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Abstract

DNAzymes are in vitro selected oligonucleotides that can catalyze reactions, such as RNA
cleavage. Most DNAzymes require metal ions as cofactors. Unlike ribozymes, which have been
found in nature, all known DNAzymes are artificially selected from a pool of random nucleotide
sequences by narrowing down specific sequences that exhibit the desired activities. Since the first
reported selection, the field of research has exploded to examine its fundamental properties and
potential applicability as a biosensor and therapeutic agent. 17E is one of the most extensively
examined RNA-cleaving DNAzymes to date. The catalytic activity is observed to be the highest
in the presence of Pb?* as a cofactor. As a result, many studies have focused their attention on Pb?*.
However, it exhibits varying degrees of catalytic activities in the presence of various divalent
metals. The mechanism of which different metal ions assist with the RNA-cleaving reaction is still
in debate. Further understanding of the DNAzyme activities in the presence of different metal ions,
in a buffered environment as well as in complex samples, can provide valuable information for
designing systems that utilize DNAzymes.

Throughout the studies in this thesis, various aspects of the divalent metal ions and their
interaction with the 17E DNAzyme are probed. Briefly, the phosphorothioate substitution at the
pro-Rp position of the non-bridging oxygen significantly decreased cleavage activity while the pro-
Sp position was unaffected for less thiophilic metals, such as Mg?*, Mn?*, and Co?*. This indicates
that the pro-Rp position at the cleavage site plays an important role. However, thiophilic metals,
such as Cd?*, did not show significantly different activity between the R, and Sp isomers. Water
ligand exchange rates were also found to be correlated to the observed cleavage rates, which may

suggest an inner-sphere coordination mechanism. Inhibition by the free phosphate was also



quantified and found to correlate to the rate constants of each metal ion, which indirectly indicates
that the metal-phosphate affinity correlates to the cleavage activity. Comparing to the available
mechanism data for Pb?* with 8-17 DNAzymes, it can be suggested that other divalent metal ions
work via a different mechanism than Pb?*. While Pb?* cleaves the RNA cleavage site by a general
acid/base mechanism, other divalent metals are suggested to act as Lewis acids.

Screening of different transition metals found that Fe?* exhibits high activity with 17E and
the metal was studied in more depth. While Fe** shows no activity, maintaining the oxidation state
of Fe?* in an inert atmosphere or the presence of reducing agents could cleave the substrate with
the DNAzyme. Studies with ribozymes reported that Fe?* could replace Mg?* and this observation
provides insights about the role of Fe2* in the early earth. Comparison with different DNAzymes
that are active with Mg?* found that Fe?* can also replace Mg?* for DNAzymes as well. The Fe?*
increased the reaction rates compared to Mg?* by 21-fold for 17E, 25-fold for 8-17, and 1-fold for
E5. pH higher than 7.2 was found to degrade the DNA in the presence of high Fe?* concentration.
The use of reducing agents, such as ascorbate, or N, environment could reduce oxidation to Fe**
which does not exhibit any cleavage reaction activities.

For detecting metal ions in more complex samples, metal-protein binding interaction may
be affecting the overall observed DNAzyme activity by decreasing the effective metal
concentrations. Examining the model protein of bovine serum albumin (BSA) and its interaction
with different metal ions, the decreased DNAzyme activities were correlated to the BSA-metal
binding. Fluorescence polarization assay results indicated minimal binding of the BSA with the
17E DNAzyme, but longer NaH1 DNAzyme was observed to bind with the protein. These
observations identify the need to consider protein-metal interaction when designing intracellular

DNAzyme biosensors for metal quantification.
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Throughout this thesis, aspects concerning the divalent metal ion detection using the 17E
DNAzyme as a biosensor are carefully examined to further our fundamental understanding. Mainly,
the mechanism of metal-phosphate interaction is probed. Fe?* behaviour with the 17E DNAzymes
was also examined for the first time. Understanding the metal-dependent activities and the
interaction with proteins in complex samples can guide improved biosensor designs for future

applications.
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Chapter 1 Introduction to DNAzyme for biosensor applications
Introduction

DNAzymes (deoxyribozymes) are in vitro selected sequences of deoxyribonucleic acid
(DNA) that can catalyze chemical and biological transformations. For most of the DNAzymes
studied to date, metal cofactors are required for their reactions. Some DNAzymes have excellent
specificity for certain metal ions, allowing their applications as biosensors. Interests in using these
DNAzymes for metal ion detection are increasing due to the advantages of stability, selectivity,
adaptability, and low cost. Because of these benefits, various designs of biosensors have been
studied in research laboratories. An ideal design should also be resistant to matrix effect from more
complex samples such as environmental or biological samples. Efforts to resolve some of the
remaining challenges are a very important research direction. Studies in this thesis work attempt
to probe and contribute to such fundamental understanding, especially the DNAzyme-metal ion

interaction and the effect of the proteins on the biosensor sensitivity.

DNA and its stabilization by metal ions
The structure of nucleotides is composed of three main components: the deoxyribose or

ribose, phosphate group, and the nucleobases (Figure 1.1A). The phosphodiester linkage between
C5 and C3 positions of deoxyribose with a phosphate group forms the phosphate backbone of the
DNA chain. In physiological pH, the phosphate groups are deprotonated, and the overall charge
of the molecule is negative. The C1 position of the deoxyribose is bonded with four types of
charge-neutral nucleobases (Figure 1.1B). Hydrogen bonding between the nitrogen and oxygen
atoms of these nucleobases stabilizes the complementary strands of nucleic acids. The typical

Watson-Crick base pairing occurs in between the cytosine (C) and guanine (G), as well as adenine
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(A) and thymine (T) for DNA or uracil (U) for RNA (Figure 1.1D). Although less common,
Hoogsteen and wobble base pairing can also be observed. The presence or the absence of hydroxyl
group at C2 position of the carbohydrate makes the difference between the deoxyribose or the
ribose, which identifies the nucleotide to be either DNA or RNA (ribonucleic acid), respectively.
When DNA and RNA are compared, DNA is often categorized to be more stable. This is because
the 2’-OH of RNA makes it easier to hydrolyze and break the phosphodiester bonds in the
physiological pH range.*

DNA can be stabilized with metal ions either via the phosphate backbone or the
nucleobases. Because the phosphate backbone of the DNA is negatively charged, metal cations
can bind with DNA via electrostatic interactions. In addition, the nitrogen and oxygen atoms of
the nucleobases can behave as ligands to coordinate with the metal ions. The coordination
mechanism may be different depending on the different metal.> Common coordination sites of the
nucleobases are highlighted in Figure 1.1B. The metal ion coordination stabilizes the DNA

structure, which enables folding and subsequent catalysis.
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Figure 1.1 A) Structure of RNA and DNA, B) structures of the nucleobases, C) possible binding
sites of different metal ions, and D) base pairing via hydrogen bonding. Figure adapted from Moon,
W. J., and Liu, J.3

S block metal ions, such as Na* and Mg?*, mainly interact with the phosphate backbone of
the DNA and screens the charge repulsion with a duplex DNA. This increases the melting
temperature (Tm), which indicates the duplex stability. Comparatively, strong interaction with the
nucleobases often decreases the Tm by weakening the base-pairing hydrogen bonding. Heavy

metals, such as Hg?" and Ag*, have been found to mainly interact with the nucleobases. For



example, Hg?* binds in between T-T mismatch at the deprotonated N3 position*® and Ag* binds
in between C-C mismatch at the N3 position in duplex DNA.” Lastly, other divalent transition
metals and trivalent lanthanides can interact with both the phosphate backbone and the nucleobases.
This leads to the breaking of DNA duplex and non-specifically folding the single-stranded DNA
at high metal concentrations (Figure 1.1C).8

Metal-binding to the DNA can be utilized to promote folding and catalysis for the detection
of metal ions. Understanding the interaction with different metals can give insights into creative
and rational biosensor designs. For example, the G-quadruplex structure that mimics the
peroxidase activity can be folded into its structure from a G-rich ssDNA in the presence of K*.% 10
The conformation of the G-quadruplex changes in the presence of Pb?* and the catalytic activity
is inhibited. Also, simply a strong affinity between the adenine base to gold can be utilized to
design an electrochemical probe for Au®* detection.!! 12 By studies that probed the fundamental
interaction of the metal ions and the DNA, unique methods for the metal ion biosensors could be
designed. Therefore, it is important to deepen the knowledge about the metal ion’s role in the

presence of DNA of interest, such as the DNAzymes to be discussed in the upcoming sections.

In vitro selection of DNAzymes
In 1994, Breaker and Joyce reported a powerful technique called the in vitro selection.®

The process narrows down specific sequences of DNA from a large random pool of library that
has the targeted activity of interest. By repeating the incubation, separation, and amplification
process with the target metal ion, a specific sequence of the DNA with the highest targeted activity
can be obtained (Figure 1.2). For example, a pool of random sequence DNA library with a single

riboadenine (rA) as the cleavage site is designed with a binding arm region and a 50-nucleotide



length random sequence region (Nso). By incubating with a metal ion of interest, the sequences
that perform the RNA cleaving reaction and those that are not reactive are separated by denaturing
polyacrylamide (dPAGE) gels. The purified fraction then undergoes two polymerase chain
reaction (PCR) cycles to amplify the sequences. The amplified sequences are subjected to the
target metal ion again. Upon repeating the process multiple times,

The binding arm is purposely designed to have a similar T to dehybridize the binding
arms at a similar temperature. However, once the Nso region sequence has been identified, the
binding arm can usually be altered for downstream applications. The purpose of the two PCR
cycles are 1) to extend the sequence and 2) to add the rA base and fluorophore label again. In PCR
1, Primer 1 (P1) and Primer 2 (P2) are used to anneal and extend the complementary sequence. As
the PCR process continues, P1 will also extend the amplified strand from P2, which will be used
in the second cycle of PCR. In PCR 2, The extended product from PCR 1 will further be amplified
with Primer 3 (P3) that has a spacer region, and Primer 4 (P4) that has a fluorophore and rA. The
final product of PCR 2 will have a long complementary sequence with the spacer and a
fluorophore-labeled product. To distinguish the two strands, P3 purposely has the spacer region to
increase the molecular weight. This way, the two strands are separated on dPAGE. This completes
a single round of in-vitro selection. The purified fluorophore-labeled library goes through more
rounds of the in-vitro selection cycle until the cleavage activity is high. Then the narrow pool of
DNA can be sequenced and further characterized to determine a specific DNA sequence with RNA
cleaving activity. The process can be adapted for other types of DNAzymes, such as ligation

DNAzymes as well.
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Figure 1.2 General scheme of in vitro selection process for metal-dependent RNA-cleaving
DNAzymes. Fluorophore-labeled strand containing a single riboadenine (rA) and 50 random
sequence regions (Nso) incubated with the target metal ion undergoes rounds of separation,
purification, and amplification by polymerase chain reaction (PCR) to narrow down specific
sequences that are highly active. The figure is adapted from Zhou, W., et al. 2017.1

RNA-cleaving DNAzymes and the role of metal ions
Many DNAzymes have been in vitro selected and reported to catalyze various reactions.'*

1% The in vitro selection of the first reported DNAzyme was demonstrated with an RNA-cleaving
reaction in the presence of the metal cofactors. More catalytic reactions by DNAzymes studied
include ligation, phosphorylation, and capping of RNA and DNA, 2% as well as peroxidation, 24
26 porphyrin metalation, 2-?° and organic transformations®® % of non-nucleic acid substrates. The
RNA-cleaving reaction is the most extensively studied type of reaction by DNAzymes. Figure

1.3A-F illustrates the secondary structures of some example DNAzymes for the RNA-cleaving
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reaction. Although some of the DNAzymes were selected with all-RNA substrates, many further
studies replaced the substrate with a single-RNA containing chimeric DNA oligomer due to the
stability issue of RNA. Usually, rA is used as the single-RNA cleavage site.

The general mechanism of RNA-cleaving reaction is shown in Figure 1.3G. The cleavage
site RNA contains a 2’-OH group that serves as a nucleophile that can attack the adjacent phosphate.
A general base can help deprotonate the 2’-OH to make it a better nucleophile. The transition state
is a penta-coordinated species that can be stabilized by the metal cations to neutralize the negative
charges. The 5’-oxygen as a leaving group will eventually cleave the substrate to complete the
reaction.

DNAzyme GR5 (Figure 1.3A) requires Pb?* to cleave the single RNA linkage in the
substrate strand.3> 32 Under optimized conditions, high cleavage rates can be achieved (>10 min-
1.3 However, using the DNAzyme only dependent on Pb?* is not useful for various intracellular
therapeutic applications because Pb?* is usually not present in living cells. The selection of the
DNAzyme 8-17 (Figure 1.3E) appeared to have solved this problem because it has high activity
with Pb?*, but also various other divalent metals commonly present in cells such as Mg?* and Zn?*.
The DNAzyme named 10-23 (Figure 1.3B) has also been one of the most popular sequences to be
used for intracellular detection or gene therapy application studies.® ® In addition, Na*-specific
DNAzymes were also reported to eliminate the need for the divalent metal ions for RNA-cleaving
reactions. An aptamer motif for Na* has been found to be responsible for the specificity.¢-* These
DNAzymes are called the NaA43t (Figure 1.3C), NaH1 (Figure 1.3D), and Ce13d.4%-4?

One of the most characterized and studied is the class of 8-17 DNAzymes. The 8-17
DNAzymes can cleave the single-RNA cleavage site in the presence of various divalent metal ions.

The 8-17 class of DNAzymes are interesting because even though different in vitro selection



conditions were used in a few different research laboratories, extremely similar sequences were
obtained.3* 4344 The 8-17 and Mg5 were selected using the Mg?*, but 17E sequence was obtained
using Zn?* as the cofactor.*® The secondary structures of the 8-17 and 17E DNAzymes are shown
in Figure 1.3 E-F. This class of DNAzymes was found to have the highest activity with Pb?* but

are also highly active with various divalent metal ions.
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Figure 1.3. The secondary structures of various DNAzymes: A) GR5 DNAzyme is active only
with Pb?*, B) 10-23 is often used in therapeutic studies, C) NaA43T (a truncated version of NaA43)
is specifically active with Na*, D) NaH1 is another similar DNAzyme specifically active with Na*,
E) 8-17 DNAzyme is active with many divalent metal ions and the most active with Pb?*, F) 17E
is another similar DNAzyme separately selected that behaves similar to the 8-17, and G) the
general mechanism of RNA cleaving reaction.*®

The activity of the 17E DNAzyme in the presence of metal ions
17E DNAzyme cleaves the single RNA-substrate in the presence of various divalent metal

ions. 17E was in vitro selected by Li, J. et al and reported in 2000.* The authours used Zn?* as
the target metal ion, but Pb?* exhibited the highest cleavage activity (Figure 1.4).*> Comparison
of activities in pH 6 and 7 showed that pH 7 required only 100 pM of the divalent metals (Ba®*,
Sr2*, Mg?*, Ca?*, Ni?*, Cd?*, Co?*, Mn?*, and Zn?*) to achieve similar or higher cleavage rates as
10 mM, indicating higher pH to be more optimal for the reaction.** Indeed, pH dependence study
using the 200 uM Pb?* as the metal cofactors also exhibited a linear response to the log Kobs, Which
indicates a single deprotonation as the rate-limiting step.*®

Hammerhead ribozymes are often compared to 17E or 8-17 because it is also active with
divalent metal ions.*” *8 However, in vitro selected DNAzyme compared to the naturally found
ribozymes show a difference with the monovalent metal ion activity. While the hammerhead
ribozyme exhibits ~10-fold less activity with 4M Li* compared to 10 mM Mg?*, 8-17 DNAzyme
shows ~1000-fold less activity with the same metal ion concentrations.*® Also, Co(NH3)e>*, which
is often utilized as an indicator for outer-sphere metal coordination for activity, does not induce
detectable cleavage activity with the 8-17 DNAzyme while hammerhead ribozyme exhibits
activity. This information hints at the inner-sphere coordination mechanism, although this

observation alone does not support the hypothesis.



Recently, it was proposed that Fe?* behaves similarly to Mg?* in terms of interacting with
nucleic acids. Considering that the early earth might be rich in Fe?* due to its reducing environment,
abundant Fe?* is suggested to have played diverse roles in RNA structures and catalytic functions.
Quantum mechanical calculation and modeling calculations show that the RNA-Mg?* clamp is
similarly oriented to that of the RNA-Fe?* clamp in L1 Ribozyme Ligase (Figure 1.5A-C). The
comparison of the two metal ion activities with the L1 Ribozyme Ligase and Hammerhead
Ribozyme shows that Fe?* can replace Mg?* with 25- and 3-fold higher activity, respectively
(Figure 1.5D-E). This reported observation suggests that Fe?* could replace Mg?*-binding sites of
nucleic acid-based structures, such as 17E DNAzymes that are active with Mg?".

Structurally, the most extensively studied metal ion of Pb?* showed a difference in terms
of global folding compared to other monovalent and divalent metals screened by Mazumdar, D. et
al (2009), such as Li*, Na*, NHs*, Mg?*, Cd?*, Zn?*, and Pb?*.*® The Kgq of folding of different
metals were examined by Forster Resonance Energy Transfer (FRET), as well as Circular
Dichroism (CD). Both results suggested that the metal-dependent folding and the resulting
formation of Z-DNA structure are correlated to the cleavage activity. However, Pb?* was found to
be an exception because it did not induce any global folding nor Z-DNA formation. As a result,
Pb?* is hypothesized to function via a completely different mechanism. It is important to note that
the different metal-dependent DNAzyme activity rates observed with the 17E DNAzyme are

closely related to the structural and chemical interaction of the metal ions at the cleavage site.
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Figure 1.4. Comparison of the 10 mM of different divalent metal ions and 100 uM Pb?* in pH8.
Reproduced with the permission from Brown, A, et al, Biochemistry 2003.%°
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Figure 1.5. Conformation of the RNA-Mg?* and RNA-Fe?* clamp. A) RNA-Mg?* clamp from the
L1 ribozyme ligase, B) theoretically calculated RNA-Mg?* clamp, and C) theoretically calculated
RNA-Fe?* clamp. DNAzyme reaction kinetic profiles of D) L1 ribozyme ligase and E)
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hammerhead ribozyme, in the presence of Fe?* and Mg?*. Reproduced with a permission from
Athavale, S., et al, PLoS One 2012.%°

Mechanistic understanding of the 17E DNAzyme
In addition to the structural orientation of the metal ions to the cleavage site RNA, chemical

interaction is also important. The positively charged metal ions can stabilize the negative charge
of the DNA. There are a few plausible strategies, as outlined by Breaker and co-workers as follows
(Figure 1.6).4” % 1) in-line nucleophilic attack (a), 2) the negative charge of the non-bridging
oxygen of the phosphodiester linkage are neutralized with the positively charged metal ions (p), 3)
deprotonation of the 2'-OH by the metal hydroxide promotes nucleophilic attack of the phosphate
(v), and 4) negative charge on the 5'-oxygen is neutralized by the metal ion to stabilize the leaving
group (8). The metal-dependent activation should be correlated to the affinities to the oxygen (non-

bridging and/or bridging oxygen) or the likelihood of 2’-OH deprotonation.
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Figure 1.6. Possible strategies for RNA-cleavage by metal ions. a strategy: in-line nucleophilic
attack, P strategy: the negative charge of the non-bridging oxygen of the phosphodiester linkage
are neutralized with the positively charged metal ions, y strategy: deprotonation of the 2'-OH by
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the metal hydroxide promotes nucleophilic attack of the phosphate, and & strategy: negative charge
on the 5'-oxygen is neutralized by the metal ion to stabilize the leaving group. Reproduced with a
permission from Emilsson, G., et al, RNA 2003.>°

For the mechanistic understanding of the 17E DNAzyme with unique properties, many
biochemical assays have been carried out to survey the role of various metal cofactors.*4 4% 4748,
5153 The furthest progress has been made with Pb?* since it was the mainly focused metal ion
cofactor for 17E due to its high activity. In 2017, Liu et al. have solved the crystal structure of the
8-17 DNAzyme with Pb?* as a cofactor.> It was found that the Pb?* is bound in a pocket of the
folded DNAzyme and its metal hydrate stabilizes the 5’-oxygen while specific guanine from the
DNAzyme sequence acts as a base to deprotonate the 2'-OH of the RNA for a nucleophilic attack.
Therefore, Pb?" interacts via a mixture of y and & strategies.

The stories for the different divalent metal ions are still an on-going challenge. The single
binding site that appears to bind with different divalent metal ions is understood to be unspecific
because it shows activities regardless of the metal ion size, hardness, and coordination preferences.
A correlation between the low pKa of the metal hydrates with the high activities observed was
often discussed,*” *® but the argument poses many further questions about the validity of such
claim because metal ions with lower pK, are stronger acids that would not deprotonate the 2'-OH
easily.

Adding to the various hints, such as no activity of Co(NH3)s** with 8-17 or that the other
divalent metal-dependent folding is different than that of the Pb?*, the nature of interaction with
the non-bridging phosphate oxygen should provide more mechanical information. By substituting
the phosphate with a phosphorothioate which contains a sulfur atom in the place of the non-

bridging oxygen, hard or soft metal ions can exhibit different measurable activities. Because
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oxygen is a hard ligand and sulfur is a soft ligand, the phosphorothioate substitution inhibits the
cleavage activity with the hard metal ion cofactors but is ‘rescued’ by the soft metals. This is called
a ‘thio effect.” In addition, stereoisomers Rp and S, can distinguish which non-bridging position is
important for interaction with the metal. This strategy can provide strong evidence for inner-sphere
coordination mechanism with the metal, which can ultimately provide valuable information to

effectively utilize 17E as a general biosensor for metal ion detection.

DNAzyme-based biosensors in biological fluids
Biological fluids contain varying levels of metal ions for their regular functions. An

example range of metal ion concentration is listed in

Table 1.1.% Some metal ions are also not commonly found in regular condition but only
observed in the event of toxic exposures, such as Pb?* poisoning. While developing biosensors for
these metal ions in biological fluids, blood serum is often used as a model because it is the most
representative that is like the intracellular environment or the cytosol without the fibrinogen, the
structural protein for the cells. The blood serum proteins are composed of about 60 — 80 mg/ml of

total serum protein, 50 — 60 % of which are the albumins and 40% are globulins.®’
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Table 1.1 Intracellular metal composition and their concentration range in different
compartments.>®

Metal Concentration range

Na Extracellular ~135-147 mM
Cytosol ~10-20 mM
Nucleus ~10—-15mM

Mg2+ Extracellular ~0.5-1mM
Cytosol ~4-5mM
Nucleus ~17-20 mM

Mn" Extracellular ~10—-50 nM
Cytosol <fM
Nucleus <fM

Foo' Extracellular ~15-20 uM
Cytosol ~uM
Nucleus ~7?

70 Extracellular 10 - 20 uM
Cytosol ~ 180 nM
Nucleus ~?

RNA-cleaving DNAzymes have a great potential to be developed as a biosensor. In vitro
selection technique can ensure selectivity of the target-dependent catalytic reaction. Although the
DNAzyme activities can commonly be analyzed using the gel electrophoresis technique, simpler
operation and higher sensitivity can be achieved using the appropriate detection methods. For

example, colourimetric detection using the colour-changing property of the AuNP (gold
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nanoparticle) aggregation via the substrate and DNAzyme hybridization that can be reversed in
the presence of metal ions can achieve the limit of detection (LOD) of 100 nM Pb?* (Figure
1.7A).%8 Coupling the DNAzymes with nanomaterial is also very adaptable by functionalizing the
AUNP with other DNAzymes for different metal ion targets,>  or by using label-free DNA for
even lower LOD. Adapting the basic design, improvements could lower the LOD to 0.2 nM Pb?* .5
Another example developed gold electrode surface-immobilized with the reporter molecule
labeled 8-17 DNAzyme for the detection of Pb?* upon the cleavage reaction using the differential
pulse voltammetry (LOD 0.3 pM)® %3 or the Surface Enhanced Raman Spectroscopy (SERS)

(LOD 70 fM).54 65

I Substrate strand Fluorophore ® Metal lon
| AuNP
@ or @ coloured Au s DNAzymestrand @ Quencher

Figure 1.7. A) Aggregation-based colorimetric detection of Pb?*. Aggregation of the AuNP
changes colour to blue from red. The DNAzyme-labeled AuNP are interlinked with each other
until Pb2* cleaves the substrates, releasing the AuNPs to change colour to red. Illustration adapted
from Liu, J. et al 2003.°® B) General fluorescence sensor design commonly used for DNAzyme
studies.®
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The most frequently used detection mode is the fluorescence-based method. By labeling
the substrate strands with a fluorescent marker, such as carboxyfluorescein (FAM), and the
DNAzyme strand with a quencher molecule, such as Black Hole Quencher® dyes (BHQ), the
annealed DNAzyme: Substrate complex will have reduced fluorescence signals. Upon the
cleavage of the substrate, the shortened substrate DNA is released to increase the detectable
fluorescence signal (Figure 1.7B).®® The buffered environment can be optimized further by
varying the type and the concentration of the buffer molecule and the stabilizing salt. The binding
arm composition and the length can also determine the melting temperature, which is proportional
to the stability of the sequence or how easily the cleaved fragment will dehybridize from the
DNAzyme binding arm. The combination of these variables can affect the kinetics of the sensor
activities and are considered during the binding arm design process.

Using such fluorescence-based DNAzyme biosensor design works well in buffered
samples, but spatiotemporal control of the cleavage reaction is one of the challenges of intracellular
detection of metal ions because the sensor needs to be delivered into the cells. To solve this issue,
Lu and co-workers utilized an attachment of the O-nitrobenzyl group to the 2’ position of the
cleavage site ribose to prevent the cleavage reaction until the photocage molecule is detached with
365nm UV light irradiation (Figure 1.8).5” This strategy allowed the control of reaction initiation
as well as low non-specific background for cellular imaging applications. Therefore, different
nanomaterial or detection methods can achieve creative new ways to simplify operation, lower

detection limit, and adapt to the sample of interest.
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Figure 1.8. The photocaging protecting group at the cleavage site can inhibit the cleavage reaction
until removed by UV light irradiation. This strategy allows temporal control until the DNAzyme
biosensor is delivered into the cells for intracellular detection and imaging applications.®” % PG
indicates protecting group.

Research Problem
DNAzymes have a great potential for a wide range of sensing applications. The

development of the DNAzyme biosensors can be divided into four main stages: 1) in vitro selection
with the target sequence, 2) characterization of the obtained DNAzyme sequence, 3) preparation
of the biosensor application, and 4) characterization of the designed biosensor. Although the
success of step 1 may be exciting, a thorough characterization and in-depth understanding of the
DNAzyme mechanism is very important. The class of 8-17 DNAzymes, including the 17E used in
the studies to be discussed in the following chapters, have been one of the most extensively studied
DNAzymes to date. However, the attention has been mainly focused on Pb?" as the target metal
ion due to its high RNA-cleaving activity. The mechanistic roles of other divalent metal ions that
are also active with 17E remains a challenge still to be further understood.®® Studies with Pb?*
suggest that 8-17 does not induce global folding, but other metal ions such as Zn?* and Mg?* induce

global folding that leads to catalysis.’®"® Different structural rearrangements by the different metal
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ions were also observed, which suggest a different mechanistic pathway. To date, the studies that
examine the effect of different metal ions are scattered. Therefore, the first part of this work
attempts to examine the correlation of the various divalent metal ions with the 17E DNAzyme.
This knowledge will provide more insights into the fundamental roles that the divalent metal ions
play in promoting RNA-cleaving catalytic reaction.

While systematically screening the different divalent transition metal ions, previously
unnoticed high activity of Fe?* with the 17E DNAzyme was observed. Because Fe?* is easily
oxidized to Fe3* in the presence of air and an agueous environment, the metal may not have been
examined with the DNAzymes. To explore this observation in greater detail, reports studying the
ribozymes were referenced. Williams and coworkers reported that Fe?* and Mg?* had some
similarities when it comes to binding to the RNA binding site.*® Based on this, we hypothesized
that the DNAzymes active with Mg?* could also be active with the Fe?*. The second part of this
work explores using the Fe?* as a cofactor and compares different DNAzymes’ activity with them.

Lastly, the third part of this work attempts to identify one of the remaining challenges for
using the DNAzyme as a biosensor with real-world samples, such as the environmental heavy
metal detection in water or the intracellular metal ion quantification. Table 1.2 summarizes some
of the metal-dependent DNAzymes and their sensitivities, quantified as LOD, in different samples
found to date. Generally, the LOD increases in the complex samples for the DNAzyme biosensors.
While the DNAzymes are biocompatible to the biological or environmental samples, the presence
of other species in such complex samples can affect the DNAzyme activity in a reverse direction.
For example, nucleases are proteins that degrade nucleic acids and can affect the stability of the
DNAzyme biosensors for normal function. As an example of many solutions that have been

suggested, the extended stability of chemically modified aptamers in serum was reported to reduce
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the degradation process.” However, not only the protein-DNA interaction but also the protein-
metal analyte interaction can also affect accurate quantification of the analyte. Identification of the
variables that can affect the sensor sensitivities can provide valuable information for the DNAzyme
biosensor designs.

Throughout the three studies presented in this thesis, the general theme of understanding
the interaction mechanism of RNA-cleaving DNAzymes 17E and more with various metal ions
are probed. The gained knowledge can provide more insights into the future biosensor application

designs using the DNAzymes that have great potential as a sensor.

Table 1.2. Different metal-dependent DNAzymes and their sensitivities.

. LOD asa LOD in
DNAzyme Active metals biological References
sensor
samples
17E Pb2* 10 nM - s
8-17 Pb%* 7.8 nM - 32
GR5 Pb2* 3.7nM - 32
Tm7 TI 1.5nM - 6
Ag10c Ag* 24.9 nM - "
Cel3d Ce’* 1.7 nM - &
Cel3d Crét 70 nM - &
Cel3d Cr# 140 nM - &
Cd16 Cd?* 1.1 nM - 80
NaA43(T) Na* 1.35 uM 1.9mM 40, 81
NaH1 Na* 223 uM 676 uM 82
Lul2 Nad* 0.4 nM - 8
39E U0, 45 pM - 84
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Chapter 2 Probing Metal-dependent Phosphate Binding for the
Catalysis of the 17E DNAzyme

Introduction

DNAzymes are DNA-based catalysts and were found to have interesting applications as
metal sensors, anti-viral agents, and DNA-based switches.'* 8 Many metal-specific RNA-cleaving
DNAzymes have been obtained via a combinatorial method called in vitro selection.* 8 8 They
have been used to detect monovalent Na* 4% 8.8 and Ag*;’’ divalent Pb?*1® Zn2* 4. %0 cy2+ 9t
U0O,?* 8 Cd?* 2% and Hg?*;% and trivalent lanthanides.*? 78 83 93

Some of the most extensively studied DNAzymes contain the 8-17 motif.3* %% 9 Extensive
biochemical assays have been carried out using various metal cofactors,3* 44 45 47. 48 core
mutation,®> %> % and change of the substrate cleavage junction.®® The same catalytic motifs have
been reported in many different selection conditions by multiple research groups. The 8-17
DNAzyme was first selected in the presence of Mg?* with an all-RNA substrate.3* Then, it was
selected in the presence of Mg?* again (called Mg5) with a single RNA linkage,* although this
was not realized until a careful subsequent analysis.®” Lu and coworkers obtained a closely related
sequence 17E using Zn?*.* Li and coworkers performed comprehensive selections and articulated
the reason for the recurrence of the 8-17 motif for its small size, high activity, and tolerance to
mutation.% % Cd?" was also used to yield the motif.!® In addition, a selection in serum was
performed and Ca?* was believed to be the main metal cofactor responsible for isolating the 17E.1%
These examples indicated the motif’s tolerance to various divalent metal ions.

Different divalent metals have different activities for the 8-17 motif. Pb?* is the most active,
followed by the transition metals such as Zn?*, Co?*, and Cd?*, while Mg?* and Ca®" have the

lowest activity.*> 1% The role of Pb?* has been described as a general acid in the crystal structure
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of the Pb?*-bound 8-17,>* where Pb?* bound water was found to act to assist the leaving group.
Guanine (G14) served as a general base to help deprotonate the 2'-OH nucleophile.1? However,
sufficient evidence showed that Pb?* might have a distinct mechanism from the rest of divalent
metal ions. For example, Pb?* cannot induce a global conformational change of the DNAzyme yet
it had much higher activity than Mg?* and Zn?* that can induce a global folding.”

Metal ions have multiple important properties, including shifting the pKa of the metal-
bound water, Lewis acidity, and thiophilicity.'* 87103104 They may play several mechanistic roles
for the RNA cleavage reaction as well.*® Aside from the general acid role by Pb?*, another
commonly cited role of metal ions is to interact with the scissile phosphate by balancing the
negative charges built during the transition state. In this work, we probed the interaction between
various metals with the scissile phosphate. We believe most metals function by coordinating to the

phosphate via a Lewis acid catalysis, while Pb?* has a different mechanism of general acid catalysis.

Materials and Methods
Chemicals. DNAzyme (17E) and FAM-labelled substrates were purchased from Integrated DNA

Technologies and were purified by denaturing polyacrylamide gel electrophoresis (dPAGE). 17E
sequence was 5'-TTTCGCCATCTTCTCCGAGCCGGTCGAAATAGTGACTCGTGAC-3' and
the substrate sequence was 5" — GTCACGAGTCACTAT rA GGAAGATGGCGAAA-FAM -3'.
The phosphorothioate substituted substrate strand was named PS. The two HPLC isolated isomers
of the PS were named Ry and Sp. The two phosphorothioate substrate isomers were separated and
purified by HPLC by the previously reported method.2’ Sodium chloride, 10x Tris Buffer EDTA
(TBE), urea, ammonium persulfate (APS), tetramethylethylenediamine (TEMED), 3-(N-

morpholino) propanesulfonic acid (MOPS), and 2-(N-morpholino)ethanesulfonic acid (MES)
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were purchased from Bio Basic Inc. Gel loading dyes for gel electrophoresis were purchased from
New England Biolabs. Magnesium chloride, calcium chloride, and cesium chloride were from
Amresco. Iron (I1) chloride and iron (l11) chloride were from Alpha Aesar. Monobasic sodium
phosphate, dibasic sodium phosphate, rubidium chloride, cobalt chloride, nickel chloride, copper
chloride, zinc chloride, cadmium chloride, and lead nitrate, silver chloride, lanthanum chloride,
cerium chloride, europium chloride, ytterbium chloride, and mercury chloride were from Sigma

Aldrich. A BioRad ChemiDoc MP Imaging System was used for gel imaging.

Activity assays. To test the cleavage activities of the 17E and the substrates, incubated FAM-
labelled substrates were analyzed by dPAGE. Reactions with the substrates PO, as well as PS, PS-
Rp, and PS-Sp, were used throughout this study. As an example of the typical activity assay, 17E
DNAzyme and PO substrate experimental condition is described here.

The molar ratio of 1.5:1 of DNAzyme to FAM-labelled substrate was used to ensure that
all substrates are formed into complex when preparing the DNAzyme complex. The final FAM-
labelled substrate concentration was 5 uM. Typically, 14 uL of the complex was annealed fresh
on the day of the experiment for a set of 12 samples. For example, 1.0 uL of 100 uM 17E
DNAzyme and 1.4 pL of 50 uM PO substrates were diluted into 11.5 pL of annealing buffer (50
mM MES pH 6, 25 mM NaCl). The mixture was incubated at 95°C for 1 min, then at 4°C for 30
min to anneal the DNAzyme and the substrate strands together. Then, 1 uL of the DNAzyme
complex was diluted into 4 pL of the reaction buffer (50 mM MOPS pH 7.5, 25 mM NaCl).

To start the incubation with the metal, 2 uL of concentrated metal stock solution was added
to obtain the desired final concentration. All the reported metal concentrations are the final

concentration at this stage before the reaction is quenched with urea. To the 7 uL reaction solution,
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7 uL of quenching dye (1x purple loading dye, 8 M urea) was added after an incubation period (10
min, unless otherwise indicated) to quench the reaction and prepare for gel electrophoresis. 15%
dPAGE gel (14 mL 15% dPAGE solution, 64 pL. 10% APS, 10 uL TEMED) was used to run the
samples for 80 min at 200 V. The obtained gels were fluorescence imaged with Bio-Rad ChemiDoc

MP Imaging System.

Activity in phosphate buffer. All the conditions for the tests in phosphate buffer were the same as
normal activity assay protocols, except that the reaction buffers were switched to phosphate buffer
saline (PBS) which is 50 mM phosphate pH 7.5, 25 mM NaCl for the preliminary study. For the
detailed inhibition study, 1 uL of the annealed DNAzyme complex was diluted into 4 uL of the
inhibition reaction buffer (50mM MOPS buffer pH7.5, 25 mM NacCl, and varying concentrations

of phosphate).

Data analysis. Gel micrographs were analyzed using the Image Lab software to define the areas
of the lanes and bands. The fluorescence intensities of each band were used to calculate the %
cleavage of the DNAzyme cleavage reaction from the user-identified uncleaved and cleaved bands.
Throughout this paper, the cleavage activity will be notated as % cleavage for 17E: PO cleavage
reaction in MOPS buffer as default, with the description of experimental conditions if necessary.
For various comparisons, % cleavagero and % cleavageps will describe the cleavage of PO
substrate and PS substrates, respectively. % cleavagemors and % cleavagerss will describe the
cleavage of PO substrate in MOPS or PBS buffer conditions, respectively. The degree of inhibition
will be denoted as A cleavage which is quantified by the difference between the % cleavagemors

and the % cleavageprss. The kinetics curve data were fitted into the binding model equation
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(Egation 2.1) to obtain the observed rate constant, b or Kobs.*> The slower rate constants for only a
few of the metals with R, substrate stereoisomer were estimated from the slopes of the linear 24 h
kinetic profiles. Single metal-binding model equation (Equation 2.2) was also used to fit the metal
concentration dependence plots at a fixed reaction time of 10 minutes, where b is the apparent

dissociation constant Kg.

y =y, +a(l—e b Eqn. 2.1
— oMl Eqn. 2.2
Y= v an. .

Results and Discussion

The 17E DNAzyme is active with most divalent metals but not mono or trivalent metals.
The secondary structure of the 17E DNAzyme complex is illustrated in Figure 2.1A. Its

substrate strand contains a single RNA linkage rA that serves as the cleavage site. The 17E
DNAzyme is active with many divalent metal ions. To monitor its cleavage activity, we used a
FAM-labeled substrate strand and denaturing polyacrylamide gel electrophoresis (dAPAGE). A
representative gel micrograph is shown in Figure 2.1B, where 10 uM of various divalent metals

yielded different fractions of cleavage after 10 min.
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Figure 2.1. A) The secondary structure of the 17E DNAzyme complex and B) A representative
gel micrograph showing a cleavage assay in the presence of various divalent metal ions (10 uM
each) after 10 min of incubation at pH 7.5.

To have a full understanding of the effect of metal ions, the cleavage yields in the presence
of various monovalent (Figure 2.2A), divalent (Figure 2.2B), and trivalent (Figure 2.2C) metal
ions at 10 uM, 100 uM, and 1 mM were measured after 10 min. Among the tested, neither the
monovalent nor the trivalent metals showed any cleavage activity. The low activities with group
1A metals were previously reported.®® All the tested divalent metals showed various levels of
cleavage, and the divalent charge may be critical for 17E activation.

A careful examination of the activity trends in Figure 2.2B revealed a few interesting
observations. Divalent metals with a higher concentration generally produced a higher cleavage
yield, except for Cu?* at 100 uM and 1 mM; and Pb?* at 1 mM. Their inhibition was likely caused
by the strong interactions between Cu?* or Pb?* and the DNA bases to disrupt the active DNAzyme

structure and result in misfolding of the DNA.% 1% Qut of the metals tested, Pb?* had the highest
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activity while group 2A metals (Mg?* and Ca?") had the lowest activity at the same metal
concentrations.** 4 190 \When the first-row transition metals (from Mn?* to Zn?*) were examined,
Ni?* had the lowest activity (Figure 2.2B). This trend remained true for higher concentrations

except for Cu?* as mentioned above. For the three group 2B metals, the activity dropped to zero
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Figure 2.2. Quantified cleavage yields of the 17E DNAzyme in the presence of various
concentrations of A) monovalent, B) divalent, and C) trivalent metal ions after 10 min reaction in
50 mM MOPS buffer at pH 7.5.

The 17E has been most thoroughly studied with Pb?* for its highest activity,*® 53 102106 gnq
with Mg?* for potential biomedical applications.’® 197198 The different activities of the metal ions
were discussed previously. Studies showed a linear relationship with the cleavage activity and pKa

of metal-bound water.11!! The metal hydroxides may deprotonate the 2’-OH to facilitate the
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nucleophilic attack on the scissile phosphate. The lower pKa of Pb2* and the high pKa of the group
2A metals (i.e. Mg?* and Ca?") were often cited to correlate the activity. However, this argument
was questioned by Pontius et al.1*! 112 Since metals with a lower pK, are stronger acids, it would
be less likely for such acidic metals to deprotonate the 2’-OH (pKa ~12).! From the activity
comparison in Figure 2.2B, even with the similar pKa of Co?* (9.65) and Ni?* (9.86),''3 they had
quite different activities. Indeed when the rates of metal ions were plotted against the pKa, Ni?*
seemed to be an outlier (Figure 2.3).>° In addition, based on the crystal structure® and the
subsequent biochemical assays, % the general base role was performed by guanine instead of a

metal ion. Thus, we became interested in probing other possible roles of metal ions in the reaction.

4
®rb

2!
n
o
o
X~
o 01 ®zn
o ®co-. @mn

-2

®wmg ®ca
ONi
7 8 9 10 11 12 13 14
pKa

Figure 2.3. Metal activity correlation with the pKa. The kinetic assays were performed between 1
uM — 1 mM metal ions in 50 mM MOPS buffer pH 7.5, 25 mM NaCl. The calculated kons Were
normalized to 100 pM. pKa values for each metal ions were referenced from Hud, N., et al. 113

The group 2B metals showed a descending trend down the column (Zn?* > Cd?* > Hg?"),

which correlated to the thiophilicity of the metals.! In the context of the RNA cleavage reaction,
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this may suggest an interaction between metal ions as a Lewis acid and oxygen on the scissile

phosphate.

Probing phosphate-binding using phosphorothioate substrate.
To directly probe the interaction between metal ions with the scissile phosphate, the

phosphorothioate (PS) substrate was used. Many DNAzymes,'?® such as the 10-23,!1® Ce13d,'Y’
and Tm7% have been carefully studied using PS substrates. The PS substrate used in this
experiment was a mixture of two stereoisomers: Rp and Sp (Figure 2.4A). Typically, the two
isomers are present in an approximately 1:1 ratio (50% each). Depending on the metal-binding
preference, varying degrees of inhibition can be observed (called the thio effect).

To examine this effect more carefully with the 17E DNAzyme, a range of concentrations
for each of the metal ions with the PO and PS substrates were compared (Figure 2.4B-1). By fitting
the curves into the one site binding model (Equation 2.1), the cleavage saturation and the Kq (Table
2.1) at 10 min reaction were obtained. For most of the metals, the cleavage yield with the PS
substrate was lower than half of that of the PO substrate. In particular, Ni?* was strongly affected
by the PS modification since its cleavage yields were less than 20% of that of the PO substrate
(Figure 2.4E). Exceptions were observed with more thiophilic metals such as Zn?*, Cd?*, and Pb?*,
where their PS yield reached more than half of the PO. For Pb?*, the same yield was observed for

these two types of substrates, which suggested a distinct mechanism for Pb?*.
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Table 2.1. Dissociation constants (Kg, pM) of different metal ions with 17E DNAzyme and PO
or PS substrates in 50mM MOPS buffer pH 7.5, 25 mM NaCl. The reaction time was 10 min.

PO in MOPS PS in MOPS
Mg?* 1158 6852
Ca?* 1236 2658
MnZ* 17.83 61.47
Fe2* 29.7° 81.63
Co?* 26.96 140.7
Ni2* 700.3 461.9
Cu?t 25.94 193.8
Zn?* 3.692 2.302
Cd? 13.52 25.17
Pb2* 0.4187 0.9674
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Figure 2.4. A) The structure of the cleavage site with normal PO and PS linkages for both R, and
Sp isomers. (B-1) Concentration-dependent plots of substrate cleavage using 17E DNAzyme and
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different metal cofactors after 10 min reaction. PO-FAM and PS-FAM substrates are compared.
These plots were used to obtain the saturation cleavage % (Bmax) and dissociation constant (Kq)
according to the single binding model equation. The obtained Kq are summarized in Table 2.1.

The above assay gave us a general understanding of the cleavage of the PS substrate and
the metal ion concentration range. To have a more quantitative understanding, the Rp and Sp
isomers were prepared by HPLC and individually tested. Metal ions that represent hard, borderline,
and soft metals were chosen (10 mM Mg?*; 1 mM Mn?*, Co?*, Ni?*, Zn?*, and Cd?*; 10 uM Cu?*,
and 1 pM Pb?").119 120 These metal concentrations were chosen to ensure a high cleavage activity
without inhibition effects.

When assayed with 10 mM Mg?* (Figure 2.6A), the S, isomer had a rate of 0.16 min™. On
the other hand, the Rp isomer had a maximum yield of about 10%. This 10 % R, cleavage can be
attributed to the S, contamination due to the incomplete HPLC separation since this 10% yield was
achieved very fast. After that, almost no further cleavage occurred. Therefore, the true rate for the
R, should be estimated from the slower phase. After incubating 10 mM Mg?* with the 17E/R,, for
up to 24 h, the rate was estimated to be 7.4x10° min’ (Figure 2.5). Therefore, the Sy/R;, activity

ratio was calculated to be 2083 (Table 2.2), suggesting that Mg?* interacted with the pro-R, oxygen.
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Figure 2.5. Rate constant Kops (Min't) estimation from 24 h kinetic profile of 10 mM Mg?*, 1 mM
Mn?*, and 1 mM Co?* with the PS-R,, substrates. The slopes of the linear regression from 5 min to
24 h were calculated as the rates for the slower reaction conditions.

For Mn?* and Co?*, a similar trend was observed (Figure 2.6B-C), where the activity was
significantly reduced with the Rp substitution, and their Sp/Rp activity ratios were 5345 and 934,
respectively (Table 2.2). For the PO substrate, these two metals were about 4-fold more active
than Mg?* even when their concentration was 10-fold lower. This can be explained by their
stronger affinity to the scissile phosphate, yet Mg?*, Mn?*, and Co?" all followed the same metal
binding mechanism as probed by the PS substrates.

Similarly, Cu?*, Zn?*, and Cd?* were also examined (Figure 2.6E-G). The Sp/R;, ratio was
26 for Zn?* (Table 2.2), which was due to the substantial activities with the Ry substrate. The Sp/R,
ratio was only 0.9 for Cu?* and 0.8 for Cd?*, and the two isomers did not differ much in the activity.
In other words, these three more thiophilic metals can rescue the activity (e.g. of Mg?").

The 17E DNAzyme (with the PO substrate) was able to effectively use Cd?* despite that

Cd?* is a thiophilic metal. Once replaced by sulfur at the Ry position, the activity decreased only
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3-fold compared to the PO substrate. In previous work using Cd?* to do DNAzyme selection, the
8-17 motif was obtained.® When we used a PS-modified library and Cd?*, a DNAzyme named
Cd16 was obtained, which is only active with the PS substrate (the PO substrate had no activity at
all).8° Therefore, the DNAzyme sequence is critical. Overall, using a hard metal such as Mg?*,
Mn?*, or Co?*, 17E showed a very large thio effect. This observation suggests that most divalent
metals bind specifically to the pro-Rp, oxygen via inner-sphere coordination. Similar behavior has
been observed with ribozymes.?! The fact that 17E can also use thiophilic metal such as Cd?* for
catalysis can explain its wide acceptance of divalent metal ions, at least with thiophilicity between
Mg?* and Cd?*. Of note, when the thiophilicity is too strong, such as Hg?", the activity is lost.

For Pb?*, the Sp and Ry isomers’ cleavage rates were measured to be 0.42 min™ and 0.080
min’t, respectively (Figure 2.6H). The resulting Sp/Rp ratio of Pb?" was just 5, and the PO was
only 4-fold faster than the Sp. Therefore, Pb?* is not very sensitive to the thio substitution. Based
on the crystal structure, Pb?* does not coordinate via the inner-sphere mechanism with the scissile
phosphate,® but it rather serves as a general acid to interact with the leaving group. Other
spectroscopic studies also indicated a different mode of Pb?* binding compared to other metal ions
such as Mg?* and Zn?*."* Among the tested metal ions, Pb?* had the lowest concentration of only
10 uM (100-fold lower than the transition metals), yet it still had the highest activity. Such high
activity also suggested a different catalytic mechanism. The small thio effect of Pb?* and the small
difference between R, and Sp are consistent with the crystal structure (e.g. no direct inner-sphere
Pb?*/phosphate interactions).

As observed in Figure 2.6D and Table 2.2, PO substrate cleavage activity with Ni%* is
much lower than that of Zn?* and Cd?*, although they have a similar thiophilicity. Zn?* has a high

thiophilicity (and thus less oxophilicity) than Co?* and Mn?*, but it is more active. So, the activity
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of cleaving the PO substrate did not directly correlate with oxophilicity. On the other hand, it seems
that the activity of the R, substrate had some correlation for the metals listed in Table 2.2, but still,
the low activity with Ni?* cannot be explained. So, some other factors need to be considered.
Nevertheless, using the PS substrates, we demonstrated the importance of divalent metal ions
interacting with the scissile phosphate and discussed Pb?* as a unique metal using a different

mechanism.
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Figure 2.6. PO, Rp, and S, cleavage kinetics of A) 10 mM Mg?*, B) 1 mM Mn?*, C) 1 mM Co?*,
D) 1mM Ni%*, E) 10 uM Cu?*, F) 1 mM Zn?*, G) 1 mM Cd?*, and H) 1 uM Pb?*.

Table 2.2. Thiophilicity/Oxophilicity,'? observed rate constants, kops (Mint), the Sp/R, ratios,
and the PO/R,, ratios of the respective metal ions.

Mg Mn?* Co? NiZ* cu? zn# cd? PbZ*
Thiophilicity 0.4 0.6 0.6 0.8 0.8 0.8 0.8 0.9
Oxophilicity 0.6 0.4 0.4 0.2 0.2 0.2 0.2 0.1
kobvs PO 0.28 1.12 1.08 0.045 0.038 2.45 0.17 1.66
Kobs Sp 0.16 0.50 0.21 0.011 0.011 1.19 0.045 0.42
Kobs Rp 7.44x10°" 9.40x10°" 2.25x107" 0.041 0.012 0.045 0.054 0.080
Sp/Rp 2083 5345 934 0.27 0.89 26 0.84 5
PO/Rp 3755 11956 4795 1.1 3.1 54 3 21
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Ligand exchange rate
Based on the observed thio effect, the interaction of the metal ions and the pro-Rp oxygen

can be assigned to be an inner-sphere coordination mechanism, except for Pb?*. To achieve inner-
sphere coordination, a water ligand of metal ions needs to be replaced by the scissile phosphate.
We wondered if the cleavage rates for the non-Pb?* metal ions were related to their water ligand
exchange rate. Among these first-row transition metal ions, Ni?* is known to have the highest
hydration enthalpy and the slowest water ligand exchange rate, which is consistent with our
observation of the lowest activity with Ni?".

To test this hypothesis, the kinetic profile for each metal ion at their respective Kq was
obtained. Since the cleavage rate can be expressed as r = k[M?*], k = r/[M?*] is the apparent rate
constant mainly related to the activation energy of the rate-limiting step. The literature reported
water exchange rates (kn2o) were plotted against the k for each metal ion (Figure 2.7). A linear
correlation was observed, which supported the hypothesis. Therefore, the step of inner-sphere
metal coordination with the pro-Rp oxygen at the scissile phosphate would be the rate-limiting step

for these metal ions.
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Figure 2.7. Comparison of the experimentally determined cleavage rates and the literature
reported theoretical water exchange rates for the respective metals hypothesized to have an inner-
sphere coordination mechanism of interaction with the non-bridging oxygen of the phosphate. For
ligand exchange rate, the Mg?*, Ni?*, Cu?* data were from ref.!?; the Mn?*, Fe?*, Co?* data were
from ref.}?%; and the Zn?*, Cd?* data were from ref.}?

Probing phosphate binding by using phosphate buffer as a competitor
To further probe the metal-phosphate interaction, we designed an inhibition study to

examine the metal-phosphate binding affinity by intentionally adding the inorganic phosphate.
Usually, phosphate buffer was avoided to minimize its potential inhibition effect due to the
abundant metal binding.®® In a preliminary screening, where phosphate buffer saline (PBS) and
MOPS buffer were compared, it appeared that the cleavage yield decreased more for the metals
with greater activities than those with lower activities (Figure 2.8). The highly active Pb?* and

Zn?* were more inhibited, but metals such as Mg?* that are less active did not have a significant
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difference in PBS. Ca?* formed precipitates with the phosphate, disabling accurate estimation.

Further examination of the inhibition effects by the phosphate required changing the phosphate

concentration and this could result in changing buffer effect. To eliminate such a problem, addition

of varying concentrations of phosphate to the fixed 50 mM MOPS buffer, 25 mM NaCl was used

for the subsequent experiments.
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Figure 2.8. Comparison of the concentration-dependent activities with different metal ions in the
normal MOPS buffer saline and the PBS buffer with the reaction time of 10 min. These plots

were used to obtain the dissociation constant (Kq) according to the single binding model
equation. The obtained Kq are summarized in

Table 2.3.
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Table 2.3. Dissociation constants (Kg, pM) of different metal ions with 17E DNAzyme in 50mM
MOPS buffer pH 7.5, 25 mM NaCl or 50mM PBS buffer pH 7.5, 25 mM NaCl, reaction time
was 10 min.

PO in MOPS PO in PBS
Mg?* 1158 4485
Ca®* 1236 N/A?
Mn?* 17.83 121.3
Fe2* 29.7° N/A
Co?* 26.96 122
NiZ* 700.3 4554
Cu?* 25.94 59.1
Zn%* 3.692 64.25
Cd?* 13.52 55.28
Pb% 0.4187 N/A°

a Estimation was ~994 M, but it is inaccurate due to precipitation. Increasing Ca?* concentration up to 2.5 mM yielded ~20 %
cleavage and the DNAzyme were denatured beyond 2.5 mM. All samples had precipitates formed. Ca?* was not included in further
studies.

b Ref 118

¢ Completely inactivated by phosphate until Pb?* concentration reached 50 mM (buffer concentration) and precipitates formed
beyond 50 mM. The same observation happened when tested in a lower PBS buffer concentration of 15 mM.

For the inhibition study, the kinetic profiles of each metal ion at two metal concentrations
with different phosphate concentrations were examined (Figure 2.9). The phosphate
concentrations were different for each metal to ensure inhibition was observed. As the phosphate
concentration increased, the reaction rate generally slowed down due to the metal ions complexing
with the inorganic phosphate instead of binding with the DNAzyme. For some metals such as Cd?*
and Pb?*, the cleavage maximum plateau decreased, suggesting irreversible inhibition (e.g. non-
competitive). However, the cleavage maximum plateau does not change with the other metals such
as Mg®*, Mn?*, Co%", and Zn?*, suggesting a reversible inhibition (e.g. competitive). The

exceptional metal ions were Ni* and Cu?*.
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Figure 2.9. Kinetic profiles of metal ions at their Kq (A-H) and at 10Kq (1-P) metal concentrations
with different inorganic phosphate concentrations. The obtained kons are summarized in Table 2.4.
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Table 2.4. Rate constants (Kons) Of different metal ions with 17E DNAzyme and PO substrate in
50 mM MOPS buffer pH 7,5, 25 mM NacCl, and varying inorganic phosphate concentrations.

uM metal mM R_ate uM metal mM R_ate
phosphate (min-1) phosphate (min-1)
1 mM Mg 0.00 0.09111 25 uM Cu 0.00 0.05887
1.00 0.06270 0.47 0.05787
50.00 0.01369 7.50 0.02464
140.00 0.00508 120.00 0.00020
10 mM Mg 0.00 0.67580 250 uM Cu 0.00 1.46800
0.00 0.46320 0.12 0.03686
0.01 0.57830 0.47 0.07311
0.10 0.69830 1.87 0.06300
1.00 0.70320 7.50 0.03846
10.00 0.34690 30.00 0.01697
50.00 0.15020 120.00 0.00686
100.00 0.09415 3 UM Zn 0.00 0.05703
140.00 0.07038 0.02 0.06137
20 UM Mn 0.00 0.08992 0.10 0.05617
0.00 0.06777 0.39 0.05622
0.10 0.06361 1.56 0.04039
10.00 0.01406 6.25 0.01703
200 UM Mn 0.00 0.66780 25.00 0.00001
0.00 0.53570 30 UM Zn 0.00 0.52340
0.01 0.50350 12.50 0.10610
0.10 0.52930 25.00 0.04852
1.00 0.44520 50.00 0.01176
10.00 0.26600 15 uM Cd 0.00 0.06673
50.00 0.05543 7.81 0.02289
100.00 0.02070 31.25 0.00523
140.00 0.01027 150 uM Cd 0.00 0.13370
20 uM Co 0.00 0.07482 7.80 0.08207
7.81 0.03335 15.60 0.06454
31.25 0.00991 31.25 0.04098
125.00 0.00079 62.50 0.02006
200 uM Co 0.00 0.33430 125.00 0.00919
7.81 0.22360 250.00 0.00262
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15.60 0.16270 0.3 uM Pb 0.00 0.08230
31.25 0.10980 0.04 0.07763
62.50 0.06835 0.05 0.06370
125.00 0.02535 0.30 0.01999
250.00 0.00917 0.60 0.01222
600 uM Ni 0.00 0.04527 1.20 0.03566
7.81 0.02986 2.40 0.03502
31.25 0.02328 3 uM Pb 0.00 1.54000
125.00 0.00893 0.01 0.69960
6 mM Ni 0.00 0.09165 0.02 0.76300
7.81 0.08177 0.03 0.29670
15.60 0.09698 0.06 0.00083
31.25 0.05456 0.12 0.00605
62.50 0.04597 0.30 0.00060
125.00 0.03648
250.00 0.02058

At the 10-fold concentration of Kg of Cu?*, the DNAzyme complex was completely
denatured and showed no activity at all. The addition of the phosphate rescued its activity back up
before inhibiting the activity again at an even higher phosphate concentration. This interesting
observation gives an example of how the metal-phosphate affinity can affect the 17E DNAzyme
activity. As for the Ni?*, it appears to exhibit a mixed type of inhibition because lower phosphate
concentrations lowered the cleavage maximum plateau, but higher phosphate concentration
brought the plateau back up. From this observation, it can be speculated that Ni%* has a slightly
different mechanism of phosphate-binding interaction than the rest of the active divalent transition
metals. At lower Cu?* and Ni?* concentrations though (e.g. at 1Kg), these exceptional trends were
not observed and normal phosphate inhibition was followed.

From these plots, the inhibition effects of the inorganic phosphate can be quantified using
the Dixon plot analysis by plotting the 1/kobs With the phosphate inhibitor concentration (Table 2.4
and Figure 2.10). The intersection of the two lines from the two metal concentrations was used to
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quantify the inhibition constant, Ki. This K; is a dissociation constant for the metal-phosphate
interaction. When compared with the cleavage rates for each metal ion, this affinity of the metal-
phosphate binding was nicely correlated (Figure 2.11). This observation from the inhibition study
indicates that the slower the ligand exchange rate, the less interaction with the phosphate, which

is consistent with the slower cleavage rate.
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Figure 2.10. Graphical analysis to determine the inhibition constant, K;, of the phosphate as an
inhibitor for the DNAzyme activity with each metal ions.
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Figure 2.11. The correlation of the phosphate affinity to each metal ions and the cleavage rates of
each metal ions. The metals with slower rates exhibit the weakest affinity to the phosphate. This
observation also aligns with the observation from Figure 2.7.

Two types of mechanisms.
Many studies have examined the mechanism of the RNA cleavage reaction by ribozymes

and DNAzymes 5% 69.102,126-128 |t js generally accepted that the 2'-OH acts as a nucleophile to attack
the scissile phosphate.®® Recent literature further identified key factors that govern the cleavage
reaction with the Pb?*. For example, the X-ray crystal structure of 8-17 DNAzyme with Pb?
suggested an in-line attack mechanism where the conserved guanine residue (highlighted in purple
in Figure 2.1) acts as a general base and the catalytic water acts as a general acid (Figure 2.12A).%*
Modeling studies by York and coworkers also build on the crystal structure study and compares
with ribozymes to provide more evidence of guanine residue that behaves as a general base.?812
Based on the thousand-fold or more activity difference between Pb?* and other metal ions, previous

crystallography and spectroscopic data, and our current PS-substrate data, we believe that there
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are two mechanisms for this DNAzyme. The mechanism is general acid catalysis for Pb?* (Figure
2.12A), while the mechanism is Lewis acid catalysis for other divalent metal ions (Figure 2.12B).

We also cannot rule out that metal ions may play both roles during catalysis. Since no
evidence showed that the 17E can bind two divalent metal ions, if both catalysis mechanisms take
place at the same time, one is likely to be dominating. The fact that the 17E DNAzyme can accept

both mechanisms may explain the wide-ranged metal tolerance of it.
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Figure 2.12. Proposed mechanism of RNA cleavage with A) Pb?* and B) other divalent metal ions.
Conserved guanine residue (purple) behaves as a general base for the deprotonation of 2'-OH.
Hydrated Pb?* behaves as a general acid to protonate the leaving group oxygen. However, other
divalent metals may be directly coordinated to the Pro-R, oxygen to stabilize the phosphate for the
nucleophilic attack by 2'-OH and the substrate cleavage may be governed by the binding affinity
of the metal to the non-bridging phosphate oxygen.

Summary
The 17E DNAzyme is unique in terms of its general activity with a wide range of divalent

metal ions, but a unified understanding of the roles of different metal ions and the activity trends
has not yet been established. In this study, we aimed to test the hypothesis of inner-sphere metal-
phosphate interactions being the determining factor. Phosphorothioate substitution and activity

assays with its isomers confirmed that the non-bridging oxygens in the pro-Rp position are
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important for the inner-sphere divalent metal binding. The comparison of cleavage rate constants
and the rate of water ligand exchange on metal ions also rationalized the slowest activity of Ni%*,
which further supported the inner-sphere interactions. As a piece of indirect evidence, the
phosphate inhibition assay also supported the binding of metal ions to the scissile phosphate. For
the experiments presented in this work, we tried to separate our discussion for Pb?* from the rest
of the divalent metal ions. In the end, we proposed two types of mechanisms: general acid catalysis

for Pb?* and Lewis acid for other divalent metals.
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Chapter 3 Replacing Mg?* by Fe?* for RNA-cleaving DNAzymes
Introduction

Metal ions play a critical role in RNA cleavage reactions.*®: 87 104129 Being positively
charged, metal ions can stabilize various secondary and tertiary structures in nucleic acids. In
addition, they may act as Lewis acid or general acid/base catalysts to assist RNA cleavage. Mg?*
is the cofactor in many naturally found ribozymes that catalyze reactions in living cells.**® 13! Thus,
Mg?* has been one of the most popular metals for in vitro selection of ribozymes.'*? In 2012,
Williams and coworkers proposed that Fe?* and Mg?* are similar in a few aspects, such as size,
charge, and the theoretical conformation of the RNA-metal binding site.*° Both Fe?* and Mg?* ions
displayed the hexacoordinate geometry and the metal-oxygen distances were determined to be
around 2 A in the RNA-metal binding site. They also compared these two metals in the
hammerhead ribozyme and found that its activity can be significantly enhanced with Fe?
substitution of Mg?* in an oxygen-free environment.

One of the motivations to study Fe?*-dependent activities is the anoxic atmosphere of the
early earth when soluble Fe?* was believed to be abundant.®®® It is hypothesized that due to the
acidic and reducing environment under a hydrogen-rich atmosphere, most of the iron was in the
soluble Fe?* state. The RNA world hypothesis considers ribozymes as the dominant catalysts for
biological reactions. Many other researchers have also examined ribozymes’ interaction with Fe?*.
For example, Ditzler and coworkers performed parallel selections using either Mg?* or Fe?*. 13
They found that Mg?* can replace Fe?* at neutral pH but not at low pH. Fe?* was also able to
substitute for Mg?* in DNA polymerases, RNA polymerases, DNA ligases,** and in protein

translation. 3
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DNAzymes are the DNA counterpart of ribozymes.3! 137:138 So far, no natural DNAzymes
have been discovered but many were isolated using in vitro selection. Since DNAzymes have been
extensively selected for metal sensing, aside from Mg?*,3 139140 3 diverse range of metal ions are
used to help DNAzyme catalysis, 3 12% 141142 gch as monovalent Na*,3" 40 143146 ang Ag* 147
divalent Ca?*,}* Pp?* 3t UO,%* % Cd?* 20 Cu?*,*0 and trivalent lanthanides.*? > Whether Mg?*
and Fe?* behave similarly in DNAzymes have yet to be answered. Further understanding of this
topic would help the development of DNAzyme-based sensors for metal ions in aqueous systems.
In addition, we may gain further insights into DNA/metal interactions.

The 17E DNAzyme is an extensively studied model enzyme,>> 7% 9. 139, 152-155 gnq it is
active in the presence of many divalent metal ions. For this reason, together with its small size and
tolerance to mutations,® >3 17E has recurred in many in vitro selections from different labs under
different selection conditions.%: 101 139.156. 157 The highest activity is achieved with Pb?*, followed
by Zn?*, Cd?*, Mn?*, and Co?*, while a high metal concentration is needed for Mg?* and Ca?*. The
study on Fe?* has not been systematically explored.'>® In this work, we used the 17E as a model
system to understand Fe?* activity in DNAzyme reactions. In addition, a few other DNAzymes

were tested, and those active with Mg?* were also found to be active with Fe?*. Since we noticed

the effect of Fe?* oxidation during the work, investigation on this front was also performed.

Materials and Methods
Chemicals. FeCl>-4H,0 and FeCls-6H.O were purchased from Alpha Aesar. MgClz, sodium

ascorbate, and L-glutathione were purchased from Sigma Aldrich. Tyrosine was purchased from
Biobasic Inc. Citric acid trisodium salt dehydrate was purchased from Amresco. The DNA

sequences were purchased from Integrated DNA Technologies and Eurofin Genomics (Table 3.1).
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The glove bag was purchased from VWR International. Sodium Chloride, 10x Tris borate EDTA
(TBE), urea, ammonium persulfate (APS), tetramethylethylenediamine (TEMED), 3-(N-
morpholino)propanesulfonic acid (MOPS), and 2-(N-morpholino)ethanesulfonic acid (MES) were
purchased from Bio Basic Inc. The gel loading dye was from Biolab. BioRad ChemiDoc MP

Imaging System was used for analysis.

Table 3.1. DNA sequences, modifications, and the supplier (IDT: Integrated DNA Technologies;
Eurofin: Eurofin Genomics). FAM: carboxyfluorescein.

Name Supplier Sequence
Sub-FAM IDT 5' - GTCACGAGTCACTATrAGGAAGATGGCGAAA /36-FAM/ -3’
17E IDT 5-TTTCGCCATCTTCTCCGAGCCGGTCGAAATAGTGACTCGTGAC-3'
GR5 Eurofin 5 TTT CGCCATCTGAAGTAGCGCCGCCGTATAGTGACTCGTGAC -3’
8-17 Eurofin 5-TTTCGCCATCTTCTCCGAGCCGGACGAATAGTGACTCGTGAC-3'
ES IDT 5'- TTTCGCCATCTTCAGCGATTAACGGAAC
GTTACACCCATGTTAGTGACTCGTGAC -3’
Cel3d IDT 5-TTTCGCCATAGGTCAAAGGTGGGTGCGAGTTTTT
ACTCGTTATAGTGACTGGTGAC -3’
39E Eurofin 5'- TTTCGCCATCTTCAGTTCGGAAACGAAC

CTTCAGACATAGTGACTCGTGAC-3'

Activity assays in air. The substrate/DNAzyme complex was prepared freshly each day. In a
typical assay, FAM-labelled substrate concentration (5 uM) and the 17E DNAzyme (7.5 uM) were
annealed in 50 mM MES, pH 6, 25 mM NaCl (Buffer A) by heating at 95 °C for 1 min followed
by cooling to 4 °C for 30 min. The annealed complex concentration is described in terms of
substrate concentration. Different concentrations of metal solutions were prepared in Milli-Q water.
The reaction buffer was 50 mM MOPS pH7.5, 25 mM NaCl (Buffer B). For a typical reaction, 4
pL of reaction buffer was mixed with 1 pL of 5 uM DNAzyme complex before adding 2 pL of
metal solution (e.g. Fe?*) to initiate the reaction for the desired incubation time. The total reaction

volume was 7 pL. To quench the reaction, 7 puLL of quenching solution (1x gel loading dye and 8

49



M urea) was added to the reaction mixture. Then, 7 pL. of the quenched reaction solution was
loaded into 15% denaturing polyacrylamide gel (dPAGE) to perform electrophoresis for 80 min at
200 V. The obtained gels were fluorescence imaged with BioRad ChemiDoc MP Imaging System
and analyzed. Different DNAzyme sequences required different buffers. The respective annealing
buffer and reaction buffer were Buffer A and B for 17E and GR5; Buffer B and B for 8-17 and E5;
and Buffer A and A for Cel3d and 39E, respectively. All of the measurements were replicated at

least 2 times and the error bars on plots are standard deviations.

Activity assays in N2 environment. The DNAzyme complex preparation and the reaction conditions
were the same as that in the air. However, all steps were performed in an N filled glove bag,
except for the complex annealing process. 10 mL aliquots of Milli-Q water and the reaction buffer
were degassed by bubbling N2 for at least 10-15 min before transferring into the glove bag
immediately. The glove bag, which is an isolated system of a large plastic bag with an inward
glove, can be tightly sealed to cycle through twice with N2 gas fill and vacuum to eliminate
remaining air. The N2 and vacuum were adjusted to have a constant in and outflow for the duration
of the experiment. The FeCl salts were dissolved with the degassed Milli-Q water in the N»-filled
chamber and diluted to eliminate any contact with the ambient air as much as possible. Once the
cleavage reaction was quenched, the glove bag was opened to load the samples for gel

electrophoresis.

Activity assays in the presence of antioxidants. The DNAzyme complex preparation and the
reaction conditions were the same as that in the air, except for the metal and the antioxidant stock

concentrations. The antioxidants tested were 2 mM or 10 mM final concentrations of ascorbate,
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tyrosine, glutathione, and citrate. For a typical reaction, 4 uL of reaction buffer was mixed with 1
uL of antioxidant before mixing with the 1 L of DNAzyme. This mixture was incubated for 5-10
min before 1 uL of metal solution (ex. Fe?") was added. The total reaction volume was still 7 uL.
It is important to mix ascorbate with the buffer first before exposing the iron solution to the buffer.
Figure 3.1 illustrates the evidence of oxidation of Fe** into Fe** when the metal solution was

mixed with the MOPS buffer first.

Addition Order Cleavage (%)
0 20 40 60 80 100
%
(Buffer only) + Metal, and then DNAzyme
(Buffer + Ascorbate) + Metal, and then DNAzyme
(Buffer only) + DNAzyme, and then Metal
(Buffer + Ascorbate) + DNAzyme, and then Metal
Isum (Xloﬁ)
0 5 10 15 20 25
- Isum

(Buffer only) + Metal, and then DNAzyme

(Buffer + Ascorbate) + Metal, and then DNAzyme

(Buffer only) + DNAzyme, and then Metal

(Buffer + Ascorbate) + DNAzyme, and then Metal

Figure 3.1. Effect of order of addition of reagents. The order of addition is as written in the labels
on the left. The addition order test indicated that mixing ascorbate first with the buffer was critical
to maintain the activity, as well as decrease non-specific degradation. When ascorbate was added
before Fe?*, it had a better protection effect. 1 mM Fe?* with 17E incubated for 10 min yields ~80-
90% cleavage yield.
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Data analysis. The gel micrographs were analyzed with Image Lab software (v. 6.0.0, 2017 Bio-
Rad Laboratories Inc.) to define the lanes and band area for calculation. Once the user defines the
area for the location of the bands, the software is programmed to calculate the % of the uncleaved
and the cleaved bands with the fluorescence intensities from the FAM-labelled substrate. The
activity % used in all of the following analyses was the “band %" function of the cleaved bands
(cleaved band/total band), where the total intensity in only the defined band area is considered 100%
of the intensity. Therefore, if the reaction products produce any extra bands with different
molecular weight fragments due to non-specific cleavage, the calculated “band %’ can be biased
because it only includes the remaining intensities observed in the defined band area. Metal
concentration dependence and Kinetic behavior were analyzed using this method. Note that
saturated cleavage yield often did not go to 100%, and the maximal cleavage yield was used as
saturated yield.

To quantify any non-specific cleavage into different molecular size fragments, the sum of
the two bands intensity (Isum) was used. Since equal amounts of FAM-labelled substrates were used
throughout all the experimental samples, it worked well to illustrate the degradation. A decrease
in the value lsum, as defined in the equations 1 and 2, indicates higher degradation in the sample.

ltotal = luncleaved + lcleaved + ldegraded Eqgn. 3.1
Isum = luncleaved + lcleaved Eqn. 3.2

At the fixed incubation time (ex. 10 min), the metal concentration [M] dependence plot

data were fitted to the single metal-binding model of Equation 3,'%2 where b is the apparent

dissociation constant Kg.

_ _a[M]
Y = GaD Eqgn. 3.3

52



At the fixed concentration (ex. 1 mM Fe?"), the kinetic data were fitted to the binding model
of Equation 3.4, where b is the rate constant, Kobs.

y =y, +a(l—e bt Eqn. 3.4

Results and Discussion

The 17E DNAzyme is highly active with Fe?*.
The secondary structures of the DNAzymes in this study are shown in Figure 3.2. Their

substrate strand sequences were all the same, containing constant DNA binding arms and a single
RNA linkage (rA for ribo-adenine) that served as the cleavage site, as well as a carboxyfluorescein
(FAM) fluorophore label for gel electrophoresis analysis. Only a single RNA at the cleavage site
on the substrate was used because DNA is less susceptible to hydrolysis than RNA, and such a
chimeric substrate is more stable and cost-effective.*?® ¥ In addition, most of the DNAzymes
were selected with such as RNA/DNA chimeric substrate, and these DNAzymes were often
inactive with the full-RNA substrate.3! The effect of Fe?* was examined with the 17E DNAzyme
first (Figure 3.2A) since 17E is active with many divalent metal ions. The experiments were
carried out in a nitrogen environment and used freshly prepared Fe* to minimize the oxidation of
Fe?* to Fe*'. Increasing Fe?* concentration gradually increased the cleavage yield and the activity
was saturated with 0.25 mM Fe?* (Figure 3.3). The apparent dissociation constant (Kgq) was

calculated using a single metal-binding model (Equation 3.3) to be 29.7+2.3 uM Fe?*.
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Figure 3.2. The secondary structures of the DNAzymes studied in this work: A) 17E; B) GR5; C)
8-17; D) E5; E) Cel3d; and F) 39E. Most of these DNAzymes are selective for metal ions other
than Mg?* or Fe?*. The metal ions used as positive controls respective to each DNAzyme are
indicated.

Upon confirming the activity of 17E in the presence of Fe?*, we measured its cleavage
kinetics and compared it with some other metals, such as Mg?*, Mn?*, and Co?* (Figure 3.3). Since
17E is active with divalent metal ions to different degrees, these metal ions were chosen as
examples of divalent species with relatively low and high activities. From the kinetic curve, Kobs
were obtained by fitting the curves to a first-order reaction (Figure 3.4). The kinetics curve
saturates around 75-80% activity instead of reaching 100% possibly due to incomplete
hybridization, and misfolding of DNAzymes, which is quite common for such reactions. The Kops

of the 1 mM metals were calculated to be 0.053+0.002 (Mg?*), 1.19+0.09 (Mn?*), 0.87+0.07 (Co?"),
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and 1.12+0.11 (Fe**) min'L. This indicates that 17E activity with Fe?* compared to Mg?* is 21-fold
higher. This difference is comparable with the previous studies on the L1 ribozyme ligase.*® In
their study, the substitution of Mg?* with Fe?* enhanced the activity by 25-fold. However, the
difference was only 3-fold for the hammerhead ribozyme. Based on this observation, the

replacement of Mg?* with Fe?* seems to increase the DNAzyme activity in general.
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Figure 3.3. A) Substrate cleavage percentage by the 17E DNAzyme using up to 2 mM Fe?* in 50
mM MOPS, pH 7.5, 25 mM NaCl for 10 min reaction time. Inset: a representative gel micrograph
with different Fe?* concentrations up to 2 mM. B) Comparison of kinetic characteristics of the 17E
DNAzyme with 1 mM Fe?*, Mg?*, Mn?*, or Co?*. These experiments were conducted in an N
environment. Error bars are standard deviations from n = 2 - 6 measurements and some errors are
not visible on the plot due to small values.

Fe?* with other DNAzymes.
After 17E, a total of 6 RNA-cleaving DNAzymes were studied to systematically examine

their activities with Fe?* (Figure 3.2), including the Mg?*-dependent (8-17,'*° and E5),'4° Ce3*-
dependent (Ce13d),*? UO2?*-dependent (39E) DNAzymes,'* as well as another Pb?*-dependent

(GR5) DNAzyme.3! These DNAzymes all shared the same DNA substrate sequence. For each
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DNAzyme, positive control was included by reacting with their respective active metal under an
optimal buffer condition. Since each DNAzyme was selected under different buffer conditions, the
optimal reaction buffer and metal conditions were also different in this study. In addition, each

DNAzyme was tested with 10 mM and 0.1 mM Mg?*, and 0.1 mM Fe?* to test their activities with

these two metals.
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Figure 3.4. RNA-Cleaving activity for different DNAzyme sequences with no metal (- control),
respective positive control metal concentration (+ control), and 100 pM Fe?* incubated for 1 h.
More detailed experimental conditions such as buffers can be found in the experimental section,
as different buffers were used for different DNAzymes. Error bars are standard deviations from n
= 3 —5; some error bars invisible due to small values.

Although often referred to as a Pb?*-dependent DNAzyme, 17E is active with many

divalent metals, including a high concentration of Mg?*, as shown by the 10 mM Mg?* control in
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Figure 3.4. In this figure, it is clear that 0.1 mM Fe?* is much more active than the same
concentration of 0.1 mM Mg?* with the 17E. In addition to 17E, the other two Mg?*-dependent
DNAzymes, 8-17 and E5, also showed some cleavage activity with Fe?*. Ce13d had only ~10%
cleavage after 1 h with 10 mM Mg?*, and we observed even less (~6%) cleavage with 0.1 mM
Fe?*. The other Pb?*-dependent DNAzyme, GR5, did not cleave with Mg?* at all, and it also had
no activity with Fe*. Similarly, 39E was inactive with Mg?*, and it had almost no cleavage activity
in the presence of Fe?*. Overall, for the six tested DNAzymes, if a DNAzyme is active with Mg?*,
it is also active with Fe?*. On the other hand, if a DNAzyme is inactive with Mg?", it is also inactive
with Fe?*,

This study can also provide insights regarding the similarity between Mg?* and Fe?*. In
addition to the previously reported Fe?* interactions with ribozymes,*® we can further provide
observations of similar behaviors of Fe?* and Mg?* in DNAzyme systems. 1 mM Fe?* behaved
similarly or even exceeded the activities of 1 mM Mg?* (Figure 3.5). The Fe?* reaction rates were

21-fold faster than with Mg?* for 17E; 25-fold for 8-17; and 1-fold for E5.
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Figure 3.5. kops and kinetic profile comparison of 1 mM Fe?* and 1 mM Mg?* with different
DNAzymes: A) 17E, B) 8-17, and C) E5. The Fe?* samples were handled in N2 environment. Mg?*
in N2 environment was indifferent than in air condition for 17E (not shown), so data from Mg?*
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samples in air was used for this plot. Note that error bars are too small to be visible for E5. Error
bars are standard deviations from n = 2 — 6; some error bars invisible due to small values.

The sequences of 8-17 and 17E are very similar, where they differ only by two bases in the
bulging loop sequence. With both DNAzymes, Fe?* assisted in RNA cleavage much faster than
Mg?*. On the other hand, E5 has a completely different sequence than the other two DNAzymes.
With E5, 1 mM Fe?* behaved almost equally to 1 mM Mg?*. However, at a lower concentration of
100 uM Fe?*, activity saturation increased to ~45% instead of ~20% with E5, unlike the 17E and
8-17 (Figure 3.6). This may indicate that E5 has a different optimal condition than those of 17E
and 8-17 with Fe?*. Upon extrapolating the rate to the same metal concentration, the rate of Fe?*
becomes slightly faster than Mg?*. In general, the replacement of Mg?* with Fe?" increased the
activity, but not to the same degree for different DNAzymes. Similar observations were also made

for ribozymes, where the relative activity difference with Mg?* and Fe?* can be quite different.
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Figure 3.6. kobs and Kinetic profile comparison of 1 mM Fe?*, 100 uM Fe?*, and 1 mM Mg?* with
different DNAzymes. The Fe?* samples were handled in N2 environment.

Effect of pH and air.
The activity of the 17E DNAzyme is known to be pH-dependent with faster reaction rates

at higher pH.*®? Its cleavage reaction with Fe?* was no exception (Figure 3.7B). With 1 mM Fe?*
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at pH 7.6, we observed over 80% cleavage in 10 min. In higher pH and high Fe?* concentration,
low molecular weight fragments appeared in the gel micrograph below the expected cleaved
product band (Figure 3.7A). Note that this experiment was conducted in the air atmosphere. This
suggested a degradation process of the DNA possibly by reactive oxygen species (ROS), easily
formed by the oxidation of Fe?* by the Fenton reaction.%%-164 In the presence of oxygen and basic
pH, the ROS are produced faster. Therefore, it is logical to hypothesize that the degradation process
by ROS was causing the low molecular weight fragments.

To quantify this degradation reaction, we measured the sum of the two remaining band
intensities (luncieaved + lcieaved = lsum) OF the uncleaved and the cleaved substrates. A decrease in this
Isum indicates higher non-specific cleavage or degradation by the ROS. For example, Figure 3.7C
illustrates significant degradation in the presence of 1 mM Fe?* as pH increased above 7.2. The
same observation can be made visually on the gel micrographs (Figure 3.7A). We also
systematically compared the reaction in air and in N2, confirming the role of oxygen in the
degradation process (Figure 3.10 in a later section). Therefore, it is critical to run Fe?* related

reactions in an oxygen-free environment.
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Figure 3.7. A) The gel micrograph image showing the smeared bands at high pH and high Fe?*
concentrations with 17E DNAzyme in ambient air. B) Comparison of the corresponding cleavage
yields with Fe?" in increasing pH for 10 min reaction with 0, 10, 100, and 1000 pM Fe?",
respectively. Connecting lines indicate general increasing trend. C) The corresponding lsum
calculating the sum of the uncleaved substrate and the specific cleavage product intensity of each
condition. A detailed explanation of data analysis is described in the Methods section. Experiments
were run in duplicate.

Comparing Fe?* and Fe3*,
Since the oxidation product of Fe?* is Fe**, we also compared the cleavage activities with

these two metal ions in ambient air. Figure 3.8A shows the gel micrograph of the two iron species
at 0, 10, 100, 1000 uM. It is visually observed that 1 mM concentration results in smeared bands
of low molecular weight with Fe?*, but high molecular weight bands with Fe**. In addition, the

Isum analysis also indicates a decrease in the sum of the two bands intensity with 1 mM of both
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Fe?* and Fe** (Figure 3.8C). We also noticed a thin brown precipitate layer left stuck in the 1 mM
Fe®* sample wells. These observations with the Fe** can be attributed to the insoluble hydrolyzed
precipitate such as Fe(OH)s, as well as its complex with the DNA, leading to a lower
electrophoretic rate. As for the cleavage, Fe** did not specifically cleave the substrate at all and
non-specific degradation products were also much less (Figure 3.8B). On the other hand, Fe*
increased cleavage and degradation with higher concentration. Based on these observations, it can

be suggested that specifically Fe?* instead of Fe3* is assisting with the RNA-cleavage with 17E.

Fe®* alone cannot produce ROS for the degradation.
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Figure 3.8. Comparison of different concentrations of Fe?* and Fe** with 17E in 50 mM MOPS
pH 7.5, 25mM NaCl for 10 min with A) the high contrast gel micrographs, and the corresponding
B) quantified cleavage percentage, C) the total band intensity of the uncleaved substrate and
specific cleavage product, Isum. This set of experiments were run in duplicate.

Effect of reducing agents.
An interesting question we asked was whether we can inhibit the nonspecific degradation

reactions by adding a reducing agent (e.g. antioxidant), which may prevent oxidation of Fe?*. A
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few representative antioxidants were selected to examine their effects on the Fe?* reaction. For
example, ascorbate is commonly used to reduce Fe** to Fe?* in the total iron colorimetric assay
based on the o-phenanthroline complex with Fe?*.1% The selected reducing agents here are
commonly used in biological systems. Tyrosine was also included as a weak antioxidant. 133 166

Figure 3.10A shows a high contrast gel micrograph of 1 mM Fe?* in the presence of 2 mM
and 10 mM of ascorbate, tyrosine, glutathione, or citrate. These antioxidants were pre-incubated
with Fe?* for 5 min and then incubated with 17E DNAzyme for 10 min. In general, the bands were
cleaner with a high concentration of the reducing agents. However, the cleavage activity was
significantly reduced in the presence of 10 mM glutathione and citrate (Figure 3.10B), likely due
to their strong binding to Fe?*. Also, even though the activity was unaffected, 2 mM tyrosine did
not improve with the smearing of the bands (Figure 3.10C), likely due to its weak antioxidant
property. Only the ascorbate was able to lower the degradation, as well as maintain the cleavage
activity at both concentrations tested. Therefore, the ascorbate was the best candidate to examine
further to optimize for DNAzyme activity.

The DNAzyme activities with 1 mM Fe?* in air, N2, and ascorbate in air were compared to
indicate that the % cleavage was unaffected (Figure 3.10D). Therefore, ascorbate did not affect
the reaction kinetics and is a weak ligand for Fe?*. In addition, N, and ascorbate conditions clearly
prevented non-specific degradation of the substrate since the green bars in Figure 3.10E
maintained a similar height in 1 h.

While ascorbate with Fe?* worked well for the 17E DNAzyme, which showed a fast kinetic
rate with Fe?*, it failed in slower DNAzymes. For example, when the 8-17 and E5 DNAzymes
were examined with the Fe?*, the cleavage yield was much lower compared to that in N2. After a

few minutes, the added ascorbate was oxidized and it lost its protection effect (Figure 3.9). For
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Cu?*, ascorbate can promote cleavage in some DNAzymes,'®” and care needs to be taken when

working with such metals and DNA 168 169
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Figure 3.9. Kinetic comparison of 100 uM Fe?" in air, N2, and ascorbate conditions of 17E, 8-17,
and E5. 17E activity is fast enough to allow maximum cleavage within 10 min. However, for
slower DNAzymes, oxidation interfered after about 15 min in the air. Presence of ascorbate slowed
down the oxidation but cannot eliminate it.

The findings from Figure 3.10 can provide insights for potential future studies for the
sensor development for Fe?* detection. Since both N2 and ascorbate methods did not change the
percentage of activity for fast DNAzymes, both methods can be used for decreasing the non-
specific degradation. Ascorbate presents convenience in sample handling compared to the N
condition where a glove bag setup is required. Even though N requires more careful sample
handling, it can be beneficial for slower DNAzymes, such as 8-17 and E5. Therefore, we suggest

using the N2 environment as a more reliable and general method for experiments with Fe?*.
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Figure 3.10. A) A high contrast gel micrograph to show the effect of antioxidants using Fe?* as a
metal cofactor without the use of N.. The lanes are (1) negative control (no metal, no antioxidant)
(2) positive control of 1 mM Fe?* only; (3) 2 mM ascorbate, (4) 2 mM tyrosine, (5) 2 mM
glutathione, (6) 2 mM citrate, (7) 10 mM ascorbate, (8) 10 mM tyrosine, (9) 10 mM glutathione,
and (10) 10 mM citrate in the presence of 1 mM Fe?*. The corresponding B) cleavage activity and
C) lsum based on the data in (A). D) Cleavage activity comparison of 1 mM Fe?* with 17E
DNAzyme in air, N2, and 2 mM ascorbate in air. See (E) for the meaning of the color symbols. E)
Isum comparison of 1 mM Fe?* with 17E DNAzyme in air, N2, or 2 mM ascorbate in air. Error bars
are the standard deviations from 2 to 9 replicates.

Summary
Like ribozymes, activities of the Mg?*-dependent DNAzymes can be enhanced by

substituting Mg?* with Fe?*, even though the relative increase was different for each DNAzyme
tested. On the other hand, for the DNAzymes that are inactive with Mg?*, they are also inactive
with Fe?*. In an oxidation-limited environment, DNAzyme 17E can cleave up to 90% of the
substrate with 1 mM Fe?* within 10 min. Interestingly, only the oxidation state of Fe?* instead of
Fe3* was able to help the cleavage. This probably has to do with the coordination mechanism of

the metal with the cleavage site phosphate. However, at basic pH and higher concentrations of
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Fe?*, the iron species was prone to oxidation and production of ROS, resulting in non-specific
degradation of the DNA. Also, high concentrations of Fe** were found to hydrolyze easily and
bind with DNA to cause larger molecular weight artifacts in gel electrophoresis. The effect of the
anoxic and the reducing environments were systematically investigated to eliminate the
degradation. Preventing Fe?* oxidation to Fe** by performing reactions in N2 allowed high
cleavage activity. Ascorbate can also be used to provide a reducing environment to maintain the
iron species as Fe?*, but this method failed for DNAzymes with slower cleavage rates, such as 8-
17 and E5. Observations from this study can provide insights into potential DNAzyme catalysis in
the chemical environment of the early earth. Also, the study can guide with the experimental

handling of easily oxidizable metal ion species for the development of the DNAzyme sensors.
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Chapter 4 The activity of DNAzymes in biological fluids and the
effect of externally added metal ions

Introduction

Sequence-specific cleavage of intracellular RNA is often used for therapeutic applications,
such as anti-virus and anti-cancer. Various strategies have been developed to achieve this goal
including anti-sense DNA, siRNA, and ribozymes/DNAzymes. Among these, DNAzymes are very
attractive since they are highly stable and cost-effective. A few general-purpose RNA-cleaving
DNAzymes were reported for this purpose, such as the 8-17 and 10-23 DNAzymes.™*® They can
cleave most dinucleotide junctions in full-RNA substrates and they can use Mg?* for cleavage. For
a long time, they showed great promise in intracellular RNA cleavage.'’® 17

However, it was later pointed out that these DNAzymes require very high concentrations
of Mg?* for activity, which can hardly be reached for intracellular conditions. A few ways have
been developed to overcome this. One is to develop Na*-specific DNAzymes, which is also very
abundant in cells. 4089 143,144,172 Eor example, the NaA43 DNAzyme demonstrated its feasibility
for intracellular RNA cleavage and detection of metal ions.*® In addition, metal-free DNAzymes
were also selected containing modified nucleotides to better mimic the RNase A.1"® An interesting
idea demonstrated recently was to use metal-containing nanomaterials such as ZnO!"* "> and
MnO; nanoparticles!’® 1’7 that are expected to be dissolved inside cells to release Zn?* and Mn?*
ions to promote the cleavage reaction. In such a small volume of the intracellular environment,
these dissolved ions may reach a high concentration to support catalysis. For example, the 17E
DNAzyme is known to be much more active with a low concentration of these particular transition
metal ions. This method has been shown to be effective in many reports. Some interesting

fundamental questions need to be addressed to better study the reaction. What concentration of
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metal ions is needed inside the cells? The intracellular environment is full of crowded proteins.
Compared to Mg?*, transition metals such as Zn* and Mn?* are more likely to be affected by
proteins.

Aside from biomedical applications, DNAzymes are more often used for detecting metal
ions in environmental samples, where proteins may also exist. Therefore, understanding the effect
of proteins in samples is of fundamental and practical importance.

Proteins can affect reactions in at least two aspects. First, they may bind metal ions to
decrease the effective concentration of the metal ions available for DNAzymes. Proteins contain
more strong metal ligands such as thiol and primary amine groups, while the metal binding affinity
of nucleotides is in general much lower. Second, proteins may non-specifically bind DNAzymes
to inhibit their activity by impeding folding or other mechanisms. Since the intracellular condition
is very complex, most previous studies only relied on fluorescence microscopy or flow cytometry
for analysis. However, many important biochemical parameters such as reaction kinetics and
inhibition effect cannot be directly measured.

To address this important gap, in this study, we used two model DNAzymes to understand

the effect of proteins on DNAzyme reaction in the presence of a few representative metal ions.

Materials and Methods
Chemicals. Sodium chloride, 10x Tris Buffer EDTA (TBE), urea, ammonium persulfate (APS),

tetramethylethylenediamine (TEMED), 3-(N-morpholino) propanesulfonic acid (MOPS), and 2-
(N-morpholino)ethanesulfonic acid (MES) were purchased from Bio Basic Inc. Gel loading dyes
for gel electrophoresis were purchased from New England Biolabs. Magnesium chloride was from

Amresco. Zinc chloride, lead nitrate, manganese chloride, bovine serum albumin (BSA),
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hemoglobin, and alpha-macroglobulin, sodium hydroxide, lithium hydroxide, and lithium chloride
were from Sigma Aldrich. A BioRad ChemiDoc MP Imaging System was used for gel imaging.

Tecan plate reader and SpectraMax plate readers were used for sensor optimization and studies.

DNAzyme activity assay with protein. 17E and NaH1 DNAzymes were used in the studies
throughout this paper. Their sequences are shown in Table 4.1. To measure the DNAzyme activity,
the DNAzyme and the FAM-labeled substrate strands are annealed in a 1.5:1 molar ratio,
respectively, to ensure that all FAM-labeled substrate strands form the DNAzyme complex. The
optimized condition for 17E was to use 50 mM MES pH 6, 25 mM NaCl as the Annealing Buffer.
Similarly, NaH1 utilized 50 mM MOPS pH 7.5, 25 mM LiCl as the Annealing Buffer. Using LiCl
in the place of NaCl maintained similar ionic strength while eliminating Na* for the DNAzyme
reaction with Na* ions. So, 5 uM FAM-Sub and 7.5 pM DNAzyme (17E or NaH]1) strands are
hybridized together in the Annealing buffer with a short heat shock of 95°C for 1 min, followed
by slow cooling in 4°C for 30 min. The concentration of the DNAzyme complex is expressed as

the concentration of the FAM-Substrate.

Table 4.1. DNA sequences, modifications, and the supplier (IDT: Integrated DNA Technologies;
Eurofin: Eurofin Genomics). FAM: carboxyfluorescein.

Name Supplier Sequence
Sub-FAM IDT 5'—- GTCACGAGTCACTATrAGGAAGATGGCGAAA /36-FAM/ -3'
17E IDT 5-TTTCGCCATCTTCTCCGAGCCGGTCGAAATAGTGACTCGTGAC-3'
NaH1 Eurofin 5'-TTTCGCCATAGGTCAAAGGTGGGTGGGAGTTT

TTACTCCCCATTAGTGACTCGTGAC -3’

Once the DNAzyme complex is prepared, 1 uL of 5 uM DNAzyme complex is diluted with

4 uL of the Reaction Buffer. For 17E, the optimal Reaction Buffer is 50 mM MOPS pH 7.5, 25
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mM NaCl For NaH1, the optimal Reaction Buffer is 50 mM MES pH 6, 25 mM LiCl. Then, 1 pL
of concentrated protein (i.e. 70 mg/mL BSA for final condition of 10 mg/mL BSA) is added to the
diluted DNAzyme complex mixture and incubated for 5 min before the addition of 1 pL. metal
stock solution. The metal stock solution was prepared in Milli-Q water. Upon the addition of the
metal stock solution, the reaction mixture is incubated for 10 min before it is quenched with 7 pulL
of quenching solution (8 M Urea and 1X loading dye. The quenched reaction mixture is then
loaded into 15% denaturing polyacrylamide gel (dPAGE) for electrophoretic separation to
examine the band. After 80 min at 200 V, the obtained gel is imaged on the BioRad ChemiDoc
MP Imaging System using the fluorescent channel for FAM dye. The gel image is then
quantitatively analyzed using the fluorescence intensities of each band.

During the optimization process, a few technical key points were determined for an
optimal procedure. For 17E and NaH1, the annealing pH was different than the reaction pH, to
maintain a low background signal. For example, 17E DNAzyme and the substrate strands were
annealed in pH 6 and then reacted with the cofactor metal in pH 7.5. For NaH1, the DNAzyme
and substrate strands were annealed in pH 7.5 and reacted in pH 6. This was due to the
observation of a slightly higher background upon annealing. Even though the annealing buffer is
prepared using Milli-Q grade water, any remaining sodium or calcium metal ions would have
cleaved the substrate strand more in its optimum pH. So, a slightly different pH was used during

the annealing process to keep the background low (
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Figure 4.1). This is likely because at its basic optimum pH, the single RNA cleavage site
can be hydrolyzed upon non-specific deprotonation of the 2°-OH over a long time. Because during
the annealing process, the components of the DNAzyme complex are heated to 95°C briefly, and
this can accelerate the non-specific cleavage. To prevent any background cleavage in the sample
preparation process, using a slightly different annealing buffer pH simply solved the problem. In
addition, when protein solutions were prepared, the stock solutions were desalted using MW cutoff
spin filters (slightly smaller than the protein MW) to clear any remaining Na* ions. The proteins

were washed with Li* containing buffers to maintain similar ionic strength.

A pH7.5 A pH6 A: Annealing buffer
R pH7.5 R pH7.5  R: Reaction buffer
- + -+

- - -
20% 77% 3% 78%

Figure 4.1. Comparison of annealing buffer pH to minimize background cleavage with the 17E. —
indicates no metal addition and + indicates 10 pM Pb?*.

Data analysis. Image Lab software (Bio-Rad Laboratories Inc.) was used to quantitate the
fluorescence intensities from the obtained gel micrograph. The software can be used to define each
lanes and select the area for each bands. “Band %” calculates the fractions of the cleaved band
intensity to the total intensity. Kinetic data were fitted to obtain the apparent rate constant, Kobs,

using the binding model shown in Equation 4.1.*° In this equation, %Py is the initial activity
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percentage of cleaved product at t=0 and %P.. is at the endpoint of the reaction. Concentration

dependence data were fitted to obtain the apparent dissociation constant, Kg, using Equation 4.2.%°

%Pt — %PO + %Poo(]- — e_(Kobs)t) Eqn 41
_ Kkmax[M]
kops = TP Eqn. 4.2

Fluorescence polarization assay. Fluorescence polarization assay was performed to examine the
changes in molecular weight upon the incubation of the FAM-labeled substrate strands with
proteins. The total volume of 100 pL was prepared using 1 pL of 5 uM FAM-labeled substrate or
the annealed DNAzyme complex and 3 pL of varying BSA concentrations to make the final
concentrations of 1.5, 7.5, 15 uM BSA. As a positive control, 3 pL of cetyl trimethylammonium
bromide (CTAB) was incubated with the DNA for 30 min and then diluted into the respective
buffer to make 15 uM final concentration. The anisotropy of the assay samples was measured in
the black 96-well plate. Any increase in molecular weight upon possible binding interaction
increases the anisotropy value calculated by Equation 4.3, where lparailel and lperpendicular mean the
intensities of the parallel and perpendicularly polarized light through the sample solution.*’8 17°,

r= Iparallel_ Iperpendicular Eqn 43

Iparallel+21perpendicular

Results and Discussion

Two DNAzymes to be studied
In this work, we studied two DNAzymes: 17E and NaH1 (Figure 4.2). They have the same

substrate sequence containing a single RNA linkage (the rAG junction) serving as the cleavage
site, although the enzyme strand of 17E is shorter. The 17E DNAzyme is active with most divalent

metal ions. For example, as extensively examined in Chapter 2, different metals like Mg?*, Mn?*,
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Zn?*, and Pb?* are all active with 17E at different rates. Thus, different metal concentrations are
required for each metal ion to reach saturation.

17E is frequently used in various application studies as a good representative divalent
metal-dependent DNAzyme. For example, the almost identical DNAzyme 8-17 and 17E have been
used for the detection of intracellular metal ions and imaging applications.®” & In addition,
researchers have designed 17E-based biosensors for the detection of nucleic acids (e.g. miRNA)
and proteins (e.g. thrombin).18%- 182 As such, 17E DNAzyme has a great potential for intracellular

detection.

A B

5’ -GTCACGAGTCACTATrAGGAAGATGGCGAAA
FETEEE e ot

5’ -GTCACGAGTCACTATrAGGAAGATGGCGAAA
FEETTTTTT \ [T

3’ -CAGTGCTCAGTGATA %FTTCTACCGCTTT 3’ -CAGTGCTCAGTGAT a TACCGCTTT
A T
A / La A GGT
17E G G/ Fa NaH1 o Cpa
CT G’ & G A
c C”""G T
C—g GGTGG
T—a
C—6
A_
- T
T
TTT

Figure 4.2. The secondary structures of the A) 17E and B) NaH1 DNAzymes. 17E is active with
many divalent metal ions and Mg?*, Mn?*, Zn?*, and Pb?* were used throughout this study. Na*
was used with the NaH1 DNAzyme.

In comparison, NaH1 is independent of divalent metal ions and it only requires Na* for
activity. Therefore, NaH1 can be a good representative monovalent metal-dependent
DNAzyme.*** NaH1 only has a few bases altered compared to the NaA43T DNAzyme, which also
requires Na*. They have different pH optimum. Instead of pH 7.5 of NaA43T, pH 6 was found to

be the optimal pH for NaH1. Detection of metal ions in pH 6, which is similar to the intracellular
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environment of cancerous cells, can provide useful analytical information. Therefore, NaH1 was

examined as the monovalent metal-dependent DNAzyme for this study.

The reaction of 17E and NaH1 with a few model proteins
For the preliminary study, four different proteins were chosen to be examined for their

interaction with the 17E DNAzyme. Albumin is the most commonly found protein in vertebrates
and their plasma (up to 40 mg/mL that makes up ~60% of the total plasma protein). 18 So, bovine
serum albumin (BSA) is often a model protein used in many studies. One of the biological
functions of the serum albumin is to transport and regulate metal ions, such as Zn2*.18% ¢2-
macroglobulin (aM) was chosen because globulin is the second most common protein in blood
serum.® It is also a representative glycoprotein, containing a carbohydrate chain. Hemoglobin is
a representative metalloprotein and is commonly known for its oxygen carriage.'® This protein
contains a heme group, which is centered around an iron metal ion.

As mentioned before, 17E requires different metal concentrations to reach the saturation
activity at a fixed incubation time and pH for different metal ions. Therefore, 10 mM Mg?*, 100
uM Mn?*, 100 uM Zn?*, and 10 uM Pb?* were chosen as the metal concentrations to test the effects
of the four model proteins on the DNAzyme activities because these concentrations ensures
activity saturation. The first three metal ions have been used for intracellular cleavage of this
DNAzyme, while Pb?* was used as a target for detection and was the most active metal.

Different metal ions and the chosen model proteins were incubated for 5 min before the
reaction with the DNAzyme for 10 min. To follow the DNAzyme cleavage reaction, the substrate
strand was labeled with a carboxyfluorescein (FAM) fluorophore, and the gel-based assay was

carried out. Figure 4.3C-F shows the result of the screening experiment. In the presence of
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proteins (such as BSA and aM), the cleavage yield decreased for most metal ions, except for Mg?*.
While aM has the strongest inhibition effect for Pb?* and Mn?*, its effect on Zn?* was the weakest.
Hb, on the other hand, inhibited Zn?* the most. This was likely a reflection of different metals with
different binding affinities to different proteins.

When the proteins were incubated with the Na* and NaH1 in a similar fashion, the two
proteins did not decrease activities as the transition metals did (Figure 4.3B). This was also
consistent with that Na* does not have a high affinity with proteins. Also, since Na" was added at
a much higher concentration (100 mM), the concentration of the proteins was relatively much

lower, this can also explain the insignificant inhibition.
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Figure 4.3. A) General scheme of the DNAzyme reaction with metal ions and the proposed scheme
of how protein may affect the reaction. B) The effect of increasing amounts of different proteins
on the DNAzyme NaH1 and 100mM Na*, C) 17E with 10 mM Mg?*, D) 17E with 100 pM Mn?*,
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E) 17E with 10 uM Pb?*, and F) 17E with 100 uM Zn?*. Blue circle: Hemoglobin (Hb); Red square:
Bovine serum albumin (BSA); Green triangle: alpha-2-macroglobulin (aM).

Based on these observations, it was hypothesized that the metal ions could be binding to
certain proteins, decreasing the effective free metal, and thus decreasing the DNAzyme activity
(Figure 4.3A). We also questioned whether the DNAzyme and the protein had any non-specific
interactions that could inhibit the DNAzyme activity. In the following sections, more detailed

study results will be discussed to address this hypothesis.

Probing non-specific interaction of the model proteins to the tested DNAzymes
To assay the potential binding between the proteins and DNAzymes, we used a

fluorescence polarization assay. Fluorescence polarization is a method to observe a change in the
molecular weight of fluorophore-labeled molecules.!”® Upon binding of the FAM-labeled DNA
with another molecule, the overall molecular weight is increased and hence the polarization
anisotropy value is expected to increase due to the slower free rotation in solution.

To assay the binding interaction, 1 uL. DNA was incubated with 3 uL CTAB as a positive
control or 3 pL BSA as the test samples for 30 min before dilution into the respective buffer to
make 100 pL volume for plate reader measurement. The denoted concentrations are the final
concentrations.

We first tested the free FAM-labeled substrate without an enzyme strand. The substrate
alone had an anisotropy value of 17 (Figure 4.4). As a positive control, the final concentration of
15 uM CTAB increased the anisotropy value up to 40 after 30 min incubation. In the presence of

1.5 uM, 7.5 uM, and 15 uM BSA, the anisotropy also increased. However, the annealed 17E

75



complex was observed to be more stable in the presence of increasing BSA, while the NaH1
complex showed increased binding with the increasing BSA.

Based on the preliminary data, 17E activity with various metal ions decrease in the
presence of BSA. Since the anisotropy data shows that 17E does not bind very well with the BSA,
it can be hypothesized that the decreasing activity may be due to the metal-protein binding
interaction. However, for the NaH1 complex, the anisotropy trend is the opposite. There are a few
different possible explanations for this observation. The NaH1 sequence is longer than the 17E by
20 nt. The larger molecule may be providing more binding sites for the BSA to interact with.
Therefore, it does not eliminate the possibility of the protein-DNA binding that can affect the

activity, but this may depend on the size of the DNAzyme.

250 I Substrate Only
) Bl 17E Complex

200+ B NaH1 Complex

>

o
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Figure 4.4. Fluorescence polarization anisotropy values of FAM-labeled substrate and the
DNAzymes in the presence of BSA. The negative control is only the FAM-labeled substrate or the
DNAzyme complex.
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The metal-binding affinity of proteins correlates with DNAzyme inhibition.
If there is no significant binding interaction between the 17E DNAzyme complex and the

protein, it can be hypothesized that the DNAzyme activity inhibition is caused by the metal-protein
binding interaction. If metal ions and protein bind, the effective concentration of the free metal ion
for DNAzyme reaction decreases. To quantitate the effect of the presence of protein on the
DNAzyme activity, increasing concentration of metal ions with the DNAzymes NaH1 and 17E
were examined in the presence of a fixed BSA concentration of 10 mg/mL or 150 uM BSA (Figure
4.5). The metal ions-to-DNAzyme apparent dissociation constants (Kq) were determined according
to Equation 4.2 and are presented in Figure 4.5F. 5 min pre-incubation with metal ions and the
protein was followed by a 10 min DNAzyme reaction. Although each metal ion has a different
rate, saturation was reached at a high metal concentration. So, even though different metal
concentration ranges were used for different metals, the activity saturation curve could be fitted

into the equation.
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A) NaH1 + Na* B) 17E + Mg?*
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Figure 4.5. A — E) Comparison of DNAzyme activities in the presence of 10 mg/mL BSA (or 150
UM BSA) with different metal ions. Blue circle: no BSA; Red square: with BSA. F) Table of K4
with the respective metals and the DNAzyme. The inhibition ratio (Kq_ssa/Kad) is also tabulated.

As interpreted from Figure 4.5, different metal Kq can be used to obtain the ratio of the
decreased activity in the presence of the BSA protein. This ratio was compared to the association

constants of the metal ion-to-BSA (Ka) from the literature, presented in Table 4.2. In general, a
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positive correlation was observed. It is interesting to note that BSA has the highest affinity for
Zn?*, and Zn?* was indeed most inhibited by BSA. Since one of the primary functions of BSA in
biological systems is to transport Zn?* ions, the high K, of Zn?* ion to the protein is understandable.
On the other hand, Mg?* barely binds to the BSA protein and it can be illustrated by the low K.
Based on our results, to supply extra metal ions, Mn?* might be a better choice than Zn?* in serum.

For the intracellular environment, the protein content is different and this needs to be further

assayed.

Table 4.2. Literature reported values for metal ion — BSA association constants Ka.

Metal - BSA

Metal Association Constants (Ka) References
Mg2+ 100 M-l 187
Mn?2* 6.3x 103 M? 188
Pb2* 7.5x10* M1 189
Zn? 2.2x10° M1 190

Based on our hypothesis, our observations of activity decrease were correlated to the
literature values of the metal-BSA interaction (Figure 4.6) with the 17E. As the metal-BSA
affinity increases, the higher inhibition occurs in the DNAzyme activity assays. So, the presence
of metal-binding proteins and their degree of affinities can affect the detection sensitivities when

using the DNAzyme biosensors in the intracellular environment.
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Figure 4.6. Correlation of the inhibition ratios and the reported Ka. As the affinities of the metal-
BSA increase, the DNAzyme activity inhibition increases.

Summary
Ranging from metal and nucleic acid sensing to therapeutic agents for anti-virus or anti-

cancer treatments, DNAzymes have a great potential for many intracellular applications.
Discussions of some RNA-cleaving DNAzymes which only work in the presence of high Mg?*
concentration triggered further research into the use of externally added metal ions via
nanoparticles or even metal-independent DNAzymes. As one of the efforts to overcome this
challenge, the divalent metal-dependent DNAzymes (i.e. 17E) and the Na*-dependent DNAzymes
(NaA43 or NaH1) have been suggested as a general-purpose DNAzyme for intracellular detection.
In combination with the externally added metal ions, these DNAzymes can provide the benefit of
high sensitivities for the target metal ions and the ability to use the high concentration of Mg?*

already present within the cells.
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To further understand the parameters that affect the effectiveness of these DNAzymes in
more complex samples, a fundamental understanding of the DNAzyme behavior was necessary.
Since the cellular environments are crowded with proteins, externally added metal ions may
interact with the surrounding proteins. In our preliminary screening, different metal ions and
different proteins interacted differently. As a model protein, BSA was examined with different
metal ions. It was observed that there was an increased degree of inhibition in DNAzyme activities
as the binding affinity of the metal ion and the protein increases. The different binding behaviours
observed for 17E and NaH1 when incubated with the BSA also hint that DNA-protein binding
may be present depending on the size or the sequence of the DNAzymes. This knowledge should

provide insights for future DNAzyme designs for intracellular applications.
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Chapter 5 Conclusions and Future Work
In vitro selected DNAzymes offer a wide range of potential for biosensor development.

Especially, the 17E DNAzyme cleaves RNA in the presence of divalent metal ions and is a great
model DNAzyme that can be studied to examine the mechanistic functions of those active divalent
metal ions. Such mechanisms not only include the fundamental metal-DNAzyme interaction, but
also how the DNAzymes behave in more complex samples, such as the intracellular environment.
Throughout the studies discussed in this thesis, the model DNAzyme 17E was examined
extensively to deepen our understanding.

By systematically screening the many metal ions from the periodic table, it was observed
that only the divalent metal ions were active. Out of those divalent metal ions, the transition metals
showed a generally high substrate cleavage activity in a similar metal concentration range. Pb?*
showed exceptionally high activity, which explains why Pb?* has been the focus of the studies and
applications involving 17E DNAzymes. From the transition metals, Ni?* was identified as an
outlier, which was also reported before. Some of those previous studies have cited a correlation
with the low pK, of the metal-bound water, but others have also argued that the stronger acids are
less likely to deprotonate the 2'-OH for the nucleophilic attack of the phosphate group for cleavage
reaction. Based on the screening of the metal ions from the d-block elements, the cleavage activity
appeared to be correlated to the thiophilicity of the metals, which may indicate that metal ions act
as a Lewis acid. To probe the idea, the hypothesis of metal ions interaction via inner-sphere
coordination mechanism was examined via phosphorothioate substitution and phosphate
competition studies. Substitution of the non-bridging oxygen with sulfur indicated that the metal
ions interacted with the pro-Rp oxygen. Comparison with the thiophilicity showed a general trend

that the more thiophilic metal ions did not affect the cleavage rate with the substituted
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stereoisomers, but Ni** was still an outlier. However, literature reported water ligand exchange
rates of the transition metals showed a linear correlation. This observation also further added
support for the hypothesis of metal ions acting as a Lewis acid. Inhibition assays in phosphate
buffer indirectly probed this idea further by quantifying the inhibition by the phosphate, which
also correlated with the cleavage rate constants. Overall, the mechanism of action by the transition
metals and the Pb?" appears to be different: as a Lewis acids by the transition metals by
coordinating to the non-bridging phosphate to stabilize the leaving group oxygen, and as a general
acid by the lead hydrates while the guanine act as the general base for deprotonation.

Although the physical properties cannot be completely isolated to be studied for each metal
ion, the thio effect was direct probed via the phosphorothioate substitution studies and the Lewis
acid behaviour was indirectly probed via the phosphate inhibition studies. The observed results
should benefit future applications using the 17E as a general divalent metal ion sensor by providing
some important insights regarding the mechanism of interactions. Further modeling or
crystallography studies of other metal ions with the 17E will provide more definitive answers to
the question.

Out of those transition metal ions examined, the unexpected finding of high activity with
Fe?* lead to a closer examination of the metal. Previous studies have reported that Fe?* could
replace the Mg?* in the binding sites in ribozymes. So, it was hypothesized that DNAzymes could
be behaving similarly. Indeed, the Fe?* and Mg?* were found to be exchangeable amongst the six
DNAzymes screened. The three DNAzymes that were active with Mg?* were also active with the
Fe2*, while those that were not active with Mg?* was also not active with Fe?*. It was also found
that the presence of air and pH affects the cleavage activity because those factors would affect the

oxidation state of the iron. Fe3* exhibited no activity while Fe?* in a reducing environment showed
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high cleavage activity. Working in an N2 environment was important to maintain the oxidation
state throughout the reaction. Using reducing agents, such as ascorbate, in the reaction buffer
allowed a similar observation without using enclosed equipment for atmosphere control. The
observed similarity between the ribozymes and the DNAzymes with Fe?* can provide some
insights into the DNAzyme catalysis in the anoxic atmosphere of early earth, as well as provide
information for the detection of the most abundant metal ion in biological systems.

Recently, using DNAzymes as an intracellular biosensor or therapeutic agent has been a
popular direction of research. The requirement of high metal cofactor concentration has been one
of the main challenges and one of the strategies has been using nanomaterial that dissolves into
ions upon a trigger to initiate the cleavage activity. To understand the DNAzyme interaction with
potentially interfering species in complex samples for intracellular biosensing applications,
binding with the model protein BSA has been examined carefully. Based on the observed results,
it appears that the 17E DNAzyme did not bind with the BSA but the externally added metal ions
could be binding with the present proteins, which can lower the effective metal concentration and
thus the overall cleavage activity. Also, the larger-sized DNAzyme NaH1 appeared to bind with
the BSA, but the overall DNAzyme activity was not affected much. This finding should help with
the designing of the intracellular biosensors using DNAzymes. The remaining work should
examine if similar behaviour is observed when using the fluorescent or other nanomaterial-based

biosensors within the cells.
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