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oxide (GO) was used as an external quencher which could effectively quench the fluorescein-labeled
PNA probe. A remarkable fluorescence restoration was achieved after the addition of a
complementary DNA target. This acpcPNA-GO combination was successfully used to monitor the
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labeled acpcPNA by using oligodeoxyguanosine as an external quencher. The electrostatic interaction
between the positively-charged modification on the PNA probe and the phosphate backbone of the
oligodeoxyguanosine (dGX) resulted in a strong association, resulting in an effective quenching of the
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CHAPTER 1
INTRODUCTION

1.1 Nucleic acid biosensors

Nucleic acid sensors are one of the most widely used biocanalytical tools
which have been continuously developed over the past decades since they can be
applied in various fields. As opposed to the more resource-demanding DNA
sequencing, these sensors offer a rapid, sensitive, and low-cost alternative so they
are employed to diagnose genetic diseases, investigate biological processes, analyze
samples in forensic science, detect metal in live cells, etc.t In general, a biosensor
consists of a recognition element and a signal transducer (Figure 1.1).° For nucleic
acid biosensors, an oligonucleotide probe is frequently used as the recognition
element. The probe can hybridize with its target (either DNA or RNA) with a high
binding affinity and specificity via the specific pairing between two complementary
nucleobases (A-T, C-G) according to the Watson-Crick base pairing rules. The signal
transduction element will then convert the binding interaction between the probe
and the nucleic acid target into a measurable signals such as color, fluorescence, or

electrical signals.
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Figure 1.1 Concept of biosensors®

1.2 Fluorescent probes for nucleic acid sensing
Fluorescent technique is one of the powerful and effective signal transducers
which can report the interaction between the recognition element and its target

through the light emission of the fluorescent moiety or a “fluorophore”. The use of



fluorescence technique can yield qualitative and quantitative information about
biological and physiological properties of the nucleic biological samples.’
Fluorescently labelled oligonucleotide probes are widely used in the investigation of
a nucleic acid sequence.! The desirable fluorescent probe should selectively
respond to the nucleic acid target in focus by giving a fluorescence change in a rapid,
sensitive, and low-cost fashion. In addition, the ideal probe should be able to change
the fluorescent signal in a signal-on mode, whereby the probe is non-fluorescence
(turn-off) in the free state and strongly fluoresces (turn-on) in the presence of the
correct nucleic acid target. Traditional fluorescent oligonucleotide probes’ are
designed to carry fluorophore and a quencher, or multiple fluorophores. The probes
must be designed so that the interaction between the fluorophores or the
fluorophore and the quencher such as fluorescence resonance energy transfer
(FRET),* photo-induced electron transfer (PET),'" *? are modulated by the binding
between the probe and the target.

Most fluorescent oligonucleotide probes contain a fluorophore and a
quencher pair. These two components can be present in the same probe such as in
molecular beacons.> ** They can also exist as separated entities consisting of a
fluorescently labeled oligonucleotide probe and an external quencher such as gold

nanoparticles, ' graphene oxide,'”?® nanoceria,?! or perylene diimide.?* %

G = Fluorophore

° o target Q e = Quencher

Figure 1.2 Molecular beacon structure and its principal

v

Molecular beacon (MB)'> ' 2% % is 3 typical example of fluorescent
oligonucleotide probe in which both the fluorophore and the quencher are
incorprorated in the same molecule. It is a single strand oligonucleotide designed to

fold into a stem and loop structure in the absence of the DNA target (Figure 1.2).



The fluorophore and the quencher are placed at the opposite ends of the same
probe molecule. In the free state, the duplex formation in the stem part will force
the fluorophore and the quencher to be in a close proximity, which results in
quenching of the fluorescence by various mechanisms such as contact quenching or
FRET. The recognition sequence is placed in the loop region. Once the correct
nucleic acid target hybridizes with the MB’s loop, the stem part will separate
because of the stiffening of the DNA duplex formed in the loop region. The change
results in opening of the stem part, resulting in a restoration of the fluorescence due
to the increased distance between the two labels. However, the major drawback of
such beacon is the complicated probe design, especially in the stem region.” If the
stem is too stable, it will not open up when the probe hybridizes with the target
(false negative). On the other hand, too unstable stem will result in high
fluorescence background and non-specific response (false positive). Moreover, it is
synthetically difficult and costly to incorporate two labels in the same molecule. In
addition, the fluorophore and quencher pair must be carefully chosen so that their

interaction are maximized, resulting in high quenching efficiencies.
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Figure 1.3 Conventional and modification of conventional molecular beacon?’

To overcomes the limitation concerning the need for both the fluorophore
and the quencher in the beacon probes, one approach is to omit the quencher from
the molecular beacon altogether and use the nucleobase inside the probe as a
quencher. Alternatively, the quencher-free probe may be designed to carry a

fluorophore that can change it properties such as interaction with the nucleobases or



the conformational freedom upon the hybrid formation between the probe and the

target.”®

The molecular beacon without the quencher is called the ‘quencher free
molecular beacon’.?” Another design is the strand displacement probe, in which the
fluorophore and quencher exist separately in two different probe strands.”’ The
working principle is still based upon the same concept of the molecular beacon in
the sense that, in the absence of the target (quenching state), the fluorophore and
the quencher would be in close proximity through the hybridization of the
fluorescent probe and a shorter sequences of oligonucleotide containing the

quencher. In the presence of the target, the quencher probe is displaced by the

target leading to the fluorescent signal enhancement.

1.3 Peptide nucleic acid probe

Although DNA oligonucleotides have been extensively used as the recognition
element, over the past decades, there are needs for development of alternative
probes that can improve the performance such as sensitivity and specificity, as well
as biological stability.*® *' Peptide nucleic acid (PNA), an electrostatically neutral
synthetic DNA analogue in which the sugar phosphate backbone is replaced by N-(2-
aminoethyl) glycine (aegPNA), was introduced by Nielsen and co-workers since
1991.%% 3% Not only PNA can bind to its complementary DNA specifically following the
Watson-Crick base-pairing rules, the uncharged peptide backbone of PNA further
contributes to its ability to pair with single-stranded nucleic acids with higher affinity.
Despite of this, the hybridization between PNA and DNA surprisingly offers a higher
sequence specificity than DNA-DNA hybridization. In addition, PNA is also resistant to
nucleases and proteases.”**® These desirable properties makes PNA an ideal tools for
diagnostics, molecular biology procedures, antisense therapies.*’

The flexibility of aegPNA structure was thought to negatively affect the DNA
binding due to the expected entropy loss upon hybridization with the DNA target.
Hence, various new PNA systems have been developed over the past few decades in
order to improve the binding properties. One of the most successful approaches
involves rigidification of the PNA structure to minimize the entropy change upon the

formation of PNA-DNA duplex.*®



Pyrrolidinyl peptide nucleic acid (Figure 1.4) is a class of conformationally
constrained PNA system developed by Vilaivan and co-workers since 2005.%% This
new PNA system consists of a nucleobases-modified proline and a cyclic B-amino
acid spacer. The most extensively studied spacer is  2-amino-1-
cyclopentabecarboxylic acid (ACPC), hence the name acpcPNA was adopted for the
pyrrolidinyl PNA system carrying this particular spacer. Unlike aegPNA which can bind
to DNA/RNA in both parallel and antiparallel directions, acpcPNA can bind to its
complementary DNA only in the antiparallel direction similar to natural DNA-DNA
duplexes. Moreover, the duplex of acpcPNA with its complementary target shows a
higher thermal stability than the corresponding DNA-DNA and aegPNA-DNA duplexes.

Furthermore, acpcPNA can distinguish its complementary DNA target from

mismatched target better than aegPNA and even newer variants such as YPNA.
Because of these advantages, acpcPNA have been extensively applied in DNA sensing
applications® such as the development of self-reporting fluorescence acpcPNA
probes.*** In addition, the electrostatically neutral backbone of acpcPNA as well as
other PNA allows the development of novel DNA sensing methods based on

differential electrostatic properties of PNA and DNA.*’

- ~ - ' n n

DNA aegPNA Pyrrolidinyl PNA (acpcPNA)
by Nielsen in 1991 by Vilaivan in 2005

Figure 1.4 Structures of DNA, aegPNA, and acpcPNA

The first PNA-base molecular beacon probe was reported in 1998 by adopting
the same concept of DNA molecular beacon whereby the fluorophore and the
quencher were placed at the separate ends of the PNA strand.*® Subsequently, there
were several reports of other PNA beacon probes.”” Our group have developed a

kind of strand displacement probe employing acpcPNA. The fluorescent PNA probe



was labeled with fluorescein or TAMRA at the N-termini and a 3’-dabcyl-modified
DNA was used as a quencher (Figure 1.5). The results showed that the fluorescence
of the PNA stranded was quenched by the quencher after the hybridization with the
quencher DNA and was restored upon the addition of its complementary target.
However, the limitation of strategy is the slow kinetics of the strand displacement

reaction.
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Figure 1.5 The concept of PNA displacement probe

In another example, the fluorophore and the quencher were placed at the
same end (N-terminus) of the acpcPNA probe. According to the principle shown in
Figure 1.6, the free PNA displays a weak fluorescent signal due to a close contact
between the fluorophore and the quencher. After the hybridization with the DNA
target, the quencher with a stacking/intercalating ability would adhere to the final
base pair formed in the duplex. This would destroy the interaction of the quencher
and the fluorophore, leading to the observed increase in fluorescence. Although, this
strategy was selective to the complementary target, labelling two molecules at the

same end of PNA was complicated, time consuming and presented solubility issues.
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Figure 1.6 The PNA probe labeling with a pair of dyes and its concept™

In yet a few more studies, alternative fluorescent acpcPNA probes carrying
only a single fluorescent label without the additional quencher were reported. This
probe has been designed to carry an environment sensitive fluorescent dye such as
pyrene, Nile red, or thiazole orange.* Figure 1.7 shows the design of the fluorescent
PNA probe labelled with a single fluorescent molecule.*? The single-stranded PNA
initially yielded a weak fluorescence, but the signal became stronger after the
hybridization between the PNA probe and its complementary DNA target. The
increase in the signal was a result of the changes in the environment around the

fluorophore or the interaction between the fluorophore and nucleobase/duplex.
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Figure 1.7 Various designs of self-reporting fluorescence acpcPNA probes®
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Figure 1.8 The selectivity of U”-PNA and U™ *

In some singly-labeled acpcPNA probes, the labeled dyes had been

incorporated as part of the nucleobase or attached to the PNA backbone. As an

example (Figure 1.8), the fluorescence nucleobase 5-pyrene-1-yluracil (U”) was

incorporated into acpcPNA as a thymine base substitute.** The UP-PNA can act as a

the hybridization-responsive fluorescence probe whereby specific pairing with

adenine on the DNA strand provide a strong fluorescence enhancement. One

disadvantage of this approach is that the PNA monomer must be individually

synthesized and incorporated into the PNA probe at a specific site. Therefore,

optimization of the fluorophore would not be straightforward.

PNA-Nile red +comp DNA + bulged DNA S

Fluorescence increases j- o

Figure 1.9 The fluorescence enhancement of Nile red-labeled acpcPNA probe in

response to complementary and base-inserted DNA targets*



In another example of single-labeled self-reporting PNA probe (Figure 1.9),
the environment sensitive dye Nile red was post-synthetically attached onto the
acpcPNA backbone by click reaction.® The Nile red-modified acpcPNA probe showed
a blue-shifted and enhanced fluorescent signal upon hybridization with the DNA
target. Based on the enhanced fluorescence especially in the presence of bulge in

the duplex, it was proposed that the Nile red label in the PNA-DNA duplex is located

in a more hydrophobic environment than the single-stranded probe.

Figure 1.10 Averaged MD structures of styryl dye PNA binding to (A) base-inserted
and (B) complementary DNA.>?

Another related example of acpcPNA probe bearing an environment sensitive
styryl dye combination is shown in Figure 1.10.°* The free styryl dye-labeled PNA
probe yielded a weak fluorescent signal in aqueous solution. The fluorescence
increase was only marginal in the presence of complementary target. However, this
probe fluoresced much more strongly upon binding to several uncommon DNA
targets including mismatched, base-inserted, or abasic DNA. It was proposed that
these defects in the duplex structure allow the hydrophobic dye to slip in, resulting
in the conformational restriction and thus the observed fluorescence increase. Such
labeled PNA probe may find some uses in certain circumstances but are not

generally applicable for sensing of complementary DNA targets.
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1.4 Graphene oxide and nucleic acid sensing

Recently, a new generation of fluorescent DNA sensing systems was
developed whereby the fluorophore and the quencher can exist as separated
entities. These are generally based on a fluorescently labeled oligonucleotide probe
and an external quencher such as metal nanoparticles®™ ** and graphene oxide
(GO).'" > Such systems have attracted much interest in the DNA sensing applications
due to the simplicity of the design and high quenching ability of these material
involving a surface energy transfer process.”®

GO is a unique carbon-based nanomaterial that contains various types of
oxygen species (epoxide, hydroxyl, and carboxyl groups) present on the monolayer
of graphene. Unlike graphene, GO has an overall negative charge and is well
dispersed in water.”’ Despite being negatively charged, GO can interact with single-
stranded fluorescently labeled oligonucleotides (also negatively charged) via mm
stacking interaction of the graphene surface and the nucleobase (Figure 1.11).°® This
results in quenching of the fluorescent signal of the probe. Hybridization with its
complementary DNA strand restores the fluorescence because the nucleobases
became involved in the base pairing in the DNA duplex, and therefore are not
available for the interaction with the GO. The repulsion between DNA’s negatively
charged backbone and GO’s surface resulted in the detachment of the hybridized
probe from the GO surface, resulting in the observed fluorescence increase.

In 2009, the first report on a DNA-graphene oxide platform demonstrated that
it can be used as a rapid, sensitive and selective detection of biomolecules such as
DNA and proteins.!” In this study, it was revealed that the interaction between dye-
labeled oligonucleotide and GO led to a strong fluorescence quenching. Addition of
the target biomolecule resulted in the binding between the fluorescent
oligonucleotide probe and its target, thus releasing it from the GO surface and

thereby the fluorescent signal was restored.
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complementary “
DNA

Figure 1.11 The principle for the detection of DNA sequence using nucleic acid

probe and GO

In 2011, Wu and co-workers™ reported that the adsorption of DNA on the
graphene oxide depended on the length of the DNA probe, pH and salt
concentration of the solution (Figure 1.12). This report further revealed some
limitations of the DNA-GO based DNA sensing platform. Since the interactions
between DNA and GO are non-specific in nature and are likely to be similar for many
DNA sequences, the probe can be competitively displaced from the GO surface by
other DNA sequences and can thus lead to false positive signals. In addition, the
strong adsorption between the nucleobases and GO surface leads to the need for
large excess of DNA target to restore the fluorescence signal, resulting in poor

sensitivity.®

12-36 mer Y
DNA \r\/’\

Graphene oxide

Salt, pH, solvent, adsorption capacity, kinetics

Figure 1.12 Possible mechanisms of the displacement of fluorescently labeled DNA

probes from the GO surface™

A promising system for a fluorescence detection of DNA employing a singly-
labeled PNA probe in combination with graphene oxide (GO) as a quencher was

reported by Guo and co-workers in 2013 (Figure 1.13)."® They reported that labeled
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aegPNA in combination with GO outperformed DNA in terms of detection sensitivity,
although the kinetics were rather slow and the fluorescence restoration was not
complete. Furthermore, the fluorescence change was rather modest (ca 2.5 fold)."®
Nevertheless, the PNA-GO combination has been successfully employed for
quantitative analysis and multiplex detection of miRNA in living cells.®! Furthermore,
the PNA-GO system was capable of detecting dsDNA directly without requiring
denaturation due to the ability of PNA to invade into DNA duplexes.® The main
advantage of these GO-based platforms is the simplicity since only one fluorophore
was required on the probe, but there are still rooms for improvements as stated

earlier.

PMA-FAM /

Figure 1.13 PNA probe in combination with graphene oxide'®

1.5 Guanine rich sequence DNA as a quencher
Guanine is a nucleobase that can act as an effective quencher for many

63-65

fluorophores typically used in biological applications such as FAM, pyrene,
rhodamine and oxazine dyes. Since its oxidation potential is the lowest among the
naturally occurring four nucleobases (Figure 1.14), an electron from guanine can be
easily donated to the singlet excited state of the fluorescent dye, leading to a non-
radiative relaxation of the dye to its ground state.®® ® This quenching process has
been referred to as photo-induced electron transfer (PET), which can occur from the
close contact between the fluorophore and guanine via chemical bonding (H-

bonding), mrt stacking interaction or other types of attraction.®”**
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Figure 1.14 The reductive potentials of the fluorescent dyes and the oxidative

potentials of nucleobases®
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Figure 1.15 The relationship between fluorescence quantum yield and anisotropy for

the hybridization reactions employing FAM-labelled probes®

Fluorescein is a xanthene dye that has been widely used as a fluorescent
label in biological applications because of its strong fluorescence.” In 2005, Noble

and co-workers determined the effect of the nucleobase overhangs on the
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complementary strand on the fluorescent signal of the hybridization fluorescein-
labelled probe (Figure 1.15)."" The results showed the presence of guanine base
overhangs in the close proximity to the fluorescein resulted in the highest
fluorescence quenching.

In 2009, Qu and co-workers examined the effect of free nucleotide
monophosphates (ANMPs) on the inter- and intra-molecular PET quenching of TMR in
aqueous solution. The results showed that only guanosine can quench TMR
effectively, while the quenching by other nucleobases is not significant (Figure 1.16).
Moreover, the effect of the fluorescence quenching by guanosine relied on the steric

hindrance by nucleobases around the guanosine residue.

dNMP (mM)

Figure 1.16 Steady-state bimolecular Stern-Volmer plots of TMR and the four

nucleobase monophosphates (ANMP)™

In 2003, Heinlein and cowerkers” designed hairpin-shaped oligonucleotide
probes with a stem-loop structure similar to MBs to detect the DNA target
sequences. However, guanine was used as the quencher instead of dabcyl or other
organic dyes typically used in conventional MBs. In the hairpin state, the dye
attached at the 5’-end was quenched by the guanosine residues in the

complementary stem. After the hybridization with its complementary target, a
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conformational re-organization occurred, leading to the 20-fold increase of the
fluorescence (Figure 1.17). Similarly, Misra and coworker™ synthesized the molecular
beacon in which the fluorophore was labelled at only the 5’-end and using extra
overhung guanosines at 3’-end as a guencher (FAM-C3-
catcAAAAAAAAAAAAAAAAAAAAgatgge-3'). The fluorescence quenching occurred in the
absence of DNA target due to the stacking between the fluorophore and the

guanosine residue.

#
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Figure 1.17 The molecular beacon design by using oligodeoxyguanosine as an

internal quencher’

Instead of sensing a DNA target, Hu and coworked” applied the concept of
the molecular beacon by using deoxyguanosine as a quencher for the detection of
mercury(ll) ion (Hg?"). Figure 1.18 showed that in the presence of mercury ions, the
fluorescent probe was quenched when it folded into the duplex-like formation via
Hg”*-mediated formation of the T-Hg**-T base pairs. The folding positioned the
guanine region near the fluorophore, leading to the observed fluorescence

quenching.
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Figure 1.18 Sensitive detection of Hg> ions based on the G-quenching fluorescence.”

Zhou and co-workers reported a novel homogenous miRNA detection by

using the quenching ability of guanine (Figure 1.19).”

The circular DNA was used as a
recognition probe for the hybridization with miRNA target, and then miRNA target
primed an rolling circle amplification (RCA) reaction to generate a long dsDNA target
with a tandem repeated sequence. The RCA product could be hybridized with
thousands of FAM-labeled signal DNA probes to form double-stranded DNA (dsDNA),
which induced the fluorophore to be positioned near the -GGG- base, leading to the
quenching of the fluorophore through the PET mechanism. The drawback of this

approach is the signal-off (fluorescence quenching) nature of the DNA sensing which

is less desirable.

# 5 miRNA A~ - 7\ polymerase® (/‘\
« { )——— " J
\ee? T4DNAligasel) Neme?  ANTPS o o o=

padlock probe

Figure 1.19 The strategy for PET-based RCA fluorescence detection of miRNA with

linear DNA as signal probe."

In addition, guanine-rich sequences of DNA can self-assemble and form a

tetra-stranded structures known as G-quadruplexes (G4)."" ™ This square planar
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structure is formed by four guanine bases connected by four hydrogen bonds
between each G residue (Figure 1.20). Each G4 quartet is further stabilized by
stacking of one layer on top of another. Although the G4 structure is stabilized by
hydrogen bonds, it can also be stabilized by an alkali metal ion that can accept the

electrons from the guanine carbonyl oxygen.

a G-tetrad H

>_N O H, _<\N—H O

b Unimolecular ¢ Tetramolecular d Unimolecular e Unimolecular
parallel parallel antiparallel bulged

Figure 1.20 (a) The structure of G-quadruplex and (b-e) examples of G-quadruplex
folding patterns”

Yang and co-workers developed a simple, sensitive and selective method
using singly-labeled fluorescent DNA appended with a G-quadruplex as an
intramolecular quencher for the detection of mercury and cysteine (Figure 1.21).%° A
selective binding between Hg?* and two thymine DNAs can stabilize T-T mismatches
to form a stable T-Hg**-T base pair.®! The probe was designed to carry a thymine-rich

sequence and a G-quadruplex forming sequence at the 5’-end and a FAM label at
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the 3’-end. In the presence of Hg?*, the T-rich sequence folded to form a hairpin
structure which brought the FAM label to close contact with the G-quadruplex.
Hence the FAM signal was quenched by the G-quadruplex in the presence of Hg”'.
When cysteine was added, the hairpin structure was unfolded, and the fluorescence
signal was restored because of the strong binding between Hg”* and cysteine. The
same principle can be applied to sense Ag’, which can stabilize these C-C

mismatches to form a stable C-Ag*-C base pair.*
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VLS e
LG :j"'d |_ 5 - 3
|" f__:_;" MPO ATTGTITGITCCCCTTOTTTOT T
I_[', M LTTGTITGITCOC CTTCTTTCT TG
MPZ WLTTGTTTGITCCC CTTCTT TEY TGE ITG GHE TG6E TTG G
MPT ETTTGITTGT TCE CETTET TTC TTS ST GO &G &
MPd ETTTTGTTTIGTTIC SO TTC TTITOTT GG T FGE 7 v
MPE LITI TG TTT GTT COC CTT CTT TCT TEG TG GTG TeG TG &
MPG LTITGTTTGITCOC CTTCTT TCY TIG GTIT GGT G TG GTT GG

Figure 1.21 The detection of mercury(ll) ion and cysteine using a fluorescent DNA probe

bearing an internal G-quadruplex.®

Based upon the previous literature on the use of guanine-rich sequence as a
quencher, the quenching would occur when the fluorophore was positioned near
the guanine through the photoinduced electron transferred process. However, the
design of the G-quenched probe is not universal because the G-rich sequences must
be incorporated into the probe. This is considered as a disadvantage when compared
to the use of graphene oxide, which could quench the fluorescent intensity of the
reported probe without the need to incorporate into the sequence of the

fluorescent probe.
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1.6 G-quadruplex - hemin DNAzyme

In the previous section, the role of G-rich sequences in DNA sensing was
discussed mainly as a fluorescence quencher. In this section, another role of the G-
rich sequences as “DNAzyme" in the DNA sensing will be discussed. DNAzymes are
specific nucleic acid sequences that can mimic the behavior of enzyme, i.e.
catalyzing chemical reactions. Compared to conventional enzymes, DNAzymes are
stable, inexpensive, and easy to synthesize and functionalize. These characteristics, in
addition to due to its flexibility to code the recognition region in DNAzyme
sequence,”” make DNAzyme an excellent choice for biosensing applications.
Nowadays, DNAzymes are widely used in various catalytic reactions for DNA sensing
application, nanotechnology, and drug for treatment cancer.’*®¢ This section will
focus on only one particular type of DNAzyme involving the G-quadruplex-hemin
complex that can act as a peroxidase mimic.

In 1998, Travascio and co-workers reported that hemin can form a complex
with G-quadruplex by stacking onto the 5’-or 3’ end of the G-quadruplex, and the
resulting complex can act as a DNAzyme which exhibits a peroxidase-like activity.®’
Hemin itself possessed low peroxidase activity, but the complexation with the G-
quadruplex substantially enhanced the activity, and thus it can be considered as a
cofactor. Some reports suggested that the parallel G-quadruplex yielded greater

activities than anti-parallel form.®

0, :0: H,0

e G

DNAzyme
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Figure 1.22 A proposed mechanism for the catalysis and inactivation of G-

quadruplex-hemin DNAzyme. %
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Figure 1.22 showed a proposed the mechanism of the G-quadruplex-hemin
DNAzyme. First, the association between G-quadruplex and hemin (DNAzyme) would
enhance the peroxidase activity. Then, H,0, replaces the H,O coordinating on the
hemin and withdraws two electrons from hemin to form an intermediate. Finally, the
intermediates withdraw electron from the substate or hydrogen peroxide.®” Thus, the
green solution would be observed caused from the presence of the oxidation form

of ABTS substrate.

A H,0; ABTS
B Analyte .
,.. A OABTS
® 2
Hemin

Figure 1.23 A G-quadruplex DNAzyme-based molecular beacon”

Figure 1.23 depicted a strategy of molecular beacon in which a guanine-rich
region (black line) which could form a G-quadruplex formation with part of the stem
region (blue line) was incorporated into the beacon.”® Since the stem is preferentially
formed in the absence of the DNA target, there was no G-quadruplex and the
peroxidase activity was low. In the presence of the DNA target, the stem of the
beacon would open up. Then, the G-quadruplex structure would form and associate
with the hemin and thus act as the DNAzyme. Finally, the DNAzyme could catalyze
the oxidation of the ATBS substrate to give a colored oxidized product. Shao and co-
workers reported a related but distinctively approach for the DNA detection by using
G-quadruplex-hemin DNAzyme.”" The probe contains half G-quadruplex forming
sequences at each end of the molecule. The G-quadruplex would form when both
ends are positioned near each other as in the case of free probe which could act as

DNAzyme when hemin was added. Accordingly, in the absence of target, or in the


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/molecular-beacon
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presence of mismatched or non-complementary targets, the addition of hemin could
generate the peroxidase activity (Figure 1.24). On the other hand, when the
complementary DNA target was present, the hybridization between the probe and its
target forces the two ends of the molecule apart, leading to the suppression of
DNAzyme activity. The limitation of this approach is the signal-off nature of the
detection. It should also be noted that 2,2-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid) diammonium salt (ABTS), which was widely used in various applications
as a peroxidase substrate, is not stable after the oxidation and can rapidly decay and

become colorless product in aqueous solution.”

H:0; + ABTS
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Figure 1.24 The modulation of peroxidase activity of a split G-quadruplex probe by
the hybridization with DNA target™

In 2009, Li and coworker reported that 3,3',5,5'-tetramethylbenzidine
sulfate (TMB) was an excellent chromogenic substrate for reporting peroxidase
activities in the G-quadruplex-hemin DNAzyme system. Figure 1.25 revealed that the
DNAzyme catalyzes the oxidation of TMB to produce two colored products in the
presence of hydrogen peroxide. The first product was a blue complex of the TMB
and its oxidation product (diamine) which showed the absorption wavelength at 370
and 652 nm, respectively. In the presence of acid, the blue product will be further

oxidized to a stable yellow diimine with the absorption at 450 nm.
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Figure 1.25 The structure of TMB and its peroxidase reaction products
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Figure 1.26 A schematic representation of the bifunctional oligonucleotide probe for

colorimetric analysis of DNA or thrombin®?

In 2011, Zhang and co-workers developed a label free bifunctional
colorimetric DNA probe for biomolecules (DNA and thrombin) detection.”® Figure
1.26 showed the catalytic molecular beacon containing a double hairpin structure,
one for thrombin detection and another one for DNA detection. The two hairpin
structures were designed to carry half of the G-quadruplex forming sequence in the
linker and the other G-quadruplex forming half were split between the two ends of

the joined beacon probe. In the absence of the target, the G-quadruplex could form
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and catalyze the TMB oxidation to give a blue solution. The catalytic activity
decreased after the addition of either of the target because the structure of G-
quadruplex was destroyed. Again, this is a signal-off detection process.

Based upon the previous literature on the use of G-quadruplex-hemin
DNAzyme for peroxidase activities, the key to the probe design was based on the
switching of the quadruplex structure which can associate or dissociate after the
binding between the probe and its target. Importantly, the catalytic nature of the
DNAzyme reaction potentially improve the sensitivity of the assay since many signals
can be generated from one DNAzyme molecule which is in contrast to most
fluorescence-based assay that one hybridization event will generate only one signal.
Thus, the procedure for target detection did not require high concentrations of the
probe and could be conducted by naked-eye colorimetric detection. However, the
probe must be carefully designed in order to prevent the side reactions between the
binding region and the quadruplex region. Furthermore, many of the DNAzyme-based
probe designs work in signal-off format, which is not ideal and there are still rooms

for further improvements.

1.7 Objectives of this study

From the previous studies summarized above, there are still needs for new
DNA sensing platforms that are more specific, sensitive and simple to use. The use of
PNA probes instead of conventional DNA probes offers a promising strategy to
improve the performance of the existing DNA sensing platforms further. Also, the
double labeling of the probes should be avoided so that the probes can be more
easily synthesized. To this end, a new platform based on to the use of readily
accessible guanine bases as the quencher in combination with fluorescently labeled
acpcPNA probes was proposed. Although the use of G-rich or G-quadruplex forming
sequences as a quencher of DNA probes for nucleic acid detection are well known,
most of them require covalent linking or base pairing. To the best of our knowledge,
no examples of using G-rich sequences as an external quencher had been reported
in the literature. In addition, similar strategies have not been previously reported in

the context of PNA probes. Thus, this study aims to develop a simple and sensitive
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method for DNA detection by using a fluorescently labeled acpcPNA as a probe and
oligodeoxyguanosine as a quencher. In this proposed research, we will study the
factors that affect the quenching ability of the fluorescent acpcPNA probe by
oligodeoxyguanosine, the fluorescence restoration by DNA target, selectivity,
sensitivity and application in DNA sensing. Moreover, we are interested in adapting
this platform to detect the non-DNA targets such as metal ions. In addition, we aim
to develop another G-quadruplex-hemin DNAzyme-based DNA colorimetric detection
system that operates in a signal-on mode and with improved sensitivity and
specificity by the combination of the advantages of PNA probe and the DNAzyme-

based assay.
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CHAPTER 2
EXPERIMENTAL SECTION

2.1 Chemicals

AWl chemicals used in this study were purchased from various standard
chemical suppliers and they were used without further purification. Oligonucleotides
were purchased from Pacific Science (Thailand) and Ward Medic (Thailand). 2.0
mg/mL  of graphene oxide nanocolloids in H,O (GO) and 3,3’55'-
tetramethylbenzidine (TMB) were from Sigma Aldrich. Hemin was obtained from TCl
Co., Ltd. Hydrogen peroxide (30%) was from MERCK. Nitrogen gas (99.9% purity) was
from Labgaz Co., Ltd (Thailand). HPLC grade solvents for HPLC experiments were
obtained from Merck and Burdick & Jackson (USA) and were filtered using a 47 mm,
0.45 pm Nylon membrane filter from Vertical Chromatography Co., Ltd (Thailand).
The commercial and analytical grade solvents were used without further purification
for the column chromatography and the reaction, respectively. The water used
throughout the experiments was obtained from an ultrapure water system fitted with
a Millipak® 40 filter unit 0.22 um, Millipore (USA). The separation by column
chromatography was performed on silica gel (70-230 mesh).

For solid phase peptide synthesis, anhydrous N,N-dimethylformamide (DMF)
(H,O < 0.01%) which was used as the solvent in the synthesis was purchased from
RCI Labscan  (Thailand). 1,8-Diazabicyclo[5.4.0]lundec-7-ene  (DBU),  N,N-
diisopropylethylamine  (DIEA), piperidine, trifluoroacetic acid (TFA), O-(7-
azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluorophosphate (HATU), and
TentaGel S RAM Fmoc resin (0.24 mmol/g) as a solid support was obtained from
Fluka. 1-Hydroxy-7-azabenzotriazole (HOAt) was purchased from GLBiochem
(Shanghai). 5(6)-Carboxyfluorescein N-hydroxysuccinimide ester (Flu-NHS) and 5(6)-
carboxy tetramethylrhodamine  N-hydroxysuccinimide ester (TMR-NHS) were
purchased from Thermo Scientific Co., Ltd (USA) and Sigma Aldrich (USA),
respectively. The reaction progress was monitored by thin layer chromatography

(TLC) and spots were observed on TLC using visualization under UV light (254 nm).
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2.2 Equipment

Reverse phase HPLC experiments were performed on a Water Delta 600 HPLC
system equipped with gradient pump and Water 996 photodiode array detector. A
4.6x150 or 4.6x50 mm ACE C18-AR HPLC column was used for both preparative and
analytical purposes. MALDI-TOF mass spectra were recorded on a Microflex MALDI-
TOF mass spectrometer (Bruker Daltonics, USA). Melting temperature (7,,)
measurements and UV-visible spectra were performed on a CARY 100 Bio UV-visible
spectrophotometer (Varian, Inc., USA) equipped with a temperature controller.
Fluorescence experiments were performed on a Varian Cary Eclipse Fluorescence
Spectrophotometer. CD spectra were recorded on JASCO J-815 spectropolarimeter

(JASCO, Japan).

2.3 Synthesis of pyrrolidinyl peptide nucleic acid (acpcPNA)

2.3.1 Synthesis of acpcPNA monomers
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Figure 2.1 Structure of Fmoc-protected acpcPNA monomers and B-amino acid spacer

for solid phase peptide synthesis
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The Fmoc-protected acpcPNA monomers A% C* and T (Fmoc-A*-OPfp,
Fmoc-C*-OPfp, Fmoc-T-OPfp) and R-amino acid spacer (Fmoc~(15,25)-2-amino-1-
cyclopentaneanecarboxylic acid) were synthesized by members of Prof. Vilaivan’s lab
following the protocol from previous publications.* ** ** The G monomer of

acpcPNA (Fmoc-G-OH (G)) was synthesized as described below.

2.3.1.1 Synthesis of N-Boc-trans-4-tosyloxy-p-proline diphenylmethyl ester’

o ol
)S\O,OH MeOTs, DIAD, PPhy ))\Q‘\\OTS
DpmO THF, 0 - rt°C PO\
Boc’ Boc’

A solution of N-Boc-cis-4-hydroxy-D-proline diphenylmethyl ester (5.02
g, 12.4 mmol) and triphenylphosphine (PPhs) (3.91 g, 14.8 mmol) in anhydrous THF
(30 mL) in a round bottomed flask was cooled at 0 °C under N, atmosphere.
Methyl p-toluenesulfonate (MeOTs) (2.82 g, 14.8 mmol) was added into the mixture
and then followed by the drop wise of diisopropyl azodicarboxylate (DIAD) (3.0 mL,
14.8 mmol,After the reaction was stirred for overnight and monitored by TLC with
Hexane:EtOAc (1:1), the solution was dried under vacuum and the residue was
crystallized from ethanol to give N-Boc-trans-4-tosyloxy-D-proline diphenylmethyl
ester as a white fluffy solid (3.1 ¢, 44% yield). "H NMR (400 MHz, CDCl;) 8 7.75 (d, J =
8.1 Hz, 2H), 7.32 (m, 12H, CH), 6.89,6.84 (2s, 1H, CH), 4.97 (m, 1H, CH), 4.50 (m, 1H),
3.61 (m, 2H), 2.58 (m, 1H, CH,), 2.45 (s, 3H CHs), 2.04 — 1.94 (m, 1H, CH,), 1.41, 1.21
(2s, 9H, CH3x2).
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2.3.1.2 Synthesis of N-Boc-cis-4-G“-D-proline diphenylmethyl ester

o]
N
o Cl o </ , N
wOTs </N NN K,COs N N//kNH
DpmO + | A »  DpmO 2
N NTSNT>NH DMF, 80 °C, 2h N
Boc H 2 Boc

A mixture of N-Boc-trans-4-tosyloxy-D-proline diphenylmethyl ester
(1.1215 g, 2 mmol), 2-amino-6-chloropurine (0.33 mg, 2 mmol) and dry potassium
carbonate (0.34 mg, 2.4 mmol in DMF (5 mL) was stirred at 80 °C for 2 hrs. The
organic phase was diluted with CH,Cl, (50 mL), washed with water (50 mL x 6) and
dried under vacuum. The residue was purified by column chromatography by using
silica gel as a stationary phase and the gradient of hexane:EtOAc (9:1 to 1:1) as a
mobile phase to give N-Boc-cis-4-G“-D-proline diphenylmethyl ester as a yellow foam
(0.350 g, 33% yield, Rr = 0.2 by 1:1 Hexane:EtOAC). 'H NMR (400 MHz, CDCl,) & 7.76,
1.71 (2s, 1H CH), 7.27 (m, 10H, CH), 6.88 (s, 1H, CH), 4.92 (m, 1H, CH), 4.63, 4.52 (2m,
1H), 4.52 (s, 1H), 4.03 - 3.84 (2m, 2H), 2.86 (m, 1H), 2.50 (m, 1H), 1.47, 1.28 (2s, 9H,
CHx2).

2.3.1.3 Synthesis of N-Fmoc-cis-4-guanine-D-proline (G monomer)

Cl 0]

NN N
o (II\JN\ 1. TFA, anisole, rt, 3h Q ¢ By
N">NP >SNy, 21N HCL reflux, 3h » ))\O,N N” “NH,
DpmO N 2 3.FmocOSu, NaHCOs, HO N

MeCN:H,O (1:1), rt, O/N Fmod

/
Boc

N-Boc-cis-4-G™-D-proline diphenylmethyl ester (690 mg, 1.24 mmol)
was treated with 10% anisole in TFA (3 mL) for 3 hrs. After the TFA was removed by
a stream of nitrogen gas, the residue was washed with diethyl ether to give a white
precipitate. This was dissolved in 1 N HCl (10 mL) and refluxed for 3 hrs. Next, the

acid was evaporated and the residue was dissolved with 1:1 H,O:MeCN (5 mL) and
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treated with NaHCO, (200 mg, 2.48 mmol). N~(9-
fluorenylmethoxycarbonyloxy)succinimide (FmocOSu) (300 mg, 1.11 mmol) was
added and the reaction mixture was stirred for 8 hrs. After that, the reaction mixture
was evaporated, and the residue was diluted with water (10 mL) and extracted with
diethyl ether (20 mL, 3 times). The aqueous layer was purged with nitrogen gas to
remove the partially dissolved ether followed by acidification to pH 2. The
precipitate was collected by filtration, washed with water diethyl ether and dried
under vacuum to give the N-Fmoc-cis-4-guanine-D-proline as a white solid (450 mg,
70% yield). 'H NMR (400 MHz, DMSOQ) & 10.77 (s, 1H), 7.86, 7.77, 7.66, 7.37 (m, 8H,
CHx8 ) 6.54 (br, 2H, NH,), 4.82 (m, 1H), 4.44, (m, 1H) 4.28 (m, 1H, CH), 4.10 - 3.67 (m,
2H), 2.94 - 2.70 (2m, 2H).

2.3.1.4 Synthesis of 6-Azidomethylnicotinic acid (Pyr-N5)"

0 0
~o | AN NaBHy, CaCl, ~o | N
>
NZ NP THF, MeOH NZ O
o 35%

2,5-Pyridinedicarboxylic acid dimethyl ester (500 mg, 2.8 mmol), CaCl,
(1.1 g, 11 mmol) were dissolved by 10 mL of mixture of anhydrous THF and MeOH
(1:2) and cooled down in an ice bath. Next, NaBH, (250 mg, 6.5 mmol) was added
and the reaction was stirred at 0 °C. After 3 hours, the reaction was quenched by
water and extracted with DCM (20 mL x 3).Then, the organic layer was dried with
MgSO,4 and removed under vacuum to provide 6-hydroxymethyl-nicotinic acid methyl
ester as white solid (150 mg; 35% yield) 'H NMR (400 MHz, CDCl;) & 9.16 (s, 1H, CH),
8.29 (d, J = 8.2 Hz, 1H, CH), 7.36 (d, J = 8.0 Hz, 1H, CH), 4.83 (s, 2H, CH,), 3.95 (s, 3H,
CHs).
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6-Hydroxymethyl-nicotinic acid methyl ester (150 mg, 0.9 mmol) was

dissolved in dichloromethane (DCM, 20 mL), and then p-toluenesulfonyl chloride
(TsCl, 260 mg, 1.35 mmol) and triethylamine (TEA, 620 L, 4.5 mmol) were added,
respectively. After the reaction was stirred for 2 hours, solvent was removed under
vacuum. The crude product was dissolved in 10 mL of THF, followed by the addition
of sodium azide (60 mg, 1 mmol). The reaction was stirred at room temperature for 1
day. Next, water was added to the reaction and the aqueous layer was extracted
with ethyl acetate three times. The organic layer was washed with brine, dried over
MgSQ,4, and concentrated under the vacuum. The crude product was purified by
column chromatography on silica gel (4:1 hexanes: ethyl acetate) to give methyl 5-
(azidomethylnicotinate as a yellow oil (146 mg, 85% vyield). 'H NMR (400 MHz, CDCl,)
6 9.18 (s, 1H, CH), 8.33 (d, J = 7.7 Hz, 1H, CH), 7.45 (d, J = 8.1 Hz, 1H, CH), 4.57 (s, 2H,
CHy), 3.96 (s, 3H, CH5).

o o
~o | X LiOH , Mo | X
AN N3 MeOH, H,O, rt N3
N € » 12, N
90%

Methyl 5-(azidomethylnicotinate (100 mg, 0.5 mmol) was dissolved in
methanol (2.5 mL). Then, 1.0 M solution of LiIOH in water (1.50 mL, 1.50 mmol) was
added and stirred for 30 minutes. Then, the crude product was dried under vacuum
and purified with a gradient from ethyl acetate + 1% acetic acid to 4% acetonitrile in
ethyl acetate + 1% acetic acid to get 80 mg (86%) of 6-azidomethylnicotinic acid
(Pyr-N5) as a yellow oil. 'H NMR (400 MHz, DMSO) & 9.02 (s, 1H, CH), 8.21 (d, J = 8.0
Hz, 1H, CH), 7.40 (d, J = 7.8 Hz, 1H, CH), 4.53 (s, 2H, CHj).
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2.3.2 Solid phase peptide synthesis

All acpcPNA probes with the sequences shown in Table 2.1 were manually
synthesized by Fmoc solid phase peptide synthesis (SPPS) on the Tentagel S RAM
resin at 1.5 pmol scale. The reactions were performed in a home-made glass column
(150 x 7 mm) with a short fritted glass plug (2-3 mm) using the four Fmoc-protected
acpcPNA  monomer (A%, C® T, G) the B-amino acid spacer (Fmoc-(1S,25)-2-
aminocycolpentanecarboxylic acid). To improve the solubility in aqueous media, one
or more lysine units were included in all acpcPNA sequences either at the C- or N-
termini. In the SPPS, there were three steps in each cycle including:

1) Deprotection: The Fmoc protecting group at the N-terminal position of the
peptide chain on the resin was removed by treatment of the resin with 100 pL of the
deprotecting solution consisting of 20% piperidine and 2% DBU in DMF for 5 min at
room temperature with occasional agitation to give the active free amino group.

2) Coupling: In the case of the Pfp-activated monomers including Fmoc-
Lys(Boc)-OPfp, acpcPNA monomer (T, A¥ C*) or ACPC spacer, 4 equiv. of the
monomer were prepared in 30 pL of coupling solution containing 4 equiv. of HOAt
and 7% of DIEA in DMF. In the case of the acpcPNA G monomer and Fmoc-Tyr(alk)-
OH (from Dr. Duangrat Nimanussornkul), which was used as the free carboxylic acid
due to the instability of the Pfp ester, 4 equivalents of the free acid were activated
with 3.9 equiv. of HATU in the presence of 7% of DIEA in DMF (30 uL) for a few
minutes prior to the coupling reaction. The deprotected resin was treated with the
coupling solution for at least 30 min at room temperature with occasional agitation.

3) Capping: The unreacted free amino groups were capped to prevent further
sequence extension in the next cycles by acetylation with 10% acetic anhydride and
7% DIEA in DMF (30 uL) for 5 min at room temperature with occasional agitation.

After finishing each step, the resin was exhaustively washed with DMF to
ensure the complete removal of excess reagents. The cycle was repeated until the
desired sequence was obtained. Then, the Fmoc protection on the final N-terminal
amino group was removed and the liberated free amino group was capped with an

acetyl group or a fluorescent dye (Section 2.2.3).”°
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Table 2.1 Sequences of PNA and their purposes

Sequence (N > O) Purpose (section)
AC-GTAGATCACT-KKKKK HG (3.4)
AC-AGTGATCTAC-KKKKK GO (3.2.2)
Flu-GTAGATCACT-K GO (3.2), GX, MD (3.3), HG (3.4)
Flu-GTAGATCACT-KKKKK GO (3.2), GX (3.3)
Flu-GCTTTTTTACA-KKKKK GX (3.3.3.1)
Flu-AGTCTGATAAGC-KKKKK GX (3.3.3.1)
FLU-TTAATACCTTTGCTC-KKK GX (3.3.3.1)
TMR-CTAAATTCAGA-KKKK GX (3.3.3.2)
Flu-KKKKK-GTAGA-Tyr(AlK) RXN (3.3.3.4)
FLU-TT-Tyr(AWK) RXN (3.3.3.4)
Ac-TT-Tyr(AlK) RXN (3.3.3.4)
N3-TT-KKKKK RXN (3.3.3.4)
N3-TCACT-KKKKK RXN (3.3.3.4)
Nr-GTAGATCACT-K GO (3.2.1)
STR-GTAGATCACT-K GO (3.2.1)

*GO = PNA-Graphene platform, GX = PNA-oligodeoxyguanosine (PG) platform, MD = Metal detection by PG, RXN = reaction
detection by PG, HG = Hemin-G-quarduplex DNAzyme

2.3.3 Attachment of the fluorescent dye and azide molecule on acpcPNA
2.3.3.1 Attachment of fluorescent dye via amide coupling
The N-terminal Fmoc group of the PNA (0.5 pmol) was deprotected
whilst still on the solid support using the conditions similar to the deprotection step
in the SPPS cycle (Section 2.3.2). Next, the free amino group was treated with 5(6)-
carboxyfluorescein ~ N-hydroxysuccinimide ester (2 mg, 8 equiv.) or 5(6)-
carboxytetramethylrhodamine N-hydroxysuccinimide (2.1 mg, 8 equiv) in 20 uL DMF
solution containing 10% DIEA at room temperature in the absence of light. The
progress of the reaction was monitored by MALDI-TOF MS. Due to the sluggishness of
the reaction, prolonged reaction periods were employed to ensure complete

reaction (3 and 5 days for Flu and TMR, respectively).
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2.3.3.2 Attachment of fluorescent dye via click reaction
The N-terminal Fmoc group of the PNA (0.5 pmol) on the solid
support was deprotected using the conditions similar to the deprotection step in the
SPPS cycle and the free amino group was modified with the azide group by reductive
alkylation reaction with 4-azidobutanal (15 umol), in the presence of NaBHsCN (30
umol) and acetic acid (30 umol) in MeOH (200 pL) at room temperature for

overnight.”®

2.3.3.3 Attachment of 6-Azidomethylnicotinic acid (Pyr-Ns)

The N-terminal Fmoc group of the PNA (0.5 pmol) on the solid
support was deprotected using the conditions similar to the deprotection step in the
SPPS cycle and the free amino group was modified with the Pyr-N; (4 equiv.) by using
3.9 equiv. of HATU in the presence of 7% of DIEA in DMF (30 pL) for at least 1 hour

at room temperature with occasional agitation.

2.3.4 PNA puirification, and characterization

After the PNA synthesis and N-terminal modification was completed, the
nucleobase side chain was deprotected by treatment of the PNA on the resin with
aqueous NHs/dioxane (1:1) (2 mL) in a screw-capped test tube at 65 °C for 8 hrs.
Then, the sidechain deprotected PNA was cleaved from the solid support by
treatment with trifluoroacetic acid (TFA) containing 1% water (500 pL x 30 min x 3).
The TFA in the cleavage solution was evaporated under a stream of nitrogen gas and
the crude PNA in the residue was reprecipitated by diethyl ether. The precipitate was
centrifugally washed with diethyl ether (3 times) and air-dried. The crude PNA was
then dissolved in 120 pL of water, and purified by reverse-phase HPLC using 0.1%
TFA in water:methanol (W:M) gradient as a mobile phase with the flow rate of 0.5
mL/min. The gradient elution was proceeded with W:M 9:1 for 5 minutes, then the
ratio of W:M was changed to 1:9 over 60 minutes. The HPLC peaks were monitored in
real time by the Waters 996 photodiode array detector via the Waters Empower

software. Fractions were collected manually and those containing the desired PNA
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according to MALDI-TOF MS analysis were combined and freeze-dried to obtain the
purified acpcPNA. The combined fractions were characterized by MALDI-TOF MS using
a-cyano-4-hydroxycinnamic acid (CCA) as the matrix. The purity of the PNA was
confirmed by reverse phase HPLC analysis by using the similar gradient elution W:M

9:1 for 5 minutes, then the ratio was changed to 1:9 over 30 minutes.

2.3.5 PNA concentration determination

The concentration of the PNA stock solution was determined using UV-vis
spectrophotometry as follows. An appropriate volume of the PNA stock solution
(typically 2 pL) was diluted with 10 mM sodium phosphate buffer pH 7.0 to the final
volume of 1 mL in a 10 mm path length quartz cuvette. The absorbance at 260 nm

was measured and the OD,4, was calculated using the equation 2.1 below.

Aygo xtotal volume
OD260: TNNTA (2.1)

sample volume

Next, the concentration of the PNA was calculated using the equation 2.2

below using the extinction coefficients value (€) that is unique for the sequence of

the PNA strand. This value was obtained by summing the contribution to the

absorption at 260 nm from various nucleobases as well as the dye label. The €
value was conveniently retrieved from an in-house web-based software

(http://www.chemistry.sc.chula.ac.th/pna/pna.asp) written by Vilaivan’s group.

OD260
PNA concentration (uM) = —=x1000  (2.2)
€

2.4 General Characterization
2.4.1 UV-visible and thermal denaturation experiments
UV-visible experiments were performed at 20 °C in a 10 mm path length
quartz cuvette with a Teflon stopper. The samples were prepared at the specified
concentration in a suitable buffer with a total volume of 1 mlL. For melting

temperature (T.,) measurements, the temperature was increased from 20 C to 95 C
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at a rate of 1.0 C/min. The absorption at 260 nm at each temperature was recorded.
The result was processed using Kaleidagraph 4.0 (Synergy software) and Microsoft
Excel. Then, the T, was calculated from the maximum value of the first derivative

plot.

2.4.2 Circular dichroism (CD) experiments
The samples were prepared at the specified concentration in a suitable buffer
with a total volume of 1 mL in a 10 mm path length quartz cuvette with a Teflon
stopper. The CD spectra were measured at 25 °C, with 4 repetitions, scanning over
the range of 200 to 400 nm and at the scanning rate of 100 nm/min. The data were
then subtracted from the spectrum of the blank (buffer only) under identical

conditions.

2.4.3 Gel electrophoresis

The acrylamide gel (17%) was prepared by mixing acrylamide/bisacrylamide
solution (29:1), 40% (w/v) (5 mL), ammonium persulfate (10 mg), 10xTris borate-EDTA
buffer (TBE) (1 mL), and milli-Q water (3 mL) in a 15 mL polypropylene tube. Next, 10
uL of NNN’ N’-tetramethylenediamine (TEMED) was immediately added. The
solution was mixed rapidly and transferred to the gel electrophoresis apparatus. After
leaving for the polymerization to proceed for 1 h at room temperature, the 10 pL of
samples consisting PNA (0.5 nmol) and/or DNA (0.6 nmol), and 1x loading dye (1 uM)
were loaded onto the gel. The electrophoresis apparatus was connected to a power
supply, and the experiment was performed at a voltage of 150 V for 1.5 hrs. The gel
was visualized under a UV transilluminator (365 nm) and by UV shadowing (256 nm)
over a silica gel GF254-coated TLC plate. The photographs were taken under UV
transilluminator model VILBER LOURMAT TCP-20.LM either at 365 or 256 nm using a
Canon EOS M digital camera through a yellow filter.

2.5 Fluorescence experiment
The samples (1 mL) were prepared in a suitable buffer at the specified PNA

and DNA concentrations in a 10 mm quartz cell with a Teflon stopper. The excitation


https://www.biobasic.com/acryl-bis-solution-29-1-40-w-v
https://www.biobasic.com/acryl-bis-solution-29-1-40-w-v

36

and emission slits width were set at 5 nm. Table 2.2 shows the excitation and

emission wavelength for each dye.

Table 2.2 Excitation and emission wavelength of each dye

Fluorescent dye Excitation (nm) Emission (nm)
Fluorescein 460%, 490** 470%*, 500**
TAMRA 520 530
Styryl dye 550 560

Nile red 580 590

* For section 3.2 ** for section 3.3

In the case of fluorescence quenching and restoration experiments, the data
were reported in term of brightness percentage at the specific emission wavelength

as shown in the equation 2.3 below.

Fsample

Brightness percentage = x100 (2.3)

FssPNA
2.5.1. PNA-Graphene oxide platform
2.5.1.1 Graphene oxide quenching experiments
The working solution consisting of the dye labeled acpcPNA (0.1 puM)
in 10 mM Tris-HCl buffer pH 7.4 (1 mL) was added graphene oxide (GO) at the specify
concentration. After the incubation at room temperature for 30 min, the
fluorescence spectrum of the mixture was measured, and the brightness percentage

calculated.

2.5.1.2 Fluorescence restoration experiments
The DNA targets were added into the GO-quenched PNA probe
solution at the specified concentration. The solution was incubated at room
temperature for 30 min before recording the fluorescence spectrum. The brightness

percentage was then calculated according to equation 2.3.
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2.5.1.3 Sensitivity
The complementary DNA target was added into the GO-quenched
fluorescein-labeled PNA probe solution at various concentrations (three independent
experiments were performed for each concentration). The solution was incubated at
room temperature for 30 min before recording the fluorescence spectrum. The
fluorescence at 525 nm were plotted against the DNA target concentration to give a
linear calibration graph. The limit of detection was calculated from the equation 2.4

below:

35D

Limit of Detection (LOD)= (2.9)

slope

2.5.1.4 Invasion experiments
The sample consisting of 1 uM of fluorescein-labeled acpcPNA probe
(FluK5) was mixed with 1.2 uM of the 30mer dsDNA targets and incubated at 25 °C
for 30 min. Next, the pseudo complementary acpcPNA strand (antiPNAK5) was added
and the mixture was incubated for 8 hours. Next, the PNA-dsDNA-antiPNA mixture
was treated with GO at 5 pg/mL and the fluorescence quenching was examined by
fluorescence spectroscopy. The brightness percentage was then calculated according

to equation 2.3.

2.5.1.5 Naked-eye detection
The working solution consisted of the dye labeled acpcPNA (10 uM)
and GO (50 pg/mL) in 10 mM Tris-HCl buffer pH 7.4 with a total volume of 20 uL was
incubated at room temperature for 10 min. Next, the target DNA (12 uM) was added
and the solution was incubated at room temperature for 30 min. After that, the
photographs were taken under a UV transilluminator at 365 nm using a digital camera

through a yellow filter.
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2.5.2. PNA-Oligodeoxyguanosine platform
2.5.2.1 Oligodeoxyguanosine quenching experiments
The working solution consisting of the dye labeled acpcPNA (1 pM or
0.1 uM) in 10 mM phosphate buffer pH 7 (1 mL) was added the oligodeoxyguanosine
or other guanine-rich DNA sequence at the specified concentration. After incubation
at room temperature for 30 min, the fluorescence spectrum of the mixture was
measured, and the brightness percentage was calculated by equation 2.3. Moreover,

the absorption and CD spectra were also measured for certain samples.

2.5.2.2 Fluorescence restoration experiments
The DNA targets were added into the GO-quenched PNA probe
solution at the specified concentration. The solution was incubated at room
temperature for 30 min before recording the fluorescence spectrum. The brightness

percentage was then calculated according to equation 2.3.

2.5.2.3 Sensitivity
The complementary DNA  target was added into the
oligodeoxyguanosine-quenched PNA probe solution at various concentrations (three
experiments were conducted for each concentration). The solution was incubated at
room temperature for 30 min before recording the fluorescence spectrum. The limit

of detection was calculated from the equation 2.4 as explained in Section 2.5.1.3.

2.5.2.4 Naked-eye detection
The working solution consisted of the dye labeled acpcPNA (10 pM)
and oligodeoxyguanosine (12 uM) in 10 mM phosphate buffer pH 7 with a total
volume of 20 uL was incubated at room temperature for 10 min. Next, the target
DNA was added to give the final concentrations of PNA, oligodeoxyguanosine and
DNA = 10, 12 and 12 uM, and the solution was incubated at room temperature for 30
min. After that, the photographs were taken under a UV transilluminator at 365 nm

using a digital camera through a yellow filter.
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2.5.2.5 Metal ions detection

The PNA-DNA solution was first prepared by mixing the fluorescent
dye labeled acpcPNA (0.1 uM) and DNA target at the specified concentration in 10
mM MOPS buffer (1 mL) and incubated for 10 min at room temperature. Then, the
metal ion (Ag" or Hg”") at the specific concentration was added and incubated at
room temperature for 15 minutes. Next, the oligodeoxyguanosine (0.1 uM) was
added to the solution. After incubated at room temperature for 30 min, the
fluorescence spectrum was recorded. The brightness percentage was then calculated

according to equation 2.3.

2.5.2.6 Click chemistry detection

A solution containing 500 uM of azide-PNA and 100 uM of alkyne-PNA was
prepared in 1:1 H,O:'BUOH (20 pL). Then, 100 uM of [CuSO4-5H,0], 100 uM of tris-
hydroxypropyltriazolylmethylamine (THPTA),” and 400 uM of sodium ascorbate were
added, respectively, and the mixture was incubated at room temperature for 2
hours. Next, 10 pL of the reaction was sampled and diluted with 10 uyL of 10 mM
phosphate buffer pH 7. Then, dG10 was added to the solution with a final volume 20
uL to give the final concentration of 12 uM. After incubated at room temperature for
15 min, the photographs were taken under a UV transilluminator at 365 nm using a

digital camera through a yellow filter.

2.6 Hemin-G-quadruplex colorimetric assay
2.6.1 Naked-eye detection for Hemin/dG DNAzyme
The working solution consisting of the TMB dye (100 pM), hemin (0.125 uM)
and quadruplex DNA (1 pM) in 20 uM HEPES buffer pH 7.4 containing 200 mM of
NH;OAc with a total volume of 20 pL was prepared in a PCR tube. Then 1 pL of H,0,
(10 mM) was added and the photographs were taken under visible light using a digital
camera. The photographs were recorded every five minutes until no further color

change was observed.
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2.6.2. Naked- eye detection for DNA displacement

A solution containing 3 UM of PNA and 3 uM DNA with guanosine overhang
was prepared in 20 uM of HEPES buffer pH 7.4 containing 200 mM of NH;OAc with a
total volume of 20 mL was prepared in a PCR tube. Then, 3 uM of the DNA target
was added and the reaction was incubated for 30 minutes. After that, TMB dye (100
uM) and hemin (0.08 pM) were added, respectively. Finally, 1 uL of 30% H,O, (10
mM) was added and the photographs were taken under visible light using a digital
camera. The photographs were recorded every five minutes until no further color

change was observed.

2.6.3. UV-visible spectrophotometry
The working solution consisting of the TMB dye (100 pM), hemin (0.08 uM)
and quadruplex-forming DNA (0.4 uM) in 20 uM of HEPES buffer pH 7.4 containing 200
mM of NH;OAc with a total volume of 1 mL was prepared in a quartz cuvette with
10 mm pathlength. Then, 30% H,O, was added to the final concentration of 1 mM,
and the absorption was immediately recorded from 200 - 700 nm every 5 min

interval for 30 minutes.
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CHAPTER 3
RESULTS AND DISCUSSION

This chapter presents the development of a new DNA sensing platform that
can change its fluorescence signal in respond to the correct DNA target. The sensor
consisted of a fluorescently labeled acpcPNA probe and an external quencher
including graphene oxide and oligodeoxyguanosine. The chapter is divided into four
parts. The first part demonstrates the synthesis, modification, and characterization of
the acpcPNA probe. The second part highlights the development of the sensor of
fluorescently labeled acpcPNA probe (F-PNA) with graphene oxide. The third part
focuses on the quenching phenomena between the F-PNA and the
oligodeoxyguanosine (dG) and the applications of the F-PNA and dG platform. The
final part presented the preliminary studies of another DNA sensing platform based

on PNA probe and Hemin/G-quadruplex DNAzyme.

3.1 Synthesis of peptide nucleic acid probes
3.1.1 Synthesis of acpcPNA

All acpcPNA probes were manually synthesized using Fmoc-solid phase
peptide synthesis (SPPS) on the Tentagel S RAM resin at 1.5 pymol scale using Fmoc-
protected acpcPNA monomer (A¥, C® T, G) and B-amino acids spacers (Fmoc~(15,25)-
2-aminocycolpentanecarboxylic acid). In order to improve the solubility and prevent
the self-aggregation in aqueous solution, all acpcPNA sequences were incorporated
with at least one lysine unit at either C- or N-terminus.'® The PNAs were synthesized
through the synthetic cycle which consisted of three steps: 1) the deprotection of
Fmoc group with DBU/piperidine solution, 2) the coupling reaction to incorporate the
amino acid, acpcPNA monomer and spacer, and 3) the capping of uncoupled amino
groups by acetic anhydride to prevent further reactions. To remove the excess
reagents after completing each step, the resin was exhaustively washed with DMF for

at least three times. The synthesis cycle of the PNA was repeated until the desired
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sequences were obtained. Then, the final N-terminal group was deprotected and

capped by the acetyl group or a fluorescent dye (Section 3.1.2).

3.1.2 Attachment of the fluorescent dye

The labelling of the fluorescent dyes on the acpcPNA, two methods were
employed. Before the dye was attached to the N-terminal amino group, the N-
terminal Fmoc group of the PNA on the solid support was removed using the
piperidine solution resulting in the formation of free amino group ready for the
modification. This was followed by treatment with aqueous NHs/dioxane (1:1) at 65
°C for 8 hours to remove the nucleobase protecting groups to avoid subsequent
treatment of the dye-labeled PNA to this rather harsh conditions. In case of
fluorescent dyes containing the activated carboxylic group such as 5(6)-
carboxyfluorescein  N-hydroxysuccinimide ester and  5(6)-carboxytetramethyl-
rhodamine N-hydroxysuccinimide ester, the dyes were attached to the PNA directly
in the presence of a base (10% of DIEA in DMF solution). The reaction was sluggish
and required 3 to 5 days to complete according to MALDI-TOF MS analysis. In case of
the fluorescent dye containing the alkyne group, the free amine group at the N-
terminus of the last PNA monomer was modified with an azide group through the
reductive alkylation reaction with d4-azidobutanal. In such case, the final ACPC spacer
was omitted to avoid complication due to double alkylation of the free NH, group.
Then, the propargylated dye labels including Nile red (synthesized in another

)46

project)’® and styryl dye®® was attached to the PNA via Click chemistry in the

presence of Cu(l)PFs-TBTA-Na ascorbate.”

3.1.3 Purification and characterization of acpcPNA
The crude acpcPNA (typically 0.5 umol) was purified by Cig reverse phase
HPLC, eluting with a g¢radient system of 0.1% TFA in methanol/water or
acetonitrile/water. Fractions collection was assisted by monitoring the UV absorption
at 310 nm. The fractions containing the pure PNA as determined by MALDI-TOF MS
were combined, freeze-dried and re-dissolved in 120 uL of water. The concentration

of the PNA was determined by UV-Vis spectrophotometry at the absorption 260 nm
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and calculated by equation 2.2. The identity of the PNA probes was verified by

MALDI-TOF MS and the purity was confirmed to be >90% by analytical reverse phase

HPLC. Most fluorescein-labeled probes (Flu-sequence-Lys,,) appeared as two peaks in

the HPLC chromatogram due to the presence of two isomers (5 and 6-carboxy), but

no attempts were made to isolate the pure isomers because of the peaks overlaps

and the irrelevance of the pure isomer to the purpose of this work. As a result, they

were used as a mixture. For some short PNA sequences (less than five bases) such as

Ac-TT-Tyr(Alk), Nz-(nX)-TT-KKKKK, Flu-K-GTAGA-Tyr(Alk), Ni-(nX)-TCACT-KKKKK, etc. no

purification was performed if the MALDI-TOF analysis suggested good purity.

Table 3.1 Characteristics of all acpcPNA probes used in this dissertation

Sequence (N > Q) m/z cald m/z found tg %yield
(MeH") (min)
Ac-GTAGATCACT-KKKKK 4,071.5 4068.9 N.D. 19
Flu-GTAGATCACT-K 3,875.1 3879.5 33.1 25
FIU-GTAGATCACT-KKKKK 4,387.8 4385.7 29.4 30
Flu-GCTTTTTTACA-KKKKK 4,86.1 4685.4 30.3 21
Flu-AGTCTGATAAGC-KKKKK 5,086.5 5085.5 30.3 17
Flu-TTAATACCTTTGCTC-KKK 5,738.2 5737.4 30.4 23
TMR-CTAAATTCAGA-KKKK 4,640.1 4637.7 32.7 18
Flu-KKKKK-GTAGA-Tyr(Alk) 2,875.2 2875.0 N.D. N.D.
Flu-TT-Tyr(Alk) 1,169.2 1,171.3 N.D. N.D.
Ac-TT-Tyr(AlK) 853.0 850.2 N.D. N.D.
N4-TT-KKKKK 1,312.5 1309.5 N.D. N.D.
N4-TCACT-KKKKK 2,288.5 2,288.0 N.D. N.D.
Nr-GTAGATCACT-K 3878.6 3880.7 N.D. 13

*N.D. = Not determined
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3.2 PNA-based DNA sensing with graphene oxide as a quencher

At the early stage of this dissertation, the DNA detection experiments were
started by using (acpcPNA) as a probe in combination with graphene oxide (GO) as a
quencher. This material contains various oxygenated functional groups (epoxide,
hydroxyl, and carboxyl group) decorated on the monolayer of graphene making it
negatively charged and can be well-dispersed in water.'®’ GO was known to
preferentially adsorb single-stranded DNA over double-stranded DNA. It was reported
that the unpaired nucleobases almost laid flat on the surface of GO via n-nt stacking
interaction.® If the DNA carries a fluorescence label, the close contact between the
GO and the labeled DNA would result in quenching of the fluorescence signal.”
Hybridization with another complementary DNA strand restores the fluorescence
because the duplex DNA would interact less strongly with the GO due to the
participation of the nucleobases in the Watson-Crick type base pairing. This principle
has been extensively developed into several DNA sensing platforms. Over the past
decades, several DNA sensing platforms employing the combination of GO and
fluorescent DNA probes have been proposed.'” These include the simple GO-DNA
combination'” and the more sophisticated designs such as the GO-based MB

104,195 3nd the GO-based DNA biosensor with enzymatic based amplification.'%

probes
Most of these platforms typically employed DNA as the probe. Only recently that
PNA was introduced as an alternative probe. In 2013, an aegPNA-GO platform was
proposed as a novel, sensitive and selective DNA sensor.'® The result showed that
the use of PNA as a probe could increase the quenching ability and selectivity of the
detection. Since then, the aegPNA-GO sensing platform has been adopted in various
biosensing applications.®" 17197

In this work, we were interested in applying the same concept to acpcPNA
probes (Figure 3.1), which are known to form hybrids with DNA with higher affinity
and specificity than DNA and aegPNA probes with the expectation that it would offer

a good DNA sensing performance.
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complementary
DNA

Dye-PNA

Figure 3.1 The principle of PNA-GO platform for DNA sensing

3.2.1 Types of fluorescent dye on acpcPNA
The study employed acpcPNA labeled with a fluorescent dye including

fluorescein, Nile red and a styryl dye (from Dr. Boonsong Ditmangklo)>

as a reporter
probe (Figure 3.2) for sequence specific detection of DNA through its interaction with
GO. To achieve this goal, a 10mer florescent dye-labeled acpcPNA probe (Dye-PNA)
was incubated with GO for 30 min followed by addition of the DNA target. The
fluorescence spectra were measured by fluorescence spectrophotometry at an

appropriate excitation wavelength of the dye (460 nm, 590 nm, and 550 nm for

fluorescein, Nile red, and styryl dye, respectively).
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Fluorescein-PNA Styryl-PNA Nile Red-PNA
Dye-PNA (FluK1) (STRK1) (NrK1)
DyeK1 : Dye-GTAGATCACT-Lys DNAnon: 3-GATTTACGTCT-5.
DNAcom: 3'-CATCTAGTGA-5 DNAcomL: 3-GGTCCCGTACCATCTAGTGACATGCGGCGC-5
DNAMisC: 3-CATCTCGTGA-5 DNAssmmL: 3-GGTCCCGTACCATCTTGTGACATGCGGCGC-5'
DNAMisG: 3-CATCTGGTGA-5 DNAdbmmL: 3-GGTCCCGTACCATCGCGTGACATGCGGCGC-5
DNAMisT: 3-CATCTTGTGA-S DNAnonL: 3-GCGCCGCATGTCACTAGATGGTACGGGACC-5

Figure 3.2 The acpcPNA labeled with fluorescent dyes and all sequences in type of

fluorescent dye study
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3.2.1.1 Fluorescein labeled acpcPNA

The interaction of a 10mer fluorescein-labeled acpcPNA probe (FluK1)
and GO was studied by fluorescence spectrophotometry. In all studies, the
concentration of FluKl was fixed at 0.1 uM and then the quenching of the
fluorescence by GO was investigated. The results showed that the fluorescence
signal of single-stranded FluK1 was dramatically quenched after titration of the GO (0
to 1.5 pg/mL) into the FluK1 solution (Figure 3.3). At the concentration of GO above
2 pg/mL, the fluorescence remained stable suggesting that the maximum quenching
had been achieved. From the results, it could be concluded that the fluorescein
labeled acpcPNA probe (FluK1) could interact with the surface of GO leading to the

fluorescence quenching phenomenon like DNA or the commercial aegPNA.'® 101 110
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Figure 3.3 Quenching ability of FluK1-GO platform Conditions: [PNA] = 0.1 uM, [GO] =
0- 1.5 pg/mL in 10 mM Tris-HCl pH 7.4, excitation wavelength at 460 nm

Next, the fluorescence of a 0.1 uM solution of FluK1 was quenched to
10% of the original fluorescence value by the selected GO concentration at 1.5
ug/mL. After that, various DNA targets with a similar length (the sequences are shown
in Figure 3.2) were added into the GO-quenched PNA probe. Pleasingly, the signal

was rapidly restored to 95% of the original value when 1.2 equiv. the
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complementary DNA (DNAcom) were added at room temperature. On the other
hand, the single mismatched DNAs (DNAmisC, DNAmisG, DNAmisT) and non-
complementary DNA (DNAnon) could not restore the fluorescence signal under the
same conditions (Figure 3.4). This GO-quenched FluK1 probe was next applied for
the detection of longer DNA targets including complementary DNA (DNAcomL), single
mismatched DNA (DNAsmisL), double mismatched DNA (DNAdmisL), and non-
complementary DNA (DNAnonL). The results as shown in Figure 3.5 revealed that
this platform could discriminate between the complementary DNA (DNAcomLl) and
other DNA targets (DNAsmisL, DNAdmisL, DNAnonL). However, the discrimination
between complementary and mismatched targets was less effective than the shorter
DNA targets. This is largely due to the incomplete fluorescence signal restoration of
the long complementary DNA targets, which might be affected by quenching of the
DNA-bound probe by the extra DNA bases presented in these long DNA targets.
Nevertheless, this platform could detect the longer DNA sequences and still
significantly discriminate between the complementary DNA target and other DNA

targets.
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Figure 3.4 Brightness percentage at 525 nm of FluK1-GO DNA sensing system with
similar length of DNA target Conditions: [PNA] = 0.1 uM, [GO] = 1.5 pg/mL, and [DNA]
= 0.12 pM in 10 mM Tris-HCl pH 7.4, excitation wavelength at 460 nm
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When compared to other reported fluorescein labeled DNA-GO and
PNA-GO sensors under comparable conditions,® this acpcPNA-GO platform gave a
more rapid and better signal restoration, and did not require heating as in the case of
aegPNA, which was reported to require the temperature of 45 °C to affect the
displacement reaction.'® Because of the neutral backbone of acpcPNA and a higher
stability of the acpcPNA-DNA duplex when compared to other probes, the duplex of

acpcPNA could, therefore, detach from the GO’s surface more easily.
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Figure 3.5 Brightness percentage at 525 nm of FluK1-GO DNA sensing system with
longer DNA target Conditions: [PNA] = 0.1 pM, [GO] = 1.5 pg/mL, and [DNA] = 0.12 pM
in 10 mM Tris-HCl pH 7.4, excitation wavelength at 460 nm

A calibration curve was constructed by plotting the restored
fluorescence and the concentration of DNA (Figure 3.6). From the calibration graph,
the acpcPNA-GPO detection platform consisting of 0.1 uM of FIuK1 and 1.5 pg/mL of
GO could detect the DNA target down to 0.7 + 0.02 nM (calculated by equation 2.4)
with a linearity range from 5 to 50 nM. Thus, it can be concluded that the
combination of fluorescein-labeled acpcPNA and GO can be used for a specific
detection of DNA. The sub-nanomolar levels sensitivity was comparable to other

PNA-GO systems (0.8 nM).'® In the next experiments, acpcPNA probes labeled with
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other fluorescent dyes were evaluated to compare the fluorescent properties with

the fluorescein-labeled PNA probe.
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Figure 3.6 Detection limit of FluK1-GO DNA sensing system Conditions: [PNA] = 0.1

pM, [GO] = 1.5 pg/mL, and [DNA] = 5 - 50 nM in 10 mM Tris-HCl pH 7.4, excitation

wavelength at 460 nm

3.2.1.2 Styryl dye labeled acpcPNA

Styryl dye is a class of extended m-conjugated system fluorescent
dyes that consists of an electron-rich aromatic ring and an electron-deficient N-
alkylated heterocyclic ring linked to each other via a double bond.'*? In this study,
the styryl dye labeled acpcPNA probe was obtained from Dr. Boonsong Ditmangklo.>
At 0.1 pM concentration of the acpcPNA probe STRK1, its fluorescence was
decreased dramatically after the addition of 0.1 to 0.3 pg/mL of GO (Figure 3.7). No
further quenching was observed at a GO concentration beyond 0.4 pyg/mL. Hence, 0.4

pe/mL of GO was selected for the fluorescence restoration and selectivity studies.
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Figure 3.7 Quenching ability of STRK1-GO DNA sensing system Conditions: [PNA] = 0.1
UM and [GO] = 0 - 1 pg/mL in 10 mM Tris-HCl pH 7.4, excitation wavelength at 550
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Figure 3.8 Brightness percentage at 540 nm of STRK1-GO DNA sensing system with
similar length of DNA target Conditions: [PNA] = 0.1 uM, [GO] = 0.4 pg/mL, [DNA] =
0.12 uM in 10 mM Tris-HCl pH 7.4, excitation wavelength at 550 nm



51

In the selectivity study of the STRK1-GO platform, the 0.1 uM STRK1
probe solution was first quenched by mixing with GO at 0.4 pg/mL. The brightness
percentage after the incubation dramatically decreased to 2.5% of the original value
of the STRK1 probe. The quenching efficiency of this STRK1 appeared to be better
than the FluKl probe since lower amounts of GO was required to achieve a higher
quenching effect. This can be explained by the fact that styryl dye is positively
charged and may contribute to the adsorption and quenching by the negatively
charged GO surface. After the addition of the DNA targets as shown in Figure 3.8, the
fluorescence of the STRK1 probe was only partially restored, up to around 14% of
the original value, by the complementary target (DNAcom). The low fluorescence
restoration might be attributed to the cationic nature of the dye that makes it
interact more strongly with the GO and thus providing additional stabilizing force that
may require higher DNA concentrations to completely displace the probe from the
GO surface. There seems to be some selectivity since no signal restoration was
observed in the cases of DNAMisC and DNAMisG as well as the DNAnon.
Unfortunately, the DNAmisT showed a fluorescence restoration similar to the
DNAcom. The selectivity is even worse with long DNA targets. As shown in and Figure
3.9, the DNAmisL showed almost the same fluorescence restoration as the
DNAcomlL, although the DNAnonL did not. It should be noted that for these long
DNA targets, the fluorescence restoration was much higher than the short DNA
targets. In fact, the fluorescence was even higher than the original STRK1 probe. This
can be explained by the interaction of the styryl dye label to the nucleobase
overhang in the DNA strand. The non-selective fluorescence signal restoration might
result from the environment sensitivity of the styryl dye that could enhance the
fluorescence when binding with DNA and thus complicating the analysis and
interpretation.'’® Thus, although the quenching was good and signal restoration with

some selectivity was observed, this system was not studied further.
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Figure 3.9 Brightness percentage at 540 nm of STRK1-GO DNA sensing system with
longer DNA target Conditions: [PNA] = 0.1 pM, [GOJ = 0.4 pg/mL, [DNA] = 0.12 yM in
10 mM Tris-HCl pH 7.4, excitation wavelength at 550 nm

3.2.1.3 Nile red labeled acpcPNA
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Figure 3.10 Quenching ability of NrK1-GO DNA sensing system Conditions: [PNA] = 0.1

pM, and [GO] = 0 — 0.2 pg/mL in 10 mM Tris-HCl pH 7.4, excitation wavelength at 580

nm
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Nile red is an uncharged hydrophobic benzophenoxazine dye which
was included in this study as a representative electrostatically neutral dye. This dye
was labeled onto the acpcPNA probe at the N-terminus via click chemistry. In the
optimization stage, the 0.1 uM solution of the NrKl probe was mixed with various
concentrations of GO. The results showed that the brightness percentage of Nrk1
decreased to 30% from the single-stranded NrK1 when 0.05 pg/mL of GO was
present. The signal was further decreased to 3% at the GO concentration of 0.2
ug/mL (Figure 3.10). Thus, the NrK1 PNA probe carrying the electrostatically neutral
Nile red label can also be quenched as effectively as the STRK1 PNA probe carrying
the cationic styryl dye. Importantly, the quenching of these two dyes by GO was
much more effective than the FluKl PNA probe bearing a negatively charged
fluorescein label. This is consistent with the negative charge nature of the GO

surface.
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Figure 3.11 Brightness percentage at 580 nm of NrK1-GO DNA sensing system with
similar length of DNA target Conditions: [PNA] = 0.1 uM, [GO] = 0.2 pg/mL, [DNA] =
0.12 pM in 10 mM Tris-HCl pH 7.4, excitation wavelength at 580 nm

The selectivity of this NrK1-GO DNA sensor is shown in Figure 3.11 and
Figure 3.12. The 0.1 uM solution of NrK1 was first quenched by addition of 0.2

pwe/mL of GO, which resulted in a reduction of the fluorescence signal to 3%
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comparing with the single-stranded DNA. This platform could clearly discriminate the
complementary and mismatched targets with the same length as the probe, which
was better than the styryl dye-labeled PNA probe, but the fluorescence restoration
was lower than the case of fluorescein-labeled PNA probe. Unfortunately, the
discrimination of longer DNA targets was not good even for double mismatched

targets.
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Figure 3.12 Brightness percentage at 580 nm of NrK1-GO DNA sensing system with
longer DNA target. Conditions: [PNA] = 0.1 uM, [GO] = 0.2 pyg/mL, [DNA] = 0.12 UM in
10 mM Tris-HCl pH 7.4, excitation wavelength at 580 nm

3.2.1.4 Comparison of the three probes

Table 3.2 summarizes the performance of the DNA sensing systems
employing three different fluorescent dye-labeled acpcPNA probes and GO as a
quencher. Thus, the maximum quenching of the FluK1 probe (at 0.1 uM) by GO was
around 15% of the single-stranded PNA probe. This quenching effect was more
pronounced in the STRK1 and NrK1 probes at the same probe concentrations, which
were quenched down to 1% and 39%, respectively. Although it should be noted that
different probes required different concentration GO to achieve the maximum
quenching, the above conclusion is still true. At the same concentration of the probe

(0.1 uM), the quenching of Nile red and styryl dye was better and required less
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concentration of GO (0.2 and 0.4 pg/mL, respectively) than fluorescein (1.5 pg/mL) to
achieve the same level of quenching. It can be explained the surface of graphene
oxide containing the high density of negatively charge so the interaction of the
positively charge or neutral dyes was favorable or neutral. In case of fluorescein, the
probe could interact with the surface of graphene oxide via hydrophobic or nn
stacking interaction. However, since the fluorescein dye is negatively charged at
neutral pH, there was also contributions from the electrostatic repulsion between
the dye and the GO surface. Liu and co-workers had previously reported that
fluorescence quenching of positively charged dye was more effective than neutral
and negatively charged dyes in the context of DNA probes, which was also explained
by the different electrostatic interaction between the dye and GO.** In the
fluorescence restoration experiment, only the FluKl showed good fluorescence
restoration and the expected selectivity towards complementary DNA targets for
both short and long DNA targets. This suggests that the favorable electrostatic
interaction that contributed to good quenching on one hand also interfered with the
DNA hybridization and the probe displacement from the GO surface on the other
hand. Accordingly, only the FluKl probe showed a good response to its
complementary DNA target in the fluorescence restoration process. Hence,

fluorescein labeled acpcPNA was selected as the probe for the next studies.

Table 3.2 The brightness percentage of the three PNA-GO DNA sensing systems

Brightness Percentage*

GO
Condition/DNA
PNA-GO Com ComL ssmmL dbmmL nonL (HE/mL)
FluK1 15 94 50 16 11 11 1.5
STRK1 1 14 194 204 80 7 0.4
NrkK1 3 35 101 87 51 13 0.2

Conditions: [PNA] = 0.1 uM, [GO] = 0.2 - 1.5 pg/mL, [DNA] = 0.12 uM in 10 mM Tris-HCl pH 7.4 ‘Brightness percentage =

Fayexi-ax/Fayexi¥100. **PNA and DNA sequences are shown in Figure 3.2.
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3.2.2 The detection of PNA invasion by using graphene oxide
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Figure 3.13 The concept of the detection of DNA duplex invasion by labeled
acpcPNA probe and GO

PNA has a unique ability to strand-invade into duplex DNA in a
sequence-specific fashion, and the effect can be used for gene-specific inhibition of
transcription.’™ PNA can form stronger base pairs to complementary DNA (comDNA)
than conventional oligonucleotides, hence the process is thermodynamically
favorable since the DNA-DNA hydrogen bonding and base stacking was replaced by
the PNA-DNA counterparts. While DNA duplex invasion by single-stranded PNA is
possible, ' in practice two strands of PNA are often used on combination to achieve
the so-called double duplex invasion. Such double duplex invasion complex is even
more thermodynamically favorable since one set of hydrogen binding and base
stacking in DNA-DNA duplex was replaced by two sets of hydrogen binding and base
stacking in the newly formed PNA-DNA duplexes. However, since the two strands of
PNA are designed to target the same region of a DNA duplex, they are inevitably
complementary and hence naturally bind more strongly to each other than to the
respective DNA targets. To overcome this problem, the A and T bases of the PNA
were modified by 2,4-diaminopurine (D) and 2-thiouracil (U°) to destabilize the self-
hybrids between two PNA strands due to the steric effect in the D-U° pairing.!'" '8
Advantageously, such base modification is not required for acpcPNA probes, whereby

self-hybrid formation has not been observed due to the bulkiness of the acpcPNA
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backbones. The invasion between of DNA duplex by PNA is typically studied by gel

electrophoresis which was rather tedious and time-consuming.

Anti-FluK5
* dsDNA (1.2uM) ™% (1.2 M) GO (5 pg/ml)

30 mins 8 hours 30 mins

T FKS (1
_FluKkS (1 um) | *dsDNA = DNAcom+DNAnon

FODNAX (1.2 pM) "% GO (5 pg/mL)

30 mins 30 mins

FIuK5 Flu-GTAGATCACT-KKKKKNH, DNAsmis | 3-GGTCCCGTACCATCTTGTGACATGCGGCGC-5'

DNAcom | 3-GGTCCCGTACCATCTAGTGACATGCGGCGC-5’ DNAdmis | 3'-GGTCCCGTACCATCGCGTGACATGCGGCGC-5
DNAnon 3-GCGCCGCATGTCACTAGATGGTACGGGACC-5 DNAtmis 3-GGTCCCGTACCATATACTGACATGCGGCGC-5’
Anti-FIuK5 Ac-AGTGATCTAC-KKKKKNH, DNAFFlu 3'-CATCTAGTGACATGCGGCGC-5"

DNAnFlu 3-GGTCCCGTACCATCTAGTGA-5'

Figure 3.14 Sample preparation for fluorescent detection and the sequences of

acpcPNA probes and DNA in the detection of PNA invasion by using graphene oxide

In this study, we were interested in applying the GO-based DNA
sensing system for monitoring the invasion of acpcPNA probes into dsDNA. The
strategy is illustrated in Figure 3.13. This is based on the fluorescence quenching of
single-stranded fluorescently labeled acpcPNA probes and the fluorescence
restoration when the probe binds with its complementary DNA that was developed
earlier (section 3.2.1). To achieve this goal, 1 pM of the 10mer fluorescein-labeled
acpcPNA probe (FLuK5) was mixed with 1.2 uM of 30mer of dsDNA for 1 h and then
1.2 uM of unlabeled 10mer antiparallel PNA (Anti-FLuK5) was added. It should be
noted that the PNA probe was modified multiple lysine residues (5 in this case) to
facilitate the invasion process by the favorable electrostatic attraction between the
PNA probe and the DNA target. After the incubation for overnight at room
temperature, the fluorescence of the PNA-dsDNA-antiPNA was measured before and

after the addition of GO (Figure 3.14).
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Figure 3.15 Brightness percentage at 525 nm (F/FPNA*100) after the variation of

graphene oxide with various environments Conditions: [PNA] = 1-1.2 uM, [DNA] = 1.2
pM, [GO] = 0 - 5 pg/mL in 10 mM phosphate buffer pH 7.0, excitation wavelength at
490 nm

Figure 3.15 revealed the optimization of the reaction condition to
allow monitoring the invasion process. In this study, the concentration of GO was
varied from 0 to 5.0 pg/mL. These were added to the samples which included the
free PNA probe (FLuK5), the complete invasion system (FLuK5+dsDNA+AnNti-FLuK5), the
single-stranded PNA probe with dsDNA (FluK5+dsDNA), the PNA probe with its
complementary DNA (FluK5+DNAcom) and the PNA probe with its non-
complementary DNA (FluK5+DNAnon). It was observed that 5 pg/mL of GO showed
the best discrimination between the free and hybridized PNA probes. Hence, the
following discussion will focus on this concentration of GO. The results showed that
the GO could not significantly quench the fluorescence of FluK5+DNAcom and
FLuK5+dsDNA+ANti-FLuK5, which represented the positive control PNA-ssDNA duplex
and the PNA-dsDNA-PNA invasion complex, at all concentrations tested. While

significant fluorescence signal was observed in the single-base mismatched case



59

(FluK5+DNAsmis), the signal of other mismatched systems (FluK5+DNAdmis and
FLUK5+DNAtmis) were quenched by the GO as expected. The fact that the
fluorescence of FluK5+DNAcom and FLuK5+dsDNA+ANti-FLUKS  could not be
quenched by the GO indicated hybridization and invasion of the PNA probe to the
DNA target.

Next, the selectivity experiments were performed with various DNA
targets and the data are summarized in Table 3.3, which compared the ability of GO
to discriminate the successful invasion from other states of PNA-DNA binding. This
table presents the results of FIUK5 binding with its complementary DNA (DNAcom),
non-complementary DNA (DNAnon), single base mismatched (DNAsmis), double-base
mismatched  (DNAdmis),  triple-base  mismatched  (DNAtmis), and  dsDNA
(DNAcom+DNAnon). The results showed that the GO quenching of PNA probe in the
presence of double mismatched and non-complementary, as well as dsDNA targets
in the absence of the second PNA probe was larger than the PNA and its
complementary DNA, indicated the absence of binding between the probe and the
target, which is in accordance with the expectation.

Interestingly, the fluorescence signal of the reporter probe in the
presence of its complementary target decreased in varying degrees after the
hybridization even before adding the GO quencher. This suggests the possibility of
fluorescence quenching that is mediated by the close contact between the
overhanging bases from the long complementary DNA targets and the fluorescein
label on the acpcPNA probe. To verify this proposal, two 20mer complementary DNA
targets - one carrying the overhang at the 3’-end (DNANnFlu) and the other at the 5’-
end (DNAfFlu) - were hybridized with the PNA probe and their fluorescence spectra
measured. The results are shown in the last two rows of Table 3.3, which
demonstrated that the fluorescence signal of the hybrid FLUK5-DNAfFlu carrying the
5’-overhangs which was far from the position of the fluorescein dye attached to the
N-terminus of the PNA strand was higher. In contrast, the signal of the hybrid
between the probe and the DNA target with the overhang at the 3’-end of the DNA
strand (PNA-DNAnflu) which was closer to the fluorescein label on the PNA strand

was similar to the complementary hybrid (FluK5-DNAcom). Thus, it was confirmed
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that the decrease of fluorescence signal was caused by the close contact between

the fluorescent dye and the nucleobase overhangs in the vicinity of the fluorescent

label. Therefore, this factor should be taken for consideration in the design of the

probe as well.

Table 3.3 Brightness percentage (F/Fpya*100) of PNA and various type of long

sequences DNA target before and after adding 5 pg/mL of graphene oxide into

various conditions

Brightness Percentage Ratio of
Brightness
Before adding GO  After adding GO

PNA+DNA Percentage

after/before

adding GO
FLUK5 100.0 1.0 0.01
FLUK5+dsDNA+ANti-FLukK5 a7.3 37.1 0.72
FluK5+dsDNA 30.3 35 0.11
FLuK5+DNAcom 67.6 62.5 0.92
FLuK5+DNANon 38.4 8.3 0.21
FLUK5+DNAsmis 79.9 51.6 0.65
FLUuK5+DNAdmis 64.2 8.2 0.12
FLUK5+DNAtmis 28.0 1.7 0.06
FLUK5+DNAfFlu 152.5 151.4 0.99
FLUK5+DNANFlu 74.7 50.6 0.66

Conditions: [PNA] = 1-1.2 uM, [DNA] = 1.2 pM, [GO] = 0 - 5 pg/mL in 10 mM phosphate buffer pH 7.0, excitation wavelength

at 490 nm. Sequences of PNA and DNA are in Figure 3.14
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3.2.3 acpcPNA-GO for dual color, multiplex detection of DNA targets

Figure 3.16 Dual color naked-eyed detection; tubel:FluK5, tube2:FluK5 + GO,
tube3:FlukK5 + GO + dcomFlu, tubed: TMR-O-K4, tube5: TMR-O-Kd4 + GO, tube6:TMR-
O-K4 + GO + dcomTMR, tube7:mixedPNA, tube8:mixedPNA + GO, tube9:mixedPNA +
GO + dcomFlu, tubel0:mixedPNA + GO + dcomTMR, tubell:mixedPNA + GO +
dcomFlu + dcomTMR Conditions: [PNA] = 10 uM, [DNA] = 12 pM, [GO] = 50 pg/mL in
10 mM  Tris-HCl pH  7.4;  FlUK5:Flu-GTAGATCACT-KKKKKNH,, TMR-O-K4:TMR-O-
CTAAATTCAGA-KKKKNH,, dcomFlu:5’-AGTGATCTAC-3’, dcomTMR:5’-TCTGAATTTAG-
3

To investigate the capability of the PNA-GO for DNA sensing in multiplex
format, two PNA probes carrying two different dyes were selected for the
experiment. The first one was the FLUK5 PNA probe (Flu-GTAGATCACT-KKKKKNH,) and
another one was a TAMRA-labeled PNA probe (TMR-O-Kd4: TMR-O-CTAAATTCAGA-
KKKKNH,) obtained from Dr. Chalothorn Boonlua. In view of practical usage in the
point-of-care application, only the naked-eyed detection experiments were
performed. First, 20 uM of PNA in 10 mM Tris-HCl pH 7.4 was quenched with 50
pug/mL of GO. Since the PNA concentration was high, it was necessary to use a larger
concentration of GO than previous experiments to affect the same quenching effect.
After the incubation for 15 min, the DNA targets were added and the mixture was
incubated for 30 min to achieve the fluorescence restoration. Figure 3.16 showed

that the GO could effectively quench the fluorescence of FluK5 (tube2), TMR-O-K4
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(tubeb), and mixture of the two PNA probes (tube8). In the restoration experiments,
the observed color depended on the DNA target added to the experiments. Green
(tube9), orange (tube10), and yellow (tubel1) colors were observed for the addition
of DNA targets dcomFlu (5’-AGTGATCTAC-3’), dcomTMR (5’-TCTGAATTTAG-3’), and
their mixture (dcomFlu + dcomTMR), respectively. The results are completely
consistent with the expectation and indicated that the acpcPNA-GO platform can be
used to simultaneously detect two DNA targets in a multiplex, multicolor detection

format.

3.3 PNA-based DNA sensing with oligodeoxyguanosine as a quencher

Table 3.4 The PNA and DNA sequences used in the oligodeoxyguanosine

experiments

Type Name Sequence
FluK1 Flu-GTAGATCACT-K
ihe FLuK5 Flu-GTAGATCACT-KKKKK
FluD 5’-Flu-GTAGATCACT-3’
dHA 5’-AGTGATCTACAAAAA-3’
dHC 5’-AGTGATCTACCCCCC-3’
dHG 5’-AGTGATCTACGGGGG-3’
dHT 5’-AGTGATCTACTTTTT-3’
dGQ1 5’-TGAGGGTGGGTAGGGTGGTAA-3’
dGQ2 5’-AGGGTTAGGGTTAGGGTTAGGG-3’
oA dG1 dGMP
dG5 5’-GGGGG-3’
dGo 5’-GGGGGGGGG-3’
dG10 5’-GGGGGGGGGGE-3’
dcC10 5’-CCCCCCceee-z
dA10 5’-AAAAAAAAAA-3’

dT10 5’- -3
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3.3.1 Quenching study
Initial studies were performed to determine the quenching mechanism,
development of the sensing system and its performance evaluation as follows.

3.3.1.1 Quenching of fluorescein by overhang nucleobases

&

:. PNA: F1lu-GTAGATCACT-KKKKK
dHA: 3’'-AAAAACATCTAGTGA-5'
dHC: 3’'-CCCCCCATCTAGTGA-5'
dHG: 3'’'-GGGGGCATCTAGTGA-5'

\; dHA: 3’'-TTTTTCATCTAGTGA-5'

Figure 3.17 The concept and sequences of the PNA probe and the DNA targets

carrying various 3’-overhanging nucleobases (dHX)

Since the overhang bases that adjacent nucleobase locating near the
fluorophore were previously shown to decrease the fluorescence intensity of the
free PNA probe (section 3.2.2), the hybridization between the five-lysine labeled
probe (FluK5) and its complementary DNA target carrying various 3’-overhanging
nucleobases (dHX) was conducted to study the effect of different nucleobase
locating near the fluorophore (Figure 3.17). According to the melting temperature
studies of its duplex with complementary DNA, the FLuK5 probe showed a T, of 71.3
°C which was higher than the probe FLuK1 with only one lysine modification (47.6 °C).
This can be explained by the favorable electrostatic interaction between the

positively charged PNA probe and the negatively charged DNA target.
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Figure 3.18 (a) Fluorescence spectra, and (b) brightness percentage at 525 nm of the
FIUKS PNA probe in the absence and presence of complementary DNA targets
carrying various 3’-overhangs. Conditions: [FluK5] = 1.0 uM, [dHX] = 1.2 uM in
phosphate buffer pH 7.0, excitation wavelength at 490 nm

In Figure 3.18, the hybrids formed by mixing 1 uM of fluorescent PNA
probe (FluK5) and 1.2 pM of DNA target carrying 3’-overhangs with the same
nucleobase repeating five times (dHG) showed a significantly decreased fluorescence
signals down to 20% of the free FLuK5 probe. No decrease in the fluorescence signal
was observed with DNA targets carrying other nucleobase overhangs (dHA, dHC, dHT).
In fact, the signal in each case was increased by around 20% compared to the free
probe. The results might be explained by the self-quenching between the
nucleobases and the hydrophobic fluorophores which was facilitated by the
compact folded structure of PNA in aqueous solution as already reported in the
literature.”” Since the PNA sequence contain a few deoxyguanosine (dG) residues
which is known to be a good quencher for fluorescein,® it could be envisioned that
such self-quenching is possible in the free state. The process is facilitated by the
folding of the PNA into a compact structure, making a close contact between the
dye and the nucleobase. The time-dependent fluorescence spectra of the free PNA
probe in Figure 3.19 showed that the fluorescence of the probe slightly decreased
by 15-20% in the buffer solution over a period of 30 min. This can be explained by
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the conformational reorganization of the single-stranded PNA probe upon changing
the media from the highly acidic conditions in the stock PNA solution to the neutral
pH in the buffer. Subsequent hybridization with the DNA target would unfold the
structure, resulting in the decrease in the intra-strand interaction between the
fluorescein label and the nucleobases due to the rigidification of the structure and
the participation of the nucleobases in the Watson-Crick base pairing. This eventually
resulted in the observed increase in fluorescence relative to the single-stranded PNA
probe in the case of DNA targets with overhanging bases other than dG.
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Figure 3.19 Brightness percentage of free FIUK5 probe at 525 nm. Conditions: [FLuK5]

= 1.0 uM in phosphate buffer pH 7.0, excitation wavelength at 490 nm

From the above experiments, the overhanging nucleobases on the
complementary DNA targets exert a remarkable effect on the brightness of the
fluorescein-labeled PNA probe, with dG being the most effective quencher. In the
DNA case, dG was found to be the most effective quencher of many fluorophores
including fluorescein because its oxidation potential was the lowest when comparing
with other bases.®® The photoinduced electron transfer (PET) mechanism, in which
the electron of dG was donated to a fluorescent dye in its excited singlet state

causing a non-radiative relaxation of the dye to the ground state, have been
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demonstrated to be responsible for the quenching in DNA."> ' This experiment
demonstrates that the dG was also an effective quencher for fluorescein label in the
context of acpcPNA probe, most likely by the same PET mechanism.

This guanine-quenching system could in principle be developed into a
kind of strand displacement probe by employing fluorescently labeled acpcPNA as a
reporter probe and DNA target carrying 3’-oliso dG overhangs as a quencher probe.
The working principle is the same as a previously reported acpcPNA-derived strand
displacement probe, but with an oligo dG as a quencher instead of organic dyes.”
Hybridization with the complementary target would result in a displacement of the
quencher strand, leading to the separation of the dG from the fluorescein label and
thus the restoration of the fluorescence. However, according to the literature this
strategy proved not to be very efficient in the context of DNA probes due to the
small quenching effect (less than 40%).?° In addition, the design of quenching probe
was challenging because the strand displacement probe complex must have a
sufficiently high stability to achieve an effective quenching. On the other hand, the
stability should not be too high so that the hybridization with the DNA target and
subsequent strand displacement reaction are inhibited. This means that multiple
reporter/quencher probes combinations may need to be synthesized to find the
optimal one. Moreover, when the sequences of probe were changed, the sequences
of the quenching probe must also change accordingly.

In the previous studies, most DNA sensing previously developed by
using DNA as a probe and dG as a quencher involves some forms of covalent linking
of the quencher and the labeled probe, or at least the probe strand and the
quencher strand must form a hybrid by Watson-Crick base pairing. ® ™ **¥ We herein
propose a new strategy for developing a new DNA sensing system based on PNA
probes and guanine quencher without forming a covalent bond or a hydrogen
bonding complex. Since PNA probes can be easily modified to carry either positive or
negative charges by incorporation of appropriate amino acids, it was hypothesized
that the electrostatic interaction between the positive charges on PNA probe and the
negative charges on a G-rich DNA quencher should provide sufficient quenching

effects without the need for the hybridization or covalent bonding.
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Figure 3.20 The principle of the DNA sensing platform employing positively charged

lysine-modified fluorescein-labeled acpcPNA probe and oligodeoxyguanosine (dGp)

quencher

The principle of the new DNA detection system is summarized in
Figure 3.20. First, the positively charged lysine-modified fluorescein-labeled acpcPNA
probe electrostatically interacts with the negatively charged oligodeoxygsuanosine
(dG,) or other G-rich DNA sequences, resulting in the quenching of the fluorescein
dye. After adding the DNA target, the formation of the rigid complementary PNA-DNA
duplex structure would result in separation of the fluorescein label from the dG,
guencher and led to the restoration of the fluorescence.

To investigate this viability of the DNA sensing approach according to
this hypothesis, the quenching study was conducted using the same FLuK5 acpcPNA
probe and the four  homo-oligodeoxynucleotides  (dX10),  namely
oligsodeoxyadenosine (dA10), olisodeoxycytosine (dC10), olicodeoxyguanosine (dG10),
and oligothymidine (dT10). The length of these nucleotides was arbitrarily chosen
based on the assumption that the length of the quencher and the probe should be
the same. The results in Figure 3.21 revealed that the fluorescence intensities of the
PNA probe mixture with dA10 (grey), dT10 (orange), dC10 (red) and dG10 (pink)
decreased relative to the free PNA probe by 10%, 20%, 40%, and 90%, respectively.
This trend was in good agreement with the redox potential of the nucleobases. A
comparison of the Eq (fluorescent dye) and Ee° (nucleobase) in Figure 1.14

revealed that the quenching of the fluorescent dye and the nucleobase via the PET
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mechanism could occur only when the E4 the fluorescent dye was higher than £.e°
of nucleobase.® Thus, only guanine could quench the fluorescence of the
fluorescein label. Since dG10 displayed the strongest quenching ability compared to
other oligodeoxynucleotides, it was chosen as the external quencher for the next

experiments.
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Figure 3.21 (a) Fluorescence spectra and (b) brightness percentage at 525 nm* of
FluK5 PNA probe with homo-oligodeoxynucleotides. Conditions: [FIUK5] = 1.0 uM,
[dX10] = 1.2 uM in phosphate buffer pH 7.0, excitation wavelength at 490 nm

3.3.1.2 Effect of charges on the PNA probe

In the previous experiments, the interaction between the lysine-
modified PNA probe (positively charged) and phosphate backbone of dG10
(negatively charged) was proposed to be electrostatic in nature. To evaluate the
importance of the charge on the PNA probe, the quenching of other probes bearing
the same sequence but different charge by dG10 were next performed. The chosen
probe was FluKl which was a modified acpcPNA with only one lysine. Thus, FLuK1
probe carried smaller number of positive charges than the FLuK5 probe. Furthermore,
a fluorescein-labeled DNA probe having the same sequence (FluD) which
represented the fully negatively charged probe and the free fluorescein dye (Flu)

which represented negatively charged dye were also included for comparison.
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Figure 3.22 (a) Fluorescence spectra, and (b) Brightness percentage at 525 nm* of
FLuK1 and FluK5 probes in comparison with free fluorescein and fluorescein-labeled
DNA probe without and with dG10. Conditions: [Probe] = 1.0 uM, [G10] = 1.2 uM in
phosphate buffer pH 7.0, excitation wavelength at 490 nm

The results in Figure 3.22 showed that only the multiple lysine-
modified fluorescein-labeled PNA probe (FluK5) was effectively quenched by dG10,
resulting in 90% decrease of the fluorescence signal relative to the free probe. In
contrast, the FluKl probe showed very small quenching effect, and no significant
quenching was observed for both the fluorescein-labeled DNA probe and the free
fluorescein dye after the addition of the same amount of dG10. These experiments
clearly indicated that the presence of multiple positive charges on the PNA probe
was important for the quenching of the PNA probe by the dG10, thus confirming the

electrostatic nature of the interactions between the probe and the dG10 quencher.
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Figure 3.23 UV-visible spectra of FLuK5 with its complementary DNA containing
various 3’ overhangs. Conditions: [FLuK5] = 1.0 uM, [DNA] = 1.2 pM in phosphate
buffer pH 7.0

The UV-absorption spectra of the fluorescein absorption region of the
duplexes of the FluK5 PNA probe and DNA targets in Figure 3.23 provides a further
insight into the nature of the interaction between them. The absorption spectra of
the FLuK5 probe (black line) changed significantly after the hybridization with the DNA
targets carrying base overhangs regardless of the identity of the nucleobases. In all
cases hypsochromic shifts together with a decrease in molar absorption coefficients
were observed. The effect was most pronounced with dG-overhang (pink line), but
some spectral changes were also observed for other overhangs which indicated that
the label may also interact with other nucleobases but did not lead to the same
quenching effect as observed with dG. The results support the previous proposal
that all nucleobases could interact with fluorescein due to the close proximity
effect, but only the dG base could quench the fluorescence of the fluorescein label
via the photoinduced electron transfer process due to its favorable oxidation

potential.
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The absorption spectra of the mixtures of FIUK5 and the four homo-
oligonucleotides are also shown in Figure 3.24. In the case of FluK5 with dG10, the
spectrum was very similar to that of FLuK5 with the DNA dHG with a five dG-overhang
(Figure 3.23). This information suggested that the quenching mechanism of FLuK5 by
dG10 was similar to the dG-overhang despite the different nature of the interactions

between the PNA probe and the DNA quencher (electrostatic for dG10 vs hydrogen

bonding and TI-TT stacking for dHG). No significant change in the absorption spectra
was observed in the cases of FLUK5 probe with dA10, dT10 and dC10, whereby the
absorption spectra were almost the same as the free probe. In addition, the
absorption spectra of dG10 with the FluK1 and FluD probes (Figure 3.25) indicated
the absence of interaction between the probes and the dG10, which is fully

consistent with the results from the aforementioned fluorescence studies.

0.08 -
—FIuK5
0.07 |- —FluK5-dA10
——FluK5-dC10
= 0.06 L —FIluK5-dG10
- —FIuK5-dT10
<L 005
]
c 0.04
3]
2
5 0.03
A&
< 0.02
0.01

0L 1
400 450 500 550 600 650 700

Wavelength (nm)

Figure 3.24 UV-visible spectra of FlWUK5 with homo-oligodeoxynucleotides.
Conditions: [FLuK5] = 1.0 yM, [DNA] = 1.2 pM in phosphate buffer pH 7.0
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Figure 3.25 UV-visible spectra of FluKl and FluK5 probes in comparison with free
fluorescein and fluorescein-labeled DNA probe without and with dG;o. Conditions:

[Probe] = 1.0 uM, [DNA] = 1.2 uM in phosphate buffer pH 7.0

3.3.1.3 Effect of oligodeoxyguanosine chain length

In the previous studies, dG10 was employed as a quencher based on
the length of the quencher, which was similar to the PNA probe. Since the
oligodeoxyguanosine is the key component to this DNA sensing platform, the effect
of the guanine-containing quencher was next investigated. Figure 3.26 showed the
quenching ability of FluK5 by various oligodeoxyguanosine carrying different dG
residues. This study was divided into two experiments. The first experiments
compared the fluorescence quenching by keeping the total number of guanine base
constant. The other experiment investigated the fluorescence quenching at the same
strand concentration of the oligodeoxyguanosine.

The results showed that dG5, dG9, and dG10 exhibited similar level of
quenching ability at the same total concentration of dG. Interestingly, no quenching
occurred in the case of deoxyguanosine monophosphate (dG1) even at the same
total concentration of dG as in other dGX sequences. When compared at the same

strand concentration of dGX (1.2 pM), dG10 which carries a larger number of dG
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exhibited higher quenching ability than dG5. These results together with the poor
quenching of FluKl by dG10 suggest that the multiple electrostatic interaction
between the phosphodiester groups on the oligodeoxyguanosine and the poly-lysine
modification on the PNA tail is the important contributor to the quenching efficiency,
probably by increasing the stability of the PNA-dGX complex. It is interesting to note
that effective quenching of the fluorescein label was observed even though the
positive charge was located on the PNA strand at the opposite end of the fluorescein
label (C- vs N-terminus). This could be explained in terms of the compact folding of
the PNA strand which made the fluorescein label and the guanine quencher within

the distance that allows effective quenching as shown in Figure 3.19.
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Figure 3.26 Brightness percentage of FLUK5 PNA probe with different dGX quenchers.

10
Conditions: [FLuK5] = 1.0 yM, [dG10] = 1.2 pM, [dGX] = ” equiv of dG10, in phosphate

buffer pH 7.0, excitation wavelength at 490 nm
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Figure 3.27 CD spectra of (a) free FluK5 and free complementary DNA containing
various 3’ overhangs (b) FLUK5 with its complementary DNA containing various 3’
overhangs homo-oligodeoxynucleotides. Conditions: [FluK5] = 1.0 uM, [DNA] = 1.2
WM, in phosphate buffer pH 7.0.

Figure 3.27 showed the CD spectra of the free overhang DNA and its
duplex with the PNA probe FluK5. Only the CD spectra of dHG and its complex
displayed the negative band near 240 nm and a positive band around 260 nm. These
patterns were characteristics for the parallel-stranded G-quadruplex structure, which
is consistent with the literature.'” CD spectra of dG10 and its complex with FLuK5
(Figure 3.28) revealed the same trend whereby the free dG10 also showed the
strong negative and positive band as the same region as the overhang DNA. These
results indicate that the oligodeoxyguanosine and the DNA with oligo(dG) overhang
exist as parallel G-quadruplex structures both in the presence and absence of FluK5.

This indicates that the quadruplex structure is still stable after the interaction with

FLUKS.
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Figure 3.28 CD spectra of (a) free FIuK5 and free oligodeoxynucleotides (b) FLuK5

with oligodeoxynucleotides. Conditions: [FluK5] = 1.0 uM, [DNA] = 1.2 uM, in

phosphate buffer pH 7.0
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Figure 3.29 CD spectra of FluK5 with various types of G-quadruplexes. Conditions:

[FLuK5] = 1.0 uM, [DNA] = 1.2 uM, [KCl] = 0 or 10 mM, in phosphate buffer pH 7.0,

Since dG-rich DNA can form quadruplex structures (Figure 1.20), it is

interesting to investigcate how the different types of G-quadruplexes influence the
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quenching. Two types of G-quadruplex were selected according to the literature. The
oligodeoxyguanosine (dG10) and the c-Myc sequence (GQ1) formed the parallel
structure both in the presence and absence of potassium ion, while the 22AG
sequence (GQ2) formed an antiparallel structure in the absence of potassium ion and

transformed to the hybrid structure in the presence of potassium ion (Figure 3.29).'%
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Figure 3.30 Brightness percentage of FLuK5 PNA probe with different types of G-
quadruplex structures. Conditions: [FluK5] = 1.0 uM, [GQX] = [dG10] = 1.2 uM, [KCl] =

0 or 10 mM in phosphate buffer pH 7.0, excitation wavelength at 490 nm

Figure 3.30 showed the brightness percentage of the FLuK5 after the
addition of various types of G-quadruplex, both in the absence and presence of
potassium ion which could stabilize the G-quadruplex structures. From all G-
quadruplex-forming sequences tested, dG10 could still function as the most effective
quencher compared to other G-quadruplex-forming sequences. The addition of K*
seems to have a negative impact on the quenching efficiency despite the expected
stabilization of the quadruplex structures. This might be due to the attenuation of
the electrostatic interaction at high salt concentrations. Thus, it was concluded that

dG10 provided the highest quenching ability than other types of G-quadruplex. From
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the experiments, while it could not clearly confirm whether the quadruplex
formation was essential for the quenching process, but at least the number of dG
units seems to be the key to the effective quenching rather than the ability to form

G-quadruplex structures.

3.3.1.4 The effect of salt
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Figure 3.31 Brightness percentage at 525 nm of FluK5 and dG10 at various salt
concentrations. Conditions: [FLuK5] = 1.0 M, [dG10] = 1.2 M in phosphate buffer pH

7.0, excitation wavelength at 490 nm

Since the interaction between the PNA probe and the dG10 quencher
is electrostatic in nature, it is expected that the quenching efficiency should be
sensitive to the ionic strength. The effect of salt on the fluorescence quenching of
FLUK5 by dG10 was next investigate as shown in Figure 3.31. At low concentrations of
NaCl (0-30 mM), the quenching efficiency was still high as shown by the brightness
percentage of only around 10% of the free FIUK5 probe. Then, the quenching
efficiency decreased rapidly after increasing the concentration of NaCl from 50 to 300
mM. After the that, the fluorescence was almost constant at around 70-80% of the
original value of the free probe. The results indicated inefficient quenching at high

salt concentrations. It should be noted that the fluorescence of the free probe was
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also sensitive to the presence of salt to some extent. It might be assumed that the
high concentration of salt would promote the formation of the folded PNA structure,
leading to a lower fluorescence. The addition of salt would interrupt the interaction
between the positive charge on PNA and the negative charge on
oligodeoxyguanosine and brought about the fluorescence restoration. The
experiments thus confirmed that the electrostatic interaction was an important factor

that promoted the quenching.

3.3.2 Fluorescence restoration studies

Table 3.5 The PNA and DNA sequences used in the fluorescence restoration studies

(section 3.3.2) and applications (section 3.3.3.1 and 3.3.3.2)

Type Name Sequence
FLUK5 FLU-GTAGATCACT-KKKKK
PNA1 Flu-GCTTTTTTACA-KKKKK
PNA PNA2 FLU-AGTCTGATAAGC-KKKKK
PNA3 FLU-TTAATACCTTTGCTC-KKK
TMRK4 TMR-CTAAATTCAGA-KKKK
dCs/dFK5 5’-AGTGATCTAC-3’
dMs 5’-AGTGCTCTAC-3’
dNs/dTK4 5’-TCTGAATTTAA-3’
dNs11 5’-TCTGAATTTAA-3’
DNA dNs10 5’-GTAGATCACT-3’
dct 5’-CGCGGCGTACAGTGATCTACCATGCCCTGG-3’
dML 5’-CGCGGCGTACAGTGCTCTACCATGCCCTGG-3’
dNL 5’-CCAGGGCATGGTAGATCACTGTACGCCGCG-3’
DNA1 5’-TGTAAAAAAGC-3’
DNA2 5’-TAGCTTATCAGACTGATGTTGA-3’

DNA3 5’-GAGCAAAGGTATTAA-3’
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After showing that the FLUK5 PNA probe could be effectively quenched by
dGX as a result of electrostatic interaction and PET between the guanine and
fluorescein, the fluorescence restoration experiments were next performed
employing the PNA probes and DNA targets shown in Table 3.5 in order to develop

a new DNA sensing system that operates in a fluorescence turn-on mode.

3.3.2.1 Optimized condition for DNA sensing platform

To develop the novel DNA sensing system by using the combination
of FluK5 and dG10, the optimization of the ratio between the probe and the
quencher was first studied. Ideally, the sensing system should give the highest signal
in the presence of DNA target while maintaining the low background signal of the
probe-quencher complex. Following the addition of various concentrations of dG10
(0.05, 0.1, 0.15 and 0.2 uM) with the concentration of the FLUK5 probe being fixed at
0.1 uM, the fluorescence signal drastically dropped to 20-25% of the original
fluorescence of the free probe. The signal further decreased to 15-20% after being
left for 10 min (Figure 3.32a). The results indicated that only sub-stoichiometric
amounts of the dG10 were already sufficient to quench the FLuK5 probe. In all cases,
after the addition of a slight excess (0.12 uM) of the complementary DNA strand, the
brightness percentage of each ratio increased to over 80% of the original probe
within 15 min (Figure 3.33b). The results showed that the best condition for signal
restoration was observed around 0.05-0.1 uM of quencher. Higher concentrations of
the dG10 quencher would give lower signal to background ratio due to the
incomplete signal restoration. The kinetic of the quenching and restoration process
showed the almost constant signals were observed at 10 and 15 min for the
quenching and restoration processes, respectively. Therefore, the incubation periods
of 10 and 15 min for the quenching and restoration steps were chosen for the next

experiments.
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Figure 3.32 Brightness percentages of the ratio between FluK5 and dG10 for the (a)
quenching and (b) restoration process. Conditions: [FluK5] = 0.1 uM, [dG10] = 0.5-2.0
UM [DNA] = 0.12 uM, in phosphate buffer pH 7.0, excitation wavelength at 490 nm

3.3.2.2 Selectivity

Since the fluorescence quenching of this FLuK5-dG10 DNA sensing
system could be restored by the addition of the complementary DNA target.
However, it was not clear whether the fluorescence restoration was specific to the
complementary DNA target binding. The addition of other DNAs might as well replace
displace the dG10 quencher from the probe in a non-specific fashion that could also
lead to the observed fluorescence restoration. To confirm the specificity of this
platform, the experiments were performed by monitoring the percentage brightness
of the FLuK5-dG10 (PG) system in the absence and presence of different DNA targets
relative to the free FIUK5 probe. Two groups of DNA were tested. These include 1)
short DNA targets having the same number of nucleotide as the probe, which consist
of complementary target (dCs), one-base mismatched target (dMs), and non-
complementary target (dNs) and 2) long DNA targets with overhanging-nucleotides,
which consist of complementary target (dCL), one-based mismatched target (dML),
and non-complementary target (dNL) (Table 3.5). The results are summarized in

Figure 3.33.
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Figure 3.33 The brightness percentage at 525 nm of the fluorescence restoration
experiments of FIUK5-dG10 by various target DNAs at 20 °C. Conditions: [FIUK5],
[dG10] = 0.1 uM, [DNA] = 0.12 pM in phosphate buffer pH 7.0, excitation wavelength
at 490 nm

In accordance with the previous experiments, mixing of the solution of
the FLUK5 probe and dG10 quencher (0.1 uM each) resulted in a dramatic reduction
of the fluorescence signal of the FLuK5 probe down to 15% of the original signal of
the free probe. In cases of targets with the same length as the probe, the FLuK5-dG10
system could discriminate the complementary target from other DNAs as shown by
the grey bars in Figure 3.33. The fluorescence restoration by the complementary
DNA target (dCs) was largest than the one-base mismatched (dMs) and non-
complementary (dNs) DNA targets. The results clearly showed that this DNA
detection platform is sequence-specific, at least for the short DNA targets. The
selectivity for complementary over mismatched DNA targets confirms the proposed
working principle of the DNA sensing system as shown in Figure 3.20. To further
confirm the specificity of the DNA sensing system, the interaction of the FluK5-dG10

and excess of non-complementary targets were also examined. The results in Figure
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3.34 showed that the fluorescence restoration did not occur even when 10 equiv. of
non-complementary DNA targets were added. This suggests that the interaction
between the probe and the dG10 quencher was sufficiently strong to withstand the
non-specific displacement by non-target DNA, which is in sharp contrast to the GO-

based DNA sensing platforms whereby non-specific displacement is a significant
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Figure 3.34 Brightness percentage of PG platform at 525 nm with the non-

complementary targets. Conditions: [FIuK5] = [dG10] = 0.1 uM, [DNA target] = 0.1 -

1.0 uM in phosphate buffer pH 7.0, excitation wavelength at 490 nm

While the acpcPNA-GO system was effective in distinguishing
complementary from mismatched DNA in the context of short DNA target sequences,
the discrimination of the longer DNA targets as shown in Figure 3.33 (scarlet bar) was
less clear-cut. The addition of both complementary and mismatched target resulted
in almost comparable fluorescence restoration. In the case of long DNA targets, the
binding between the probe and the targets would be stabilized by the overhanging
nucleotides and thereby increasing the duplex stability. Indeed, the melting

temperature of the duplexes of the FluK5 PNA probe with the mismatched DNA
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target (dML) was relatively high (52.9 °C) suggesting that the mismatched duplex was
quite stable at ambient temperature (Table 3.6). This explains the difficulty in
discriminating between these two targets. However, since the melting temperature of
the complementary and mismatch target was different by 20 °C (Table 3.6), it
should be possible to discriminate among these long DNA targets by performing the
experiment at a temperature that is high enough to destroy the mismatch duplex

but not the complementary duplex.

Table 3.6 Melting temperature of duplexes of FluK5 and DNA targets

PNA DNA Sequence (N to C) T (CO)
FLUK5 Flu-GTAGATCACT-KKKKK
dCs/dFK5  3’-CATCTAGTGA-5’ 71.3
dCL 3’-GGTCCCGTACCATCTAGTGACATGCGGCGC-5’ 82.5
dML 3’-GGTCCCGTACCATCTCGTGACATGCGGCGC-5’ 59.2

Melting temperature measured by UV-visble spectroscopy at 260 nm Conditions: [PNA] = 1 pM, [DNA] = 1.2 pM in
phosphate buffer pH 7.0

Figure 3.35 revealed an improvement in the discrimination between
complementary and single-base mismatched DNA targets upon increasing the
temperature. The maximum discrimination was observed at 60 °C. It could be
explained that the complementary duplex remained stable, but the mismatched
duplex dissociated from the probe, which would return to the single-stranded state
and was quenched by the oligodeoxyguanosine. Beyond this temperature, the
discrimination became poor again because the complementary hybrid would also
start to dissociate. At 95 °C, there was no significant difference between the two
targets because of the complete dissociation of probe-target hybrids at such a high
temperature. When cooled down to room temperature, the signal returned to the
same level as the starting point, indicating that the fluorescence change due to the
hybridization with the DNA target was reversible. Hence, increasing the temperature
could help discriminating complementary from mismatched targets in the case of

long DNA target sequences. This experiment also indicated that the
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oligodeoxyguanosine remained attached to the PNA probe even at high temperature.
This is consistent with the electrostatic nature of the interaction which should not be
very sensitive to the temperature change. This can considered as another advantage
of the new system compared to the DNA-GO, which is known to dissociate at high

temperature, leading to false positive signals.®
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Figure 3.35 Brightness percentages at 525 nm of thermal discrimination of long chain
target DNA. Conditions: [FluK5] and [dG10] = 0.1 uM, [DNA] = 0.12 uM in phosphate
buffer pH 7.0, excitation wavelength at 490 nm

Gel electrophoresis experiments were performed to confirm the fate
of the oligodeoxyguanosine quencher before and after the hybridization with the
DNA target. The results as shown in Figure 3.36 revealed that the
oligodeoxyguanosine should remain complex with the PNA probe even after the
hybridization with the DNA target. This is supported by the significant smearing of the
band of the FluK5-dG10-DNA mixture (laned) compared to the relatively sharp band
of the PNA-DNA hybrid alone (lane7). It should be noted that the
oligodeoxyguanosine band usually appears as a smearing band presumably due to

the presence of various binding forms.2®
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FluK5-dG10-dCs

FluK5-dCs

Figure 3.36 Gel electrophoresis experiments (a) visualized under transilluminator (365
nm) (b) visualized by UV shadowing (256 nm) over a silica gel GF254-coated TLC
plate. The amounts of PNA and DNA (dCs/dG10) in each lane are 0.5 and 0.6 nmol,
respectively. (lanel: blank, lane2: FluK5, lane3: FluK5-dG10, laned: FluK5-dG10-dCs,
laneb: dG10, lane6: dCs, laneT: FluK5-dCs, lane8: dG10-dCs, and lane9: blank).

3.3.2.3. Sensitivity

To investigate the sensitivity of this PNA-dGX DNA sensing system,
various concentrations of the complementary DNA target (dCs) were added to the
quenched mixture of the FluK5 probe (0.1 pM) and the dG10 quencher (0.1 uM). A
linear relationship between the fluorescence intensity and concentrations of dCs was
observed over the concentration range from 5 to 25 nM (y = 8.0613x + 90.9, R? =
0.99817) as shown in Figure 3.37. The detection limit of this detection was 2.4 nM as
calculated from equation 2.4. To compare the performance of this platform with
other fluorescence-based DNA detection systems, this platform showed a detection

limit that is comparable to or better than several platforms without signal
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amplification such as the PNA-DNA strand displacement (10 nM),**" DNA beacon FRET

probe (24 nM),'?® graphene oxide-based nanostructured DNA sensor (120 nM),'* and

polydopamine nanosphere sensing platform (5 nM)."*°
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Figure 3.37 The calibration graph and detection limit of this platform Conditions:
[FluK5] and [dG10] = 0.1 uM, [DNA] = 5 - 25 nM. in phosphate buffer pH 7.0,

excitation wavelength at 490 nm.

3.3.3 Applications

Previous experiments have clearly demonstrated that the combination of
multiple-lysine-modified dye-labeled acpcPNA as a probe and oligodeoxyguanosine
resulted in quenching by virtue of the electrostatic interaction between the positive
charges on the PNA strand and the negative charges on the oligodeoxyguanosine.
Importantly, the fluorescence signal was almost completely restored after the
addition of stoichiometric quantities of the complementary DNA target with a good
specificity for complementary over mismatched DNA targets with acceptable
sensitivity in the low nanomolar level. However, all experiments had been

performed with a single PNA probe sequence. To demonstrate the general
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applicability of this new DNA detection system, the experiments below were further
performed to showcase the application of this PNA-dGX DNA detection system to

other sequences.

3.3.3.1 Applicability with other PNA probe sequences

H Non Hl DNA1 Il DNA2 Il DNA3

Brightness percentage
) w I wn
o o o o

—
o

PNA1 PNAZ2 PNA3
Condition (PNAX-dG10-DNAX)

Figure 3.38 Brightness percentage of three PNA probes and DNA targets, which were

separately measured using [PNA] and [dG10] = 0.1 pM and [DNA] 0.12 pM in

phosphate buffer pH 7.0, excitation wavelength at 490 nm

Figure 3.38 demonstrates the general applicability of the sensor
design. In the experiments, three additional fluorescein-labeled PNA probes (PNA1,
PNA2, and PNA3) were designed to target three different DNA sequences (sequences
of PNAs are shown in Table 3.5). The PNA1 and PNA2 were modified with five lysine
residues while PNA3 was modified with three lysine residues. The DNA targets used
to demonstrate the selectivity of the three probes include DNA1 and DNA3 which
were short DNA sequences, and DNA2 which carried 3’-overhanging bases. Each PNA
probe was separately quenched with dG10 and hybridized with each of the three
DNA targets. The probe PNA1 and PNA2 were effectively quenched as shown by the
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percentage brightness of 15-20% of the original value. Lower quenching efficiency
was observed with the probe PNA3. This was not totally unexpected considering that
this probe carried only three lysine residues instead of five. Nevertheless, the
experiment indeed demonstrate that the quenching was still more effective than in
the case of one lysine residue. The hybridization experiments revealed that the
dG10-quenced acpcPNA probes PNA1, PNA2 and PNA3 responded selectively to their
respective DNA targets, namely DNA1, DNA2, and DNA3, respectively. In all cases, the
complementary targets show significantly larger signal than the background (no DNA
target) and other non-complementary targets. Even the poorest discriminating probe-
target pair (PNA3-DNA3), the signal of the correct DNA target (DNA3) was still almost
twice as large as that of non-complementary targets (DNA1 and DNA2) and
background (no DNA) indicating the general applicability of the developed DNA

sensing platform.

160 -
140
120
100
80
60
40
20
0

Brightness percentage

PNA1-DNA1 PNA2-DNA2 PNA3-DNA3 FluK5-dFK5 TMRK4-dTK4

Figure 3.39 Brightness percentage of PNA-DNA duplex at 525 nm of four Flu-PNA
probes (PNA1, PNA2, PNA3, and FluK5) and at 555 nm of TMR-PNA probe Conditions:
[PNA] 0.1 uM and [DNA] 0.12 pM in phosphate buffer pH 7.0, excitation wavelength at
490 and 525 nm
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The fluorescence restoration of various DNA targets appears to be
variable, depending on the sequence (sequences of PNAs and DNAs are shown in
table 3.5). An experiment was performed to determine whether this is really the
maximum fluorescence restoration by measuring the fluorescence of the duplexes
formed from the probes with their respective DNA targets in the absence of dG10
(Figure 3.39). The fluorescence data clearly indicate that the restoration depends on
the sequence of the probe/target which may contribute to different level of
quenching of the fluorophore and the neighboring nucleobase by the PET process. In
general, the quenching efficiency of bases is G > C > A > T and the capability of
electron transmission of base-pairs in double-stranded DNA is GC > TA. Thus, PNA1
containing two CG base pairs or PNA2 containing the overhang bases might reveal the

lower restoration than FLuK5 that containing one CG base pair.

3.3.3.2 Multicolor probes for multiplex DNA detection

To extend the capability of the DNA sensing platform further, a
multicolor platform for the simultaneous detection of two or more DNA targets
(multiplex detection) was demonstrated. The FLuK5 probe was used in combination
with another acpcPNA probe TMRK4, which was modified with four lysine residues
and labeled with the 5(6)-carboxytetramethylrhodamine dye. The mixture of the two
probe and quenched with excess of dG10 and separately hybridized with the DNA
targets specific for each probe (dFK5 and dTK4, respectively). Figure 3.40
demonstrates the multicolor detection employing two fluorescent PNA probes. At
the excitation of 490 nm (A, of Flu, solid lines), the fluorescence intensity of the
FLuK5 probe at 525 nm was quenched from 300 (black solid line) to 40 unit (pink
solid line) after the addition of dG10. The quenching by dG10 was also observed in
the region of TMRK4 at 580 nm was quenched from 150 (black solid line) to 10 unit
(pink solid line). Then, the signal at 525 nm was restored to above the original value
of the free FLuK5 probe after the addition of the dFK5 target (brown solid line). There
was no fluorescence restoration of the TMRK4 probe at 580 nm. The reverse is true

when the dTK4 DNA which was complementary to the TMRK4 probe was added



90

(compare pink and red solid lines). When both DNA targets were present, the
fluorescence restoration was observed at both 525 and 580 nm (Flu and TMR
emissions) (yellow solid lines). When the excitation was performed at 520 nm (A, of
TMR, dash lines), only the region of TMR could be observed, and the fluorescence of
the TMRK4 PNA was also dramatically dropped from 250 to 10 arbitrary units after
the addition of dG10. Then, the fluorescence restoration occurred only in the

presence of dTK4 target (red and yellow dotted lines).
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Figure 3.40 The fluorescence spectra of the mixing of two colors of PNA with their
target at excitation wavelength 490 and 520 nm and Naked-eye detection visualized
under transilluminator (365 nm) fluorescent Conditions: [PNA] = [dG10] = 0.1 pM,
[DNA] = 0.12 puM and naked-eyed conditions: [PNA] = [dG10] = 10 uM, [DNA] = 12 uM
in 10 mM phosphate buffer pH 7.0, (Tubel: FluK5, Tube2: TMRK4, Tube3:
FIUK5+TMRK4 (PNAs), Tubed: PNAs+dG10 (PGs), Tubeb: PGs+dFK5, Tube6: PGs+dTK4,
TubeT: PGs+dFK5+dTK4).

Thus, it could be confirmed that 1) the dG10 can effectively quench
both fluorescein and TAMRA labels 2) the fluorescence signals of both the Flu and
TAMRA-labeled PNA probes increase in the presence of DNA targets 3) the

fluorescence restoration is sequence specific and 4) the assay can be performed in
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multiplex detection format to simultaneously detect two DNA sequences.
Furthermore, at a high concentration of these probes (10 puM), the fluorescence
quenching and restoration in the presence of either or both targets could be

observed by naked eyed under UV light as shown in the inset of Figure 3.40.

3.3.3.3 Metal detection

The detection of metal ions using nucleic acid probes was already
introduced in Chapter 1. The binding between mercury(ll) ion (Hg?*) and two thymine
DNAs was selective due to the ability of the Hg?* to stabilize the T-T mismatched
duplex by the formation of a very stable T-Hg**-T complex.®® Likewise, silver(l) ion
(Ag") can stabilize the C-C mismatches in DNA duplexes by the formation of a stable
C-Ag*-C complex.® To the best of our knowledge, the phenomena had not yet been
evaluated in the context of PNA probes. Herein we explore the use of acpcPNA

probe for the metal ion detection purpose.

Table 3.7 PNA and DNA sequences for metal detection

Type Name Sequence

PNA PNAK5 Ac-GTAGATCACT-KKKKKNH,
FLuk5 Flu- GTAGATCACT-KKKKKNH,,
misC 5’-AGTCATCTAC-3’

DNA
misT 5’-AGTGTTCTAC-3’

The sequence of the PNA and DNA used for the metal detection study
is shown in Table 3.7. Following the literature procedure,® 10 mM of MOPS buffer
which did not precipitate nor form complexes with the metal ion has been widely
used for the metal detection was selected for all experiments under this topic. To
test the hypothesis whether the T-T and C-C mismatches in the PNA-DNA duplexes
could be stabilized by Hg?* and Ag" as observed in the case of DNA-DNA duplexes,

the melting temperature experiments below were performed.
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The T, results in Figure 3.41 revealed the change of the melting
profiles of the PNA-DNA duplexes before (pink line) and after (red line) the metal ion
addition. The results showed that the melting temperature of the C-C mismatched
PNA-DNA duplex formed from PNAK5 and DNA C mismatch increased from 38 to 57
°C after Ag* was added. The stabilization is specific for the Ag* ion since the addition
of Hg”" ion did not increase the T, of the same duplex. Likewise, the T-T
mismatched PNA-DNA duplexes deriving from PNAK5 and DNA T mismatch was
selectively stabilized by only Hg?* but not Ag*. From these experiments, it can be
concluded that similar to the case of DNA-DNA duplexes, the T-T and C-C mispairings
in the acpcPNA-DNA duplex were selectively stabilized by Ag" and Hg”*, respectively.
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Figure 3.41 Melting temperature of mismatch PNA-DNA duplex before (pink solid)
and after (red solid) the addition of metal ion. Conditions: [PNA] = 1 uM, [DNA] = 1.2
uM, [Metal ion] = 1 uM in 10 mM MOPS buffer.
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Figure 3.42 A principle of metal detection by using the quenching platform

Experiments were performed to assess the possibility of applying the
previously developed PNA-dGX DNA sensing system for the detection of metal ions.
Figure 3.42 presents the hypothesis that the mismatch DNA target would not restore
the fluorescence intensity of the dGx-quenched PNA probe until the correct metal

ion was added to stabilize the C-C or T-T mismatched hybrids.
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Figure 3.43 Selectivity of metal detection by using oligodeoxyguanosine quenching
platform Conditions: [FLUK5] = 0.1 pM, [DNAmisX] = 0.12 uM, [Metal ion] = 1 pM in 10
mM MOPS buffer, excitation wavelength at 490 nm



94

Unfortunately, in the case of Ag" detection, the fluorescence results
after the addition of the metal ion were not consistent with the hypothesis (Figure
3.43). There was no restoration after the addition of silver ion, and the fluorescent
actually decreased further to 0.6 times when compared to the dG10-quenched PNA
probe. The same quenching was observed in the T-T mismatched duplex. This might
be due to the quenching effect of Ag" on the fluorescein label as had been reported
in previous studies.””" *? For the detection of Hg*" by the T-T mismatched PNA-DNA
duplex, the results revealed some selectivities between Ag* and Hg”* since the signal
of the T-T mismatch duplex increased around 1.3 folds after the addition of Hg?*
when compared to the dG10-quenched PNA probe. On the other hand, addition of
Hg** to the C-C mismatch duplex decreased the fluorescence signal further. Although
the experiments were partially successful to demonstrate the metal ion detection
(Hg*") by the PNA-dGX sensing platform, the efficiency was not yet satisfactory.
Hence, additional experiments were next performed in order to develop a more
efficient metal ion sensing system.

According to the detection of Hg”* by using DNA aptamers from Ms.
Duangkamol Tiarpattaradilok’s senior project,'®* the duplex should be incubated with
the metal ion before the addition of other reagents. The metal detection
experiments were thus repeated accordingly. When the order of the addition was
PNA, DNA, ng+ and dG10, respectively, it was found that the PNA-dGX platform
could detect Hg?* more clearly. To make sure that the fluorescence change
observed is specific to the T-T mispairing, the experiments were performed with the
duplexes of the PNA and three DNA targets bearing different base mismatched (misC,

misG and misT) as shown in Figure 3.44.
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Figure 3.44 Selectivity of mercury (Il) ion detection by using PNA and various type of
DNA targets Conditions: [PNA] = 0.1 uM, [DNA] = 0.12 uM, [Metal ion] = 1 pM, FlLuK5:
FLU-GTAGATCACT-KKKKKNH,, Mis:5’-AGTGAXCTAC-3" [X=C, G, T] uM in phosphate
buffer pH 7.0, excitation wavelength at 490 nm

After the addition of DNA targets (Figure 3.44), the fluorescence of all
duplexes slightly decreased to around 90% of the single-stranded PNA probe. After
the addition of Hg?*, the fluorescence signals of the probe hybrids with the misT DNA
remained high (around 80% of the original fluorescence of the PNA probe), while
those of the misC and misG DNAs were much lower. The experiment suggested that

the Hg?* was able to quench the fluorescence of the duplexes which could not be
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stabilized by the metal ion, leading to the observed fluorescence quenching in the
cases of misC and misG DNA. After the addition of dG10, the fluorescence intensity
decreased further in all cases. However, the PNA hybrid with misT gave the highest
signal than other DNA targets (around 60% of the original PNA probe). The remaining
mismatched PNA-DNA duplexes which were not stabilized by the Hg”* (misC and
misG) were dramatically quenched. In these cases, the PNA probe might exist in the
single-stranded form and would therefore interact with the dG10 leading to the
strong fluorescence quenching observed. On the other hand, in the case of misT
DNA, the mismatched T-T duplex was stabilized by the Hg?* causing the probe to
exist in the duplex form. Thus, the addition of dG10 could not quench this T-T

mismatch duplex much further.
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Figure 3.45 The sensitivity of the FluK5-dG10 platform for mercury detection.

Conditions: [PNA] = 0.1 uM, [DNA] = 0.12 uM, [Metal ion] = 1 pM, FluK5: Flu-
GTAGATCACT-KKKKKNH,, DNA:5’-AGTGATCTAC-3" pM in phosphate buffer pH 7.0,

excitation wavelength at 490 nm

The experiments above successfully demonstrated the applicability of

the PNA-dGX system for the detection of Hg®*. Next, an experiment was performed
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to evaluate the concentration range of Hg®* that can be detected by this sensing
system. Figure 3.45 revealed the detection of mercury by fixing the concentration of
the probe and the misT DNA at 0.1 uM and 0.12 uM, respectively. Then, various
concentrations of Hg”* in the range of 0 — 1 uM were added (pink bars). After being
incubated for 30 min, 0.1 uM of dG10 was added (red bars). The results showed that
the signal decrease in response to the Hg?" concentration level. Nevertheless, the
lowest detectable concentration of Hg** were in the range of 200 nM or higher,

which still require further improvements for practical applications.

3.3.3.4 Click reaction detection

Due to the limitation of the manual synthesis of acpcPNA, the yield
from the synthesis of PNA would greatly depend on the length of the PNA
sequences. The longer sequences, the smaller yield. Typically, manual synthesis of
acpcPNA carried out in this laboratory gives acceptable yield and purity up to 16
bases in length. Therefore, the ligation of two PNA sequences was considered as
another alternative method to make longer PNA probes.”* ¢ In this part, we applied
the oligodeoxyguanosine quenching to report the progress of the ligation between

two PNA strands via click chemistry.
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Figure 3.46 Concept of the detection of PNA ligation by using olisgodeoxyguanosine

The concept of this work is shown in Figure 3.46, whereby dG10
could not quench the fluorescence of the fluorescein-labeled acpcPNA that does
not contain the multiple lysine modification. The fluorescein-labeled PNA contains

an alkyne group connected to the C-terminal tyrosine modification. After clicking with
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another PNA bearing an azide group and a multiple lysine modification, the signal
would be quenched as a result of favorable electrostatic interaction between the

dye-labeled click product and the dG10.
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Figure 3.47 old condition for click reaction of N3;T2K and AcT2Tyr ; Conditions:
[N3T2K] = 100 pM, [AcT2Tyr ] = 100 uM, [CuSOq4] = 10 mM, [SA] = 40 mM in 100 pL of
H,O

This study started with the optimization of the click chemistry
reaction. The azide PNA without the final ACPC spacer (N5T2K:N3-(nX)-TT-LysNH,) (m/z
= 796.1) and the alkyne PNA [AcT2Tyr:Ac-Lys-TT-Tyr(alkyne)] (m/z = 1053.3) were
used as the model PNA sequences for the click reaction. A mixture of 100 pM of
NsT2K and AcT2Tyr was treated with 10 mM of CuSO4, and 40 mM of sodium
ascorbate (SA) in water (100 pL). The results in Figure 3.47 (panel B) showed only
small peak of the product (m/z = 1850.8). However, the reaction was not clean and
starting materials (m/z = 1053.3) remained in the reaction. Heating was attempted to
drive the reaction to completion. Unfortunately, the product was decomposed

(panel C) when the reaction was heated up to 60 °C.
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Figure 3.48 Click reaction of N3T2K and AcT2Tyr with co-solvent; Conditions: [NsT2K]
= 100 pM, [AcT2Tyr ] = 100 pM, [CuSO4 = 10 mM, [SA] = 40 mM in 100 pM of
H,0:'BuOH (1:1)

Next, the H,O:BUOH (1:1) as a co-solvent was adapted to the
investigation. The results in Figure 3.48 showed that the product (m/z = 1851.2)
could occur immediately after all reagents were mixed. Moreover, this reaction
appeared cleaner than the previous one that use only water as the solvent. Thus, it
could be concluded the tert-butanol co-solvent play an important role in the click
reaction. However, the product’s peak was decreased comparing to starting material
when the reaction was allowed to proceed for longer time. Moreover, the m/z of the
starting materials were changed from 796.7 to 855.4 and 1054.1 to 1016.0. This
suggested that the product and starting materials might not be stable under the
reaction conditions. Then, the tris-hydroxypropyltriazolylmethylamine (THPTA) ligand,
which is reported as a very effective accelerating ligand for click reactions,”’ was
then applied into the reaction. The results in Figure 3.49 revealed that the product
was now stable after 2 hour or overnight reactions, and there were no starting
materials decomposition peaks at m/z = 855.4 and 1016.0, but the reaction was still

not complete.
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Figure 3.49 Click reaction of N3T2K and AcT2Tyr with THPTA; Conditions: [N3T2K] =
100 pM, [AcT2Tyr ] = 100 pM, [CuSQOq4] = 10 mM, [SA] = 40 mM, [THPTA] = 10 mM in
100 pM of H,O:'BUOH (1:1)

Since both the starting PNAs were still present in the reaction even
though the reaction was left overnight, the reaction in Figure 3.50 was next
performed with the concentration of the starting materials increased from 100 uM to
500 pM, both in the absence and presence of the THPTA ligand. The results showed
that there was no remaining AcT2Tyr observed in all cases but there was an
unknown peak at m/z = 1015 in the conditions without THPTA. From this evidence, it
might be concluded that the high concentration of PNA could force the reaction to
get a complete conversion and that the addition of THPTA was beneficial to the
reaction. Next, the experiment was performed with a fluorescein-labeled alkyne PNA
FluT2Tyr [Flu-K-TT-Tyr(alkyne), m/z = 1259.6] to examine the impact of the

availability of fluorescein on alkyne PNA with the optimized condition.
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Figure 3.50 Click reaction of NsT2K and AcT2Tyr at 500 uM; Conditions: [N;T2K] = 500
UM, [ACT2Tyr ] = 500 uM , [CuSOg4] = 10 mM, [SA] = 40 mM, [THPTA] = 0 mM (panel B

and C), 10 mM (panel D and E) in 100 uM of H,0:'BuOH (1:1)
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Figure 3.51 Click reaction of N3T2K and FluT2Tyr; Conditions: [azide] = 500 uM,
[alkyne] = 500 pM, [CuSOq4] = 10 mM, [SA] = 40 mM, [THPTA] = 10 mM in 100 uM of
H,0:BUOH (1:1)

The result in Figure 3.51 showed that the reaction cleanly

proceeded to completion under the same condition to give the ligated product with
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the expected m/z at 2055.4. Thus, fluorescein-labeled alkyne PNA was compatible
with the click reaction. Next, the relationship between the success of the ligation
reaction and the quenching by oligodeoxyguanosine was investigated. According to
our hypothesis, when the ligation was successful, the fluorescence signal of the
ligation product should be quenched by the olisodeoxyguanosine. Figure 3.52
revealed that the ligation between a five lysine-modified azide PNA (N;T2K5) (m/z =
1309.0) and the fluorescein-labeled alkyne PNA (FWUT2Tyr) (m/z = 1259.6.0) in the
presence of 10 mM of CuSQOy, 40 mM of SA, 10 mM of THPTA in 100 uM of H,O:'BUOH
(1:1) proceeded efficiently as with other PNAs in the model reactions. After 2 hours
for incubation, the reaction mixture was sampled and diluted to 10 uM in phosphate
buffer pH 7. Next, dG10 was added to the diluted sample to give a final

concentration of 12 uM and incubated for 10 min.
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Figure 3.52 Click reaction of N;T2K5 and FluT2Tyr Conditions: [NsT2K5] = 500 uM,
[FluT2Tyr ] = 400 pM, [CuSO4] = 10 mM, [SA] = 40 mM, [THPTA] = 10 mM in 100 pM
of H,0:'BUOH (1:1)
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Figure 3.53 Detection of PNA ligation by using oligodeoxyguanosine; Conditions:

[PNA] = 10 pM, [dG10] = 12 uM in 10 mM phosphate buffer pH 7

The results in Figure 3.53 showed that the fluorescence after the
ligation was quenched after adding dG10, while the fluorescence before the ligation
remained the same. These preliminary experiments confirmed the hypothesis that
olicodeoxyguanosine can be used to detect the click lication between two PNA
strands.

The ligation of longer PNA sequences (5mer) without the fluorescein
label was next investigated. In the previous studies, the PNA dimers were used
without purification. In the case of 5mer PNAs, purification was required before use.
Although low yields were obtained from the purification, the results in Figure 3.54
displayed a successful ligation between the PNAs N3M5K5 [N3-(nX)-TCACT-KKKKKNH,,
m/z = 2287.8] and AcM5Tyr [Ac-K-GTAGA-Tyr(alkyne), m/z = 1993.7] under the same
click conditions. However, there were unknown peaks at m/z = 2138.6 and 3918.7
started to appear after the reaction was allowed to proceed for 30 min. Since the
azide PNA peak was already consumed, it was proposed that the unstable azide PNA
might be easily decomposed. Thus, the new type of azide-modified acpcPNA was

investigated next.
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Figure 3.54 Click reaction of NsM5K5 and AcM5Tyr ; Conditions: [NsM5K5] = 500 UM,
[AcM5Tyr] = 500 pM, [CuSOq4] = 10 mM, [SA] = 40 mM, [THPTA] = 10 mM in 100 uM of
H,O:'BUOH (1:1)

In 2012, there was a report that the use of 6-(azidometyl)nicotinic acid
(PyrN) as a copper-chelating azide would accelerate the click chemistry reaction and
reduce the cell toxicity.”” The PyrN; modifier was synthesized following a literature
procedure but the product could not crystallize and it was obtained as a yellow oil.
However, the NMR data was in good agreement with the literature.”” Then, 4 equiv.
of this new azide modifier was attached to the N-terminus of a TT PNA (0.5 umol) by
using 3.9 equiv. of HATU in the presence of 7% of DIEA in DMF (30 pL) and the
successful coupling was demonstrated by MALDI-TOF MS as shown in Figure 3.55.

After the successful coupling of the PyrN; modifier to the TT PNA was
demonstrated, the azide modification reaction was attempted on a longer sequence
(10mer) of acpcPNA: (nX)-GTAGATCACT-KKKKKNH,. The successful attachment of the
PyrN3 on the long PNA sequence was demonstrated in Figure 3.56. Panel A showed
the Fmoc protected PNA at m/z = 3408.0. Then, the Fmoc group was deprotected
and the PyrN; was attached onto the free amino group of the PNA by using the same
condition. Panel B and C showed the reaction of the attachment at 2 and 3 hours,
respectively. Due to the different chemistries used for the attachment (amide bond

formation vs reductive alkylation), it was found that the PyrN3 attachment consumed
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less time when compared to the azidobutyl modification commonly used in previous
experiments. Then, the PyrN3-modified 10mer PNA was used in the ligation reaction
with AcM5Tyr via click chemistry (500 uM of PNAs, 1 equiv. of Cu(l) and THPTA, and 4

equiv. of sodium ascorbate in 1:1 'BuOH:water).
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Figure 3.55 the attachment of 6-(azidometylnicotinic acid (PyrNs) on PNA model
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Figure 3.56 the attachment of 6-(azidometylnicotinic acid on the 10mer PNA: (nX)-
GTAGATCACT-KKKKKNH,
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Disappointingly, the results in Figure 3.57 showed that this reaction
proceeded poorly. Only a small product peak was observed at m/z = 5555.5, but the
reaction was not complete and a substantial signal of the alkyne PNA remained with
complete disappearance of the azide PNA. Since the signal of the azide PNA at m/z =
3567.7 was small to begin with, it was suspected that the same issue about the

stability of the azide PNA could not be solved with the new azide modifier.
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Figure 3.57 Click reaction of PyrN;-PNA and AcM5Tyr; Conditions: [PyrNs;-PNA] = 500
UM, [AcM5Tyr] = 500 pM, [CuSO,4] = 100 uM, [SA] = 400 uM, [THPTA] = 100 UM in 100
UM of H,O:'BUOH (1:1)

Although the expected click reaction was likely to occur under this
condition, the reaction was still not efficient, and the click reaction should still
require further optimization to allow efficient synthesis of longer PNA sequences.
Nevertheless, the experiments demonstrated at the proof-of-concept level that the

dG10 quenching can be used to monitor the progress of the click reaction.

3.4 PNA and hemin/G-quadruplex DNAzyme
In the previous section, oligodeoxyguanosine was proven to be an effective
quencher for DNA sensing applications when used in combination with fluorescently

labeled acpcPNA probes. However, the signal was generated in a one-to-one fashion.
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If a catalytic function could be incorporated into the DNA sensing system, it should
be possible to improve the performance of the sensor by signal amplification. Since
G-quadruplexes were reported to be catalytically active as a DNAzyme that exhibits
peroxidase activities when combined with hemin as a cofactor,*® '** the G-rich DNA
sequence was potentially useful for the proposed signal amplification assay. Thus,
the objective of this study was to develop a PNA-based DNA sensing platform with

signal amplification employing G-quarduplex DNAzymes.

3.4.1. Comparison of substrates

The study began with comparison of two different chromogenic substrates
(CS) for peroxidase that have been frequently used in the literature, namely Amplex
Red (AR) and 3,3,55-tetramethylbenzidine  (TMB). A combination of
decadeoxyguanosine (dG10) and hemin was used as the DNAzyme. The
concentration of the DNAzyme, substrate, and buffer was taken from the literature®°
which was 100 pM of substrate, 0.125 uM of hemin, and 1 uM of dG10 in the
presence of 20 uyM of HEPES buffer, 1 mM of H,O, and 200 mM of NH,OAc. The
results in Figure 3.58 showed that the catalytic oxidation of both substrates readily
occurred in the presence of both hemin and dG10 (Tubed) as shown by the
appearance of pink and blue color for the AR and TMB, respectively. However, a pale
pink color was also observed in the case of AR+hemin+H,0, (Tube2), indicating that
some uncatalyzed reaction was also significant for the AR as substrate. Thus, TMB

was chosen as a more selective substrate for the dG10-hemin catalyzed oxidation.
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Amplex Red

T™MB

Figure 3.58 Comparison of chromogenic substrate; Tubel: CS+H,0, Tube2:
CS+hemin+H,0,, Tube3: CS+dG10+H,0,, Tubed: CS+hemin+dG10+H,0,, Tubeb:
CS+hemin+dG10 Conditions: [CS]= 100 uM, [hemin] = 0.125 uM, [dG10] = 1 uM,
[H,05] = 1 mM in 20 pM of HEPES buffer and 200 mM of NH,OAc

3.4.2 Effect of oligodeoxyguanosine

After TMB was selected as the substrate in the dG10-hemin catalyzed
oxidation, the effect of the oxidant (H,O,) in the reaction was examined by varying
the concentration of H,O, from 0 - 4 mM. The results showed that higher
concentrations of H,O, gave higher color intensity of the oxidized substrate (Figure
3.59). Importantly, if the dG10 was omitted from the reaction, no color change was
observed at all concentrations of H,0, tested. Thus, it could be concluded that the
more hydrogen peroxide added, the faster the reaction, and that dG10 was an
important component of the DNAzyme activities. The results in Figure 3.60 revealed
the effect of concentration of dG10 in the range of 0.5 - 3 uM, which showed the
same blue color, suggesting that the lowest concentration of the dG10 employed at
0.5 puM was already sufficient for the maximum catalytic activity. Thus, the
concentrations of dG10 and H,0O, were chosen at 1 uM and 100 mM in the next

experiments.
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Figure 3.59 Comparison of hydrogen peroxide concentration in the condition with or
without dG10; Tubel: 0 mM, Tube2: 1 mM, Tube3: 2 mM, Tubed4: 3 mM, Tubeb: 4
mM. Conditions: [TMB]= 100 uM, [hemin] = 0.125 uM, [dG10] = 1 uM, [H,O,] =0 -4
mM in 20 uM of HEPES buffer and 200 mM of NH,OAc

Figure 3.60 Comparison the effect of dG10 concentration; Tubel: 0 pM, Tube2: 0.5
UM, Tube3: 1 uM, Tubed: 2 uM, Tube5: 3 pM. Conditions: [TMB]= 100 uM, [hemin] =
0.125 uM, [dG10] = 0 = 3 UM, [H,0,] = 100 mM in 20 uM of HEPES buffer and 200 mM
of NH,;OAC
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3.4.3 The catalytic activity of dG10-hemin in the presence of PNA

Figure 3.61 The reactivity of dG10-hemin in the presence of PNA and its
complementary DNA; Tubel: PNA, Tube2: dG10, Tube3: PNA+dG10, Tube4:
PNA+dG10+dcom, Tube5: PNA+dcom Tube6: dcom Conditions: [PNA = Ac-
GTAGATCACT-KKKKKNH,] = 3 uM, [dcom = 3’-CATCTAGTGC-5’] = 4 pyM, [TMB]= 100
UM, [hemin] = 0.125 uM, [dG10] = 1 uM, [H,O,] = 100 mM in 20 uM of HEPES buffer
and 200 mM of NH,OAc

Our original hypothesis was that when the dG10 was bound to the positively
charged lysine-modified PNA, its catalytic activity (in the presence of hemin) should
be lower. It was proposed that when dG10 was bound to the PNA via the
electrostatic interaction, the G-quadruplex structure might be distorted so that it
cannot accommodate the stacking of the hemin, leading to the inability to catalyze
the reaction. The reactivity was expected to restore once the complementary DNA
target was bound to the PNA due to the displacement of the bound DNAzyme.
Indeed, the results in Figure 3.61 demonstrated that the PNA complexation does
inhibit the catalytic activity of the dG10, as shown by the absence of color change in
Tube3. Unfortunately, no color change was observed when the complementary DNA
was added (Tube 4). This suggests that the PNA-bound dG10 could not participate in
the formation of an active DNAzyme regardless of the status of the PNA probe (free
or DNA-bound). This experiment supported our previous finding (section 3.3.3.2) that
the PNA and dG10 remained complexed after the DNA hybridization. Thus, it was
impossible to use a simple combination of dG10-hemin and PNA to indicate the

presence of the correct DNA target.
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3.4.4 The catalytic activity of hemin/overhang DNA

a b
Figure 3.62 reactivity of (a) dHX/hemin; Tubel: dHA, Tube2: dHC, Tube3: dHG,
Tubed: dHT and (b) dHG/hemin in the presence of PNA and its complementary DNA,;
Tubel: PNA, Tube2: PNA+dHG, Tube3: dHG Conditions: [PNA = Ac-GTAGATCACT-
KKKKKNH,] = 3 pM, [dHX = 3’-XXXXXCATCTAGTGC-5’] = 1 uM, [TMB]= 100 uM,
[hemin] = 0.125 pM, [H,O,] = 100 mM in 20 uM of HEPES buffer and 200 mM of
NH,OAC

Since the combination of simple dG10-hemin and PNA alone could not be
used to identify the correct DNA target, presumably due to the direct electrostatic
interaction of the G-quadruplex with the PNA probe that impaired its ability to form a
catalytically active DNAzyme with hemin, alternative designs of the sensing systems
were explored. Next, the DNA targets with a complementary sequence to the PNA
probe, but with different 3’-overhangs consisting of five repeating dX units (dHX) was
examined. It was proposed that in this case, the complementary DNA part would
bind to the PNA, forming a PNA-DNA hybrid. This would leave a free
oligodeoxyguanosine overhang that would be prevented from forming a proper G-
quadruplex by the PNA. The results in Figure 3.62a showed that only the dHG-hemin
combination without the PNA (positive control) could act as DNAzyme (Tube3) as
shown by the color change of the TMB substrate from colorless to blue. This
confirms the previous results that the oligodeoxyguanosine tract was necessary for

the catalytic activity. Next, the addition of PNA completely inhibited the catalytic
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activity as shown by the absence of color change in Figure 3.62b. It could be
concluded that the free dHG could form the quadruplex structure that can bind with
hemin and led to the catalytic activity. The presence of bound PNA probe to the
complementary region might block or destabilize the quadruplex formation leading

to the observed absence of catalytic activity.

Figure 3.63 Gel electrophoresis of PNA and dHX; lanel: loading dye, lane3: dHA,
laned: PNA+dHA, lane5: dHC, lane6: PNA+dHC, lane7: dHG, lane8: PNA+dHG, lane9:
dHT, lane10: PNA+dHT. Conditions: 0.5 nmol of PNA, 0.6 nmol of DNA in each lane

and 150V was applied for 2.5 hours.

Moreover, the gel electrophoresis experiments in Figure 3.63 confirmed that
the binding between PNA and dHG would destroy the quadruplex structure as
evidenced by the disappearance of the slow-moving bands due to the G-quadruplex
(lane 7) upon hybridization with the PNA with concomitant formation of the PNA-DNA
duplex band (lane 8).

Next, the effect of other G-quadruplex forming sequences were tested
whereby they were attached to the 3’-end of the DNA with a sequence
complementary to the PNA probe similar to dHG. The results are shown in Figure
3.64, whereby the catalytic activities were compared in the absence and presence of
the PNA probe. Tube2 was the exact complementary DNA sequence, Tubes3 to 6
were complementary DNA containing various number of deoxyguanosine units (1, 3,
5 and 6), and Tube7 to 9 contain overhangs that can form intramolecular parallel G-

quadruplexes.’® In the absence of the PNA, the color change was observed in
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Tubeb5 to 9. It was concluded that the quadruplex structures could form and lead to
the catalytic activity in the presence of hemin only when the DNA contained at least
5 adjacent deoxyguanosine overhang (Tube5 and 6) or when an intramolecular G-
quadruplex formation was possible (Tube7, 8 and 9). When the PNA was added, the
catalytic activity was reduced in the cases of DNAs that form intermolecular G-
quadruplexes (Tube5 and 6). Interestingly, the DNA that does not contain the PNA
binding site (Tube7) also gave a reduced catalytic activity, which could be explained
by the non-specific electrostatic interaction with the FIUK5 PNA probe that inhibited
the formation of the catalytically active DNAzyme. In contrast, the hybridization to
the PNA did not affect the catalytic activity of the complementary DNAs carrying the

overhangs that can form intramolecular G-quadruplexes (Tube8 and 9).
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Figure 3.64 The reactivity of hemin and complementary DNA containing G-
quadruplex sequences in the presence or absence of PNA Conditions: [PNA = Ac-
GTAGATCACT-KKKKKNH,] = 3 uM, [DNA] = 1 uM, [TMB]= 100 pM, [hemin] = 0.125 uM,
[H,0,] = 100 mM in 20 uM of HEPES buffer and 200 mM of NH,OAc
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Thus, the experiments not only confirmed the previously proposed model that
the binding of PNA to the DNA target bearing a G-quadruplex forming sequence could
inhibit the formation of G-quadruplex, but also give additional information that the
G-quadruplex destabilization occurred only in the case of intermolecular G-
quadruplexes. Hence, these intermolecular G-quadruplex forming sequences are
potentially useful as a catalytic label for the DNAzyme-PNA based DNA detection
being developed.

3.4.5 Detection of DNA by strand displacement reaction

In previous experiments, it was shown that the binding of PNA probe to the
DNA target with an oligodeoxyguanosine overhang inhibited the G-quadruplex
formation and thus decreasing the catalytic activity of the DNAzyme. It was further
proposed that if the DNAzyme was released from the PNA probe by another DNA
strand that can bind more strongly to the PNA probe, the displaced DNAzyme would
be free to catalyze the substrate oxidation again. Such strand displacement reaction
would require that the PNA-DNAzyme complex must be less stable than the PNA-
DNA target duplex. To develop the proposed strand displacement assay, the
sequence of the DNAzyme was shortened to 7mer to decrease the stability of the
PNA-DNAzyme duplex. In addition to the short complementary DNA target, two
single-base mismatch sequences, and a double-base mismatch sequence were
included for comparison. The three DNAzymes contained five deoxyguanosine
overhang at the 3’-end. These DNAzymes were first hybridized with the PNA probe
Ac-GTAGATCACT-KKKKKNH,. Next, the 10mers perfectly complementary DNA target
was added and incubated for 30 min. Control experiments without the DNA target
were also included for comparison. After that, the reagents (hemin, H,0,) and the

substrate (TMB) for the catalytic oxidation were added.
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DNAG : 3'-GsCATCTAG-5’ -G;CTTCTAG-5’ 3’-G;CATCTTG-5’ 3'-G;CTTCTTG-5’

Figure 3.65 Detection of DNA displacement process by using hemin/G-quadruplex
PNA; [PNA = Ac-GTAGATCACT-KKKKKNH,] = 3 uM, [DNA with guanosine overhang] = 1

UM, [10mers DNA: 5’-AGTGATCTAC-3’] = 3 uM [TMB]= 100 uM, [hemin] = 0.125 uM,
[H,0,] = 100 mM in 20 uM of HEPES buffer and 200 mM of NH,OAc

The results are shown in Figure 3.65. In the absence of the DNA target (PNA
with  DNAzymes only), there was no color change observed in the case of
complementary or single-base mismatched DNAs but some blue coloration was
observed in the double-base mismatched DNA. This suggested that the binding
between the PNA and the short complementary DNA or single-base mismatch DNA
was strong enough to block the G-quadruplex formation and thus diminishing the
catalytic activities of the DNAzyme. The duplex formed from the PNA and the
double-base mismatched DNA was not stable and thus less effective in inhibiting the
G-quadruplex formation, resulting in the observed catalytic activities. When the
complementary DNA target was added, the catalytic activity was restored in all cases.
But the weakest activity was observed with the DNAzyme attached to the fully
complementary DNA sequence, which was not unexpected because of the strength
of the hybridization between PNA and the fully complementary DNAzyme
counterstrand. The more stable PNA-DNAzyme hybrid would be less likely to be
displaced by the fully complementary DNA target due to the small free energy
difference. This suggests that there need to be some fine-tuning the system to find a
balance point at which the stability of the PNA-DNAzyme duplex is high enough to

prevent the G-quadruplex formation but not too high to allow the strand
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displacement to occur prematurely that would restore the catalytic activity of the
DNAzyme even before the addition of the DNA target. Nevertheless, these
preliminary studies demonstrated the proof-of-concept of a new PNA-based strand
displacement process that could be further developed into a DNA sensing platform.
The potential advantage of this system would be the catalytic nature of the
DNAzyme that should generate more signal than conventional fluorescence-based

assay and thus improving the sensitivity of the detection.

3.4.6 UV-vis studies

After the preliminary study had been completed, the study of hemin-G-
quadruplex as a DNAzyme for DNA detection was performed using the UV-visible
spectrometry. First, we aimed to detect the displacement of the guanosine-modified
DNA counterstrand (5’-GATCTTC-Gs-3") from the PNA probe by the DNA target. The
concentrations of the PNA and the DNA used were 1.2 uM and 0.4 uM, which was the
ratio between the PNA and dG overhang DNA from the previous study. TMB substrate
showed the 4 regions of absorption in this catalytic system,'*! and the absorption at

652 nm was selected for the first optimization.
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Figure 3.66 Optimization of DNAzyme-based DNA detection by varying the
concentrations of hemin. Conditions: [G] = 0.4 uM, [Hemin] = 0.06 b-0.4 uM, [TMB] =
10 uM, [H,O,] = 100 uM in 20 uM of HEPES buffer and 200 mM of NH,OAc. (X axis is

time (min) and Y axis is absorbance)
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Figure 3.66 showed the optimization by varying the concentration of hemin
ranging from 0.06 - 0.4 upM with and without G-quadruplex sequence. The
absorbance at 652 nm was measured every 2 min following the addition of 0.4 uM of
the DNA counterstrand with the G5 overhang, 10 uM of TMB, and 100 uM of H,O, in
20 uM of HEPES buffer and 200 mM of NH4OAc. The results showed that the catalytic
reaction occurred only in the presence of G-rich DNA (green, orange, red, and yellow
lines). This confirmed that G-quadruplex structure was the key component for the
catalytic reactivity. From the experiment, 0.08 uM of hemin which showed the most
obvious and long-lasting signal change was chosen for the next experiment.

The next experiment was performed to optimize the amount of TMB and
H,O, through the detection at other absorption wavelengths of TMB every 5 min.
Figure 3.67 showed the experiments at different ratios of TMB and H,0O, at 20:200
(blue), 20:1000 (orange), 100:200 (grey), and 100:1000 (yellow). The data indicated
that 20 puM of TMB and 1000 pM of hydrogen peroxide performed better than others.
It should be noted that the high concentration of TMB as shown by the grey and
yellow line was not suitable for the catalytic reactivity. The absorbance change was
most pronounced at 280 nm, but the signal was negative (i.e, the signal gets smaller
after the reaction). The second most prominent signal change was observed at 370
nm, followed by 652 nm. The signal change at 450 nm was low and the maximum
change was observed at a lower amount of H,02 (200 uM). In all cases, the
maximum signal was observed at around 10 min, after that the signal started to

decay at all wavelengths indicated that the oxidation product of TMB was not stable.
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Figure 3.67 Optimization of DNAzyme-based DNA detection by varying the ratios of
TMB and hydrogen peroxide. Conditions: [G] = 0.4 pM, [Hemin] = 0.08 uM, [TMB] =
20, 100 uM, [H,0,] = 200, 1000 UM in 20 pM of HEPES buffer and 200 mM of NH,OAC.

(X axis is time (min) and Y axis is absorbance)

The experiments in Figure 3.68 showed the reactivity at lower TMB
concentrations. The concentration of TMB was varied from 10-100 uM at a fixed
concentrations of G-quadruplex, hemin and hydrogen peroxide of 0.4, 0.08 and 1000
pM, respectively. The results revealed that 100 pM of TMB gave the highest
absorption up to 0.5 unit at 652 nm. However, the change of the absorption was not

stable and started to decrease after 5-10 min.
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Figure 3.68 Optimization of DNAzyme-based DNA detection by varying the
concentration of TMB. Conditions: [G] = 0.4 uM, [Hemin] = 0.08 uM, [TMB] = 10-100
uM, [H,O,] = 1000 uM in 20 uM of HEPES buffer and 200 mM of NH,OAc. (X axis is

time (min) and Y axis is absorbance)
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The experiments in Figure 3.69 further confirmed that increasing the
hydrogen peroxide in the system resulted in a more rapid reaction as shown by the
higher maximum signal obtained, but the signal lifetime was short. Finally, the
condition of the peroxidase activity with 0.4 uM of G-quadruplex and 0.08 uM of
hemin as a DNAzyme, 100 uM of TMB, and 500 pM of hydrogen peroxide which
seems to give a good balance between the signal intensity and stability will be

selected for further studies of the DNA sensing using PNA probe.
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CHAPTER IV
CONCLUSION

The study began with the development of new DNA sensing platforms based
on a combination of fluorescently labeled pyrrolidinyl peptide nucleic acid
(acpcPNA) probes and two universal external quenchers, namely graphene oxide (GO)
and oligodeoxyguanosine. In the first part, graphene oxide was investigated as a
potential external quencher. It showed the excellent capability to quench the
fluorescein-labeled PNA probes. Moreover, the signal was rapidly and selectively
restored after the addition of a complementary DNA target at room temperature.
Compared with other reports on PNA-GO sensors, our developed acpcPNA-GO DNA
sensing system gave a rapid and better signal restoration and did not require heating.
Moreover, it could be applied to detect the strand-invasion of DNA duplexes by
acpcPNA. Finally, the ability to simultaneously detect two DNA targets in a multiplex,
multicolor detection format was demonstrated.

Applying oligodeoxyguanosine as an external quencher was the main focus of
this dissertation. The detection principle relies on the electrostatic interaction
between the positively-charged multiple lysine-modified  fluorescein-labeled
acpcPNA probe and negatively-charged oligodeoxyguanosine, which resulted in a
significant quenching of the fluorescein label on the PNA probe via photoinduced
electron transfer (PET). The addition of DNA complementary in stoichiometric
quantities rapidly and completely restored the fluorescence. It was proven that the
quencher still adhered to the PNA probe following the DNA hybridization and the
fluorescence restoration was explained by the separation of the fluorophore and the
quencher as a result of the rigidification of the PNA-DNA duplex structure. The
fluorescence restoration could distinguish single-base mismatched DNA from
complementary DNA targets with the same length. However, discrimination among
long DNA targets was less efficient and required heating to increase the selectivity.

The general applicability of the acpcPNA-dGX platform for the sensing of

other DNA sequences was demonstrated in three other PNA probe sequences. The
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application of the sensing system for multiplex detection of two DNA targets was
achieved when the TAMRA-labeled probe was used in combination with the
fluorescein-labeled PNA probe. The applications of the acpcPNA-dGX platform for
other purposes including the detections of metal ions and PNA ligation were also
investigated. For the metal ion detection — specifically Hg®* via the formation of T-
Hg**-T complex - the concept had been proven although the performance of this
sensing platform still required further improvement. It can, at least, be considered as
a starting point in the use of acpcPNA in the detection of Hg”'. In terms of the
detection of PNA ligation, this platform could be used to detect the ligation of short
PNA sequences via click chemistry. However, due to the difficulty in achieving the
ligation of longer PNA sequences, it was not yet possible to test the performance of
this acpcPNA-dGX system in such cases.

Apart from using oligodeoxysuanosine as a quencher when combined with
PNA probes, its role as a DNAzyme was also explored. The oligodeoxyguanosine
formed a G-quadruplex that upon association with hemin can exhibit a peroxidase-
like activity. In the presence of tetramethylbenzidine as a chromogenic substrate, a
blue coloration was observed. In this study, we used the DNAzyme in combination
with acpcPNA probes for DNA sensing applications. The association of the
oligodeoxyguanosine to the acpcPNA probes via electrostatic attraction diminished
the DNAzyme activities, presumably by the interference of the hemin binding.
Disappointingly, the addition of DNA did not restore the DNAzyme activity as
expected. Next, a strand displacement probe concept was employed, whereby the
G-quadruplex forming DNA sequence was associated with the PNA probe by
hybridization. The preliminary results revealed the hybridization of the PNA probe
and the G-quadruplex forming sequence also diminished the activity of the
DNAzyme. However, when the target DNA with a sequence complementary to the
PNA probe was added, the binding of the PNA probe and the DNA target caused a
displacement of the DNAzyme from the PNA probe and restored its peroxidase
activity. This is a promising result that should be elaborated further to develop
another new DNA sensing system based on the central theme of acpcPNA-dGX

combination.
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APPENDIX
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Figure S1: (a) Analytical HPLC chromatogram and (b) MALDI-TOF mass spectrum of
FLu-GTAATCACT-KNH, (calcd for [M-H]" = 3875.101)
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Figure S2: (a) Analytical HPLC chromatogram and (b) MALDI-TOF mass spectrum of
Flu-GTAGATCACT-KKKKKNH, (calcd for [M-H]" = 4387.790)
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Figure S3: (a) Analytical HPLC chromatogram and (b) MALDI-TOF mass spectrum of
Flu-GC ACA-KKKKKNH, (calcd for [M-H]" = 4686.119)
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Figure S5: (a) Analytical HPLC chromatogram and (b) MALDI-TOF mass spectrum of
Flu-TTAATACCTTTGCTC-KKKNH, (calcd for [M-H]" = 5738.183)
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Figure S9: 'H NMR of N-Boc-trans-4-tosyloxy-p-proline diphenylmethyl ester
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Figure S10: "H NMR of N-Boc-cis-4-G-D-proline diphenylmethyl ester
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Figure S11: 'H NMR of N-Fmoc-cis-4-guanine-D-proline (G monomer)
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