescence and brightfield. 
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Figure 4.15 a) Brightfield and fluorescence of pControl cell line with CC15-5 b) histogram of 

fluorescence and brightfield 

a)   
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Figure 4.16 a) Brightfield and fluorescence of pGeneCC15-5 cell line with (Me2S)AuCl only b) 

histogram of fluorescence and brightfield 

a) 
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Figure 4.17 a) Brightfield and fluorescence of pControl cell line with (Me2S)AuCl only b) 
histogram of fluorescence and brightfield. 

a) 
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4.7.4 Synthesis 

Preparation of Profluorophore 4.1 

 

 

  

2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinoline-8-ol (4.5): Synthesized according to 

reported literature. Purified by flash chromatography to obtain 4.5 as a white solid in 52% yield 

of product. NMR spectra match those reported in literature16.  

 

 

2,3,6,7-tetrahydro-1H,5H-pyrido[3,2,1-ij]quinoline-8-ol (4.1): Synthesized according to 

reported literature. Purified by flash chromatography to obtain 4.1 as a yellow solid in 64% yield 

of product. NMR spectra match those reported in literature.14 
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4.8 Spectra Relevant to Chapter Four: 

 

Chemocatalytic Amplification Probes Composed of a C–C Mismatch Enable 
Transcriptionally-Regulated Au(I) Catalysis in vitro and in vivo 

 
 
 

Adapted From: Sydnee A. Green, Benjamin Wigman, Sepand K. Nistanaki, Hayden R. 

Montgomery, Christopher G. Jones, Hosea M. Nelson 2020, ChemRxiv. Preprint. 

https://doi.org/10.26434/chemrxiv.12915761.v2 
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Figure 4.18 1H NMR (400 MHz, CDCl3) of compound 4.5. 

 
 

Figure 4.19 1H NMR (400 MHz, CDCl3) of compound 4.1. 
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CHAPTER FIVE 
 
 

Chemocatalytic Amplification Probes for the Femtomolar Detection of SARS-CoV-2 
Fragments 

 
 

Adapted From: Sydnee A. Green, Benjamin Wigman, Sepand K. Nistanaki, Hayden R. 

Montgomery, Christopher G. Jones, Hosea M. Nelson 2020, ChemRxiv. Preprint. 

https://doi.org/10.26434/chemrxiv.12915761.v2 

 
5.1 Abstract 

At the outset of our previous chemocatalytic amplification probe (CAP) studies, we were 

met with the emergence of the COVID-19 pandemic and saw the need for a fast and cheap nucleic 

acid-based diagnostic. We demonstrate the potential of our transition metal oligonucleotide 

complexes as a highly sensitive and selective hybridization probe, permitting the detection of 

attomolar concentrations (ca. 60 molecules/mL) of SARS-CoV-2 RNA gene fragments in 

simulated biological matrices with ≥85% accuracy. Notably, this sensitive detection platform 

avoids expensive and poorly-scalable biochemical components (e.g., post-synthetically modified 

oligonucleotides or enzymes) and instead utilizes small molecule fluorophores, inexpensive Au 

salts and oligonucleotides composed of canonical bases. This discovery highlights promising 

opportunities to perform abiotic catalysis in complex biological settings under transcriptional 

regulation, as well as a chemocatalytic strategy for PCR-free, direct-detection of RNA and DNA. 

 

5.2 Introduction 

 In late 2019, the world was met with a new coronavirus, SARS-CoV-2, that began 

spreading rapidly until it was officially declared a global pandemic by the World Health 
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Organization in early 2020.1 While the initial polymerase chain reaction (PCR) COVID-19 

diagnostic test was authorized in the United States in late January 2020, access to testing for the 

general population was very limited.2,3 Given the remarkable sensitivity of our previous Au(I)-

CAP system for the detection of genetic information under biologically relevant conditions, we 

reasoned that the application of this technology to viral diagnostics could address an unmet 

biomedical need, and in fact, it has been reported that the best way to limit the spread of COVID-

19 is through rapid and reliable testing of the general population.4,5,6  

The current testing platform introduced by the Centers for Disease Control (CDC) relies 

on resource intensive reverse transcription/qPCR to amplify the viral RNA to meet the minimum 

detection limit of the FRET-based hybridization probe used in the COVID-19 test kit.7 The process 

requires cumbersome procedures, sensitive reagents, and advanced molecular biology 

instrumentation, thereby limiting rapid deployment of low-cost tests on a large scale, with limited 

opportunity for point-of-care testing.8 Given these limitations, and the need for accurate, sensitive, 

and cost-efficient COVID-19 diagnostics,9 we felt responsible to translate our newly developed 

catalytic system toward a COVID-19 diagnostics platform. The observed signal amplification and 

superior sensitivity of our system over standard molecular beacon platforms highlighted a strategic 

opportunity to contribute to the field during this unprecedented time. 
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Figure 5.1 Comparison of molecular beacon in standard PCR to CAP-Au(I) catalyst.

 

 

5.3 Probe Design and Initial Sequences 

In initial efforts, we designed several Au(I)-CAPs complementary to various portions of 

the SARS-CoV-2 N gene viral transcript DNA. Building on the design principles that were 

discovered in previous experiments, all three initial hairpins contained a poly-T loop, consisting 

of 4 adjacent thymines (Chapter Three and Four).10 In addition, the C–C mismatch was surrounded 

by A–T matches on either side, as this would lead to the most stable metal-mediated base pair.11 

Finally a toehold length of between 15 and 30 nucleotides was incorporated, as previous studies 

showed that a longer toehold would result in the formation of the active duplex, despite the high 

stability of the C–Au(I)–C mismatch employed in the initial CAP complex (Figure 5.2a).  

 Exposing these new hairpin sequences to our previous standard conditions (Chapter Four), 

we found that all three hairpins (dHP1, dHP2, dHP3) led to a significant increase in fluorescence 

when added 1 equivalent complement (1 µM) (Figure 5.2b). However, only dHP1 resulted in 

significant increases in fluorescence when exposed to lower concentrations of complement down 
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to 1 nM (Figure 5.2c). While this initial hit would require further optimization to get down to more 

relevant concentration of SARS-CoV-2 related nucleic acids (aM–fM), it was already more 

sensitive than reported molecular beacons.12 

 

Figure 5.2 a) Probe sequences and design requirements (red = polyT loop, green = mismatch 

region, purple = toehold). b) Fluorescence intensity of initial sequences. c) Fold increase in 

fluorescence of initial sequences. 
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at lower concentrations. In addition, a change in buffer from only 150 mM sodium perchlorate to 

include a synthetic saliva solution that contains various phosphate and chloride salts lowered the 

background and variation in fluorescence values and provided more consistent results and an 

increase in sensitivity. Interestingly, we found that this sequence outperforms the current 

molecular beacon used in the current CDC test (2019-nCOV_N1 probe – FAM, BHQ-1) in the 

direct detection complementary transcripts (250 nM in our hands without PCR amplification, 

showing significant differences down to 19 nM) by an astounding 107-fold increase in sensitivity.  

 

Figure 5.3 Fluorescence intensity of CDC N1 probe at 250 nM with various concentrations of 

complement (a) and HP1-Au(I) complex at 100 nM with various concentrations of complement 

(b). 
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way ANOVA and the Tukey-Kramer Honestly Significant Difference (HSD) test (p < 0.0001) 

however, show a significant difference in mean intensities down to 10 fM (Figure 5.4a) when 

compared to conditions without the complementary sequence. Given these promising initial 

experiments, we were eager to see if the rHP6 Au(I)-CAP would be compatible with conditions 

relevant to real human samples. Interestingly, conducting these experiments in a solution of 

synthetic saliva containing 10 mg/mL of random sequence DNA (salmon testes DNA) showed an 

increase in sensitivity, with >95% of the values above the threshold for 1 fM of complementary 

RNA fragment (Figure 5.4b).  

 

Figure 5.4 a) Fluorescence intensity of 100 nM 100 nM rHP6-Au(I) at standard condition (125 

mM sodium perchlorate) b) Fluorescence intensity of 100 nM rHP6-Au(I) with synthetic saliva. 
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5.5 RNAse P Gene Control 

Similar to previously reported COVID-19 detection assays, we designed a Au(I)-CAP 

complex to detect transcripts of the human RNAse P gene as a positive control for RNA 

extraction.14, 15 We found that this Au(I)-CAP (Hs_RPP30 5’-CCG CGC AGA GCC TTC AGG 

TCA GAA TTT TTT CTC ACC T-3’) has exceptional sensitivity and low background reactivity. 

Akin to our hairpin complex for the SARS-CoV-2 N gene (rHP6), we were able to detect 

femtomolar (10 fM, ≥95% accuracy) concentrations of the human RNAse P gene transcript after 

2 hours (Figure 5.5a). Importantly, we found that the addition of short nucleic acid fragments that 

are non-complementary to rHP6 or Hs_RPP30 do not result in an increase in fluorescence; Only 

the addition of the complementary sequence leads to the formation of fluorescent product and 

therefore selective detection of short nucleic acids can be achieved through this system, as the 

addition of a short MERS related nucleic acid sequence does not result in a concentration 

dependent increase in fluorescence (Figure 5.5b).  

 

Figure 5.5 a) Control experiments with Hs_RPP30 hairpin and complement and b) rHP6 

sequence with MERS wrong complement. 
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5.6 Kinetic Experiments of rHP6 and dHP1  

Kinetic experiments of rHP6 revealed a significant increase in fluorescence of the 

solutions containing complement within the first several hours, Figure 5.6 shows the change in 

each concentration’s probability distribution over time. After the first 60 minutes there is no 

overlap between 100 nM and the no complement reaction, meaning that all of the values at 100 

nM have surpassed the LOD threshold after 60 minutes (Figure 5.6a). After only 180 minutes, the 

fluorescence values of the reactions containing 100 fM of complement have very little overlap 

with the no complement reactions and are near the LOD (Figure 5.6b). While at early time points, 

the fluorescence is fairly low, after 36 hours, the fluorescence differences are visible to the eye 

under long wave UV irradiation using an inexpensive hand-held TLC lamp (Figure 5.6c). Longer 

reaction times resulted in an increase in the background from the experiment containing no 

complement. This background is likely due to leaching of gold and decomposition of the hairpin-

Au complex.  
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Figure 5.6 Probability density of rHP6 reactions at a) 60 minutes and b) 180 minutes. c) 

Fluorescence of rHP6 reactions after 36 hours with various concentrations of complement added. 
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Figure 5.7 Au(I)-CAP system (rHP6 sequence) with SARS-CoV-2 heat inactivated virus in 

human saliva. 
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RPA nucleic acid amplification methods led to the detection of SARS-CoV-2 down to 0.1 and 1 

copy/ml, respectively (Figure 5.8). While these results are only slightly more sensitive than 

standard PCR or amplification methods on their own, they don’t require expensive, modified 

molecular beacons as do standard qPCR reactions. 

 

Figure 5.8 PCR and RPA amplification methods with rHP6 Au(I)-CAP system. 
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5.10 Experimental Section 

5.10.1 Materials and Methods 

Unless stated otherwise, reactions were performed in flame-dried glassware under an atmosphere 

of nitrogen. Benzene, THF, dichloromethane, and dimethylformamide were degassed and dried in 

a JC Meyer solvent system. SilicaFlash P60 silicagel (230–400 mesh) was used for flash 

chromatography. NMR spectra were recorded on a Bruker AV-300 (1H), Bruker AV-400 (1H, 

13C), Bruker DRX-500 (1H), and Bruker AV-500 (1H, 13C). 1H NMR spectra are reported 

relative to CDCl3 (7.26 ppm). All oligonucleotides were purchased through Integrated DNA 

Technology with standard desalting unless otherwise specified. Samples for thermal denaturation, 

mass spectrometry studies, and catalysis were prepared by heating the buffered DNA solution 

without metal at 90 °C in a heating block for 10 minutes then cooled to room temperature for 30 

minutes. Once cool, the metal solution was added. In thermal denaturation experiments, all 

absorbances were measured at 260 nm using HP-8453 spectrophotometer with HP-89090A Peltier 

temperature controller from 15–90 °C at 5 °C min–1 with a hold time of 1 min. Relative absorbance, 

A260nm=(At–A15 °C)/(A90 °C –A15 °C), vs. temperature (°C) curves were fitted using GraphPad Prism 

7.0c. Fluorescence experiments were recorded on a Tecan Infinite M1000 Pro plate reader with 

the following conditions: 480 nm excitation, 510 nm emission, 8 mm excitation and emission 

bandwidth, 50 flashes with a frequency of 400 Hz, and a 10 ms delay time. Fluorescence data was 

collected on a JASCO-J715 CD spectrophotometer with a scan rate of 20 nm/min from 200 nm to 

300 nm with 3 accumulations. Mass spectrometry data was collected on a Thermo Scientific Q 

Exactive Plus Hybrid Quadrupole-Orbitrap Mass Spectrometer using negative ionization mode. 
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5.10.3 Experiments with SARS-CoV-2 Transcripts 

General Procedure 

All experiments were performed with lights off/lights lowered and any solution containing Au(I) 

was left strictly in the dark (wrapped in tinfoil). All pipette tips were RNAse and DNAse free. 

Unless stated otherwise, all water was nuclease free. Experiments were performed with either no 

saliva conditions: 125 mM sodium perchlorate, 200 µM probe 5.1 (for synthesis, see Chapter 5), 

100 nM Hairpin-Au(I) complex, in 40% EtOH or synthetic saliva conditions: 125 mM sodium 

perchlorate, 200 µM probe 1, 100 nM Hairpin-Au(I) complex, 40% EtOH, 4% synthetic saliva 

and 10 µg/ml. A 50 ml concentrated saliva solution consisted of 100 mg of methyl-p-

hydroxybenzoate, 500 mg sodium carboxymethyl cellulose, 31.3 mg KCl, 3.0 mg MgCl2•6H2O, 

8.3 mg CaCl2•2H2O, 40.2 mg K2HPO4, and 16.3 mg KH2PO4.  

 

Figure 5.9 Profluorophore used to monitor reaction. 
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Table 5.1 Sequences used in COVID-19 catalysis experiments. 

Sequence  Hairpin (5’-3’) 

rHP6 ACTCGCAGCACAGCTCGCTGGTCCAGAACTGATTTTTCA

CTTCTGG 

rHP6 complement (DNA) AAATCAGTTCTGGACCAGCGAGCTGTGCTGCGACT 

rHP6 complement (RNA) AAAUCAGUUCUGGACCAGCGAGCUGUGCUGCGACU  

dHP1 GAGGGAGCCTTGAATACACCAAAAGATCACATTGGTTT

TCCAATCTGATC 

dHP1 complement CCAATGTGATCTTTTGGTGTATTCAAGGCTCCCTC 

dHP2 GCTCTTGCTTTGCTGCTGCTTGACAGATTGAACCAGCTT

GTTTTCAAGCTCCTTCAAT 

dHP2 complement CAAGCTGGTTCAATCTGTCAAGCAGCAGCAAAGCAAGA

GC 

dHP3 AAGCATATTGACGCATACAAACATTCCCACCAACAGAG

TTTTCTCTCTTCCTGGGAATG 

dHP3 complement CTCTGTTGGTGGGAATGTTTTGTATGCGTCAATATGCTT 

Hs_RPP30 CCGCGCAGAGCCTTCAGGTCAGAATTTTTTCTCACCT 
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Hs_RPP30 Complement 

(DNA) 

TTCTGACCTGAAGGCTCTGCGCGG 

Hs_RPP30 Complement 

(RNA) 

TTCTGACCTGAAGGCTCTGCGCGG 

2019-NCoV_N1 FAM-ACCCCGCATTACGTTTGGTGGACC-BHQ1 

2019-NCoV_N1 

complement 

GGTCCACCAAACGTAATGCGGGGTG 

MERS complement GGATGGCATCGTTGGGTCCATGAAGATGGCGC 
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5.10.3.1 Data 

Figure 5.10 Fluorescence values for rHP6 with rHP6 DNA complement with no saliva 

conditions. 

 

Table 5.2 Fluorescence values for rHP6 with rHP6 RNA complement with no saliva conditions 

(Figure 5.4a). 
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10-1 1166 182 

10-2 1203 173 

10-3 1166 187 

10-4 1106 174 

10-5 1068 182 

10-6 886 113 

10-7 856 163 

10-8 832 133 

[0] 812 95 

 

Table 5.3 Fluorescence values for rHP6 with rHP6 RNA complement with no saliva conditions 

(Figure 5.4b). 

[Complement] nM Mean Std. Dev. 

100 3628 460 

10 3423 450 

1 3270 330 
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10-1 3047 286 

10-2 3133 252 

10-3 3028 253 

10-4 2870 300 

10-5 2834 311 

10-6 2493 259 

10-7 2401 285 

10-8 2287 329 

[0] 2151 205 
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Figure 5.11 Comparison of mean intensities of rHP6 with DNA complement in no saliva 

conditions using one-way ANOVA and Tukey-Kramer HSD test at p < 0.0001 evaluated with no 

complementary RNA (no analyte control). 

 

Table 5.4 Raw fluorescence values for rHP6 with rHP6 DNA complement with no saliva 

conditions. 

 

 

100 10 1

nM
100 10 1

pM
100 10 1

fM
100 10 [0]

aM



 176 

Figure 5.12 Fluorescence values for rHP6 with rHP6 DNA complement with synthetic saliva 

conditions. 

 

Figure 5.13 Comparison of mean intensities of rHP6 with DNA complement in synthetic saliva 

conditions using one-way ANOVA and Tukey-Kramer HSD test at p < 0.0001 evaluated at no 

complement condition (0 M of analyte). 
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Table 5.5 Raw fluorescence values for rHP6 with rHP6 DNA complement with synthetic saliva 

conditions. 

 

Figure 5.14 Fluorescence values for Hs_RPP30 with Hs_RPP30 DNA complement with no 

saliva conditions. 
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Figure 5.15 Fluorescence values rHP6 and MERS complement sequence. 

 

Figure 5.16 Optimization of probe 5.1 concentration from 50 mM to 500 mM with dHP1-Au(I) 

complex and dHP1 complement with synthetic saliva conditions. 
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Table 5.6 Fluorescence values for dHP1 with complement with no saliva conditions at various 

probe (5.1) concentrations (Figure 5.16). 

[Complement] nM [5.1] µM Mean Std. Dev. 

0 50 -156 122 

1 50 -142 72 

100 50 26 64 

0 100 -128 85 

1 100 35 80 

100 100 194 197 

0 200 126 74 

1 200 505 233 

100 200 799 260 

0 300 401 168 

1 300 130 377 

100 300 558 319 

0 400 2337 459 
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1 400 2245 247 

100 400 1272 770 

0 500 2296 914 

1 500 2289 272 

100 500 1183 435 

 

Figure 5.17 Optimization of salt buffer with dHP1-Au(I) complex and dHP1 complement with 

synthetic saliva conditions. 
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Table 5.7 Fluorescence values for dHP1 with complement with no saliva conditions and other 

salts (Figure 5.17). 

[Complement] nM Salt Mean Std. Dev. 

100 NaClO4 3992 657 

1 NaClO4 1902 544 

0 NaClO4 1763 179 

100 NaBF4 21471 6742 

1 NaBF4 22516 10772 

0 NaBF4 18895 3145 

100 NaOTf 46 2565 

1 NaOTf -7150 9462 

0 NaOTf -8557 13284 

100 NaBArF 23966 14845 

1 NaBArF 9582 5756 

0 NaBArF 20821 13272 
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Figure 5.18 dHP1-Au(I) complex and dHP1 complement with synthetic saliva conditions at 

different temperatures. 
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(Figure 5.18). 
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10-3 597 35 

10-4 570 46 

10-5 643 41 

10-6 543 34 

10-7 546 22 

10-8 516 29 

[0] 487 38 

 

Table 5.9 Fluorescence values for dHP1 with complement with no saliva conditions at 32 °C 

(Figure 5.18). 

[Complement] nM Mean Std. Dev. 

100 1555 436 

10 959 216 

1 906 189 

10-1 822 93 

10-2 797 68 
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10-3 809 46 

10-4 779 30 

10-5 731 62 

10-6 673 76 

10-7 657 44 

10-8 603 79 

[0] 590 41 

 

Table 5.10 p-values and 95% confidence intervals for experiment with a) rHP6 (Figure 5.4b), b) 

dHP1 (Figure 5.3b), and c) Hs_RPP30 (Figure 5.5a) based on t-test and f-test. Analysis was 

done using GraphPad Prism 7.0c with all 20 replicates shown in tables of figures from text. 

a) rHP6 with RNA complement 

[Complement] p-value (t-test) p-value (f-test) 95% CI 

100 nM < 0.0001 (****) < 0.0001 (****) 2029–2302 

10 nM < 0.0001 (****) < 0.0001 (****) 1880–2220 

1 nM < 0.0001 (****) < 0.0001 (****) 1973–2305 
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100 pM < 0.0001 (****) < 0.0001 (****) 1829–2206 

10 pM < 0.0001 (****) < 0.0001 (****) 1803–2124 

1 pM < 0.0001 (****) < 0.0001 (****) 1740–2055 

100 fM < 0.0001 (****) < 0.0001 (****) 1725–2030 

10 fM < 0.0001 (****) < 0.0001 (****) 1664–1917 

1 fM < 0.0001 (****) < 0.0001 (****) 1622–1857 

100 aM < 0.0001 (****) < 0.0001 (****) 1525–1758 

10 aM < 0.0001 (****) 0.1962 1447–1539 

[0] – – 1313–1380 

 

b) dHP1 with DNA complement 

[Complement] p-value (t-test) p-value (f-test) 95% CI 

100 nM < 0.0001 (****) < 0.0001 (****) 1060–1173 

10 nM < 0.0001 (****) 0.0092 (**) 821–899 

1 nM < 0.0001 (****) 0.0044 (**) 733–856 

100 pM < 0.0001 (****) 0.0187 (*) 784–857 
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10 pM < 0.0001 (****) 0.0918 759–821 

1 pM < 0.0001 (****) 0.0679 756–820 

100 fM < 0.0001 (****) 0.2131 725–780 

10 fM < 0.0001 (****) 0.5237 705–753 

1 fM < 0.0001 (****) 0.7533 653–698 

100 aM < 0.0001 (****) 0.7606 634–679 

10 aM < 0.0001 (****) 0.7677 601–646 

[0] – – 534–575 

c) Hs_RPP30 with RNA complement 

[Complement] p-value (t-test) p-value (f-test) 95% CI 

100 nM < 0.0001 (****) < 0.0001 (****) 1906–2247 

10 nM < 0.0001 (****) < 0.0001 (****) 1865–2179 

1 nM < 0.0001 (****) < 0.0001 (****) 1877–2265 

100 pM < 0.0001 (****) < 0.0001 (****) 1816–2223 

10 pM < 0.0001 (****) < 0.0001 (****) 1792–2120 

1 pM < 0.0001 (****) < 0.0001 (****) 1824–2151 
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100 fM < 0.0001 (****) < 0.0001 (****) 1682–1984 

10 fM < 0.0001 (****) < 0.0001 (****) 1699–1976 

1 fM < 0.0001 (****) < 0.0001 (****) 1560–1825 

100 aM < 0.0001 (****)  0.0095 (**) 1507–1622 

10 aM < 0.0001 (****) 0.0040 (***) 1396–1544 

[0] – – 1274–1335 

 

Table 5.11 dHP1 initial values in 125 mM sodium perchlorate conditions (Figure 5.2b). 

[Complement] nM Mean Std. Dev. 

100 29507 1585 

10 7123 745 

1 5386 766 

10-1 4374 573 

10-2 3519 649 

0 2878 242 
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Table 5.12 dHP2 initial values in 125 mM sodium perchlorate conditions (Figure 5.2b). 

[Complement] nM Mean Std. Dev. 

100 37280 1686 

10 25677 6460 

1 16026 1390 

10-1 14120 2474 

10-2 14580 1527 

0 15289 1150 

 

Table 5.13 dHP3 initial values in 125 mM sodium perchlorate conditions (Figure 5.2b). 

[Complement] nM Mean Std. Dev. 

100 47640 7855 

10 13078 391 

1 7598 804 

10-1 5789 521 

10-2 5725 605 
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0 5106 365 

 

5.10.4 Heat-Inactivated Virus Concentration 

qPCR with the SARS-CoV-2 kit N1 gene was used to quantify the effective concentration of 

genome equivalents in heat-inactivated virus VR-1986HK (purchased through ATCC). A 

standard curve of log[copies/ul] vs. Ct (threshold cycle) was created using the positive control N 

gene plasmid as well as the SARS-CoV-2 kit was purchased through IDT (10006625 and 

10006713). Copies/ul concentrations of the positive control (800 copies/ul, 400 copies/ul, 50 

copies/ul, and 5 copies/ul) were in triplicate made from a dilution of the positive control into 

RNAse free water. The unknown heat-inactivated virus concentration was made through a 1:10 

dilution directly from the sample into water with 0.5% tween. Virus concentration was calculated 

as an average of the three copies/ul of genomic copies using the generated standard curve. qPCR 

was performed using the GoTaq Probe 1-Step qPCR kit using the conditions listed in the kit 

instructions: each reaction contains 3.1 ul water, 1.5 ul primer/probe mix, 10 ul GoTaq Probe 

qPCR master mix, 0.4 Go Script RT Mix and 5 ul target nucleic acid (positive control or virus 

dilution). 
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Figure 5.19 Threshold cycle vs log[copies/µl]. 

 

 

Table 5.14 Ct values for the heat-inactivated RNA based on curve. 

 

Ct (Threshold 

Cycle) copies/ul 

Trial 1 24.64 317877.083 

Trial 2 24.83 277404.441 

Trial 3 24.29 408518.781 

average 
 

334600.102 

standard 

deviation 
 

67137.8213 
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Table 5.15 Fluorescence values for reaction containing rHP6 with different concentrations of 

heat-inactivated virus (Figure 5.7b). 

[copies/µl] Mean Std. Dev. p-value (t-test) 

3500 1365 105 **** (<0.0001) 

1750 1338 147 **** (<0.0001) 

875 1270 112 **** (<0.0001) 

438 1201 141 *** (0.0003) 

219 1267 84 **** (<0.0001) 

109 1234 52 **** (<0.0001) 

55 1148 37 **** (<0.0001) 

27 969 110 ** (0.0012) 

14 885 97 ** (0.0067) 

7 782 116 0.2470 

[0] 712 42 __ 
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5.10.5 Polymerase Chain Reaction and Recombinase Polymerase Reactions 

Table 5.16 Primers used in PCR and RPA reactions. 

Sequence  DNA (5’-3’) 

dHP1 forward GGCATCATATGGGTTGCAAC 

dHP1 reverse GTTAGCAGGATTGCGGGT 

 

Polymerase Chain Reaction General Method 

Stock concentration of control plasmid was made at various concentrations such that 5 ul of 

plasmid was added to each reaction. Three stocks were made (200 copy/µl, 20 copy/µl, and 2 

copy/µl), from the 200,000 copies/ml solution purchased from IDT. GoTaq RT-PCR kit was 

purchased from NE biolabs and the PCR reaction was run according to the standard protocol: n = 

N+1, where N = number of reactions (with same primers) and reagents were added according to 

Table 5.13. After all reagents from kits were added, 5 ml of template was added and PCR was 

run according to Table 5.14. Following PCR reaction, 30 µl of rHP1-Au(I) complex was added 

in sodium perchlorate buffer (125 mM) and 50 µl of probe 5.1 in 80% ethanol were added such 

that the final concentration of dHP1-Au(I) and probe 5.1 were 250 nM and 200 µM, respectively. 
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Table 5.17 RPA amplification with dHP1. 

Reagent Volume of reagent added per n 

Nuclease-free water 3.1 

Primer/Probe mix 1.5 

GoTaq Probe qPCR master mix 10 

Go Script RT mix 0.4 

 

Table 5.18 PCR thermocycling method 

Reaction Temperature (°C) # Steps Time 

RT 45 1 15 min 

RT-stop 95 1 2 min 

Anneal 95 40 3 sec 

Extension 55 40 30 sec 

Hold 10 1 __ 
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Recombinase Polymerase Reaction General Method 

Stock concentration of control plasmid was made at various concentrations such that 0.5 ul of 

plasmid was added to each reaction. Three stocks were made (200 copy/µl, 20 copy/µl, and 2 

copy/µl), from the 200,000 copies/ml solution purchased from IDT. TWistAmp Liquid Basic kit 

was purchased from TwistDx and the RPA reaction was run according to the standard protocol: n 

= N+1, where N = number of reactions (with same primers) and reagents were added according 

to Table 5.13. After all reagents from kits were added, 0.5 ml of template was added and RPA 

was run for 30 minutes at 42 °C. Following RPA reaction, 25 µl of rHP1-Au(I) complex was 

added in sodium perchlorate buffer (125 mM) and 50 µl of probe 5.1 in 80% ethanol were added 

such that the final concentration of dHP1-Au(I) and probe 5.1 were 250 nM and 200 µM, 

respectively. 

 

Table 5.19 RPA amplification with dHP1. 

Reagent Volume of reagent added per n 

2x reaction buffer 12.5 

dNTPs (1.8 mM) 4.6 

10x Basic E-mix 2.5 

Primer Mix (10 µM mix) 2.4 

20x Core Reaction Mix 1.25 
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5.10.5.1 Data 
 

Table 5.20 PCR amplification with rHP6. 

[copies/µl] Mean Std. Dev. 

10 2216 541 

1 1663 979 

0.1 698 38 

0 599 32 

 

Table 5.21 RPA amplification with rHP6. 

[copies/µl] Mean Std. Dev. 

1 15486 1334 

0.1 13537 7678 

0.01 8677 1162 

0 7368 861 
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Figure 5.20 PCR with different templates and dHP1-Au(I) with dHP1 primers added. 

\ 
 

Table 5.22 PCR with different templates and dHP1-Au(I) with dHP1 primers added after 1 hour. 

[copies/µl] Template Mean Std. Dev. 

10 nCoV-2019 plasmid 1564 1712 

1 nCoV-2019 plasmid 998 76 

0 (NTC) nCoV-2019 plasmid 929 __ 

10 nCoV-2019 RNA 1005 101 

1 nCoV-2019 RNA 925 135 

0 (NTC) nCoV-2019 RNA 882 __ 

10 Hs_RPP30 plasmid 1124 172 
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1 Hs_RPP30 plasmid 1067 259 

0 Hs_RPP30 plasmid 1005 100 
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