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Abstract

DNA-templated reactions have been utilized in many applications from the detection of a
nucleic acid target to applications in nanotechnology. This thesis explores developing
bioanalytical strategies based on DNA-templated ligation reactions for sensitive, rapid single
nucleotide polymorphism (SNP) detection, specifically single-basepair mismatches and
methylated sites. Finding a good assay that can discriminate single-base differences in a
biomarker sequence is important for point-of-care diagnostics aimed at the early detection of
cancer. Chemical ligation strategies have some advantages in point-of-care diagnostics compared
to enzymatic ligation as they are less expensive and do not require freezer for storage. Thus, we
investigated the DNA-templated Cu(I) catalyzed azide-alkyne cycloaddition (CuAAC) using 5°-
azide ODN and 3’-O-propargyl ODN. Under our newly optimized conditions, the reaction is as
rapid as enzymatic ligation using the highest commercially available concentration of T4 DNA
ligase with ks value of 1.1 min’'. The DNA-templated CuAAC reaction is also more selective to
single nucleotide mismatches compared to the enzymatic ligation at a temperature that affords
the best discrimination of T4 DNA ligase: a temperature below the thermal dissociation
temperature, or melting temperature (Ty,), of the matched nicked duplex and above that of the

mismatched nicked duplexes.

Our next aim involved improving the selectivity of T4 DNA ligase for single basepair
mismatches as it is the most commonly used ligase in molecular biology and bioanalytical labs
despite its low selectivity for single basepair mismatches at the site of ligation. We decided to
explore the selectivity of T4 DNA ligase over a temperature range that extended far above the
dissociation temperature of the nicked duplex of the perfectly matched template. Surprisingly,

with the use of low concentration of T4 DNA ligase, the assay can be quite selective resulting in



100% ligation of the matched target and <2% ligation of the mismatched target when the
temperature is 6-12 degrees higher than the Ty,. This temperature range of high selectivity can be
increased to 12-18 degrees higher than the Ty, if a high concentration of enzyme is used. Finally,
the assay can also work at around the Ty, of the nicked duplex when we introduce an abasic

group to the 5’-phosphate terminus of one of the ligating probes.

Finally, T will discuss our efforts to detect methylated nucleobases as the ability to
sequence such methylated groups on the KRAS gene can help in the early detection of cancer.
The KRAS gene is a key controller for the expression of an epidermal growth factor receptor that
is overly expressed in many types of cancer. We are able to amplify a target 18-mer sequence
from the KRAS gene that contains an O°-methylated G at the codon 12 and 13 position using the
isothermal amplification method that was developed in our group (lesion-induced DNA
amplification, LIDA). The amplification of the methylated template resulted in a net
amplification factor of 650 in a comparison of LIDA reactions initiated with 1.4 nM methylated

target and 1.4 nM non-methylated target.
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Chapter One

General Introduction



1.1 Nucleic Acids-Templated Reactions: Overview and Motivation

Nucleic acid-templated reactions have been utilized to detect the presence of nucleic acid

10-11 1) this thesis we will focus on

targets,'® drug release,” and can be applied in nanotechnology.
one category of such templated reactions, DNA-templated ligations. In these reactions, the DNA
template brings two complementary DNA pieces (probes) into close proximity and the groups on
the 3 and 5’ position can ligate together enzymatically, with the help of enzymes such as T4
DNA ligase to form a phosphodiester bond, or chemically, where the groups on the 3” and 5’
termini typically contain an unnatural modification that can undergo a chemical reaction to form

12-1
a covalent bond.> 1*18

One interesting example of nucleic acid-templated ligations involves the development of
self-replicating systems. The motivations for such a self-replicating system are that it could be
applied in point-of-care-diagnostics as a simple means of nucleic acid amplification and
detection as well as in nanotechnology. Indeed, DNA self-replication based on templated
chemical ligation reactions has been explored in two strategies: by auto—catalysis19 and cross-
catalysis.”’ In autocatalytic replication the product sequence from the DNA-templated ligation is
identical to the template sequence, so a palindromic sequence is required. In cross-catalysis the
product sequence of the first templated cycle is the template for the second cycle. Similarly, the
product of the second ligation cycle is the template for the first cycle. Because of the intrinsic
feedback between these two cycles, exponential amplification of the original DNA template
sequence is possible. Consequently, cross-catalysis is a more general way to amplify nucleic acid
sequences as it does not require a palindromic sequence like auto-catalysis and is therefore of
greater interest for biodiagnostics. The ideal cross-catalysis reaction should produce sigmoidal

amplification of both the original target and the complementary sequence; specifically the system



initiated by sub-stoichiometric amounts of the template replicates exponentially until it begins to
level off as the limiting reagent probe is consumed (Figure 1.1). However, such sigmoidal

reaction progress is often not observed as we will see in the coming example.

Initiated by 14 nM target (1 mol%)
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Figure 1.1 The sigmoidal graph of an ideal cross-catalysis reaction initiated with sub-
stoichiometric amount of target. Self-replication of the target proceeds exponentially at first until
the limiting probe is consumed and the production of target levels off.

1.1.1 Isothermal DNA Self-Replication

1.1.1.1 Non-enzymatic DNA Self-Replication

The earliest example of DNA self-replication by cross-catalysis using chemical ligation
was presented by von Kiedrowski and co-workers.”’ They used a hexamer DNA as the target to
self-replicate (Scheme 1.1A). To a small amount of this target they added four pieces of DNA:
two pieces complementary to the target and two that were identical in sequence to different
halves of the target. Each of these pieces was terminated with either a 5’-amine or a 3’-phosphate
so that in the presence of I-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) a

phosphoramidate linkage would form (Scheme 1.1B). In order for the system to self-replicate,



the template needed to dissociate spontaneously from the product in each cycle. In Scheme 1.1C,
the formation of different products versus time is shown in a reaction initiated with a sub-
stoichiometric amount of BpB template, which should lead to greater formation of both its
complement ApA and itself. However, the greatest amount of product was the ApA indicating
that the product duplex did not readily dissociate to allow the ApA to initiate the formation of
more BpB. The inability of the product to dissociate to initiate the second cycle is referred to as
product inhibition. This is the fundamental problem in nucleic acid self-replicating systems that
researchers have been trying to solve.”’ Another problem with this self-replicating system is
illustrated by the amount of mixed products formed in the reaction (ApB and BpA) as these
occurred from non-templated processes, which could then self-replicate. In this system, the high
background (non-templated reactions) was likely due to the use of high concentrations of

reactants, which were in the mM concentration range.
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Scheme 1.1 Self-replication of DNA hexamers by templated ligation of 3'-phosphorothioate and
5'-amine probes. A) Cross-catalysis scheme for the template and the four trimer probes. B)
Phosphoramidate linkage formation between 5’-amine and 3’-phosphate in the presence of EDC.
C) The formation of different products versus time is shown in a reaction initiated with a sub-
stoichiometric amount of BpB template in the presence of the four trimer probes. Image A
regenerated with permission from ref. 21, Copyright © 2008, John Wiley and Sons. Image B
repdrawn with permission from ref. 21, Copyright © 2008, John Wiley and Sons. Image C
regenerated with permission from ref. 20, Copyright © 1994, Springer Nature.

1.1.1.2 Enzymatic DNA Self-Replication

One way to overcome the product inhibition issue in cross-catalytic replication was
reported by our group with the introduction of an abasic lesion in one of the probes in an
enzymatic ligation chain reaction called lesion induced DNA amplification (LIDA).*** The key
idea in LIDA is to incorporate a destabilizing abasic lesion (which is a nucleotide with a
hydrogen in the 1’ position of the deoxyribose ring instead of the nucleobase) into one of four
DNA pieces or probes that undergo cross-catalytic self-replication. As a result of this
destabilizing group, product inhibition that usually prevents turnover in cross-catalysis can be
avoided. Using this approach our group demonstrated that an 18 base DNA sequence can be

amplified exponentially (sigmoidally) with no need for temperature cycling (Scheme 1.2). As

5



LIDA proceeds isothermally at,** or near room temperature,*

it has promise in point-of-care
diagnostics as a method to amplify nucleic acid biomarker sequences without heating. One of the
limitations for our system, however, is a non-templated background reaction that occurs in the

absence of any target by a pseudo-blunt end ligation of the probe strands. This slow non-

templated reaction makes the target template, which can then self-replicate rapidly.
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Scheme 1.2 Left: an illustrative scheme of lesion induced DNA amplification. Right: Sigmoidal
amplification of a templated and non-templated cross-catalysis initiated with 14 nM and 0 M
target, respectively.

The ultimate goal motivating the work in this thesis was to generate a version of LIDA
that utilized chemical rather than enzymatic ligation. We were motivated by problems associated
with employing enzymes in point-of-care diagnostics. Specifically using an enzyme has
disadvantages such as its high cost and the need for storage in a -20 °C freezer. As such,
replacing the enzymatic ligation by a chemical ligation reaction would be advantageous for the

application of LIDA in point-of-care diagnostics.

1.2 Isothermal Turnover in Single Cycle Nucleic Acid-Templated Chemical Ligations

Although, we were the first to use a destabilizing group in an isothermal ligation chain

reaction, previous work had explored generating turnover in single nucleic acid-templated



ligation cycles using destabilizing groups.®® Just as in cross-catalysis, such turnover requires the
spontaneous dissociation of the product duplex and thus results in many copies of the product
from sub-stoichiometric amounts of the initial target template. Prior to our work, Kool’s group
utilized a destabilizing group to generate turnover isothermally in DNA-templated reactions
using a flexible linker as a destabilizing group, albeit not in a cross-catalytic platforrn.25 They
incorporated this destabilizing approach into the ligation method that was developed in their lab
called the quenched auto ligation (QUAL) procedure.” QUAL is a chemical ligation system with
one of the probes terminated by a 3’-phosphorothioate and the other with a 5’-dabsylate adjacent
to a fluorescein modification on the probe sequence. The dabsylate quenches the fluorescence of
the fluorescein; however upon the templated ligation between the phosphorthioate and the alkyl
dabsylate, the dabsylate anion leaves and the fluorescence appears. In the destabilizing version of
QUAL, the presence of a flexible alkyl linker was added between the dabsylate and the probe
sequence (with n = 0 or 1) which helped in the spontaneous dissociation of the product duplex.
The butyl flexible linker led to 92 turnovers in 24 hours when the template was 0.01 mol% with
respect to the probes (Scheme 1.3). The turnover number is determined from the amount of the
complementary product formed divided by the amount of the initial target. Using this approach,
the authors also detected mRNA in vivo suggesting that destabilization was a useful strategy for
signal amplification.”® Yet, this approach was not extended to generating a self-replicating
system. However, very recently Kool and co-workers reported a cross-catalytic system using
destabilizing QUAL for one cycle and a chain transfer reaction for the other cycle.?® This greatly
enhanced the signal amplification although it did not yield exponential replication of any target

or complement.
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Scheme 1.3 Quenched auto ligation of phosphorothioate and alkyl dabsylate probes. A) The
amplification scheme using QUAL. B) The structure of the ligating probes. Image A regenerated
with permission from ref. 25. Image B modified from the same ref. Copyright © 2004, American
Chemical Society.

Lynn and co-workers also reported one of the earliest examples of DNA-templated
chemical ligation that led to isothermal turnover based on the reductive amination of 5’-amine
DNA probe and 3’-aldehyde DNA probe.””? The ligation reaction produced an imine product,
which was then reduced to an amine by NaBH3CN (Scheme 1.4). The alkylamine linkage in the
amine product had greater flexibility which resulted in substantial decrease in stability 10° fold
less compared to the imine product, allowing for spontaneous dissociation isothermally. The
authors achieved 13 turnovers per min with a total of 50 turnovers upon using 0.01 mol
equivalents of the template at 25 °C.** When comparing to similar equivalents of initial template,
it is the highest rate of turnover in an isothermal DNA-templated chemical ligation system to

13,25, 30
date. >
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Scheme 1.4 DNA-templated reductive amination of 3'-aldehyde and 5'-amine DNA probes.
Image regenerated with permission from ref. 21, Copyright © 2008, John Wiley and Sons.

The von Kiedrowski group, which was the first to explore DNA self-replication non-
enzymatically, has also reported a rapid DNA-templated reaction based on disulfide bond
formation between two 9-mer thiol DNA probes."> One of the thiols on the 3’ or 5’ end was
activated using 5,5'-dithiobis-(2-nitrobenzoic acid) (Ellman's reagent) coupled to a dabcyl group
as a quencher. This modification allowed the reaction to be monitored with fluorescence
resonance energy transfer (FRET) as the quencher will leave upon ligation and a fluorescence
signal can be detected (Scheme 1.5). The templated reaction (1 equivalent) with the activation on
the 5’-thiol DNA probe was very rapid, completing in 5 min with no ligation product for the non-
templated reaction at 25 °C and 35 °C."* The authors achieved 6 turnovers in 100 min upon using

0.01 equivalent template which is better than 9 turnovers and 10 turnovers in 24 h achieved by



Kool’s*® and Seitz’s* group respectively with using 0.01 equivalent. However, it is not as good

as Lynn’s®® system which yielded 13 turnovers per min.
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Scheme 1.5 DNA-templated disulfide bond formation. A) The reaction scheme of the disulfide
bond formation. B) The chemical structures of the reactants and product. Image A regenerated
with permission from ref. 13, Image B modified from the same ref. Copyright © 2014, John
Wiley and Sons.

1.3 Reaction Rates and Selectivity in Chemical Ligations Based on Modified DNA

1.3.1 Examples of Rapid Chemical Ligation Methods

We have seen in the previous section some examples where researchers generated
turnover isothermally. To achieve a higher turnover frequency, the ideal DNA-templated ligation

reaction is rapid. In this section we will review the literature for some examples of rapid DNA-
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templated chemical ligation. One of the fastest DNA-templated chemical ligation reactions is an
inverse electron-demand Diels-Alder cycloaddition between tetrazine as a diene and strained
dienophiles such as cyclooctyne and trans-cyclooctene. This reaction represents a good candidate
for biorthogonal applications owing to its selectivity and functional group tolerance.*'** Using
this strategy, Devaraj and co-workers have shown a rapid DNA-templated fluorogenic ligation
between a 13-mer 5’-tetrazine DNA probe with a fluorescein and a 13-mer 3’-cyclopropene
DNA probe."” Tetrazine, besides acting as a diene for this reaction, is also a quencher; therefore,
the fluorescence signal will turn on upon the ligation with the cyclopropene as the diazole
product is not a quencher. As such this ligation allows for easy monitoring of the product by
fluorescence detection (Scheme 1.6). The reaction was so rapid in the presence of a template
with one or two extra nucleotides (nt) across from the ligation site, yielding 100% ligation

product in less than a minute. The reaction was also fast with a 27-mer RNA template.
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Scheme 1.6 DNA-templated fluorogenic ligation of tetrazine and cyclopropene. Image
regenerated with permission from ref. 15, Copyright © 2013, Oxford University Press.

Another example of a rapid DNA-templated ligation is a DNA-templated Diels-Alder
reaction that was reported by Brown’s group.*® Here, the authors prepared two different Diels-
Alder probes, one with 5’-maleimide and the other with 3’-furan modifications (Type I) the other

with 5’-furan and 3’-maleimide modifications (Type II). The two types were monitored
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separately for the DNA-templated Diels-Alder ligation. In the presence of a complementary
template, and type I Diels-Alder probes a ligation occurred between the two reacting groups
(Scheme 1.7). The reaction was rapid with almost 100% conversion in 1 min and a much slower
non-templated reaction. The DNA-templated type II Diels-Alder probes was as rapid as type I
Diels-Alder probes despite the difference in the linkage orientation between the two products.
The reaction was also efficient in ligating three DNA probes with ligation points of furan and

maleimide simultaneously in the presence of a complementary template.

Template

I 1 1 1 1 1 |
a1 1 1 Jo L 1 1 | lg

Maleimide probe | | Furan probe
o

Scheme 1.7 DNA-templated Diels-Alder reaction of furan and maleimide DNA probes. The
scheme was modified from ref. 36

Another example of a rapid chemical DNA ligation developed by the Brown lab is a
Cu(I) catalyzed azide-alkyne cycloaddition pioneered by the Sharpless®’ and Meldal®® groups.
The reaction requires an azide group and an alkyne group that can undergo a cycloaddition
reaction in the presence of Cu(I) catalyst to produce a triazole product. This reaction has been

used widely for different applications such as templated synthesis,” nanotechnology,*® self-

12



assembly of polymers,*' attaching DNA to surfaces,’” etc. The Brown group showed the
y poly g g

-4 oene synthesis,” and in E. coli.'* An early

compatibility of the triazole linkage with PCR,
report by the Brown group showed the first example of synthesis of a triazole linkage coupled
with PCR amplification.* In this first report, the authors designed the linkage from an ODN with
a 3'-azidothymidine (AZT) unit and a 5'-propargylamido on a T terminated ODN to form a
triazole methylene amide linkage which acted as a PCR template (Scheme 1.8). However, the T-
triazole methylene amide-T linkage read through by polymerase formed only a single T in the
amplicon indicating that the other base beside the linkage was not copied.” In a later report by
the group they attributed that to the rigidity of the amide bond on the linkage which does not
allow the T to hybridize with the forming strand by the polymerase.** Thus, they designed a new
triazole linkage more similar in size to a phosphodiester linkage from a 5’-azide nucleotide and a
3’-O-propargyl probe.** The PCR template (300 base pairs) with the triazole linkage (T-triazole-
T) was read through by the DNA polymerase and in two steps of PCR forms (T-phosphodiester
bond-T), indicating that DNA polymerase was able to read through the two bases on either side
of the linkage. Moreover, such a template functioned well in E. coli.** Another report by the

same group showed the biocompatibility of an assembled plasmid that had two triazole linkages

. .14
in E. coli.
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Scheme 1.8 DNA-templated CuAAC DNA ligation between 3’-azidothymidine and 5'-
propargylamido DNA probes. Modified from ref. 43
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Another example of a rapid DNA-templated chemical ligation is Cu-free alkyne-azide
cycloaddition or strain-promoted alkyne-azide cycloaddition (SPAAC) also reported by the
Brown group.*® The SPAAC reaction was developed by the Bertozzi lab for in vivo imaging.*” In
this reaction, the alkyne is internal rather than terminal and located in a large ring, like
dibenzocyclooctyne (DIBO) (Scheme 1.9). This ring is a strained molecule that releases its strain
by undergoing cycloaddition with an azide. The authors synthesized two 3’-cyclooctyne DNA
probes, one was non-substituted cyclooctyne (NSCO) and the other one was dibenzocyclooctyne
(DIBO), and a 5’-azide-fluorescein DNA probe. The templated reaction was faster with the
DIBO (as it is more strained compared to NSCO compound) yielding 100% ligation product in 1

min at room temperature.
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Scheme 1.9 A) DNA-templated SPAAC DNA ligation between 5° azide-fluorescein and 3’-
cyclooctyne-based probes. Chemical structures of the ligation product from the 3’probes
containing: (B) NSCO and (C) DIBO. Modified from ref. 46

Having a rapid DNA-templated chemical ligation could also be helpful in achieving
turnover by temperature cycling, the reason for that is, it will reduce the amount of time required
at the ligation temperature in each cycle. This approach was utilized by Ito and co-workers based
on the chemical ligation between a 3’-phosphorothioate and a 5’-amide-linked methyl iodide
(Scheme 1.10).** In the presence of the template and the complementary 8-mer 5’-iodide

terminated DNA probe, and 7-mer 3’-phosphorothioate DNA probe, the reaction resulted in 20%
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ligation after 15 seconds while a 6-mer phosphorothioate yielded 24 % after the same amount of
time. After 60 seconds, the reaction levelled off at 40% conversion. Using this method, the
authors cycled the temperature from a low temperature (25 °C) to allow for ligation to a higher

temperature of 60 °C to initiate the dissociation of the product. This led to 60 turnovers in around

2 hours.
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Scheme 1.10 A) General temperature cycling scheme for the templated ligation reaction of
iodoacetyl probe and phosphorothioate B) The templated reaction between the iodoacetyl probe
and phosphorothioate probe. Modified from ref. 48

1.3.2 Selectivity in DNA-Based Templated Chemical Ligations

DNA-templated reactions are often utilized to identify single nucleotide polymorphisms

(SNP) like basepair mismatches, gaps, and deletions. In enzymatic systems, the motivation to use
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ligation as a means to detect such SNPs arises from the enhanced selectivity of most ligase
enzymes compared with polymerase.**° Chemical ligation methods have also been successful at
identifying SNPs based on the sensitivity of the ligation reaction to the presence of a mismatch.”'
To aid in the comparison of the following examples, I calculated the selectivity factors if it was
not reported, based on the ratio of the % yield of the matched template to the mismatched

template at a specific time.

Zhang and co-workers recently reported the use of DNA-templated CuAAC in SNP
detection based on capillary gel electrophoresis using a 3’-azide probe (across from the
mismatch) and 5’-alkyne probe.’* The selectivity factors were determined by me from the ratio
of the product peak areas for the matched and mismatched templates after 30 minutes at 30 °C.
For the C:A and C:T mismatches, which were three bases from the ligation site of the azide
probe, the selectivity factors were 4 and 6, respectively, which we will see in Chapter 2 are in
line with our observations for the 5’-azide and 3’-propargyl system developed by Brown. The
authors fixed the ratio of the 3’-azide probe (the mutated probe) to 1 while increasing the ratio of
the 5’-alkyne probe, they found with a ratio of 1:10 (3’-azide probe: 5’-alkyne probe), they
achieved the greatest selectivity between the perfect matched and mismatched. They attributed
that to the azide probe, because the alkyne probe will be equally hybridized with the two
templates but the azide probe will not be as well hybridized to the mismatched template

compared to the matched template at 30 °C.

Another report of selectivity of DNA-templated CuAAC was reported by Peng and co-
workers in a fluorogenic assay.”’ A DNA-templated ligation between a 12-mer 5’-azide DNA

probe and a 12-mer 3’-coumarin alkyne DNA probe resulted in a fluorogenic CuAAC ligation
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assay. The system was selective to mismatches with 80% conversion for the perfect match (C:G)

and 5% for the single mismatch (C:A) at 45 °C, resulting in a selectivity factor of 16.

In the Deveraj’s system of tetrazine-cyclopropene ligation described above, the
selectivity for SNPs was assessed.”” A 27-mer DNA-template with a 13-mer 5’-tetrazine probe
and a 13-mer 3’-cyclopropene probe yielded 100% ligation product in ~ 3 min with the perfect
matched template while no ligation product was detected in the presence of a single mismatch on
the third position from the ligation site of the cyclopropene probe. This reaction has the greatest
selectivity among the reaction discussed in this chapter. They have found that the selectivity is
highly dependent on the cyclopropene probe length; the reaction with 7-mer 3’-cyclopropene
probe had less selectivity compared to the use of 13-mer 3’-cyclopropene probe. To test the
versatility of the reaction, the authors performed a SNP reaction with a 27-mer RNA template,

and it was as selective as the 27-mer DNA template.

Finally, the SNP selectivity was assessed in the quenched auto ligation (QUAL)
procedure developed by Kool and co-workers using a 3’-phosphorothioate probe and a 5’-alkyl
dabsylate probe adjacent to a fluorescein modification.” In the presence of a single mismatch
(C:A) on the template, the ligation rate was slower by 9 and 12.3 fold upon using propyl
dabsylate probe and butyl dabsylate probe respectively indicating its selectivity to mismatches. I
calculated the selectivity factors based on the relative fluorescence intensity of the matched

template to the mismatched template to be 40 after 2 h.
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1.4 Reaction Rates and Selectivity in Chemical Ligations Based on Peptide Nucleic Acid
(PNA) Probes
1.4.1 Examples of Rapid PNA-Based Chemical Ligation Systems

Peptide-nucleic acids (PNA) are DNA analogs in a non-ionic form.'” They consist of
aminoethylglycine monomers that are connected to the nucleobases via carboxymethylene
linkages.'” Seitz and co-workers are the pioneers in native chemical ligation (NCL) of PNA."*"
3334 The C-terminus of the ligation site is modified with a glycine thioester and a cysteine

residue is located at the N-terminus; in the presence of a DNA template, native chemical ligation

occurs between these two PNA probes (Scheme 1.11).

| | DNA Template
3 5
B B
K(C) o K(O o]
PNA 1 g\”,\/m\)LNH HN/\/N\)S, PNA 2
kH/SR HSj/KO
O hHn
Transthioesterification l
B I | | DNA Template
! ]
B B
O
Soy~_N S ~_N
N N N
H H/I H ¢
L NH, ]
S — N acyl shift l
DNA Template

| \
: :
B 5
Kfo & 5 |\ro i
H H o) H
NHz
Ligated PNA

Scheme 1.11 Native chemical PNA ligation. Image regenerated with permission from ref. 17
Copyright © 2014, John Wiley and Sons.
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To achieve isothermal turnover in a nucleic acid-templated ligation, Seitz and co-workers
used destabilization in their PNA (peptide-nucleic acid) native chemical ligation system.’” In this
system, one of their probes was terminated with an iso-cysteine amino acid and the other one by
a glycine thioester. The thiol on the iso-cysteine attacked the carbonyl of the thioester glycine to
form a thioester bond with thioate as a leaving group (Scheme 1.12). This intermediate
rearranged to the amide introducing an extra methylene group in the PNA backbone, which led
to destabilization of the product and caused turnover.”® Using this approach, they achieved 226

turnovers in 24 hours when the template was 0.01 mol% with respect to the probes.
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Scheme 1.12 Peptide-nucleic acid native chemical ligation of cysteine resulting in an S — N
shift and destabilization. Modified from ref. 30

1.4.2 Examples of Selectivity in Templated Peptide-Nucleic Acid Ligations

Seitz and co-workers also developed a selective templated PNA ligation for SNP
detection of a ras gene, which was as fast as enzymatic ligation.” The authors introduced an
abasic ligation site by removing a PNA monomer from the ligation site.”* The PNA ligation
yielded 80% in 60 min in the presence of a perfectly matched template (rasTG), while less than

0.2% was detected for a singly mismatched template (rasGG) with selectivity factors of 400,
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which is the most selective PNA example we discussed here. They also looked at the ratio of the
pseudo first-order rate constants for the matched to be 206 Ms™ x10 "' while the mismatched
were less than 0.06, they calculated the selectivity factors based on the ratio of the rate constants

between the matched and mismatched to be >1:3450.

Seidman and co-workers designed a CuAAC version of PNA-DNA ligation.” The
authors synthesized a 5’-azide DNA probe and a PNA probe with a propargylglycine on the N-
terminus. In the presence of a complementary template and Cu(I) catalyst, a DNA-PNA CuAAC
ligation occurred between the azide oligonucleotide and the propargyl PNA yielded 90% in 30
min. The assay was efficient in the detection of SNPs as well, four templates with single
mismatches were prepared, and the templated ligation reactions were assessed (Scheme 1.13).
The perfect match (C:G) yielded 92% while less than 2% ligation product was detected for the
mismatched templates (C:C), (C:A), and (C:T) in one hour resulting in a selectivity factor of 46,

which is quite selective.
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Scheme 1.13 Templated CuAAC PNA-DNA ligation of a perfect matched and mismatched
templates. Image regenerated with permission from ref. 55, Copyright © 2010, John Wiley and
Sons.
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1.5 Motivating Observations

The initial goal of my PhD work was to develop a non-enzymatic version of LIDA. To
begin, we focused on understanding the kinetics of different steps in the cross-catalytic cycle that
had made LIDA so successful. For example, one thing that we noticed about our enzymatic
LIDA is that it required a high concentration of enzyme. Using 6.5 Weiss units of enzyme, the
cross-catalysis reaction initiated with 1% target led to 100 fold amplification in approximately 45
minutes (Figure 1.2 A, red circles). In contrast, when 1 Weiss unit was used only 9 fold
amplification was observed after 2 hours and the reaction leveled at an amplification factor of 11
(Figure 1.2 A, black squares). This enzyme dependence surprised us, as it suggested the enzyme
could influence the rate determining step in cross-catalysis, which had been thought to be
product dissociation (see Chapter 1.1.1.2). Instead it appeared that the rate of ligation could also

influence the kinetics of self-replication.

To confirm that the enzyme concentration influenced the rate of the ligation step, we ran
a single cycle experiment at lower temperature where the nicked duplex formed between the
target and two complementary probes should be stable. The experiment involved one equivalent
of template, one equivalent of the 3’-hydroxy complementary probe and two equivalents of the
5’-abasic phosphate complementary probe in the presence of two different concentrations of T4
DNA ligase (1 Weiss unit and 6.5 Weiss units). The stoichiometric reaction representing cycle 1
in cross-catalysis was much faster using the higher concentration of enzyme (Figure 1.2B, red
circles) compared to the use of 1 unit enzyme (Figure 1.2B, black squares). This experiment
supported that the rate of the ligation step was important for the success of self-replicating
nucleic acid systems. Thus, one goal of my thesis was to find a fast templated chemical ligation

reaction, which could potentially lead to exponential amplification in cross-catalysis.
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Figure 1.2 The effect of enzyme concentration on the DNA-templated ligation of an 18-mer. A)
Cross-catalysis at 30 °C. B) Single cycle stoichiometric reaction at 16 °C. Experimental
conditions for A: Template (14 nM), 5’phosphate-abasic probe (2.8 uM), 3’-hydroxy probe (2.8
uM), 3’-hydroxy-5’ fluorescein probe (1.4 uM), 5’ phosphate probe (2.8 uM). Experimental
conditions for B: Template (1.4 uM), 5’phosphate-abasic probe (2.8 uM), and 3’ hydroxy-5’
fluorescein probe (1.4 uM), T4 DNA ligase (1 or 6.5 Weiss unit per 15 pL), 0.01 M MgCl.
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1.6 Thesis Objectives

The original goal for this thesis was to develop an enzyme-free self-replicating system for
point-of-care diagnostics. Although we did not achieve this goal, the work herein will help
inform the design of a non-enzymatic DNA replicator. For example, one of the most important
steps that we realized in order to develop such system is the ligation step. The ligation step has to
be rapid in the presence of the template and no reaction should occur when no template is
present. In chapter two, I will show how we investigated the kinetics and selectivity of the DNA-
templated CuAAC ligation first developed by Brown and co-workers. This ligation was as rapid
as enzymatic ligation using a high concentration of T4 DNA ligase enzyme. The selectivity of
CuAAC was superior to the enzymatic system at temperatures between the dissociation

temperatures of the perfect match and mismatched nicked duplexes.

In chapter three, I will discuss our efforts to develop a single nucleotide polymorphism
assay to improve the selectivity of DNA-templated ligation using T4 DNA ligase, which is
known to have low fidelity in discriminating between mismatches. Most of the previous reports
on T4 DNA ligase employed temperatures that were less than the melting temperature (Ty,) of
the nicked duplex and higher than the Ty, of the mismatched nicked duplex. We first studied the
influence of raising the temperature far above the Ty, of the nicked duplex on SNP selectivity in
DNA-templated ligation using high and low concentration of T4 DNA ligase. We found that the
SNP assay was selective with increasing the temperature far from the Ty, of the nicked duplex of
the perfect matched template. The effect of the abasic group on the SNP assay as a function of
temperature was studied and the abasic makes the enzymatic reaction selective at around the T,
of the nicked duplex of the perfect match. To understand the lower ligation yield for the

mismatched ligation, we studied the effect of the adenylating step on the kinetics of the ligation.
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We observed an increase of the adenylating product in the presence of the mismatched compared

to the matched template suggesting that the mismatched templates ligation stopped at this step.

In chapter four, I will discuss how we investigated the amplification of 6-O-methyl
guanine modification in the KRAS gene using lesion induced DNA amplification (LIDA).
Mutations in the KRAS gene, especially in codon 12 and 13, have a negative impact on cell
proliferation and could lead to tumor cell resistance to epidermal growth factor receptor
therapies. Finding a way to easily amplify the methylated template would be helpful. The KRAS
sequence is rich in GC content, thus we introduced another abasic group in the abasic LIDA
system. The amplification was studied using a modified nucleoside complementary to the O°-
methyl G developed by the Sturla lab at ETH. We have also studied the amplification of the
methylated template when the modified base was not present in the system. However, we only
observed facile amplification of methylated target using a C nucleotide rather than the modified

base in our probe strand across from the O°-methyl G substitutions.

In chapter five, I will provide a conclusion for all the results and the future work for these

projects.

In appendix I, I will discuss different strategies for controlling the hybridization and
dehybridization of DNA for a potential application in nanoswitch devices or for turnover
amplification. First, we studied a strategy of using EDC as a fuel to induce DNA hybridization
and dehybridization. Another strategy of using magnesium salt to drive DNA hybridization and
dehybridization will also be discussed that resulted in many cycles of association and
dissociation of the duplex. This project is an ATUMS collaboration travel exchange with the

Boekhoven group at TUM.

In appendix II, I have the supporting information for chapter two.
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Chapter Two

Quick Click: The DNA-Templated Ligation of 3'-O-
Propargyl and 5'-Azide Modified Strands is as Rapid and

More Selective than Ligase



2.1 Introduction

The copper-catalyzed version of the Huisgen azide-alkyne cycloaddition reaction
pioneered by Sharpless®® and Meldal’’ has been enormously impactful in the field of
bioconjugation owing to its simplicity, bioorthogonality,”® and click-like®® properties (lack of by-
products, rapid kinetics, and high chemoselectivity). As such, it is no surprise that this reaction
has been incorporated into nucleic acid research in a myriad of ways,*® from introducing

unnatural appendages off of the nucleobase®®’

to incorporating terminal modifications into the
strand.®*"" Such modification strategies allow nucleic acids to be interfaced with other

materials’> or confer to the oligonucleotide useful characteristics such as electrochemical”

properties.

Another class of nucleic-acid based reactions that has utilized copper-catalyzed (or
mediated) azide-alkyne cycloaddition (CuAAC) are templated ligations, which take advantage of
the significant change in effective concentration of azide and alkyne functionalities that can
result from localization by an oligonucleotide (ODN) or small molecule template. Indeed, despite
the large rate constants for CuAAC,”* low micromolar concentrations of azide and alkyne
reactant ODNs make the reaction incredibly slow without the addition of a template.
Consequently, reactions using small molecules or ODN templates to localize the azide and
alkyne ODN and enhance the rate of CuAAC have been employed in a variety of applications
such as in the recognition of small molecules through split aptamer systems,” in single
nucleotide polymorphism (SNP) detection based on a fluorogenic scheme’' or capillary gel
electrophoresis with laser-induced fluorescence detection (CGE-LIF),’* and in the preparation of

surface immobilized strands.”®
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One particularly exciting example of CuAAC templated nucleic acid reactions was
developed by Brown and co-workers using 3’-O-propargyl 5-methyldeoxycytidine at the 3°-
terminus of an ODN strand and a 5’-azide on any deoxyribonucleotide at the 5 strand terminus
(Scheme 2.1)."* Upon templated CuAAC, a triazole linkage results that is similar in length to a
natural phosphate-sugar linkage,”” which is tolerated by many different enzymes such as DNA
and RNA polymerases.** * Thus, DNA strands with these terminal groups can be used to
construct genes that are subsequently translated and transcribed in E. coli.'* 7’ Moreover, using
this CuAAC approach epigenetic modifications can be incorporated into the gene to determine
the influence of such modifications.” This work indicates that CuAAC of 5’-azido and 3’-O-
propargyl modifications might emerge as a non-enzymatic tool for ligation that could
complement or replace ligase systems once strategies for labelling biosynthesized nucleic acids

. 14
become available.

One of the hallmarks of ligase enzymes is that they are simple to work with, are selective
against base pair mismatches at the ligation site, and can be very rapid; this is of particular use in
the construction of plasmids. Despite numerous reports in this area, most nucleic acid-templated
reactions using the 3’-O-propargyl and 5’-azido modifications wait a pre-set amount of time,
such as two hours, before isolating the ligation product.'* To determine the viability of this
ligation strategy as an alternative to T4 DNA ligase, here we monitored the kinetics of the DNA-
templated CuAAC reaction using the 3’-O-propargyl and 5’-azido modifications'* under aerobic
conditions. Firstly, we found that ligand choice is important for accelerating the reaction and

stabilizing Cu (I).”* ¥

With a newly optimized system using a benzimidazole ligand rather
than the typical triazole ligand, we observed rapid ligation with rate constants that are

comparable to those of T4 DNA ligase at the high concentrations used in Quick Ligase kits,”

27



and on par with the rapid DNA-templated tetrazine-methylcyclopropene system developed by
Devaraj and co-workers."> Once more, these experiments were done in the presence of air
making them as simple to set-up as a typical enzymatic ligation reaction. Finally, CuAAC of
these modified ODN was able to discriminate certain single mismatches at the ligation site better
than T4 DNA ligase at temperatures between the T, of the perfect and mismatched nicked
duplexes, suggesting that this CuAAC strategy is not just comparable but superior to the most
commonly used ligation enzyme. The commercial availability of the 3’-propargyl modification
and the simple solid-phase chemistry required for introducing the 5’-azido modification indicate

that this templated reaction can be widely used for rapid ligation applications.

2.2 CuAAC Templated Ligation using a Triazole Derivative Ligand

In the Brown lab’s original work the authors utilized  tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA), the most common ligand choice in CuAAC
strategies with nucleic acids.'* Therefore, we first explored the reaction kinetics under similar
conditions, which involved using excess copper complex compared with the nucleic acid probes
(accordingly this would be an example of copper-mediated rather than copper-catalyzed azide-
alkyne cycloaddition). For simplicity, we decided to work in the presence of air although argon
is often used to prevent re-oxidation of the Cu(I) complex by ambient conditions.** We
synthesized a 9-mer 5’-azide DNA probe (5' N3 —TCT ATA CAA- 3'), a 9-mer 3’-propargyl
DNA probe (5’ Tg- ATC AAT TAC-alkyne- 3') and their 18-mer complementary target (5' TTG
TAT AGA GTA ATT GAT 3"). The 5’ azide DNA probe was synthesized using solid-phase
synthesis following a previous report.”> To assess the rate of ligation, we modified the 5’-
terminus of the probe strand that contained the 3’-propargyl group with a fluorescein-modified

thymidine as this is commercially available and allows for simple monitoring of the ligation

28



reaction by fluorescent imaging coupled with polyacrylamide gel electrophoresis (PAGE). Upon
ligation, the distance travelled by the fluorescent ODN in the PAGE gel was significantly

reduced allowing for easy quantification of the reaction.
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Scheme 2.1 DNA-templated Cu(I) catalyzed azide-alkyne cycloaddition, the template brings the
azide and the alkyne group into close proximity.

The stoichiometric reaction was run in the presence and absence of an 18-mer DNA
template with 100 uM CuSO4, 1 mM sodium ascorbate and 700 uM of THPTA. The reaction
was very fast as it yielded 81% of the triazole product in 10 minutes (Figure 2.1, + lanes, top
band). However, one drawback that was the presence of a band near the product band in the
absence of any template. Although this band had a very similar position to the triazole product,
we postulated it was due to dimerization of the alkyne probe, which would also lead to an 18-mer
product. One of the most common side-reactions in CuAAC is the Glaser coupling® of two

alkyne groups in the presence of Cu(I) and air®® which results in a di-yne product.
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Figure 2.1 Polyacrylamide gel electrophoresis image of templated ligation reaction using
CuAAC and a fluorescein-labeled alkyne strand. (+): template present. (-): no template.
Experimental conditions: 1 pM template, 1 uM 5’-azide probe and 1 uM 3’-alkyne-5’
fluorescein. 100 uM CuSOQOy4, 1 mM sodium ascorbate and 700 uM of THPTA, 27 °C.

2.2.1 CuAAC Templated Ligation using a Longer 3’-Propargyl DNA Probe

To determine whether that band in the control lacking the template was the non-
templated click reaction or alkyne dimerization, we synthesized a longer labeled alkyne 12-mer
(5> Te- ATA ATC AAT TAC-alkyne- 3"), so that the click product should be 21 bases but the
homo-coupling of the alkyne should result in a product of 24 bases. We also changed the
fluorophore to 5-carboxytetramethylrhodamine (TAMRA) as we had noticed fluorescein fading
overtime (Figure 2.2). The figure showed that the by-product band was slightly higher than the
product band indicating that non-templated reaction was not CuAAC but potentially a Glaser
coupling of the alkyne. The identity of the extra band between the triazole product and the
alkyne reactant remains unknown, but we confirmed that it occurred even in the absence of the

azide probe suggesting it also originated from the alkyne probe.
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Figure 2.2 Templated CuAAC using a longer 3'-propargyl labeled with 5' TAMRA. (+ +): both
template and azide probe present. (- +): no template but azide probe present, (- -) neither
template nor azide probe present. Experimental conditions: 1 uM template, 1uM 5’-azide probe
and 1uM 3’-alkyne-5" fluorescein 100 uM CuSOy; 700 uM THPTA; 11 mM NaAsc, 27 °C.

2.2.2 CuAAC Templated Ligation with a Labeled 5°-Azide DNA Probe

To ensure that the extra bands in the control reaction (non-templated reaction) were from
the alkyne ODN, we decided to attach the fluorophore to the azide probe instead of the alkyne.
Consequently, we synthesized new strands with the fluorophore at the 3’-terminus of the 5°-
azido modified ODN. The stoichiometric reaction of CuAAC was run using the 5’-azide-3’
fluorescein DNA probe, 3’-propargyl DNA probe and the complementry template. As
anticipated, we observed a cleaner PAGE gel confirming that the main side reaction came from
the alkyne-terminated strands (Figure 2.3). Rather than switching to use the azide as our limiting
reagent, we decided to explore another ligand system to see if we could minimize side reactions

involving the alkyne probe.
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Figure 2.3 PAGE image of CuAAC templated chemical ligation. (+): template present. (-): no
template. Experimental conditions: 1 uM template, 1 uM 5’-azide probe and 3’-alkyne- 5’
fluorescein probe, 1000 uM THPTA, 200 uM CuSOg, 11 mM Na ascorbate, 0.2 M NaCl, 27 °C.

2.3 CuAAC Templated Ligation using a Benzimidazole Derivative Ligand

The presence of the side reaction draws attention to one disadvantage of CuAAC: the
Cu(Il)/sodium ascorbate mixture can generate reactive oxygen species that react
indiscriminately.*”™ One way to tune the reactivity of the catalyst so that it is optimized for the
reaction of interest and minimizes such side reactions is by judicious choice of ligand.”* ¥ *
Consequently, we decided to explore CuUAAC of the DNA using a benzimidazole-based ligand
with a higher affinity for copper rather than a triazole-based ligand. Finn and co-workers have
shown that the benzimidazole ligands are ideal for the rapid synthesis of triazoles.”* *
Additionally, they found that a lower ligand/catalyst ratio in comparison to that used for triazole-

based ligands is often beneficial to the reaction rate, a result attributed to the stronger Cu affinity

of the benzimidazole ligand.*

To optimize the DNA-templated CuAAC using this new ligand system 5,5',5"-[2,2',2"-
nitrilotris(methylene)tris(1 H-benzimidazole-2,1-diyl) Jtripentano-ate hydrate ((BimCsA);), we
next varied the copper concentration while maintaining a 1:1 ratio of Ligand:Cu (Figure 2.4A).
We observed that increasing the copper concentration from 200 uM to 600 uM greatly increased

the ligation yield. Next we explored optimizing the ligand-to-copper ratio using this higher
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copper concentration. Consistent with the previous work by Finn and co-workers,*® we observed
a non-monotonic effect of the ratio on the ligation yield assessed at 5 minutes. Specifically, the
optimal ligand/copper ratio was 1.5; at higher ligand ratios the activity of the system decreased

notably (Figure 2.4B).

With these newly optimized conditions in hand, we explored the reaction kinetics using
target sequences that were completely complementary to the azide and alkyne ODN as well as
target sequences that contained a mismatch at the ligation site (across from the 5-methylcytosine

on the 3’-propargyl terminus).
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Figure 2.4 Optimization of CuAAC reaction using the (BimC4A); ligand. A) Cu'™ concentration
variation (with [ligand]:[Cu] = 1). (B) Ligand/Cu ratio optimization (with 600 uM CuSOy).
Experimental Conditions: 11 mM sodium ascorbate, 1 uM template, 1 uM 5’-azide ODN and 1
puM 3’-alkyne-5’ fluorescein ODN, 17 °C.

2.4 Comparison of CuAAC Templated Ligation with Enzymatic Templated Ligation

As a point of reference, we monitored the rate of ligation of the same sequences using
3’-hydroxyl and 5’-phosphate ODN that could be ligated by T4 DNA ligase. We utilized the
highest commercially available concentration of T4 DNA ligase (2,000 cohesive end units per

microliter), which is the concentration used in “quick™ ligation kits for rapid sticky-end or blunt-
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end ligations often used to construct plasmids for gene transfection.*® We were pleased to see
that the CuAAC system was very rapid at 23 °C, with quantitative conversion of the 3’-propargyl
ODN after just 5 minutes for the perfectly complementary target (Figure 2.5C). Interestingly, the
presence of mismatches still led to rapid ligation but reduced the absolute ligation conversion to
between 20 and 30% after 10 minutes. The same experiments performed with T4 DNA ligase
also revealed that the mismatched targets exhibited levelling off at 10 minutes at the same
reaction temperature indicating that CuAAC exhibited similar reaction rates as this rapid
enzymatic system (Figure 2.5D). Yet, the selectivity was much worse for the ligase than for
CuAAC as several mismatches resulted in high % conversions for the former within 10 minutes.
To see how elevated temperatures affected the kinetics and selectivity, we next performed the
same experiment at 29 °C. For the CuAAC system the matched and mismatched templates
resulted in ~ 88% and between 10-20% conversion, respectively (Figure 2.5E). For the
enzymatic ligation at this higher temperature, the matched template resulted in nearly
quantitative conversion, while significant conversions were also observed for the C:A and C:T

mismatches (Figure 2.5F).

2.5 Selectivity of CuAAC Templated Ligation

To quantify the selectivity of the reaction, we calculated a selectivity factor from the ratio
of % conversion (%con) with matched-to-mismatched template evaluated at 15 minutes. This
selectivity factor was significantly better for CuUAAC than for enzymatic ligation at both 23 and
29 °C (Table 2.1). Specifically, at 29 °C the CuAAC system yielded selectivity factors of 16, 6
and 11 while the enzymatic system was 24, 2 and 1.5 for the C:C, C:T, and C:A mismatches,

respectively.
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To determine how CuAAC imparted additional selectivity over the enzyme, we
monitored the dissociation temperatures of the nicked duplexes formed between the ODN
fragments to be ligated and the various templates at the salt concentrations that corresponded to
their respective ligation conditions (0.2 M NacCl, 0.01 M MgCl, for CuAAC and 0.01 M MgCl,

for enzymatic ligation).
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Figure 2.5 A) CuAAC templated ligation scheme. B) Enzymatic templated ligation scheme.
Reaction profile of CuUAAC with matched or mismatched template. at: C) 23 °C E) 29 °C.
Reaction profile of enzymatic ligation at D) 23 °C F) 29 °C. CuAAC Experimental Conditions: 1
pM template, 2 uM 5’-azide ODN, 1 puM 3’-alkyne ODN; 0.2 M NaCl; 0.010 M MgCl..
Enzymatic Experimental Conditions: 1.4 uM template, 2.8 uM 5’-phosphate ODN, 1.4 uM 3°’-
OH ODN in ligase buffer (0.010 M MgCl,, 50 mM Tris-HCI, pH 7.5).
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2.6 The Dissociation Temperature and its Effect on CuAAC and Enzymatic Templated

Ligation

The dissociation temperature, or Ty, corresponds to the temperature where half the
nicked duplex had dissociated allowing us to quantify the change in thermal stability upon
introduction of the mismatches. For both systems, 29 °C lay near or above the Ty, for the
matched nicked duplex and well above the Ty, values for nicked duplexes formed with the
various mismatched templates (Table 4.1 and 4.2). These thermal stability data explain why at
29 °C the selectivity factors were better for both the CuAAC and enzymatic ligations in
comparison to the selectivity factors at 23 °C. Generally, the trend in Ty, values was consistent
for the observed trend in selectivity factors. However, for the enzymatic system the magnitude of
the Ty, differences was not similar to the differences in selectivity factors. For example the Ty, of
the matched system was 31 °C, while that of the C:C and C:A mismatched systems were ~20 °C.
Yet the selectivity ratios for these two mismatches were 24 and 1.5, respectively at 29 °C. We
suspect that the enzyme stabilized the C:A mismatch better than the C:C mismatch as the former
represents a pyrimidine: purine base pair suggesting a shape preference in the binding interaction

between the enzyme and the nicked duplex.

We infer from these results that the difference in dissociation temperature can be used as
a clear indicator of the selectivity factor for the CuAAC reaction as the click reaction captures
the amount of nicked duplex present without affecting the duplex stability. In contrast, T4 DNA
ligase stabilizes the nicked duplex thereby affecting its dissociation temperature.® Additionally,
in the presence of the enzyme the extent of stabilization depends not only on the intrinsic
stability of the nicked duplex but also on the mismatch geometry.90 As such the selectivity of the

enzymatic ligation reaction cannot be predicted from the dissociation temperatures of the nicked
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duplexes. Moreover, temperature optimization also becomes less intuitive as the T, values for

the nicked duplexes have a weaker correlation with the amount of nicked duplex present in the

ligation mixture owing to the varying extent of stabilization or reactivity of the ligase with the

nicked duplex.

Table 2.1 Kinetic, Thermodynamic and Selectivity Parameters for the CuAAC System

C:G C:.C C:T C:A
Kops (min™), 23 °C 1.141 £0.008 0.18 £0.01 0.25+£0.02 0.154 +0.003
Kops (min™), 29 °C 1.02 +£0.07 0.3+0.1 1.2+0.3 0.39+£0.04
%con, 23 °C, 15 min quant. 25+£5 30+4 24+ 4
%con, 29 °C, 15 min 88.5+04 57+0.4 15.9+0.1 79+0.3
Tm (°C) 31 17 18 20
Selectivity factor, 23 °C 1 4 3 4
Selectivity factor, 29 °C 1 16 6 11

Table 2.2 Kinetic, Thermodynamic and Selectivity Parameters for the Enzymatic System

C:G C:C C:T C:A
Kops (min™), 23 °C 1.35+£0.07  |0.026 + 0.006 0.9+0.1 0.9+0.1
Kons (min™), 29 °C 1.77 £0.07 0.06 = 0.02 0.31+0.08 0.38 £0.06
%con, 23 °C, 15 min 99 + 1 12+4 93+ 1 94.1+£0.7
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%con, 29 °C, 15 min 95.8+0.1 4+1 43 +4 65+4

Tm (°C) 31 19 23 20
Selectivity factor, 23 °C 1 8 1 1
Selectivity factor, 29 °C 1 24 2 1.5

2.7 Comparison of Reactivity of CuAAC and Enzymatic Templated Ligation

Finally, to quantify the intrinsic reactivity of both systems as manifested in the observed
pseudo-first order rate constant (Kqbs), we fit the reaction profiles to: f(t)= %oconmx(1-exp(-Kobst).
The kops fit parameters and the reported standard deviation from the fit are shown in Table 2.1.
These kobs for the matched templates were similar for the CuAAC and T4 DNA ligase systems at
23 °C (1.1 and 1.4 min™, respectively, Table 2.1 and 2.2). Furthermore, to quantify the
selectivity based on the rate constants, which is another method that has been used to report SNP
discrimination,7 the ratios of kyps between the matched and mismatched templated reaction were
determined. For CuAAC, this kqps ratio was greatest at 23 °C: 6 for C:C, 4 for C:T and 7 for C:A.
This optimal temperature might result from the difficulty in capturing early % conversion values
at 29 °C for the matched and mismatched nicked duplexes owing to the rapidity of CuAAC at
this temperature. For the enzymatic ligation the reaction did not level off as quickly at 29 °C, so
the greatest values were observed at that temperature yielding ks ratios of 30, 6 and 5 for C:C,
C:T and C:A mismatches respectively. These ks ratios indicate that even by this metric, the
CuAAC is better at discriminating the C:A mismatch than enzymatic ligation by T4 DNA ligase.
Using this approach to quantify SNP discrimination, however, does not provide any advantage in

CuAAC compared with taking the ratio of the percent conversion, which is simpler than trying to
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capture the rapid kinetics at early time points with high precision (likely involving stopped-flow

kinetic experiments not amenable for simple detection applications).

Although this is the first kinetic study of CuAAC using 5’-azide and 3’-propargyl ether
modified ODN strands, other templated alkyne-azide cycloadditions involving modified ODN
have been explored. For example, a templated ligation using azide and alkyne ODN but without
copper was developed and evaluated by Brown, El-Sagheer and co-workers in a strain promoted
system using a 3’-cyclooctyne modification and a 5’-azide.'® The authors found that the reaction
yielded almost 100% ligation product within 1 min using dibenzocyclooctynol (DIBO). The
Brown group has also reported a rapid interstrand cross-linking system via CuAAC.* In this
example, the authors synthesized 5-alkyne or azide modified deoxyuridine with the reactive
group off the nucleobase rather than the phosphate sugar backbone. Cross-linking upon duplex
formation was rapid with almost complete conversion in 5 min. Finally, Peng’s group developed
a fluorogenic CuAAC system with an alkyne modified coumarin at the 5’ position and a 3’-azide
ODN. In the presence of a template and THPTA-Cu (I) complex, ligation readily occurred
between the two DNA strands forming a triazole product.’’ For this system, the authors
measured a kgps of 1.1x10° s and a half-life of 10.5 min, which is more than an order of
magnitude slower than our measured value for the 3’-propargyl ether 5’-azide system (t;,= 0.63
min at 23 °C). We reason that the size of the 3’-O-propargyl group is more optimal for ligation
leading to the great rate constant. Additionally, we note that they observed a similar selectivity
for the C:A mismatch consistent with our hypothesis that CuAAC maintains the intrinsic
selectivity of DNA hybridization. More recently, Zhang and co-workers reported the use of
DNA-templated CuAAC in SNP detection based on capillary gel electrophoresis using 3’-azide

and 5° alkyne ODN (the authors did not provide information of the exact structure of these
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modified strands nor the resulting triazole linkage).”> The selectivity factors based on their
ligation yields after 30 minutes for C:A and C:T mismatches are in line with our observations at
23 °C, providing more evidence that CuAAC does not bias selectivity. However, the rate

constant of CuAAC using these modified strands was not assessed.

2.8 Exploring Turnover with DNA-Templated Ligation by CuAAC

After achieving a fast and clean templated CuAAC reaction with no background reaction
in the absence of template, we wanted to test whether we could observe turnover in the reaction.
A substoichiometric amount of the template (1 and 10 mol%) was used in the presence of 2 uM
of 5’-azide and 1 uM of 3’-alkyne- 5’-fluorescein at temperature range between 17 and 31 °C.
The results were not conclusive. Figure 2.21, is representative of one of the previous
temperatures studied with 10 mol% template at 21 °C. The reaction yielded 13, 16 and 20 % after
1, 2 and 4 hours, respectively. Indicating the maximum turnover number was only 2. This
number is somewhat impressive given the large amount of template and the correlation between

25,30 Thus, the reaction initiated

lower turnover number with higher relative amount of template.
with 1 mol% template should result in a higher turnover compared to 10 mol%, however we did
not get turnover (the product was <1.5%). The reason for not getting turnover with 1 mol% is not

clear but probably the fluorescein is fading after a long interaction period with Cu (I) catalyst

which makes it hard to detect the product on PAGE.
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Figure 2.6 Turnover experiment of CuAAC using 10 mol% of the template, 2 uM azide probe, 1
uM 3’-alkyne-5’ fluorescein 600 uM CuSOy , 900 uM (BimC4A);; 11 mM NaAsc, 21 °C.
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2.9 Conclusions

In summary, we have assessed the reaction rate of Cu(l) mediated alkyne azide
cycloaddition using 3’-propargyl ether and 5’-azide modifications under aerobic conditions as
these modification result in the most biocompatible triazole linkage to date. The ko for the
optimized reaction at 23 °C was 1.1 min similar to that of the reaction catalyzed by T4 DNA
ligase at high enzyme concentration and on par with one of the most rapid DNA based ligation
systems to date: the reaction of 5’-tetrazine and 3’-cyclopropene ODN reported by the Devaraj
group.”> Moreover, in the presence of single basepair mismatches, CuAAC was able to
discriminate most mismatches better than T4 DNA ligase at both 23 °C and 29 °C. We reason
that CuAAC selectivity depends on the amount of nicked duplex present at a given temperature,
which can be predicted by the thermal dissociation temperature of the nicked duplexes. In
contrast, the temperature dependence of the enzymatic ligation depends not only on the intrinsic
stability of the nicked duplex but also the stabilizing effect of the enzyme on the duplex.
Additionally, the rate of ligation is also sequence specific suggesting a strong shape preference
of the enzyme for the nicked site leading to indiscriminate ligation of C:A mismatches. These
results indicate that CuAAC of the 5’-azide and 3’-propargyl modifications leads to enzyme-like
rates and superior selectivities with negligible side reactions. Given the ability of the resulting
triazole linkage to be tolerated in biological processes and the simplicity with which these
functional groups can be introduced, we anticipate that this system will complement and even

replace enzymes in advanced ligation applications.

Unfortunately, however, CuAAC does not appear to be the ideal chemical ligation
strategy for developing a non-enzymatic version of LIDA. We reason that the failure of CUAAC

is due to the short time of the Cu (I) catalyst activity (~ 1 h) compared to the long time needed to
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perform cross-catalysis (hours). Even when we attempted to use argon to stabilize the catalyst for

longer, we did not exhibit improves in turnover (data not shown).

2.10 Experimental Section
2.10.1 General

All the DNA synthesis reagents were purchased from Glen Research. Copper sulphate,
sodium ascorbate, (BimC4A);, THPTA, and ammonium persulfate were purchased from Sigma-
Aldrich. Tris base, boric acid, EDTA, and tetramethylethylenediamine (cat. #T9281) were
purchased from Fisher. 40% Acrylamide/bisacrylamide solution, 19:1 (cat. #1610144) was
purchased from Bio-Rad. T4 DNA ligase enzyme (2,000,000 cohesive end units/mL, cat.

#MO0202T) and ligase buffer were purchased from New England Biolabs.

Table 2.3 DNA sequences used in this study

Name Sequence

Template 5' TTG TAT AGA XTA ATT GAT 3'
X=GCT A

5’-Azide ODN 5'N; —TCT ATA CAA-3'

3'-Propargyl, Fluorescein ODN 5’ Tg- ATC AAT TAC-alkyne- 3'

3'-Propargyl, TAMRA ODN 5’ TAMRA- ATC AAT TAC -alkyne- 3'

5’-Phosphate ODN 5'P-TCT ATA CAA-3'

3'-Hydroxyl- 5° Fluorescein ODN 5’ Tr- ATC AAT TAC 3'
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2.10.2 Enzymatic Ligation Method

The matched or mismatched template, 5° phosphate ODN and 3’-hydroxy ODN- 5’
fluorescein were added to an Eppendorf tube and diluted 10 pL. MQ H,O. The mixture was
allowed to incubate in a covered thermal incubator at the specific temperature of 23 or 29 °C. A
master mix (5 pL) with T4 DNA ligase (2000 cohesive end units, New England Biolabs) and the
provided buffer (1.5 uL) was added to the previous mixture and timing started. The final volume
was 15 pL and the DNA concentrations were: 1.4 uM matched or mismatched template, 2.8 uM
5’ phosphate ODN and 1.4 pM 3’-hydroxy ODN-5" fluorescein. At different times of the
reaction, aliquots (2 uL) were taken from the reaction mixture and put in an eppendorf tube
containing a running dye (0.25% w/v bromophenol blue with 80% w/v sucrose in 0.5 M EDTA

(aq) (2 uL). Samples were analyzed by 15% denaturing PAGE as described preViously.22

2.10.3 CuAAC Templated Ligation Method

The matched or mismatched templates, 5’-azide ODN and 3’-alkyne -5’ fluorescein ODN
were combined in an eppendorf tube that contained a salt solution of 0.2 M NaCl and 0.01 M
MgCl, (a total volume of 26.5 pL). This mixture was allowed to incubate in a covered thermal
incubator at the specific temperature of 23 or 29 °C for 15 min. During this time copper sulfate
(18 mM, 5 pL) and (BimC4A); (18 mM, 7.5 pL) were mixed together and left to stand for 5 min,
then sodium ascorbate (33 mM, 5 pL) was added to this pre-mix and the mixture left to stand for
another 5 min. Next, the Cu (I) complex pre-mix (3.5 pL) was added to the incubated ODNs and
timing started. The total volume was 30 pL and the final concentrations were: 1 uM matched or
mismatched template, 2 uM 5’-azide ODN, 1 pM 3’-alkyne -5’ fluorescein-ODN, 600 uM
CuSOy4, 900 uM (BimC4A); and 11 mM Na ascorbate. For the ligand type and ligand and copper

concentration variation experiments the pre-mix composition changed accordingly. For the
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kinetic experiments, aliquots (4 pL) were removed from the bulk ligation mixture at various
reaction times and placed in an Eppendorf tube containing running dye (2 pL, 0.5 M) and urea (2
pL, 8 M). Samples were analyzed by 15% denaturing PAGE in a similar manner as the

enzymatic ligation system.

2.10.4 T,, Measurements

1.3 nmol of each DNA strand (template and ligating ODN) were diluted in a 1 ml of salt
solution (0.2 M NaCl, 0.01 M MgCl,, for the 5° azide- 3’ alkyne system or in 1 ml of 0.01 M
MgCl, for the 5’ phosphate- 3’-hydroxy system. The sample was hybridized in the fridge for
around 1 hour. UV melting curves were measured using an HP 8453 diode-array
spectrophotometer with an HP 89090A Peltier temperature controller instrument at 260 nm with

a heating range of 12- 50 °C with 1 °C intervals, and 100 rpm stirring.

2.10.5 DNA Synthesis and Purification

The synthesis of the DNA strands were done using Glen Research reagents on an ABI
solid-phase synthesizer, Model 392. Strands were purified following DMT-On GlenPak
purification protocol using GlenPak DNA cartridges (cat. 60-5200-01). Standard DNA
phosphoramidite, CPG’s and the following modifications: chemical phosphorylation reagent II
(cat. 10-1901-90)], fluorescein-dT phosphoramidite (cat.10-1056-95)] and 3'-propargyl-5-Me-dC
CPG (cat. 20-2982-41) were used (Figure 2.7). The 5’-azide strands were synthesized according
to the literature'* and purified using a Glen-Pak DNA purification cartridge. The azide modified
strands eluted in the water wash and the subsequent elution step with 50% ACN eluent following
a standard Glen-Pak DMT on purification with the omission of the TFA step. Note: standard

DMT-on purification results in elution of the DNA in the 50% ACN step, not in the water wash.
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We reason that the azide is not very hydrophobic, which is why it begins eluting in the water
wash. However, as failure strands are eluted in the previous step, which is a saline wash, the

azide strands are still well purified using these purification cartridges.

DMTO

\‘ o Base “N
4§ ~P-0_~cn
Standard nucleotide phosphoramidite Chemical phosphorylation reagent Il

! o)
Y \g/\)LNH o
N)j/ HN =
OA\N
DMTO— o Yo

( PO
N
: g
3’-Propargyl-5-Me-dC CPG Fluorescein dT phosphoramidite

Figure 2.7 The chemical structures of the phosphoramidites and CPG used in this study. Dmt is
dimethoxytrityl.

2.10.6 MALDI-TOF Characterization

Synthesised DNA strands were analyzed by MALDI-TOF. First a matrix solution of 3-
hydroxypicolinic acid in 1:1 acetonitrile:water was prepared (25 mg/mL) as well as an
ammonium citrate solution in water (25 mg/mL). These two solutions were mixed in a 9:1 ratio

to yield the final matrix mixture. The synthesized DNA (5 nmol) was desalted using ZipTip
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(ZTC18S5096) purchased from Millipore Sigma and was mixed in a 1:1 ratio with the matrix
mixture. The measurements were carried out on a Voyager Elite (Applied BioSystems, Foster

City, CA, USA) time of flight-mass spectrometer.

2.10.7 Denaturing Polyacrylamide Gel Electrophoresis

A denaturing 15% polyacrylamide gel was prepared by dissolving urea (4.8 g) in 40%
Acrylamide/Bis Solution 19:1 (3.75 mL) (Bio-Rad Cat.161-0144) and 5 x TBE buffer (1 mL),
then diluted to 10 mL with MQ water. Tetramethylethylenediamine (10.7 pL, TEMED) and
aqueous ammonium persulfate (80 puL) were added after urea was dissolved to induce
polymerization. A portion of the aliquot and running dye mixture (3 pL) was loaded into a
denaturing 15% polyacrylamide gel (8 M wurea in 0.5 X TBE, 37.5 vol% of 40%
acrylamide/bisacrylamide solution, 0.75 mm thick, 10 wells). PAGE was run at 150 V for 80
min. A fluorescent image was taken of the gel using a fluorescent imager with trans-UV
illumination using an ImageQuant RT ECL instrument from GE Healthcare Life Science.
Quantification of the fluorescence emitted by each band was analysed by using ImageQuant TL
analysis software. The %con was determined based on the ratio of the fluorescence intensity of
the product band over the sum of the fluorescence intensity of the product and reactant bands

multiplied by 100%.%

The equation is as follow:

I
% Yleld — Product;and % 100%
+

Reactant Band

Product Band
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2.10.8 Testing the Purity of the Synthesized DNA Probes by Stains-All

The DNA strands were loaded into 15% denaturing PAGE then stained with Stains-All
(Aldrich cat # E9379). The Stains-All solution was prepared by dissolving Stains-All (25 mg) in
50 mL mixture of 1:1 (MilliQ H20: Formamide). The PAGE is placed in a container contained
the Stains-All solution, covered with foil and placed in a shaker for 15 min. The presence of one

band only for each strand is an indication of the purity of the DNA strand.
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Chapter Three

Enhanced Mismatch Selectivity of T4 DNA Ligase Far

Above the Nicked Duplex Dissociation Temperature



3.1 Introduction

The most commonly utilized ligase in bioanalytical and molecular biology laboratories is
T4 DNA ligase as it is available from a variety of suppliers and can be acquired at different
concentrations and formulations depending on the application.”’ One reason why T4 DNA ligase
has proven so useful is that it can be utilized not just in sticky-end ligations but also to ligate
blunt ends that contain no complementary interactions.’> Yet one problem with T4 DNA ligase is
that it will ligate certain basepair mismatches fairly efficiently, even when they are located at the
3’-terminus of the ligation site.””” Consequently, this lack of selectivity makes T4 DNA ligase
less applied in one key area of bioanalytical chemistry: ligase-mediated discrimination of single
nucleotide polymorphisms. Indeed, T4 DNA ligase is often used as a reference of low fidelity

when evaluating the fidelity of different ligase enzymes. %!

As such, recent efforts have been made to increase the selectivity of T4 DNA ligase. One
strategy reported by Jang et al utilized modified bases at the 5’-phosphate end of a ligating probe
strand to greatly enhance the selectivity of T4 DNA ligase.'"* Based on the authors’ observations
and supporting MD simulations, they proposed that a bulky non-hydrogen bonding modified
nucleobase improved selectivity by increasing the distance between the template and the ligating
strands. A similar approach has also been pursued in the biotechnology industry.'®® To determine
whether an abasic lesion, which by definition lacks any steric bulk at the nucleobase position,
enhanced the ability of the ligase to discriminate mismatches, we compared the kinetics of DNA
templated ligation of wild type and mismatched targets and probes with either an abasic or
complementary thymidine at the 5’ phosphorylated end of the ligation site. In the absence of the
abasic lesion (where the 5’ end of the ligation site contains an A : T basepair), we found that all

but one mismatched target had templated the formation of product, though the mismatched
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targets had done so at a slower rate: after 1 hour the matched target had resulted in quantitative
yield of the ligation product, whereas the A : X mismatch that resulted from the mismatched
targets, where X is C and A, yielded 24 + 0.4% and 20 + 3% of ligation product, respectively
(Fig. 3.1B).'"™ In contrast, when the same experiment was performed with the probe bearing the
abasic lesion at the 5’ end of the ligation site, much greater discrimination was observed: in 1
hour the complementary target had again resulted in quantitative yield of the destabilizing
template product, whereas no product was observed for any of the mismatched targets (X), where
X = A, C or G; Fig. 3.1C). These results indicated that the abasic lesion greatly enhanced the
selectivity of T4 DNA ligase, which, to the best of our knowledge, has not been previously
reported. Moreover, it indicates that steric bulk is not required for hindering mismatch ligation
but instead a modification with significant destabilizing effects, such as the abasic lesion, can

facilitate discrimination.'®

In addition to containing the 5’-phosphate abasic modification, these above experiments
were performed under ideal conditions for the isothermal ligase chain reaction method developed
in our lab: lesion-induced DNA amplification (LIDA).>** Specifically, we performed DNA-
templated ligation with a high concentration of enzyme at 30 °C, a temperature significantly
greater than the nicked duplex dissociation temperature (T, = 16 °C) as this temperature led to

the most facile DNA amplification by LIDA.
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X =T/GIC/IA; p = phosphate; Tr = Fluorescein-dT

Scheme 3.1 The presence of an abasic group enhanced the selectivity of T4 DNA ligase to single
mismatch. A) Schematic diagram for the system. B) PAGE image for the enzymatic ligation in
the absence of a 5° abasic group. C) PAGE image for the enzymatic ligation in the presence of a
5’ abasic group. D) DNA sequences used. Experimental conditions: 1.4 uM matched or
mismatched template, 2.8 uM 5’-phosphate or 5’-abasic phosphate ODN, 1.4 uM 3’-hydroxy-5’
fluorescein ODN, T4 DNA ligase (2000 cohesive end units, New England Biolabs) in ligase
buffer (0.010 M MgCl,, 50 mM Tris-HCI, pH 7.5), 30 °C.

Although it is well known that increasing the temperature improves ligase selectivity, not
only for T4 DNA ligase but other ligases as well.'” The only temperature recommendation that
we found in the literature that lay above the T, of the nicked duplex was for Thermus
thermophilus ligase. The authors recommended that the T,, be 0-5 °C above the T, of the
ligating probes, with the two probe Ty, values ideally being similar to one another.'” However,
as previously mentioned we had observed excellent selectivity when we performed DNA-
templated ligation with T4 DNA ligase at a temperature >10 °C above the dissociation

temperature of the perfect nicked duplex using a 5’-phosphate abasic terminus at the nick site.'™
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This selectivity was in stark contrast to the poor selectivity observed at the same temperature for
the probe terminated with the complementary 5’-phosphate thymidine nucleotide rather than the

1% We attributed the improved selectivity to the presence of the abasic group at the

abasic group.
5’-terminus as Jang et al. had shown that modifications at the 5’-end improved the selectivity of

T4 DNA ligase.'”

However, one aspect that we did not consider was the influence of temperature (relative
to the Ty, of the nicked duplex) and enzyme concentration on the selectivity of DNA-templated
ligation using T4 DNA ligase. In this chapter we explore both parameters as well as determining

the temperature-dependent selectivity in the presence of the 5’-phosphate abasic group.

3.2 Comparing Ligation Selectivity as a Function of Enzyme Concentration in the

Temperature Window Between the T,, of the Matched and Mismatched Nicked Duplexes

Previous work exploring the SNP selectivity of T4 DNA ligase proposed that the ideal
temperature that maintained greatest selectivity was a temperature below the dissociation
temperature of the perfect matched nicked duplex and above that of the mismatched duplexes.'®
However, even in this temperature window some basepair mismatches at the 3’-terminus of the
ligation site resulted in ligation. In contrast, Thermus thermophilus DNA ligase exhibited very
little ligation of such mismatches suggesting that T4 DNA ligase has low fidelity compared with

other ligase.'*

We wanted to examine a temperature range much greater than the nicked duplex
dissociation temperature as well as in the recommended temperature window. Therefore we
measured the melting temperature of the matched and mismatched nicked duplexes templates for
an 18-mer sequence shown in Figure 3.1. Based on the 18-mer sequence we selected, this

temperature window between the perfect and mismatched duplexes was 19-29 °C.
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Figure 3.1 Thermal dissociation curves for nicked duplexes formed with the matched and
mismatched templates. The absorbance was normalized. Experimental conditions: 1.3 nmol from
each DNA (template, 5’ phosphate-abasic probe or 5’-phosphate probe and 3’-hydroxy- 5’
fluorescein probe), 10 mM MgCl,, 10 mM PBS.

To assess SNP selectivity in DNA-templated ligations catalyzed by T4 DNA ligase, we
utilized denaturing polyacrylamide gel electrophoresis coupled with fluorescent imaging. We
prepared a 9-mer strand that made up the 3’-hydroxy terminus of the ligation site and included a
fluorescein-modified thymidine using standard solid-phase synthesis. Upon ligation with the 5°-
phosphate terminated strand (also a 9-mer), the mobility of the strand greatly decreased in the
polyacrylamide gel electrophoresis experiment (Figure 3.2, top band). By comparing the
intensity of this top band to the fluorescent intensity of both, the top and bottom (reactant) bands,

the ligation conversion was quantified.
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Figure 3.2 Polyacrylamide gel electrophoresis images from aliquots of the reaction using two
concentrations of the enzyme. Experimental: 1.4 uM matched or mismatched template, 2.8 uM
5’-phosphate ODN, 1.4 pM 3’-hydroxy-5 fluorescein ODN in ligase buffer (0.010 M MgCl,, 50
mM Tris-HCI, pH 7.5), T4 DNA ligase (400 and 2000 cohesive end units, New England
Biolabs), 29 °C.

We began our investigation using low concentration enzyme at 29 °C, which lay in this
temperature window between the matched and mismatched nicked duplexes for our probe
sequences. The resulting fluorescent gel image for the ligation reactions with the perfect C:G
match at the 3’-hydroxy position of the nicked site in comparison to the C:A, C:T and C:C
mismatches are shown in Figure 3.2. Consistent with many reports on the low fidelity of T4
DNA ligase, we observed significant ligation of the C:T and C:A mismatches, 7% and 23%

respectively after 15 min, under these conditions.'”’'"

Increasing the enzyme concentration
from 400 cohesive end units (CEU) to 2,000 CEU per 15 pL reaction made matters worse, 39%
and 61% for C:T and C:A mismatches after 15 min (Figure 3.2), which is also consistent with

previous reports that found that selectivity decreased with increasing ligase concentration.''*
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3.3 SNP Selectivity as a Function of Temperature
3.3.1 SNP Selectivity Using Low Concentration of T4 DNA Ligase

Next, we varied the temperature and performed the same type of analysis using the low
concentration of T4 DNA ligase of 400 CEU as this is the more typical concentration used in
SNP assays (the selectivity of lower concentrations has also been reported but those preparations
are not commercially available).'” Interestingly, the selectivity improved greatly upon
increasing the temperature from 17-47 °C. Specifically, at 17 and 23 °C, the selectivity was poor
which is expected as it is in the temperature window of the perfect match and mismatched nicked
duplexes. The perfect matched yielded 100% in 2 min while the C:A and C:T are both above
80% and 70% after 15 min at 17 and 23 °C, respectively (Figure 3.3). In contrast, the
experiments at 35 and 41 °C yielded excellent results with the perfect match resulting in >90%
conversion after 15 minutes and the mismatched templates resulting in negligible amount at the
same time point (Figure 3.3). This highest temperature lay 13 °C above the T,, of the perfect
probe:template duplex revealing the excellent selectivity observed in our initial results using high
temperatures, high enzyme concentration, and the 5’-phosphate abasic terminus were at least in
part due to the enhanced selectivity of T4 DNA ligase at temperatures far above the dissociation
temperature of the nicked duplex. In other words, these results indicated that even without the
abasic modification or the high enzyme concentration, high selectivities could be achieved using

temperatures far above the Ty, of the nicked duplex of the perfect matched template.
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Figure 3.3 Reaction profile of DNA-templated enzymatic ligation in the presence and absence of
SNP at various temperatures. Experimental Conditions: 1.4 pM matched or mismatched
template, 2.8 uM 5’-phosphate ODN, 1.4 uM 3’-hydroxy-5’ fluorescein ODN, T4 DNA ligase
(400 cohesive end units, New England Biolabs) in ligase buffer (0.010 M MgCl,, 50 mM Tris-
HCIL, pH 7.5).
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3.3.2 SNP Selectivity Using High Concentration of T4 DNA Ligase

Next we explored the high enzyme concentration utilized in our earlier work, which is not
as commonly chosen for SNP analysis with T4 DNA ligase but instead is used in rapid ligation
for plasmid generation.''" As previously mentioned, at 29 °C which lay at the Ty, of the perfect
system but above that of the mismatched duplexes, we observed worse selectivity for the high
concentration enzyme (Figure 3.4) compared with the lower concentration (Figure 3.3).
However, the selectivity increased dramatically at higher temperatures as was seen for the lower
concentration of enzyme. The high concentration showed no mismatch ligation at 41 °C for the
C:T, C:A, or C:C mismatch while the reaction reached 94% conversion within 5 minutes for the
perfect matched system (Figure 3.4). At higher temperature of 47 °C, the high concentration
yielded 88% for the perfect matched after 5 min and no mismatched ligation (Figure 3.4), while
the low concentration of enzyme yielded only 49% for the perfect matched and no mismatched
ligation at the same time point (Figure 3.3). These results indicated that using the higher enzyme
concentration increased the range over where excellent selectivities were observed defined as
temperatures where the perfect match yielded >80% and the mismatched template resulted in no

discernable ligation (<2%) as this criteria was used in a recent screen of ligase fidelity.'®
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Figure 3.4 Reaction profile of DNA-templated enzymatic ligation in presence and absence of
SNP at various temperatures. Experimental Conditions: 1.4 pM matched or mismatched
template, 2.8 uM 5’-phosphate ODN, 1.4 uM 3’-hydroxy-5" fluorescein ODN, T4 DNA ligase
(2000 cohesive end units, New England Biolabs) in ligase buffer (0.010 M MgCl,, 50 mM Tris-
HCI, pH 7.5).
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3.4 SNP Selectivity in the Presence of an Abasic Group and High Concentration of Ligase

One advantage of T4 DNA ligase over other enzymes often chosen for ligase-based SNP
detection is that it works well at lower temperatures. This is an advantage as one goal of point-
of-care diagnostics outlined by the World Health Organization is that assays be “Equipment-
Free” (the E in the ASSURED criteria). A simple way to remove the requirement for temperature
control is to have the assay operate at room temperature. Unfortunately, many enzymatic nucleic
acid based tests require carefully controlled temperatures above room temperature. Using T4
DNA ligase, our lab has been able to make our DNA amplification method LIDA facile at room
temperature by using combinations of destabilizing groups, one of which is always a 5’-
phosphate abasic modification.”””® As such, we decided to explore the temperature dependence

of SNP selectivity using this abasic containing strand.

First we measured the thermal dissociation curves for all of the nicked duplexes based on
the 5’-abasic phosphate system (Figure 3.5A). Interestingly, the nicked duplex formed with the
complementary 3’-hydroxy probe exhibited a similar dissociation temperature for the 5’-abasic
phosphate or the 5’-thymidine phosphate (Figure 3.5B). This similarity in nicked duplex T, for

the 5’-abasic and 5’-thymidine was also observed for a different sequence.'™
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Figure 3.5 Thermal dissociation curves for nicked duplexes formed with the matched and
mismatched templates. A) In presence of an abasic group. B) The matched template with and
without an abasic group. Experimental conditions: 1.3 nmol from each DNA (template, 5’
phosphate-abasic probe or 5° phosphate probe and 3’-hydroxy- 5’ fluorescein probe), 10 mM
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MgCl,, 10 mM PBS.

As shown in Figure 3.6, we observed highly selective discrimination from 29-35 °C
with >95% conversion for the matched template and negligible ligation of any of the explored

mismatches. This temperature range was >7 °C than the probe:template duplex dissociation

B
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temperature for the matched template using the abasic-containing probe.
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Figure 3.6 Reaction profile of DNA-templated enzymatic ligation in presence and absence of
SNP. Experimental Conditions: 1.4 pM matched or mismatched template, 2.8 pM 5’abasic-
phosphate ODN, 1.4 uM 3’-OH-5’ fluorescein ODN, T4 DNA ligase (2000 cohesive end units,
New England Biolabs) in ligase buffer (0.010 M MgCl,, 50 mM Tris-HCI, pH 7.5).

3.5 Temperature Range of Optimal Selectivity and T, Values for 5’-Abasic and 5’-
Thymidine Systems

Table 3.1 lists all of the experimental dissociation temperatures and the temperature range

where optimal selectivity was observed (>80% for the perfect and negligible ligation for the
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mismatched). As a point of reference we calculated the melting temperature of each
probe:template duplex for the perfect matched system using OligoAnalyzer on Integrated DNA
Technology’s (IDT) website similar to a previous report to estimate the nicked duplex
temperature.'” The probe:template duplexes had Ty, value of 29 °C; all of our temperature

ranges are with respect to this , and all our results are compared to this temperature.

From the results we see high selectivity 7-13 degrees above the melting temperature of the
nicked duplex of the perfectly matched template (28 °C) with the use of 1.3 unit enzyme but a
higher temperature range is required to observed such selectivity (13-19 degrees above the T,)
when 6.5 unit enzyme was used. This suggested that T4 DNA ligase appears to stabilize the
perfect system more strongly compared to the mismatches and perhaps allows for ligation even

at higher temperatures.

Moreover, for this system, the abasic-modified strand did seem to impart even greater
selectivity than the strands containing the 5’-thymidine terminus as that system only exhibited
selectivity > 13 °C above its T,. However, the T, parameter might not fully reflect the influence
of the abasic group on the structure of the nicked duplex. For example, the absorbance curves at
260 nm show much less absorbance change for the abasic-containing system in comparison to
that with the complementary 5’-thymidine phosphate (Figure 3.5B) suggesting that the duplex is
not as well formed. The less ordered structure of the nicked duplex with the abasic site might
exacerbate the interactions of the enzyme with the nicked duplex that contains both the abasic
and the mismatched based at the 3’-hydroxy terminus, leading to greater selectivity at lower
temperatures with respect to the Ty,. It is unclear whether this is a general phenomenon, but we
note that our previous work exhibited excellent selectivities with the 5’-abasic phosphate for a

different 18-mer sequence. 104
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Table 3.1 The experimental dissociation temperatures and the temperature range for optimal
selectivity.

Basepair at 3’-OH terminus and template C:G C:C C:T C:A
Nicked duplex Ty, with 5’-phosphate abasic (°C) 31 19 23 20
Nicked duplex Ty, with 5’-phosphate thymidine (°C) | 31 15 15 15
% Conversion with 1 unit enzyme at 35- 41 °C with | >80% 0 <2% <2%

5’-phosphate thymidine

% Conversion with 6.5 unit enzyme (35- 47 °C) with | >80% 0 <2% <2%

5’-phosphate thymidine

% Conversion with 6.5 unit enzyme with abasic (29- | >80% 0 <2% <2%

35 °C) with 5’-phosphate abasic

3.6 Assessing Probe Adenylation at High Concentration of Enzyme and a Temperature Far

Above the T, of the Nicked Duplexes

To understand the temperature dependence of SNP selectivity, we consider the mechanism
of ligation by T4 DNA ligase, which is an adenosine triphosphate (ATP)-dependent ligase. First,
the enzyme docks onto the nicked duplex. Next adenosine monophosphate (AMP) is loaded onto
the enzyme by reaction of the enzyme with ATP, and then the AMP is transferred to the 5’-
phosphate group of the ligating strand.''*'" Finally, ligation occurs by activation of the 3’-
hydroxy group by the enzyme, which facilitates nucleophilic attack at the 5’-AMP-phosphate
end and loss of ADP. The rate-determining step in DNA ligation reactions is the ligation step
after adenylation of the 5’-phosphate probe by the AMP-loaded ligase. However, if ligation is

very slow, then the enzyme can reload with AMP prior to ligation. This AMP-loaded enzyme has
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a weaker affinity for the nicked duplex and cannot catalyze ligation of the adenylated probe.
Consequently, oligonucleotides that are difficult for the enzyme to ligate, like RNA fragments,

require lower ATP concentrations for optimal ligation.m’ 116

At higher temperature and higher enzyme concentration the relative amount of AMP-
loaded enzyme and the rate of adenylation of the 5’-phosphate strand is increased relative to
lower temperatures. We speculate that this increase in AMP-loaded enzyme and possibly 5°-
phosphate adenylation leads to an increase in AMP reloading before the 5’-adenylated phosphate
strand can be ligated. This situation should occur more frequently for the mismatched duplexes
because ligation with the mismatched 3’-hydroxy is quite slow relative to the perfect matched
system. Figure 3.7 reveals the formation of the AMP-modified 5’-phosphate abasic strand band
on top of the reactant band over time in the presence and absence of mismatches at 29 °C using
the high enzyme concentration. We did observe a steady increase in the AMP-modified 5°-
phosphate abasic for the mismatched systems. These data provide some support that the
selectivity stems from slower ligation of the mismatches compared to the matched system after

5’ adenylation of the ligating strand.

To wunderstand the temperature dependence of the system with higher enzyme
concentration, we consider how the enzyme shifts the equilibrium toward hybridization as it
binds selectively to the duplex rather than the single-stranded form of DNA. As such, the
increased enzyme concentration should increase the amount of nicked duplex. This would
explain why greater temperatures are required to achieve selectivity when high enzyme
concentration is used because a new temperature has to be found where the rate of ligation,
which depends on the concentration of nicked duplex, is much faster for the matched than

mismatched duplexes.
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5' TTG TAT AGA XTA ATT GAT 3'
3' T-AACATA TCDpCAT TAACTA 5

X: G/CIT/A D : Abasic group
C:G matched C:C mismatched
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C:T mismatched C:A mismatched

5min |15 min |30 min |60 min

Figure 3.7 Gel images of the AMP formation of the DNA-templated enzymatic ligation using an
abasic group. Experimental Conditions: 1.4 pM matched or mismatched template, 1.4 uM
5’abasic-phosphate-3° fluorescein ODN, 1.4 uM 3’-hydroxy-5’ fluorescein ODN, T4 DNA
ligase (2000 cohesive end units, New England Biolabs) in ligase buffer (0.010 M MgCl,, 50 mM
Tris-HCI, pH 7.5), 29 °C.
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3.7 Conclusions

In conclusion, contrary to conventional thought, T4 DNA ligase can be made quite
selective for mismatches at the 3’-hydroxy site of ligation. Increasing the temperature to 7-13 °C
above the probe:template duplex T, of the perfect system, we observe facile ligation of the
perfect match (> 90% conversion) while significantly mitigating ligation of the mismatched
duplex. Increasing the enzyme concentration shifted the temperature range where the excellent %
conversion and excellent selectivity were observed to higher temperatures of 13-19 °C above the
T For future work, we will explore higher temperature ranges (> 47 °C) to see the temperature

at which the high concentration enzyme will no longer be selective.

Finally, the ideal temperature range for selective ligation can be tuned to lower
temperatures including room temperature with the use of a 5’-phosphate abasic ligating strand.
The presence of this abasic site either enhances or maintains the excellent selectivity of T4 DNA
ligase at elevated temperature. As such, these modifications can be utilized to control the assay
temperature as they significantly influence the T, of the nicked duplex. Given the commercial
availability of the abasic modification as well as the two concentrations used of enzyme, these

results should be easily incorporated into ligase-based assays for SNP detection.
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3.8 Experimental Section
3.8.1 General

All the DNA synthesis reagents were purchased from Glen Research. 40%
Acrylamide/bisacrylamide solution, 19:1 (cat. #1610144) was purchased from Bio-Rad. T4 DNA
ligase enzyme (2,000,000 cohesive end units/mL, cat. #M0202T) and ligase buffer were

purchased from New England Biolabs.

Table 3.2 DNA sequences used in this study

Name Sequence

Template 5' TTG TAT AGA GTA ATT GAT 3'

Mismatched Template 5" TTG TAT AGA XTA ATT GAT 3'
X=CT,A

5’- Abasic Phosphate ODN 5'P-DCT ATA CAA- 3

5’-Phosphate ODN 5'P-TCT ATA CAA-3'

3'-Hydroxy- 5¢ Fluorescein ODN 5’ Te- ATC AAT TAC 3'

5’-Abasic Phosphate-3’ Fluorescein ODN 5'P-DCT ATA CAA-F 3'

P = phosphate, D = abasic group, F = fluorescein.

3.8.2 Enzymatic Ligation Method

The matched or mismatched template, 5’-phosphate ODN and 3’-hydroxy ODN- 5’
fluorescein were added to an Eppendorf tube and diluted 10 pL. MQ H,O. The mixture was

allowed to incubate in a covered thermal incubator at the specific temperature. A master mix (5
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pL), with T4 DNA ligase (400 or 2000 cohesive end units, New England Biolabs) and the
provided buffer (1.5 uL) was added to the previous mixture and timing started. The final volume
was 15 pL and the DNA concentrations were: 1.4 uM matched or mismatched template, 2.8 uM
5’ phosphate ODN and 1.4 pM 3’-hydroxy ODN-5" fluorescein. At different times of the
reaction, aliquots (2 puL) were taken from the reaction mixture and put in an Eppendorf tube
containing a running dye (0.25% w/v bromophenol blue with 80% w/v sucrose in 0.5 M EDTA

(aq) (2 puL). Samples were analyzed by 15% denaturing PAGE as described previously.?

3.8.3 T\, Measurements

1.3 nmol of each DNA strand (template and ligating ODN) were diluted in a 1 ml of 0.01
M MgCl,. The sample was hybridized in the fridge for around 1 hour. UV melting curves were
measured using an HP 8453 diode-array spectrophotometer with an HP 89090A Peltier
temperature controller instrument were measured at 260 nm with a heating range between 12-

50 °C with 1 °C intervals, and 100 rpm stirring.

3.8.4 DNA Synthesis and Purification

The synthesis of the DNA strands were done using Glen Research reagents on an ABI
solid-phase synthesizer, Model 392. Strands were purified following DMT-On GlenPak
purification protocol using GlenPak DNA cartridges (cat. 60-5200-01). Standard DNA
phosphoramidite, CPG’s and the following modifications: chemical phosphorylation reagent II
(cat. 10-1901-90)], fluorescein-dT  phosphoramidite (cat.10-1056-95), dSpacer CE

phosphoramidite (cat. 10-1914-90), and 3'-(6-FAM) cat. 20-2961-41 were used (Figure 3.8).
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Figure 3.8 The chemical structures of the phosphoramidites and CPG used in this study. Dmt is
dimethoxytrityl.

3.8.5 MALDI-TOF Characterization

Synthesised DNA strands were analyzed by MALDI-TOF. First a matrix solution of 3-
hydroxypicolinic acid in 1:1 acetonitrile:water was prepared (25 mg/mL) as well as an
ammonium citrate solution in water (25 mg/mL). These two solutions were mixed in a 9:1 ratio
to yield the final matrix mixture. The synthesized DNA (5 nmol) was desalted using ZipTip
(ZTC18S5096) purchased from Millipore Sigma and was mixed in a 1:1 ratio with the matrix
mixture. The measurements were carried out on a Voyager Elite (Applied BioSystems, Foster

City, CA, USA) time of flight-mass spectrometer.
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3.8.6 Denaturing Polyacrylamide Gel Electrophoresis

A denaturing 15% polyacrylamide gel was prepared by dissolving urea (4.8 g) in 40%
Acrylamide/Bis Solution 19:1 (3.75 mL) (Bio-Rad Cat.161-0144) and 5 x TBE buffer (1 mL),
then diluted to 10 mL with MQ water. Tetramethylethylenediamine (10.7 pL, TEMED) and
aqueous ammonium persulfate (80 puL) were added after urea was dissolved to induce
polymerization. A portion of the aliquot and running dye mixture (3 pL) was loaded into a
denaturing 15% polyacrylamide gel (8 M urea in 0.5 X TBE, 37.5 vol% of 40%
acrylamide/bisacrylamide solution, 0.75 mm thick, 10 wells). PAGE was run at 150 V for 80
min. A fluorescent image was taken of the gel using a fluorescent imager with trans-UV
illumination using an ImageQuant RT ECL instrument from GE Healthcare Life Science.
Quantification of the fluorescence emitted by each band was analysed by using ImageQuant TL
analysis software. The %con was determined based on the ratio of the fluorescence intensity of
the product band over the sum of the fluorescence intensity of the product and reactant bands

multiplied by 100%.%

The equation is as follow:

I
% Yl e l d — Product;and % 100%
+

Reactant Band

Product Band

3.8.7 Testing the Purity of the Synthesized DNA Probes by Stains-All

The DNA strands were loaded into 15% denaturing PAGE then stained with Stains-All
(Aldrich cat # E9379). The Stains-All solution was prepared by dissolving Stains-All (25 mg) in

50 mL mixture of 1:1 (MilliQ H,O: Formamide). The PAGE is placed in a container contained

72



the Stains-All solution, covered with foil and placed in a shaker for 15 min. The presence of one

band only for each strand is an indication of the purity of the DNA strand.
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Chapter Four

Amplification of O°-Methyl Guanine on the KRAS Gene by

Lesion Induced DNA Amplification



4.1 Introduction

Epigenetics is the study of the transmitted changes in gene function or expression that are

not based on changes to the DNA sequence of the gene.''” Some examples of epigenetic

8

modification of genomic DNA are methylation,' acetylation,119 phosphorylation,120 and

sumoylation.'?' This Chapter will focus on methylation of DNA. DNA methylation can occur

endogenously or exogenously. Examples of endogenous methylating agents are nitrosation

122-123

products and S-adenosylmethionine.'** Exogenous methylating agents may originate from

diet, environment, or toxins.

One common type of methylation is the methylation of cytosine, which is the
introduction of a methyl group into the 5 position of cytosine in CpG dinucleotides to form 5-

methyl cytosine (°MdC)."**'*" This modification plays an important role in gene expression,

128-130

gene silencing, and cellular reprograming. Levels of methylation vary in cancer cells: it

can be less than the normal cells (hypomethylation) or higher than the normal cells

131-132

(hypermethylation). Hypomethylation activates proto-oncogenes by allowing transcription,

133-135

while hypermethylation on the tumor suppressor genes lead to gene silencing. Moreover,

*MedC can undergo further deamination, resulting in thymidine, which in turn results in a G:T

mismatch which could lead to a mutation .'**"’

Another important example of methylation is the methylation of the 6-oxygen on the
guanine base (O°-MeG), which occurs after exposure to exogenous or endogenous methylating

agents. 138

This modification has been found in the KRAS gene, a gene that regulates cellular
growth and is a key controller for the epidermal growth factor receptor that is expressed highly in

many cancer cells. Mutations in the KRAS gene, especially in codon 12 and 13, have a negative

impact on cell proliferation and could lead to tumor cells resistant to epidermal growth factor
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19141 This methylated DNA damage site often can be repaired by O°-

receptor therapies.
methylguanine transferase enzyme, which removes the methyl group from the damaged site and
incorporates it onto a cysteine residue. Otherwise, DNA polymerase often introduces a thymidine
base opposite to O°-MeG instead of cytosine, resulting in a G to A transition that could lead to

cancer. 142

One of the challenges of O°MeG mutation is the lack of appropriate methods of
detection or quantification due to the low abundance of methyl guanine in the genome.'*"'** O°-
MeG was detected using different methods such as ultra-high performance liquid

chromatography coupled with mass spectroscopy (UPLC-MS), '+

or high resolution mass
spectrometry (UPLC-HRMS/MS), 146 immunoassay143’ 7 and 32P—pos‘tlabeling.l‘m’ 148 Despite the
selectivity and sensitivity of these methods, they involve digestion of the DNA sample in order

to perform the analysis, hindering the detection of the 0°-MeG quantity in specific positions of

the genome.

A reasonable approach for in-gene detection and quantification of alkylated bases is the
use of a chemically modified nucleoside that recognizes the adduct DNA by forming a strong H-
bond. Saski and co-workers developed a method for detecting O°-MeG using an unnatural
nucleoside with a transferable group that mediated the labeling of O°-MeG with FAM
(carboxyfluorescein) when it is placed on the opposite site to O°-MeG. This method was useful
in the detection and quantification of O°-MeG, however, the authors did not mention the ability
of this method to detect the methylated DNA adduct in the presence of other DNA targets.'” The
Sturla group developed a method for detecting and sensing O°-MeG in the KRAS gene at codon
12 and 13."° They synthesized unnatural nucleosides for in-gene detection, and one of the first

151

examples shown was perimidinone-derived nucleoside (Per) (Scheme 4.1A).°" The Per probe
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was found to bind more strongly to O°-benzylguanine (O°-BnG), resulting in a more stable
duplex than when it binds to G. They attributed the formation of a stable duplex when Per is
placed opposite to O°-BnG to the different conformation that Per adopts, a syn conformation
when it is opposite to O®-BnG and an anti conformation when it is opposite to the G."' For
better hybridization and duplex stability, the Sturla lab synthesized 1'-B-[1-naphtho[2,3-
d]imidazol-2(3H)-one)]-2'-deoxy-D-ribofuranose =~ (ExBenzi) and  1'-B-[1-naphtho[2,3-d]-
imidazole]-2'-deoxy-D-ribofuranose (ExBIM) (Scheme 4.1B) that bind more strongly to O°-
MeG compared to guanine when they are placed opposite to them. Colorimetric detection was
achieved after incorporating ExBenzi and ExBIM nucleotide derivatives into DNA-modified
gold nanoparticles to form nanoprobes. The presence of O°-MeG DNA in the DNA gene induced
the aggregation of gold nanoparticles due to the formation of a stable DNA duplex with the
modified nucleobases, which led to a color change to purple. However, no color change was
observed for the bulk DNA that was not methylated, indicating that ExBIM was selective to the
methylated template."”® The sensitivity of ExXBIM nanoprobes to the presence of O°-MeG target
was assessed in a background of human genomic DNA and non-methylated G target. The ratio of
the concentration of O°-MeG to the total DNA concentration was 0 to 2.8%, the ExBIM was able
to binds to 0.24% of the O°-MeG in the total DNA indicating that ExBIM is sensitive to the

presence of O°-MeG even in a background of genomic DNA."’
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Scheme 4.1 Structure of the unnatural nucleosides that selectively recognize O°-alkylated
guanine. A) Perimidinone-modified nucleoside (Per). B) ExXBIM-modified nucleoside (ExBIM).

The occurrence of O°-MeG in genomic DNA is very low, hence, there is a need for an
amplification method to enable the detection of such small amounts. Finding the right
amplification method that can discriminate between the affected methylated gene and the wild
type will assist in the early detection of cancer. We have collaborated with Sturla lab to
investigate the amplification of O°-MeG in the KRAS gene using the isothermal amplification

method that was developed in our group (Scheme 4.2, Chapter 1.1.1.2).2%

In this Chapter, we
synthesized an 18-mer KRAS template that is rich in GC content and contained O°-methylated
guanines as they have been implicated in the tendency of KRAS to become mutated. We then
attempted to amplify it using our LIDA approach. We started with the synthesis of two
methylated templates, O°-MeG with the methyl G on the 11 or 14 base of the 18-mer template.
Nilforoushan Arman from the Sturla lab synthesized one of the complementary DNA probes
with the ExBIM opposite to the methylated guanine, and all the other DNA probes were
synthesized in our lab. Our hypothesis was that in the presence of an ExBIM probe, the
methylated template would be amplified by LIDA, while no or little amplification would occur

for the non-methylated template due to the higher affinity of the ExXBIM probe to the O°-MeG

template.
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Scheme 4.2 Lesion induced DNA amplification (LIDA) and the kinetics of the cross-catalysis
amplification when 14 nM or 0 nM of initial target is present.

4.2 Stoichiometric Experiments for the Methylated and the Non-methylated Template
Using an Internal ExBIM Modification (Away from the Ligation Site)

We started our project by running stoichiometric experiments to test if T4 DNA ligase
could ligate the two complementary probes even when one contained an ExBIM instead of a
cytosine. The templated reaction of the two complementary DNA probes: the 3’-hydroxy probe
containing the internal ExBIM and the 5’-phosphate probe containing two abasic groups and a
fluorescein at the 3’-terminus was performed with either the methylated or non-methylated
template in the presence of T4 DNA ligase at 12, 15, and 18 °C (Figure 4.1). We evaluated the
percent conversions using polyacrylamide gel electrophoresis and fluorescent imaging. (These
experiments were conducted in collaboration with Anyeld Ubeda, a graduate student in our
group). The percent conversion refers to the percent of ligation of the limiting fluorescent labeled
probe, which was always lower in concentration by a factor of two with respect to the one or
three other probes used in stoichiometric or cross-catalysis reactions, respectively. The results
revealed that T4 DNA ligase was able to ligate the two probes, even when one included an

internal ExBIM modification (Figure 4.1). Not only that, at 15 and 18 °C around 60% ligation
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product was observed for the reaction containing the methylated template while less than 5%
product resulted for the non-methylated template (Figure 4.1 B and C). The selectivity for the
methylated template was not as significant at 12 °C (Figure 4.1 A). Since the stoichiometric

reaction worked, we moved on to the cross-catalysis experiments.
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Figure 4.1 Stoichiometric DNA-templated ligation using a 5’phosphate abasic,- 3’ fluorescein
probe, 3’-hydroxy probe with an internal ExBIM modification and either methylated or non-
methylated template at: A) 12 °C B) 15 °C and C) 18 °C. GM® = 0°-MeG, X = ExBIM, D =
abasic group, p = 5’-phosphate group, F = 6-carboxyfluorescein. Experimental conditions: O°-
MeG14-Template (1.4 uM), 5’-phosphate abasic,- 3’ fluorescein (grey) probe (1.4 uM), 3’-
hydroxy ExBIM-G14 (blue) probe (2.8 uM), T4 DNA ligase (2,000 CEU per 7.5 uL), 0.01 M
MgClz.
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4.3 Amplification of the Non-methylated KRAS Template in the Presence of a 5°-Phosphate

Probe with One Abasic Group

The wild type (wt) KRAS has more GC content (55% GC) than the anthrax template
(16% GC) previously amplified by LIDA.* Hence, we decided to amplify it first before testing
the methylated version of the same template. The complementary DNA probes were synthesized,
the 5 phosphate containing one abasic destabilizing group and the 3’-hydroxy probe (these
probes are for the first cycle). The second cycle of DNA probes were synthesized as well, one

with a 3’-hydroxy-5’fluorescein DNA probe and the other one with a 5’-phosphate DNA probe.

We based our results in this chapter on the % conversion which is calculated from the
percentage of the limiting probe (fluorescein-labeled 3'-OH probe) that was converted to the
ligation product (see Chapter 4.10.4). For a cross-catalysis reaction, the target amplification
factor is this % conversion divided by the mol% of the initial target template. For example, 70%
conversion for a cross-catalysis reaction initiated by 1 mol% of the wt KRAS target is equivalent

to an amplification factor of 70.

First, we explored the cross-catalysis reaction using a small initial concentration (1
mol%) of the wt KRAS target with excess of the four probes at 30, 33, 37, and 40 °C. No
amplified product was detected on the polyacrylamide gel for the reaction at 30 °C after 17 h
(Figure 4.2 green) nor at 33 °C after 17 h (Figure 4.2 blue). However, the reaction at 37 °C
yielded around 15% after 17 h (Figure 4.1 red), while the reaction at 40 °C yielded around 20%

after 17 h (Figure 4.2 black).
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Figure 4.2 Cross-catalysis of the wt KRAS template using one abasic group. D = abasic group, p
= phosphate group, Tr = dT fluorescein. Experimental conditions: K-Template (14 nM),
5’phosphate-abasic (grey) probe (2.8 uM), 3’-hydroxy (blue) probe (2.8 uM), 3’-hydroxy-5’
fluorescein (black) probe (1.4 uM), 5’-phosphate (black) probe (2.8 uM), T4 DNA ligase (2,000
CEU per 7.5 uL) at 30, 33, 37,40 °C, 0.01 M MgCl,.

We attributed the low yield even at relatively high temperature (40 °C) to the high GC
content, which increases the T, of the duplex and makes it hard to amplify with only one abasic
group. For that reason, we introduced another abasic group on the 3’-hydroxy DNA probe (5’
TAC GCC AC 3’) shown in blue in Figure 4.2 to decrease the temperature of amplification to a
relatively low temperature. The cross-catalysis reaction was run for the wt KRAS template (1
mol%) using this new probe at temperatures between 15 and 34 °C. The reactions did not reveal

any ligation product by PAGE analysis indicating that no amplification had occurred.
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4.4 Amplification of the Non-methylated KRAS Template in the Presence of Two Abasic

Groups on the 5’ Phosphate DNA Probe

Given the previous results, we reasoned that the lack of cross-catalysis did not originate
from the shorter 3’-OH probe as that was only 8 nucleotides unlike the 5’-phosphate abasic
probe that was 10 nucleotides in length. If the shorter 3°-OH probe was too stable then cross-
catalysis should have improved when we introduced an abasic group, which was not the case.
Consequently, another set of cross-catalysis probes were assembled with the introduction of two
rather than one abasic group on the same DNA probe (5’-phosphate-abasic, probe = 5’ pDAG
CTC DAA C 3’) to increase destabilization and cross-catalysis of the non-methylated KRAS
target. The cross-catalysis of the non-methylated template (1 mol%) yielded no ligation product
detected at 21 and 24 °C after 26 h. However, the reaction at 27, 30, and 33 °C yielded 5, 87, and
53% ligation product (ie more of the KRAS target), corresponding to a target amplification
factor of 5, 87, and 53, respectively, after 28 h. We narrowed the range and tried this reaction at
one degree intervals between 27 and 33 °C to determine the optimum temperature (Figure 4.3).
At 28, 29, 30, 31, and 32 °C the reaction yielded 10, 56, 90, 80, and 42%, respectively
(corresponding to a target amplification factor of 10, 56, 90, 80, and 42), after 26 h, indicating
the highest yield was at 30 °C. Since the cross-catalysis for the wt KRAS worked, we decided to

next explore the amplification reaction using the methylated template.
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Figure 4.3 Temperature optimization of cross-catalytic amplification of the wt KRAS template
using one more abasic group in the destabilizing probe. D = abasic group, p = phosphate group,
T = fluorescein-dT. Experimental conditions: K-Template (14 nM), 5’-phosphate abasic; (grey)
probe (2.8 uM), 3’-hydroxy (blue) probe (2.8 uM), 3’-hydroxy-5" fluorescein (black) probe (1.4
uM), 5’-phosphate (black) probe (2.8 uM), T4 DNA ligase (2,000 CEU per 7.5 pL) at various
temperatures in 0.01 M MgCl,.

4.5 Amplification of O°-Methyl Guanine (O°-Me G) KRAS Template

Two methylated KRAS templates with methylated guanine at two different positions (11
and 14) were synthesized as well as the corresponding methylated 5’-phosphate probes using a
modified guanine base (O°-MeG) on the solid-phase synthesizer. The template that contains O°-
Me on the 11 base (0°-MeG11) results in O°-MeG at the 3’ end of the ligation site during cross-
catalysis. The other template with the methylated group on the 14 base (0°-MeG14) results in the
0°-MeG in the middle of one of the probes 4 positions away from the ligation site during cross-
catalysis. The complementary DNA probes that have an 1'-B-[1-naphtho[2,3-d]-imidazole]-2'-
deoxy-D-ribofuranose (ExBIM) across from the O°-MeG were synthesized by our collaborator

Nilforoushan Arman in the Sturla lab."”® The probe complementary to the O°-MeG11 template
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we refer to as 3’-hydroxy ExBIM-G11 DNA probe, and 3’-hydroxy ExBIM-G14 is the probe
complementary to the O°-MeG14 template. Sturla and co-workers showed that ExXBIM binds
slightly stronger to the 0°®-MeG template (T, = 54 °C) compared to the wt template containing
natural G (T, = 51.7 °C). With this in mind, we aimed to amplify the methylated KRAS template
by LIDA, hoping that we could find a temperature where the methylated template would initiate
amplification using the ExBIM probes whereas only the background process would be observed

for the non-methylated template.

4.6 Amplification of the Methylated KRAS Template O°-MeG11 with the MeG at the

Ligation Site

Previous work in our group revealed that the ideal amplification temperature was ~4 °C
below the dissociation, or melting, temperature (Ty,) of the product duplex.”** As such, an
important parameter to know prior to attempting amplification is the melting temperature, which
helps in determining the range of temperatures that should be explored. To determine this
dissociation temperature, we prepared the ligation product that would form between the
destabilizing probe containing two abasic groups and the probe containing the C rather than the
ExBIM across from the O°-MeG (this substitution was made owing to the small amount of
material available for making ExBIM modified strands). The T,, for the methylated KRAS
template (O°-MeG11) with this mostly complementary DNA was 35 °C. Therefore, we decided
to run the amplification reaction between 27 and 33 °C. Sturla and co-workers had shown that
the T, of a strand with the 0°%-MeG:C is very similar to that with the 0°-MeG:ExBIM (55.2 and
54.0 °C, respectively).'™ First, we explored the cross-catalysis of the methylated template (1
mol%) 0°MeG11 at 27, 30, and 33 °C that required the ligation of a 3’-terminal ExBIM group

in the catalytic cycle. No product was detected after 28 h when cross-catalysis was performed at
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any of these temperatures. We suspected that the T4 DNA ligase was not able to ligate the 3’-
hydroxy ExBIM-G11 terminated probe or the 5’-phosphate O°-MeG terminated probe owing to
the unnatural basepair at the ligation site.*” To confirm that, we collaborated with Anyeld Ubeda
for testing the stoichiometric reaction for the methylated target, and indeed no ligation of the 3’-
hydroxy ExBIM probe was detected at 10, 13 and 16 °C. We performed the stoichiometric
reaction at temperatures below the dissociation temperature of the nicked duplex to facilitate
ligation. Consequently, we decided to try the other KRAS template with the methylated guanine

further from the ligation site.

4.7 Amplification of the Methylated KRAS Template (06-MeG14) Using ExBIM-G14
Probe

Similar to above, the melting temperature was first determined for the methylated
template O°-MeG14 with the mostly complementary DNA strand containing two abasic groups
and a C in place of the ExBIM. The T,, was 37 °C; therefore, we decided to run the reaction at a
temperature lower than 37 °C. The cross-catalysis for the 0°-MeG14 template (1 mol%) with its
cycle 1 probes (one containing the ExBIM) and cycle 2 DNA probes was performed at 27, 30,
33, and 35 °C. No ligation product was observed at these temperatures after 33 h. As cross-
catalysis is a combination of two steps, ligation and dissociation, the reason that the
amplification of the 0°-MeG14 template with the ExBIM probe did not work may be due to the
dissociation step as the ExBIM probe lacked any destabilizing group. In other words, perhaps the
product duplex was very stable and could not dissociate spontaneously. For future work, we will
introduce another abasic group into the 3’-hydroxy ExBIM-G14 DNA probe to help in the

spontaneous dissociation.
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4.8 Amplification of the Methylated KRAS Template (0%-MeG14) Using the C-G14 Probe

Having an ExBIM group across from the methylated G did not lead to any amplification
under any of the tested conditions, therefore, the next step was to carry out the reaction using
cytosine across from the methylated G instead of the modified ExBIM nucleobase. We decided
to explore this C-G14 probe instead of ExBIM as we hypothesized that the DNA-templated
reaction of the methylated template should work faster compared to the reaction with ExBIM. To
test this hypothesis we ran a stoichiometric reaction with 1 eq of the methylated template, 1 eq of
5’-phosphate abasic,- 3’fluorescein probe, and 2 eq of the 3’-hydroxy probe with and without
ExBIM. The reaction with C-G14 probe gave a faster reaction ~ 61% in 15 min (Figure 4.4,
black square), compared to the reaction with the ExBIM probe that yielded 20% after the same
time (Figure 4.4, red circle) at 16 °C. As the rate of ligation has been shown to influence the
cross-catalysis (see Chapter 1.5), we hypothesized that the C-G14 probe would be able to

undergo cross-catalysis more effectively.
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Figure 4.4 Stoichiometric DNA-templated ligation using the methylated target at 16 °C. GM® =
0°-MeG, X = ExBIM, D = abasic group, p = 5’-phosphate group, F = 6-carboxyfluorescein.
Experimental conditions: O°-MeG14-Template (1.4 uM), 5’-phosphate abasic,- 3’ fluorescein
(grey) probe (1.4 uM), 3’-hydroxy ExBIM-G14 (blue) probe, 3’-hydroxy DNA (blue) probe (2.8
uM), T4 DNA ligase (2,000 CEU per 7.5 uL), 0.01 M MgCl,.

Cross-catalysis was performed with the 3’-hydroxy DNA probe with C across from the
methylated G (C-G14 probe) and sub-stoichiometric amounts of the methylated O°-MeG14
template (140 nM, 10 mol% with respect to the limiting fluorescein-labeled 3’-OH probe). As a
point of comparison, the same conditions were used except that 10% of the non-methylated
KRAS template was used instead to initiate the reaction. At 23 °C, we were pleased to observe
amplification but it was slower compared to the other temperatures and yielded 39% of the
methylated target after 3 h for the reaction initiated with methylated target (corresponding to a

target amplification factor of 3.9) and 9% of methylated target for the reaction initiated with the
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non-methylated target. After 6 h, the conversion had increased to 88% and 12% for the reaction
initiated by the methylated and the non-methylated template, respectively (Figure 4.5 A). At 24
°C, the reaction was faster, yielding 88% for the methylated and 14% for the non-methylated
initial template within 4 hours. This yield increased to 100% and 69% after 8 h for the
methylated and non-methylated initial template, respectively, (Figure 4.5 B). The reaction at 25
°C yielded 94% for the methylated and 20% for the non-methylated template after 3 h, which
increased to 100% and 85%, respectively, after 6 h (Figure 4.5 C). The fastest reaction was the
reaction at 26 °C, which resulted in 89% and 69% for the methylated and the non-methylated
template, respectively, after 3 h. At this temperature, the reaction showed less discrimination
between the reaction initiated with the methylated and the non-methylated template (Figure 4.5
D). Therefore, the optimal reaction temperature was 24 °C for the methylated system, providing
the best balance of fast kinetics and discrimination between the reaction initiated with the

methylated and the non-methylated template.
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Figure 4.5 Cross-catalysis of a 10% methylated and non-methylated template. A) 23 °C B) 24
°C C) 25 °C D) 26 °C. GM = 0°-MeG14, D = abasic group, p = phosphate group, Tr =
fluorescein-dT. Experimental conditions: K-Template (140 nM), 5’phosphate abasic, (grey)
probe (2.8 uM), 3’-hydroxy (blue) probe (2.8 uM), 3’-hydroxy-5’ fluorescein (black) probe (1.4
uM), 5’-phosphate (black) probe (2.8 uM), T4 DNA ligase (2,000 CEU per 7.5 uL), 0.01 M
MgClz
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Next, we decreased the template concentration to 14 nM (1 mol%) and ran another set of
cross-catalysis reactions for the methylated and non-methylated template at the optimum
temperature of 24 °C. The reaction yielded around 70% for the methylated (corresponding to a
target amplification factor of 70) and around 10% for the non-methylated template after 6 h
(Figure 4.6A). The non-templated reaction also yielded around 10%. Lowering the concentration
of the template to 1.4 nM (0.1 mol%) also showed selectivity for the methylated over the non-
methylated template, with a yield of 93% for the methylated (an amplification factor of ~930),
28% for the non-methylated initial template, and 15% for the background reaction when no
template was initially present (Figure 4.6B). The % conversion of the methylated target formed
from the reactions initiated by the non-methylated template or no initial template (the
background triggered process) are close to each other, suggesting that the non-methylated
template is responsible for only some self-replication similar in magnitude to that initiated by the

background-triggered process.

The stability of the duplex resulted from the first cycle using the methylated template is
lower compared to the duplex with the non-methylated template due to the weaker binding of
0°-MeG:C compared to G:C. This stability has a significant effect on the second step of cross-
catalysis, the dissociation of the duplex, to produce the template again that could initiate the
second cycle. The formed duplex stability is also sensitive to the reaction temperature, as in the
presence of a destabilizing group, the melting temperature of the nicked duplex and the product
duplex will be close to each other and that helps in the spontaneous dissociation as we saw in a
previous report by our group.” Therefore, the amplification worked faster in the case of the

methylated template compared to the non-methylated template.
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Figure 4.6 Cross-catalytic replication of the methylated KRAS target initiated by methylated and
non-methylated KRAS template. A) 14 nM template B) 1.4 nM template. GM® = 0°-MeG14, D =
abasic group, p = phosphate group, Tr = fluorescein-dT. Experimental conditions: K-Template
(140 nM), 5’-phosphate abasic, (grey) probe (2.8 uM), 3’-hydroxy (blue) probe (2.8 uM), 3’
hydroxy-5’ fluorescein (black) probe (1.4 uM), 5° phosphate (black) probe (2.8 uM), T4 DNA
ligase (2,000 CEU per 7.5 uL), 0.01 M MgCl, 24 °C.
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4.9 Conclusions

Amplification of the 0®-MeG KRAS template with methylated G at the ligation site or
internally did not lead to an amplification product at different temperatures using the modified
nucleoside ExBIM in the complementary probe. For future work, introducing another abasic
group on the ExBIM probe may be required to help in the spontaneous dissociation of the DNA
duplex and the isothermal amplification of O®-MeG using these “complementary” ExBIM

probes.

The amplification of 0°%-MeG occurred, however, when a cytosine rather than the ExBIM
was present on the probe across from O°-MeG, and we were able to achieve good discrimination
between the reactions initiated by the methylated versus the non-methylated template. The best
discrimination ratio between the reactions initiated with methylated and the non-methylated
templates was observed at 24 °C yielding 93% for the methylated and 28% for the non-
methylated template after 9 hours, which corresponded to a net amplification factor of 650
(amplification factor resulting from initial methylated target minus that from the reaction with
initial non-methylated target). Under these conditions, we were also able to discriminate as low
as 1.4 nM of the methylated template. For a better assessment of this method’s ability to
selectively identify the methylated DNA target, templates with a single mutation in place of O°-
MeG are required to test if this method can recognize the methylated DNA target with high
efficiency compared to the other targets. If this succeeds, this method could emerge as a tool for
the sequence selective detection of O°-MeG alkylated adducts on target DNA in point-of-care

diagnostics.
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4.10 Experimental Section
4.10.1 General

All the DNA phosphoramidite and DNA synthesizer reagents were purchased from Glen
Research. T4 DNA ligase enzyme (2,000,000 cohesive end units/mL, cat. #M0202T) and ligase
buffer were purchased from New England Biolabs. Magnesium chloride and ammonium
persulfate were purchased from Sigma-Aldrich. Tris base, boric acid, EDTA, Stains-All (cat. #
E9379), and tetramethylethylenediamine (cat. #T9281) were purchased from Fisher. 40%

Acrylamide/bisacrylamide solution, 19:1 (cat. #1610144) was purchased from Bio-Rad.
4.10.2 Synthesis of DNA Strands

The synthesis of the DNA strands were done using Glen Research reagents on an ABI
solid-phase synthesizer, Model 392. Strands were purified following DMT-On GlenPak
purification protocol using GlenPak DNA cartridges (cat. 60-5200-01). Standard DNA
phosphoramidite, CPG’s and the following mdifications: dSpacer CE phosphoramidite (cat. 10-
1914-90), fluorescein-dT phosphoramidite (cat. 10-1056-95), 3'-(6-FAM) CPG (cat. 20-2961-
41), chemical phosphorylation reagent II (cat. 10-1901-90), O°-Me-dG-CE phosphoramidite (cat.
10-1070-90) were used (Figure 4.7). For synthesizing strands with the latter, ibu-dG-CE

phosphoramidite (cat. 10-1020-05) were used (Figure 4.7).
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Figure 4.7 The chemical structures of the phosphoramidites and CPG used in this study. Dmt is
dimethoxytrityl.

Table 4.1 DNA Sequences Used in This Study

Name Sequence

K template 5° GTT GGA GCT GGT GGC GTA 3’
K(0%-MeG14) template 5" GTT GGA GCT GGT GGMC GTA 3’
K(0%-Me-G11) template 5" GTT GGA GCT GG™*T GGC GTA 3’
5’-phosphate-abasic, probe (Cycle 1) 5> pDAG CTC DAA C 3’

3’-hydroxy DNA probe (Cycle 1) 5> TACGCC AC 3’

3’-hydroxy ExBIM-G14 DNA probe (Cycle 1) 5 TAC CXC AC 3’
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5’-phosphate DNA probe (Cycle 2) 5 pGGT GGC GTA 3’

3’-hydroxy-5’ fluorescein DNA probe (Cycle 2) 5’ Te. GTT GGA GCT 3°

5’-phosphate-0°-MeG14 DNA probe (Cycle 2) 5" pGGT GGMC GTA 3’

3’-hydroxy ExBIM-G11 DNA probe (Cycle 1) 5> TACGCCAX ¥’

5’-ph0sphate-06-MeG11 DNA probe (Cycle 2) 5’ pGGMeT GGCGTA ¥

3’-hydroxy-abasic probe (Cycle 1) 5> TACDCC AC 3’

complementary K. target with one abasic group |5’ TAC GCC ACD AGC TCC AAC 3’

Complementary K. target with two abasic
groups 5’ TAC GCC ACD AGCTCD AAC 3

X = ExBIM, GM*= 0°-MeG, D = abasic group, p = phosphate group, Tr= fluorescein-dT
4.10.2 Mass Analysis of the DNA Strands

Synthesized DNA strands were analyzed by MALDI-TOF. First a matrix solution of 3-
hydroxypicolinic acid in 1:1 acetonitrile:water was prepared (25 mg/mL) as well as an
ammonium citrate solution in water (25 mg/mL). These two solutions were mixed in a 9:1 ratio
to yield the final matrix mixture. The synthesized DNA (5 nmol) was desalted using ZipTip
(ZTC18S5096) purchased from Millipore Sigma and was mixed in a 1:1 ratio with the matrix
mixture. The measurements were carried out on a Voyager Elite (Applied BioSystems, Foster

City, CA, USA) time of flight-mass spectrometer.
4.10.3 Ligation Experiments

4.10.3.1 Stoichiometric Enzymatic Ligation Procedure

The methylated or non-methylated template (1.4 uM), 5° phosphate (ExBIM or C probe)
(2.8 uM), and 3’-hydroxy-5’-fluorescein DNA probe (1.4 uM) were added to the tube containing
milliQ H,O (2.5 pL) and incubated at 16, 19, or 21 °C. The master mix (1X T4 DNA ligase (6.5
unit uL-1, NEB), 1.5 X NEB buffer, 2.5 X MQ H20) was added to a total volume of 15 pL, and

the reaction was started. The ligation mixture (3 uL) were taken at different times and added to a
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tube containing a running dye (0.25% w/v bromophenol blue with 80% w/v sucrose in 0.5 M
EDTA (aq)) (2 pL). Then, the previous solution was loaded into a 15% polyacrylamide gel

electrophoresis (PAGE), and run for 70 min on a 175 V electrophoresis.

4.10.3.2 Cross-Catalysis Enzymatic Ligation Procedure

0.1, 0.01, and 0.001 equivalents of the methylated or non-methylated template, 3’-
hydroxy ExBIM DNA probe, 5> 5’phosphate-abasic2 DNA probe, 5° phosphate-O°-MeG DNA
probe, and 3’-hydroxy-5’ fluorescein DNA probe were added to a tube containing MQ water.
The DNA strands were incubated at a specific temperature. The master mix (1X T4 DNA ligase
(6.5 unit ],LL_l, NEB), 1.5 X NEB buffer, 2.5 X MQ H20) was added to a total volume of 15 pL,
and the reaction was started. 2 pL of the ligation mixture were taken at different times and added
to an eppendorf tube containing a running dye (2 pL). Then, the previous solution was loaded

into a 15% polyacrylamide gel electrophoresis (PAGE).
4.10.4 Denaturing Polyacrylamide Gel Electrophoresis

A denaturing 15% polyacrylamide gel was prepared by dissolving urea (4.8 g) in 40%
Acrylamide/Bis Solution 19:1 (3.75 mL) (Bio-Rad Cat.161-0144) and 5 x TBE buffer (1 mL),
then diluted to 10 mL with MQ water. Tetramethylethylenediamine (10.7 pL, TEMED) and
aqueous ammonium persulfate (80 pL) were added after urea was dissolved to induce
polymerization. A portion of the aliquot and running dye mixture (3 pL) was loaded into a
denaturing 15% polyacrylamide gel (8 M urea in 0.5 X TBE, 37.5 vol% of 40%
acrylamide/bisacrylamide solution, 0.75 mm thick, 10 wells). PAGE was run at 150 V for 80
min. A fluorescent image was taken of the gel using a fluorescent imager with trans-UV
illumination using an ImageQuant RT ECL instrument from GE Healthcare Life Science.
Quantification of the fluorescence emitted by each band was analysed by using ImageQuant TL
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analysis software. The %con was determined based on the ratio of the fluorescence intensity of
the product band over the sum of the fluorescence intensity of the product and reactant bands

multiplied by 100%.%

The equation is as follow:

I product band

. - x 1009
foconversion I product band + I reactant band &

4.10.5 Testing the Purity of the Synthesized DNA Probes by Stains-All

The DNA strands were loaded into 15% denaturing PAGE then stained with Stains-All
(Aldrich cat # E9379). The Stains-All solution was prepared by dissolving Stains-All (25 mg) in
50 mL mixture of 1:1 (MilliQ H20: Formamide). The PAGE is placed in a container contained
the Stains-All solution, covered with foil and placed in a shaker for 15 min. The presence of one

band only for each strand is an indication of the purity of the DNA strand.
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Chapter Five

General Conclusions and Future Plans



5.1 General Conclusions

The ultimate goal for this thesis was to develop an enzyme-free self-replicating system
for point-of-care diagnostics. Although we did not achieve this goal, the work herein helped in
getting a better understanding about the design of a non-enzymatic DNA replicator. One of the
most important steps that we realized in order to develop such a system is the ligation step. The
ligation step has to be rapid in the presence of the template and no reaction should occur when no

template is present.

In chapter two, I discussed how we achieved DNA-templated CuAAC ligation that was
as rapid and more selective as DNA-templated enzymatic ligation. We have assessed the reaction
rate using 3’-propargyl ether and 5’-azide modifications under aerobic conditions as these
modifications result in the most biocompatible triazole linkage to date.*** The kops for the
optimized reaction at 23 °C was 1.1 min™ similar to that of the reaction catalyzed by T4 DNA
ligase at high enzyme concentration. The selectivity of the reaction to a single nucleotide
polymorphism on the ligation site of 3’-propargyl probe was studied and compared to the
enzymatic ligation. We found that CuAAC was able to discriminate most mismatches better than
T4 DNA ligase at temperatures slightly below the Ty, of the nicked duplex of the perfect matched

and higher than the T,, of the mismatched.

In chapter three, I discussed how we developed a single nucleotide polymorphism assay
to improve the selectivity of DNA-templated ligation using T4 DNA ligase at a temperature far
from the dissociation temperature of the nicked duplex of the perfect matched template. We used
T4 DNA ligase, which is known of having low fidelity in discriminating between mismatches
especially at the 3’-hydroxy site of the ligation. We observed facile ligation of the perfect match

(> 80% conversion) while significantly mitigating ligation of the mismatched duplex. The
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requirements are a temperature of ~ 7 °C above the nicked duplex dissociation temperature of the
matched template. This temperature range can be extended to 13-19 °C if a higher concentration
of enzyme was used. For testing the feasibility of the SNP assay at room temperature, an abasic
group should be used which allows for a great discrimination around the T, of the nicked duplex

of the perfect matched template.

In chapter four, I discussed how we investigated the amplification of O°-MeG in the
KRAS gene using the lesion induced DNA amplification (LIDA). Mutations in the KRAS gene,
especially in codon 12 and 13, have a negative impact on cell proliferation and could lead to
tumor cells resistant to epidermal growth factor receptor therapies. The KRAS sequence is rich
in GC content, thus we introduced another abasic group on the abasic LIDA system. The
amplification of the methylated template was successful when a probe containing 2 abasic
groups and a C across from the methylated group on the template was used. The most significant
differences in amount of the methylated target produced when the reaction was initiated with 0.1
mol% of the methylated or non-methylated target was 93% for the methylated and 28% for the
non-methylated template after 9 hours at 24 °C. Under these conditions, we were also able to
amplify as low as 1.4 nM of the methylated template. With more investigation, this method could
emerge as a tool for the sequence selective detection of O°-MeG alkylated adducts on target

DNA in point-of-care diagnostics.

102



5.2 Future Plans

5.2.1 Turnover Amplification with DNA-Templated Strain Promoted Alkyne-Azide

Cycloaddition (SPAAC) Isothermally

As we discussed earlier in the introduction that one of the requirement for turnover is that
the reaction is rapid. And to facilitate turnover experiment even more we thought of trying a
reaction where no catalyst needed which could potentially help in point-of-care-diagnostic. We
chose to investigate Cu free alkyne-azide cycloaddition DNA ligation which was reported by the
Brown’s group.*® In this reaction, the alkyne is internal rather than terminal and located in a large
ring which is dibenzocyclooctyne (DIBO). This ring is a strained molecule that relieves its strain
by undergoing a click reaction involving cycloaddition of the internal alkyne with an azide
(Scheme 1.8).* The author reported the templated reaction to be rapid and almost completed in 1

min at room temperature.

We followed the previous report and designed a DNA probe dibenzocyclooctyne (DIBO)
at the 3’-with a fluorescein on the 5’ position and a 5’-azide DNA probe (Scheme 5.1). The

stoichiometric reaction was rapid as well same to what was reported.
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Scheme 5.1 DNA-templated strain promoted alkyne-azide cycloaddition.

5.2.1.1 Turnover in the Presence of an Abasic Group

We will introduce an abasic group on the 5’ azide DNA probe to help with the
spontaneous dissociation of the double stranded DNA as we have seen in a previous report by
our group.”® From the previous stoichiometric study on SPAAC, we determined 23 °C to be the
optimum temperature. The next step, we will reduce the concentration of the template to 0.1,
0.01 and 0.001 eq and try the reaction. If this reaction works, it will be a great tool for
amplification in point of care diagnostic since it does not require any catalyst and it works well at

room temperature.

5.2.1.2 Salt Driven Turnover in DNA-Templated Ligation

As we have seen in Appendix I, we achieved 6 cycles of hybridization and
dehybridization using Mg-EDTA cycling for an 18-mer duplex. We can apply the same idea to
achieving turnover in a DNA-templated ligation. The addition of Mg salt will hybridize a nicked
duplex (template and the two probes) allowing the reaction like SPAAC to occur, then we add

EDTA to dehybridize the double stranded DNA product. The template will be in
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substoichiometric concentration. By cycling the Mg-EDTA, we can achieve a good number of
turnovers. If this reaction works, it could be a great tool for turnover as it can be applied with

other reactions too and not only with SPAAC.

5.2.2 Turnover Amplification with DNA-templated Strain Promoted Alkyne-Azide

Cycloaddition (SPAAC) with Thermocycling

Another strategy for SPAAC turnover that we will try if the isothermal reaction does not
work is to produce turnover with temperature cycling. This work was done previously by Ito and
co-workers (Chapter 1.3.1)."* Temperature cycling requires a relatively low temperature where
the nicked duplex will be hybridized (and the reaction can occurs), and a high temperature
(higher than the melting temperature of the product duplex) to denature the duplex. We will work
with 23 °C (optimized for this reaction) and since the reaction is rapid then we can have it at this
temperature for 2- 3 min then heat up at 70 °C for 5 min. And repeat these cycles many times to

achieve turnover.
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Appendix I

Towards Fuel-Driven DNA Hybridization/Dehybridization

Cycles



Al1 Introduction

DNA is an excellent candidate in nanotechnology and nanoswitch devices due to its
versatility, flexibility and, more importantly, its sequence-specific hybridization in a well-
defined double helix.'™ These properties allow the DNA to self-assemble in nanostructures,
forming the building blocks of different nanomachines, such as DNA walkers, DNA tweezers,
and DNA gears.” Such DNA nanomachines have different applications in molecular sensing,
nanomedicine, and drug delivery.”"' They change their motion, structure, hybridization state
(switching between hybridization and dehybridization) as a result of a response to external
stimuli, such as a change in pH, conformation, etc. Researchers have been working in finding
different ways to control DNA hybridization and dehybridization to expand the application of

such switches in nanotechnology.
Al.1.1 Light Driven DNA Hybridization and Dehybridization

One way to control the hybridization and dehybridization of DNA is by light. The
dsDNA has been modified with a photoresponsive molecule that changes its conformation when
it absorbs light. These molecules include spiropyran,'® stilbene,” diarylethene,'* and
azobenzene. The azobenzene family is the most common one among them and has many
applications due to its simple synthesis as well as its commercial availability and is tolerance to
the multiple photon irradiations.”> When a DNA is modified with azobenzene, it forms a trans
conformation in the dsDNA, and when it is irradiated with UV light (~ 340 nm), it changes to the
cis form, causing the double stranded DNA to dehybridize. Irradiating it again with visible light
(> 400 nm) leads to a change in the geometric isomerism back to the trans form, and the DNA

will be hybridized.
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Light driven DNA hybridization and dehybridization of a DNA containing azobenzene
was used to construct different nanomachines. Photoswitchable molecular glues were achieved
by the hybridization and dehybridization of dsDNA containing azobenzene upon applying
photoirradiation UV and visible light on the duplex (Scheme ALl A).'® Photoresponsive
tweezers with an exchangeable toehold were designed. The tweezer will be in the closed form
when the DNA containing azobenzene molecules in the trans configuration is hybridized to the
toechold. Photoirradiation with 340 nm UV light changes the azobenzene to the cis isomer,

causing dehybridization and opening the tweezer (Scheme AL 1B)."’

Another photoresponsive device was designed by Hiroyuki’s group. The authors
designed a photoresponsive DNAzyme with a catalytic loop, an RNA region hybridized to part
of the two arms, and the extended arms were modified with azobenzene molecules. The
photoisomerization of azobenzene initiated the switching on and off the DNAzyme activity and

the cleavage of the RNA (Scheme A. 1C).1%1
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Scheme Al.1. Light driven DNA hybridization and dehybridization in nanoswitches. A)
Photoswitchable molecular glues. B) Photoresponsive tweezers. C) Photoresponsive DNAzyme.
Image A regenerated with the permission from ref. 16, Copyright © 2007, American Chemical
Society. Image B regenerated with the permission from ref. 17, Copyright © 2008, John Wiley
and Sons. Image B regenerated with the permission from ref. 18, Copyright © 2010, John Wiley
and Sons.

Despite the great advantages of photoirradiation of azobenzene and the great applications
in nanomachines, there are some limitations. Photoisomerization has low quantum yields, the cis

form of azobenzene is thermally unstable, and the transformation does not exceed 80%. %
118



Al.1.2 pH Driven DNA Hybridization and Dehybridization

Another method to control the hybridization and dehybridization of DNA that has
applications in nanodevices is by a change in pH. A switchable DNA nanotriangle was designed
by three ssDNAs. The first strand, called M, has three different complementary parts, two parts
of which are complementary to the second strand F, which has a fluorophore on one end and a
quencher on the other end. The third strand is C, which is complementary to the middle part of
strand M. DNA C and DNA M have three mismatches between them. In a neutral or basic
medium, the three DNA strands hybridize together forming the triangle (open state). In an acidic
medium, strand C will dehybridize from strand M, and the latter will form an i-motif**>
between the cytosine bases in the middle part of the strand (close state of the triangle). The
authors controlled the opening and closing of the triangle by changing the pH, and the

fluorescence signal is detected when it is open. This nanodevice could have potential use in a

drug delivery system as well as a building block for more complex nanostructures.”'

Another example of a pH dependent nanodevice was done by the Jiang group. They
designed DNA nanoswitche with a pH-responsive carrier that attaches or releases gold
nanoparticles on mesoporous silica.”* The system was designed by attaching ssDNA (I) on
mesoporous silica, whose pores are loaded with small molecules of rhodamine, and another
ssDNA (II) with gold nanoparticles, which is partially complementary to strand I. In a basic
medium, the two strands will hybridize to each other, and the gold nanoparticle will seal the
pores, keeping the small molecules inside the pores. In an acidic medium, strand II will
dehybridize from strand I and fold into an i-motif, resulting in the release of rhodamine
molecules from the pores. These DNA nanoswitches have applications in the acidic release of

drugs for the treatment of tumors or other affected tissues.**
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pH driven DNA hybridization and dehybridization has wide applications in DNA
nanodevices for drug delivery. However, there is always room to explore simple methods that
can help in developing the applications.** In this Chapter we have looked into different strategies
of controlling DNA hybridization and dehybridization for potential use in nanodevices and/or
DNA amplification strategies, which could allow for isothermal turnover in microfluidic devices

that could provide the timed introduction of fuel.

AlL2 Fuel Driven DNA Hybridization and Dehybridization

One strategy that we tried for inducing and controlling DNA hybridization is by the use
of a fuel as a driving agent. In this regard, we collaborated with the Boekhoven group that has
developed a method of self-assembly and disassembly of supramolecular materials using ethyl-3-
(3-dimethylaminopropyl) carbodiimide (EDC).% They used different precursors based on two
amino acids, aspartate (D) and glutamate (E), bearing a hydrophobic group of (fluoren-9-
ylmethoxycarbonyl, Fmoc). In the presence of a fuel such as EDC, these precursors are self-
assembled, forming an anhydride. In a reversible step, the anhydride can go back to the original
dicarboxylate upon hydrolysis (Scheme Al.2). The concentration of the fuel controls how long

the anhydride stage can last before the hydrolysis.
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Scheme AL2 Fuel driven self-assembly and disassembly of dicarboxylate precursors.

We synthesized a template by solid-phase synthesis that contained two dicarboxylate
groups by preparing a DNA strand bearing two NHS carboxy groups, then reacting it with
aspartic dimethyl chloride while the DNA was still bound to the controlled porous glass solid
(Scheme Al.3). The idea here is that the two dicarboxylate groups on the DNA template will act
as a precursor, which forms an anhydride upon reaction with EDC. This anhydride is neutral,
allowing hybridization of two complementary probes (one with 5’-azide and the other one with
3’-alkyne-5’ fluorescein); these two probes can form a triazole product in the presence of the Cu
(I) catalyst. When the EDC is consumed, the anhydride will eventually be hydrolyzed by water
back to the original dicarboxylate form, which is negatively charged. We hoped that the
repulsion between the two strands should result in dehybridization and lead to turnover (Scheme
A.4). The cycle can be reinitiated by the addition of another batch of EDC, then Cu(I) catalyst,

and more cycles can be regenerated by the addition of EDC, followed by Cu(]) catalyst.
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Scheme AI.3 Reaction scheme of the synthesis of a dicarboxylate template starting from NHS
carboxy dT template and aspartic dimethyl chloride.

122



Hl“\l e} thl o
N7~
: o N:N’
5 H,O

Template
HN HN | |
(o] o] HN HN
(o] Q
=] =]
N >
N=N

—

DNA probes N
| ! |
HN ‘ o HN 0 Cu (I) catalyst
E;I %f

!
N
il

Hybridization to form nicked duplex

Scheme AIl.4 Fuel driven turnover of dicarboxylate templated Cu(l) catalyzed azide-alkyne
cycloaddition.

First, we wanted to test whether we could control the hybridization and dehybridization
of the 18-mer template that had two dicarboxylate groups with an 18-mer complementary target
by the addition of EDC (Scheme Al.4) and monitor this process by the absorbance at 260 nm
using UV spectroscopy. The idea here is that when it is in the anhydride form, the duplex will be
hybridized and the absorbance decreases, but when it is in the dicarboxylate form, the duplex is
dehybridized and the absorbance increases. However, monitoring by UV was not possible since
EDC has some absorption at 260 nm where DNA has its absorbance maximum, meaning that an

increase in the absorbance occurs with the addition of EDC.

Later we realized another limitation of this strategy, which was that the difference in
melting temperature between the duplex that had two dicarboxylate groups (46 °C) and a control
duplex with no dicarboxylate groups (49 °C) was only 3 °C (Figure AL1l) suggesting that

hydrolysis of the anhydrides would have a minor effect on duplex stability. One solution that we
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could explore in the future would be to increase the number of the dicarboxylate groups on the

template, maybe to 4—6 dicarboxylate groups.

1.00 -
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©
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Fig}lllre AlL1 Melting temperature of DNA duplex with dicarbOﬁylate template and its control
Wi{/l l{l/l% c}i)lé:arboxylate (Normalized). Experimental conditions: 1.4 uM of each DNA strand, 20
m :

AL3 Salt Driven DNA Hybridization and Dehybridization

It is known that metal ions affect the DNA structure when they interact with it causing
some modifications, such as a decrease in the solubility (precipitation), an increase in its

flexibility, an increase or decrease in its stability, and aggregation.”” These interactions depend

28-29

on many factors, including pH, temperature, ionic strength,’® and DNA sequence.”’ Metal

ions increase the melting temperature of a DNA duplex by neutralizing the negative charges on

the DNA backbone and by increasing its stability.**™
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We chose Mg”" in this study as the metal ion since it is one of the most common metal
ions in molecular biology. It has a direct effect on the amplification by polymerase chain reaction
(PCR),*® is a cofactor for many enzymes, and it has a direct effect on the stability of DNA
duplex; therefore, we chose to use it to induce the hybridization of the DNA duplex. For
inducing dehybridization of the DNA duplex, we used ethylenediaminetetraacetic acid (EDTA),
which chelates with magnesium metal and reduces the stability of the DNA duplex. Since EDTA
absorbs at 260 nm, we cannot use UV spectroscopy to monitor the hybridization and
dehybridization of the DNA duplex. Thus, we decided to label the two complementary strands
with a pair of fluorophores for a Forster Resonance Energy Transfer (FRET) study. FRET is a
phenomenon for energy transfer between two fluorophores, one a donor and the other one an
acceptor, depending on the distance between them. When the donor is excited, it emits light that
excites the acceptor, and the latter will emit light or fluorescence that could be detected.’’>® The
pair we used was Cy3 as the donor and Cy5 as the acceptor. Cy3 has an excitation at 550 nm and

an emission at 570 nm, while Cy5 has an excitation at 650 nm and an emission at 670 nm.

We synthesized a 23-mer DNA template with Cy3 fluorophore (5 TTG TAT AGA GTA
ATT GAT TTT TT-Cy3 3’) and its partial complementary an 18-mer strand that contains Cy5
(5’ Cy5- ATC AAT TAC TCT ATA CAA 3°). The extra T’s on the Cy3 strand were put to give

a reasonable distance for the FRET pair in order not to quench each other.

We started by running melting temperature experiments to determine what temperature to
use for the kinetic reactions. The melting temperature of the duplex in (3-(N-
morpholino)propanesulfonic acid (MOPS) buffer that contains no salt was found to be 32 °C
(blue line, Figure AL2), while the addition of 1 mM MgCl, raised the Ty, to 52 °C (black line,

Figure AL.2). Furthermore, the addition of 10 mM EDTA to the previous duplex lowered the Ty,
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to 42 °C (red line, Figure AL2). The T, is a bit high for this duplex, meaning that the kinetic
study for monitoring the DNA hybridization and dehybridization has to be done at a higher
temperature as well. Therefore, we synthesized a shorter Cy5 template (14-mer) with the
sequence of Cy5 (5’ Cy5- ATC AAT TAC TCT AT 3’). The melting temperature of the new
duplex in MOPS buffer without salt is 24 °C (blue line, Figure A.3), the addition of 1 mM MgCl,
to the previous duplex in MOPS buffer raises the Ty, to 40 °C (black line, Figure AL3), and the
addition of 10 mM EDTA lowers the Ty, to 26 °C (red line, Figure AL.3). Thus, we identified 37
°C as the ideal temperature where we should be able to turn on and off hybridization by adding

MgCl, then EDTA, respectively.

5 TTG TAT AGA GTAATT GAT TTTTTCy3 3
3’ AAC ATATCT CATTAACTA Cy5 5’

1.00

0.95

0.90
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0.80

0.75

Absorbance (260 nm)
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1mM MgCl,
1mM MgCI-10mM EDTA

1 | 1 1 1 1
20 30 40 50 60 70
Temperature (°C)

0.70 +

Figure AL2 Melting temperature analysis (Normalized) of Cy5- Cy3 duplex. Experimental
conditions: 1.4 pM of each DNA strand, 20 mM MOPS, MgCl, and EDTA if noted.

126



5" AT AGAGTAATTGAT TTT TTCy3 3
3’ AAC ATATCT CATTAACTA Cy5 %
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Figure Al.3 Normalized melting temperature analysis of shorter Cy5- Cy3 duplex. Experimental
conditions: 1.4 uM of each DNA strand, 20 mM MOPS, MgCl, and EDTA if noted.

AlL3.1 Titration of Mg Chloride on DNA Duplex

First of all we needed to determine the minimum amount of Mg salt that could induce
DNA hybridization. A titration of magnesium chloride (MgCl,) on the DNA duplex was
monitored with a fluorometer using a fixed excitation wavelength of 570 nm and a range of
emission wavelength of 650—700 nm. Different concentrations of MgCl, were tested between
0.1 and 10 mM. From these results, the ratio of the fluorescence intensity between Cy5 at 662
nm to Cy3 at 656 nm was calculated (Figure AL.4B) with an increase in the ratio corresponding
to DNA hybridization. From this analysis we determined that the minimum concentration of
MgCl, required to induce hybridization of the DNA duplex at 37 °C was 0.25 mM (Figure AlL4

B).
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Figure AL4. Titration of different concentrations of MgCl, on Cy5-Cy3 DNA duplex in MOPS
buffer as monitored by fluorescence. A) Fluorescence emission spectra (Aex = 570 nm). B) Plot
of FRET efficiency (Ig62/Is65) vs the concentration of MgCl,. Experimental conditions: 1.4 uM of
each DNA strand, 20 mM MOPS, various concentrations of MgCl, (mM), 37 °C.
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Al.3.2 Titration of EDTA with 0.25 mM Magnesium Chloride

After identifying conditions that led to DNA hybridization, we next focused on
determining how much EDTA needed to be added to afford dehybridization. The DNA duplex
was diluted in MOPS buffer and 0.25 mM MgCl, was added, and a fluorescence spectra were
measured. An increase of the FRET was attributed to the hybridization of the double stranded
DNA. Disodium dihydrogen EDTA was added to the previous solution using different
concentrations, and the fluorescence readings were taken after each addition (Figure ALS). The
ratio of the fluorescence intensity between CyS at 661 nm to Cy3 at 653 nm was calculated
(Figure ALS5 B). Disodium dihydrogen EDTA concentrations of 1, 2.5 and 5 mM led to a
decrease in the FRET based on the (Ig6i/Is63) intensity ratio indicating that it induces
dehybridization of the duplex. However, higher concentrations of EDTA (10, 12.5, and 15 mM)
did not induce the dehybridization instead the signal went up. We reasoned that adding this much
EDTA introduced enough sodium salt into the solution that it could stabilize the duplex. From
these results, the concentration of EDTA that induced dehybridization was determined to be 1
mM (Figure ALS5 A). With further optimization of EDTA concentrations, the minimum
concentration for dehybridization of the DNA duplex in the presence of 0.25 mM MgCl, was

found to be 0.33 mM EDTA.
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Figure ALS Titration of different concentrations of disodium dihydrogen EDTA vs 0.25 mM
MgCl, in Cy5-Cy3 DNA duplex in MOPS buffer as monitored by fluorescence (Aex = 570 nm).
A) Fluorescence emission spectra as a function of MgCl, or EDTA addition. B) Plot of FRET
efficiency (Igs1/Is63) vs the concentration of MgCl, and EDTA. Experimental conditions: 1.4 yM
of each DNA strand, 20 mM MOPS, 0.25mM MgCl,, various concentration of EDTA (mM) 37
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AlL3.3 Driving DNA Hybridization and Dehybridization Using MgCl, and Disodium

Dihydrogen EDTA

Now that we had identified minimal concentrations of MgCl, followed by EDTA that
allowed for hybridization and dehybridization at 37 °C, respectively, we attempted to perform
multiple hybridization/dehybridization cycles. The first cycle of hybridization was initiated by
the addition of 0.25 mM MgCl,, resulting in an increase of the fluorescence signal at 661 nm due
to the hybridization of the DNA duplex. This was followed by the addition of 0.33 mM EDTA,
resulting in a decrease of the FRET due to the dehybridization of the duplex (Scheme ALS).
Another cycle of MgCl,, followed by EDTA, was monitored too. We were able to monitor two
cycles of DNA hybridization and dehybridization (Figure ALS5). Adding more of disodium
dihydrogen EDTA did not result in dehybridization of the DNA duplex, instead the signal

increased. We attributed this increase to the sodium content on the EDTA solution that was used.

“564 nm

5! 3-
TTTTTTTTTTT MgC, O
5! 3-

EDTA
A1t 1 111111115

Dehybridization Hybridization

661 nm

Scheme ALS5 FRET assay of hybridization and dehybridization of Cy5- Cy3 DNA duplex using
Mg-EDTA assay.
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Figure AL6 Cycling MgCl, and disodium dihydrogen ethylenediaminetetraacetate on Cy5-Cy3
DNA duplex in MOPS buffer as monitored by fluorometer. A) Fluorescence emission spectra
(Aex = 570 nm) as a function of MgCl, or EDTA addition. B) Plot of FRET efficiency (Iss1/Is63)
vs the concentration of MgCl, and EDTA. Experimental conditions: 1.4 uM of each DNA strand,
20 mM MOPS, and various total concentrations of MgCl, and EDTA disodium salt, 37 °C.

A new solution was prepared using the EDTA of the acidic form without any sodium
component, and the cycles were initiated again starting with the addition of 0.25 mM MgCl,,
which resulted in increasing the FRET signal due to hybridization of the DNA duplex. Then,
addition of 0.25 mM EDTA resulted in less FRET signal due to the dehybridization of the DNA
duplex after the chelation between Mg>" and EDTA. Trying more cycles of MgCls, followed by
EDTA, resulted in hybridization and dehybridization of Cy5- Cy3 DNA duplex; we were able to
achieve six cycles (Figure AL.7 A). A plot of the FRET efficiency was calculated based on the

ratio of the fluorescence intensity of Cy5 to the fluorescence intensity of Cy3 (Figure A.7B)
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Figure AL.7 Cycling MgCl, and EDTA on Cy5-Cy3 DNA duplex in MOPS buffer as monitored
by fluorometer. A) The emission spectrum spectra (A= 570 nm) as a function of MgCl, or
EDTA addition. B) Plot of FRET efficiency (Ig2/Is64) vs the concentration of MgCl, and EDTA.
Experimental conditions: 1.4 pM of each DNA strand, 20 mM MOPS, various total
concentrations of MgCl, and EDTA (acidic form), 37 °C.
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Now, we have a system that could control DNA hybridization and dehybridization of
DNA duplex and could potentially be used for turnover experiments in biosensors. For example
using microfluidic devices, we could control the amount of EDTA or MgCl, present. Another
option is to use EDTA-coated membranes and try to induce turnover by flowing through a series

of membranes.

Additionally, we decided to explore combining this system with the EDC fuel-driven
hybridization idea. Our strategy was to use the addition of EDC to generate the anhydride form
of EDTA, which should be a weaker chelator of Mg*", allowing its release, which re-hybridizes

the DNA duplex.

AlL3.4 Attempts at EDC-Driven DNA Hybridization by Turning On and Off Mg2+/EDTA

Chelation

The cycle was initiated by Mg®" followed by EDTA, then EDC and monitored by FRET
as in our previous experiments. We noticed an increase in the FRET signal upon the addition of
EDC, indicating that EDC reacted with EDTA, thereby releasing Mg2+ (Figure AL8). However,
running a control experiment of DNA duplex in MOPS buffer, then adding EDC, also showed an
increase of the fluorescence signal even when Mg”" and EDTA were absent (Figure AL9). This
indicated that in the previous experiment, the increase of the FRET was due to the EDC

interaction with the fluorophores.
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Figure ALS8 Cycling MgCl,, EDTA, and EDC on Cy5-Cy3 DNA duplex in MOP buffer using
the fluorometer. A) The fluorescence emission spectra (Aex= 570 nm) as a function of aqueous
composition. Experimental conditions: 1.4 uM of each DNA strand, 20 mM MOPS, 0.25mM
MgCly, 0.33 mM EDTA, 1.5 mM EDC, 37 °C.
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Figure AL9 Control experiment of the addition of EDC to Cy5-Cy3 DNA duplex in MOPS
buffer as monitored by the fluorometer. A) The emission spectra (Ax= 570 nm) as a function of
EDC concentration. B) Plot of FRET efficiency (Igs0/Is65) vs the concentration of MgCl,.
Experimental conditions: 1.4 uM of each DNA strand, 20 mM MOPS, 1.5, 3, and 6 mM EDC,
37 °C.

136



Al.4 Conclusions

In this Appendix, we discussed different strategies for controlling DNA hybridization and
dehybridization. We have discussed EDC fuel driven DNA hybridization and dehybridization of
a DNA duplex containing two dicarboxylate groups. The method was not successful due to the
small difference in the melting temperature between the dicarboxylate duplex and the control
duplex without dicarboxylate. For future work, a strand with more dicarboxylate groups, maybe
4-6 should be tested. Also, for monitoring the DNA hybridization and dehybridization, one of the
strands should be labelled with a fluorophore and the other one with a quencher, and the kinetics

could be monitored on a plate reader or fluorimeter.

Another strategy that we have developed is salt driven DNA hybridization and
dehybridization of two strands of DNA labelled with Cy5 and Cy3 fluorophores using sequential
additions of MgCl, and EDTA. Hybridization was monitored based on the FRET signal. The
minimum concentration of MgCl, that caused the 14-mer DNA duplex to hybridize was found to
be 0.25 mM at 37 °C, and the minimum concentration of EDTA that induced DNA duplex
dehybridization was 0.33 mM. Many cycles of the addition of MgCl,, followed by EDTA, were
carried out; and we were able to achieve six cycles of DNA hybridization and dehybridization
when the tetrahydrogen (sodium-free) form of the EDTA was used. This provides a simple
strategy for cycling the hybridization state of DNA isothermally, which may be suitable for
microfluidic devices. Finally, trying to turn on and off Mg*”EDTA chelation by the addition of
EDC to indirectly influence DNA duplex stability was not successful. We attribute this to the
strong affinity of Mg®" for EDTA, which prevents reaction of the EDC with the chelator.
Indeed, this lack of reactivity of the EDTA was confirmed by our collaborator Dr. Marta Tena-

Solsona, in Boekhoven group at TUM.
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ALS Experimental Section
ALS.1 General

All the DNA phosphoramidite and DNA synthesizer reagents were purchased from Glen
Research. Magnesium chloride and ammonium persulfate were purchased from Sigma-Aldrich.
Tris base, boric acid, EDTA, Stains-All (cat. # E9379), and tetramethylethylenediamine (cat.
#T9281) were purchased from Fisher. 40% Acrylamide/bisacrylamide solution, 19:1 (cat.

#1610144) was purchased from Bio-Rad.
ALS.2 Synthesis of DNA Strands

The synthesis of the DNA strands were done using Glen Research reagents on an ABI
solid-phase synthesizer, Model 392. Strands were purified following DMT-On GlenPak
purification protocol using GlenPak DNA cartridges (cat. 60-5200-01). Standard nucleotide
phosphoramidite, CPG’s and the following modifications were used for templates: CyS5
phosphoramidite (cat. 10-5915-95), Cy3 phosphoramidite (cat. 10-5913-95), and NHS carboxy
dT phosphoramidite (cat. 10-1535-95), (Figure AI.10). Some of the strands needed more steps

for the preparation after the synthesis by the synthesizer (see below).

138



DMTO
o Base

A {
:iw_l‘-to\/\CN fﬁm fP 0\_CN

Standard nucleotide phosphoramidite Cyanine 3 phosphoramidite

o)
o) o)
PP HN/UE/\)LO/N
e DMTO_ 0=~y
{ 1o
_p o/\/CN oN
O:Ii’—o/\/
ODNA

Cyanine 5 phosphoramldlte NHS-carboxy-dT phosphoramidite

Figure AL.10 The chemical structures of the phosphoramidites and CPG used in this study.

Table AL.1 DNA Sequences Used in This Study

Name Sequence

Cy3 Template 5’ TTG TAT AGA GTA ATT GAT TTT TT-Cy3 3’
Cy5 Template (18 Bp) 5" Cy5- ATC AATTAC TCT ATACAA Y

Cy3 Template (14 Bp) 5" Cy5- ATTACTCT ATACAA Y
Dicarboxylate Template 5’ TTG TAT AGA GTA ATT GAT 3’

T =NHS carboxy dT
ALS.2.1 Preparation of Dicarboxylate DNA Template

The DMT ON DNA synthesis protocol was followed and Glen Research reagents,
standard nucleotide phosphoramidite, and NHS carboxy dT phosphoramidite (cat. 10-1535-95)
were used. The DNA was kept on the bead and vacuum dried. Aspartic dimethyl chloride was
dissolved in 1 mL of DMF, and the solution was added to the bead in a vial. Few drops of

triethyl amine were added to the solution, and the solution was left overnight. The solution was
139




removed from the vial, another batch of aspartic dimethyl chloride solution (1 mL) was added to
the bead on the vial, and the mixture was left over two days. The solution was removed, and the
DNA was cleaved from the bead using 1 mL of ammonium hydroxide at room temperature

overnight. Then, it was purified using the standard DMT on Glen-Pak protocol and lyophilized.
ALS.3 FRET Experiment

1.3 nmol of each DNA template (Cy5 and Cy3 template) were combined in 1 ml of 0.2M
MOPS buffer. The solution was transferred to a cuvette with a stirrer bar and was placed inside a
fluorometer. The FRET signal was measured with an excitation of 570 nm and an emission range
between 660—720 with a constant heating at 37 °C. Next, 0.25 mM MgCl, were added and a
FRET signal was measured, then 0.33 mM of EDTA were added, and a FRET signal was

measured.
AlLS.4 Mass Analysis of the DNA Strands

Synthesised DNA strands were analyzed by MALDI-TOF. First, a matrix solution of
2,4,6-trihydroxylacetophenone (THAP) in 1:1 acetonitrile:water was prepared (25 mg/mL) as
well as an ammonium citrate solution in water (25 mg/mL). These two solutions were mixed in
a 9:1 ratio to yield the final matrix mixture. The synthesized DNA (5 nmol) was desalted using
ZipTip (ZTC18S096) purchased from Millipore Sigma and was mixed in a 1:1 ratio with the
matrix mixture. The measurements were carried out on a Voyager Elite (Applied BioSystems,

Foster City, CA, USA) time of flight-mass spectrometer in linear positive mode.
ALS.5 Denaturing Polyacrylamide Gel Electrophoresis

A denaturing 15% polyacrylamide gel was prepared by dissolving urea (4.8 g) in 40%

Acrylamide/Bis Solution 19:1 (3.75 mL) (Bio-Rad Cat.161-0144) and 5 x TBE buffer (1 mL),
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then diluted to 10 mL with MQ water. Tetramethylethylenediamine (10.7 pL, TEMED) and
aqueous ammonium persulfate (80 pL) were added after urea was dissolved to induce
polymerization. A portion of the aliquot and running dye mixture (3 pL) was loaded into a
denaturing 15% polyacrylamide gel (8 M urea in 0.5 X TBE, 37.5 vol% of 40%
acrylamide/bisacrylamide solution, 0.75 mm thick, 10 wells). PAGE was run at 150 V for 80
min. A fluorescent image was taken of the gel using a fluorescent imager with trans-UV
illumination using an ImageQuant RT ECL instrument from GE Healthcare Life Science.
Quantification of the fluorescence emitted by each band was analysed by using ImageQuant TL
analysis software. The %con was determined based on the ratio of the fluorescence intensity of
the product band over the sum of the fluorescence intensity of the product and reactant bands

multiplied by 100%.

The equation is as follow:

1
% Yl e l d — Product;and % 100%
+

Product Band Reactant Band

ALS.6 Testing the Purity of the Synthesized DNA Probes by Stains-all

The DNA strands were loaded into 15% denaturing PAGE then stained with Stains-All
(Aldrich cat # E9379). The Stains-All solution was prepared by dissolving Stains-All (25 mg) in
50 mL mixture of 1:1 (MilliQ H20: Formamide). The PAGE was placed in a container with the
Stains-All solution, covered with foil, and placed in a shaker for 15 min. The presence of one

band only for each strand is an indication of the purity of the DNA strand.
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AlIlL.1 PAGE Image of CuAAC Using Ligand: Cu Ratio (7:1)

++ | -+ .
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Figure AIL.1 PAGE images of matched and mismatched CuAAC templated chemical ligation.
(+ +): both template and azide probe present. (- +): no template but azide probe present, (- -)
neither template nor azide probe present. Experimental conditions: 1 M template, 1 uyM 5’
azide probe and 3’ alkyne- 5’ fluorescein probe, 700 uM THPTA, 100 uM CuSO4, 1 mM Na
ascorbate, 0.2 M NaCl, 27 °C.

AIL2 Melting Temperature Profiles of Nicked Duplex of Chemical Ligation System
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Figure AIL.2 Melting temperature of matched and mismatched template with CuAAC, 1.3 nmol
of each DNA (template, 5’ azide probe and 3’ alkyne- 5’ fluorescein probe), 10 mM MgCl,, 0.2
M NaCl.
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AIL3 PAGE Images of Chemical Ligation System at 23 °C
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Figure AIL3 Gel images of matched and mismatched templated chemical ligation. 1 pM
template, 2 uM 5’ azide probe and 3’ alkyne- 5’ fluorescein probe, 900 uM (BimC4A);, 600 uM
CuSOy4, 11 mM Na ascorbate, 0.2 M NaCl, 0.010 M MgCl,, 23 °C. A) Matched G template B)
Mismatched T template C) Mismatched A template D) Mismatched C template. T: in presence of
template, C: in the absence of template.
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AlL4 PAGE Images of Enzymatic Ligation System 23 °C
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Figure AIL4 Gel images of the match and mismatched templated enzymatic ligation system, 1.4
uM template, 2.8 uM 5’ phosphate probe and 1.4 uM 3’ hydroxyl- 5° fluorescein probe, 2000
CEU T4 DNA ligase, 10 mM MgCl,, 23 °C.
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Table AIL.1 MALDI Characterization

DNA sequence name

Calculated mass

Observed mass

G matched template 5567.7 5568.1
C mismatched template 5527.7 5530.4
T mismatched template 5542.7 5544.34
A mismatched template 5551.7 5553.5
5’ azide probe 2706.8 2707.7
3’ propargyl-5’ fluorescein probe 3549.67 3551.5
5’ phosphate probe 2761.78 2761.9
3’ hydroxyl-5’ fluorescein probe 3549.67 3550.6
the triazole product 6256.47 6256.87

AILS Isolation of the Triazole Product and MALDI Analysis

The template (10 nmol), 5’-azide ODN (20 nmol), and 3’-alkyne -5’ fluorescein ODN
(10 nmol), were combined in a vial that contained a salt solution of 0.2 M NaCl and 0.01 M
MgCl, (a total volume of 4420 pL). This mixture was flushed with argon for 1 min and allowed
to incubate in a covered thermal incubator at 23 °C for 15 min. During this time copper sulphate
(18 mM, 167 pL) and (BimC4A); (18 mM, 250 puL) were mixed together, flushed with argon for

1 min and left to stand for 4 min, then sodium ascorbate (33 mM, 163 pL) was added to this pre-
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mix and the mixture left to stand for 5 min. Next, the Cu (I) complex pre-mix (580 pL) was
added to the incubated ODNs and timing started. The total volume was 5 mL and the final
concentrations were: 2 uM template, 4 uM 5’-azide ODN, 2 uM 3’-alkyne -5’ fluorescein-ODN,
600 uM CuSOy4, 900 uM (BimC4A); and 11 mM sodium ascorbate. After one hour, EDTA (aq)
(0.5 M, 40 pL) was added to the mixture and the mixture was lyophilized. Triethylammonium
acetate (0.1 M, 1 mL) was added to the lyophilized sample and the solution was desalted using
Glen-Pak cartridge desalting procedure by Glen Research. The product was eluted with 1 mL of
50% ACN/H,O0 and lyophilized. MilliQ H,O (~ 70 uL) was added to the lyophilized sample and
mixed well. The solution (30 pnL) was taken and aqueous sucrose (1 M, 30 uL) was added. A
portion of this mixture (5 pL) was loaded into each well and 15% denaturing PAGE was run
following the standard procedure described previously. The product band was identified by
fluorescent imaging, cut out of the gel, put in an eppendorf tube and the gel was crushed. MilliQ
H,0 (500 pL) was added and the gel was left overnight. The gel was filtered using a spin-X
centrifuge filter (CLS8160) purchased from Sigma-Aldrich, and the filtrate was lyophilized.
MilliQ H,O (30 puL) was added to the lyophilized sample and desalted using ZipTip
(ZTC18S096). The sample was measured with MALDI following the MALD-TOF

characterization procedure described earlier.

We also performed a scaled-up reaction using the 3’-propargyl with the fluorescein-
modified thymidine DNA probe to determine the identity of the middle band on the gel
following the previous method described above for the triazole product except for no template or
azide DNA probe were used, and the ligand used was THPTA. The final concentrations in the
reaction were: 2 pM of 3’-alkyne -5’ fluorescein-ODN, 200 uM CuSOy, 1000 uM THPTA and

11 mM sodium ascorbate. The chemical identity of the middle band was not clear from this
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MALDI experiment as no mass was observed, which we attribute to the isolation of too little

material. The bottom band was confirmed to be the 3’-propargyl- 5’ fluorescein DNA probe.
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