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ppP-

Pyrrolidinyl peptide nucleic acid bearing D-prolyl-2-aminocyclopentanecarboxylic acid backbone
(acpcPNA) is a nucleic acid mimic that shows superior binding affinity, stability and specificity to complementary
DNA than the original PNA. This research focuses on the development of hybridization responsive fluorescence
acpcPNA probes bearing fluorescent nucleobases that exhibit fluorescence increase upon hybridization to a specific
nucleobase in the DNA target. The acpcPNA carrying the fluorescent nucleobases were synthesized via two different
approaches, namely 1) pre-synthesized fluorescence PNA monomer as a building block that was subsequently
incorporated into the PNA by solid phase synthesis and 2) post-synthetic modification of acpcPNA carrying a reactive
precursor (5-iodouridine in this case) by palladium-catalyzed cross-coupling reactions. In the first approach, the 8-
(pyrene-1-yl)ethynyl-adenine (A™) monomer was synthesized by conventional methods and then incorporated into
the acpcPNA probe via solid phase peptide synthesis. The A in acpcPNA can specifically recognize thymine base
in the DNA target, and the base pairing is accompanied by a strong fluorescence enhancement. The behavior of
A™ in acpcPNA is quite different from the case of DNA whereby the base pairing and fluorescence enhancement

PyE

was not quite specific for dT. Moreover, fluorescence quenching was observed in mismatched A -acpcPNA and

DNA hybrids, which was explained by the stacking of the pyrene moiety inside the duplex. Applications of the APE
acpcPNA as a hybridization-responsive fluorescence probe for DNA detection was demonstrated. In the second
approach, a versatile post-synthetic modification of 5-iodouracil-containing acpcPNA via a palladium catalyzed
Suzuki-Miyaura and Sonogashira cross couplings to introduce 5-aryl or 5-arylalkynyl fluorophores into acpcPNA. The
post-synthetic Sonogashira cross coupling in the solution phase allows efficient synthesis of 5-(pyren-1-ylethynyl-
uracil (U™F) acpcPNA probes that could not be obtained by solid phase synthesis due to the susceptibility of the
5-arylalkynyl uridine to cyclize to the corresponding furanouracil derivatives. The U™ in acpcPNA specifically
recognized base A in the DNA strand and showed a strong fluorescence increase similar to the DNA case, and thus
could be useful as a hybridization-responsive fluorescence probe. The highly efficient post-synthetic modification
of 5-iodouracil-modified acpcPNA in solution phase allows easy access to a wide range of fluorescence acpcPNA
probe bearing heteroaryl (furan, thiophene, benzofuran and benzothiophene) substituted uracil via post-synthetic
Suzuki-Miyaura cross coupling. Attachment of such small substituents did not significantly alter the base pairing
strength and specificity as shown by thermal denaturation analyses. Unfortunately, none of these probes could
discriminate between complementary and mismatched DNA targets since fluorescence increase was consistently
observed due to the high stability of the mismatched hybrid. This study revealed that the behavior of the same
modified nucleobase in acpcPNA may not necessarily be the same with DNA or other DNA analogues. The post-
synthetic modification approach developed also opens up a new and efficient way to rapidly generate various

modified acpcPNA probes which could lead to other new probes with superior performance in the future.
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CHAPTER |
INTRODUCTION

1.1 Fluorescence nucleic acid sensors

The working principle of biosensors relies on the specific biological recognition
between the bioanalyte of interest and an appropriate bioreceptor, which must be
coupled with a signal transduction unit that can convert the molecular interaction into
a measurable signal that is directly associated with the specific binding between the

bioreceptor and its target bioanalyte (Figure 1.1).

04
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Figure 1.1 The illustration of fluorescence biosensor

Nucleic acids including DNA and RNA are present in all living organisms. The
ability of the nucleobases to form specific Watson-Crick base pairing is the basis of
their essential functions in the storage and transfer of genetic information. Based on
the knowledge that nucleic acids can specifically bind to a specific complementary
nucleic acid strand, oligonucleotides or analogues can be applied in a wide variety of
applications in the areas of diagnostics and therapeutics.! Nucleic acid sensing can be
carried out in many different ways.”* One of the most widely used platform is
hybridization probe, which usually consists of a single-stranded oligonucleotide with
predefined base sequence that can bind specifically to the correct nucleic acid targets
through the noncovalent interaction between nucleobases in the probe and the target
strands according to Watson-crick base pairing rules as the recognition element (Figure
1.2). To enable the detection, the probe must be chemically modified with one or

more reporter groups that can transduce the probe-target binding into measurable



signals, which can be fluorescence,”® electrochemistry,”” surface plasmon

10-12

resonance, chemiluminescence,**

and colorimetry.”'" In the most primitive
design, the reporter group may simply act as a “dumb” label, and therefore it is
necessary to separate the hybridized and unhybridized probes, usually by performing
the hybridization on a solid-phase followed by washing, before measuring the signal.
Alternatively, a "smart" probe may be designed to be directly responsive to the
hybridization, which is more advantageous since the free and the hybridized probes

exhibit different signals and can be directly detected without the need for separation.
hv
Probe \A/ p
N —>0O0C

Target /\/\ Wavelength (nm)

Signal

Intensity

(Fluorescence)

Figure 1.2 Schematic illustration of hybridization probe concept

Fluorescence spectroscopy is one of the most important techniques for
studying nucleic acids both in vivo and in vitro in terms of sensitivity, versatility,
accessibility, cost and speed. Oligonucleotide-based fluorescent hybridization probes
that can generate distinct fluorescence signal upon specifically binding to the correct
nucleic acid target, preferably in real time, have a wide variety of applications such as

disease diagnosis, of nucleic acids and drug discovery.'®

To introduce the mechanism of fluorescence change in to the hybridization
probe, the presence of two dyes - a fluorophore and a quencher (or a second
fluorophore) - is often required. The probe must be designed so that the interaction
between the two dyes is dependent on the hybridization state of the probe in such a
way that their optical properties are different between non-hybridized and hybridized
states. Example of common designs include “classical” doubly-labeled molecular
beacons, singly-labeled “quencher-free” molecular beacons, and strand displacement
probes. The most well-known example of such probes are molecular beacon (MB),"
which is a doubly-labeled single stranded oligonucleotide designed to have 5-8 bases

self-complementary ends. In the free state, it forms a hairpin structure comprising of



the loop that acts as a recognition site for binding with the DNA target and the stem
part that acts as a signaling unit. In the hairpin conformation, the fluorophore and the
quencher are brought into close proximity, resulting in fluorescence quenching and
therefore no or only weak signals were observed. In the presence of complementary
target, the binding of the DNA to the loop region rigidifies the DNA structure, leading
to dissociation of the stem part. In this open conformation of molecular beacon, the
fluorophore and quencher are separated thereby the fluorescence signal was restored

(Figure 1.3).

Dye Quencher

Figure 1.3 The working principle of the classical molecular beacon

However, there are some drawbacks of such design. The interactions between
the two dyes must be carefully fine-tuned. This will depend on the relative stability
of the stem part and the newly formed duplex at the loop region. Too low stability
of the stem part will result in high background signal due to incomplete quenching,
and too high stability will result in no signal change since the hybridization will fail to

open the stem-loop structure.’*#

In addition, since the unhybridized fluorophore-quencher molecular beacons
remain dark, delivery of the molecular beacon into the cells cannot be easily
monitored. To overcome this problem, another type of molecular beacon based on
the Forster resonance energy transfer (FRET) mechanism employing two fluorophores
that act as donor-acceptor pair instead of the fluorophore-quencher pair was
developed. Upon excitation of the donor fluorophore in the hairpin form, the energy
transfer from the donor fluorophore to the acceptor fluorophore occurs leading to the
fluorescence of the acceptor while the fluorescence of the donor fluorophore is
quenched. Upon hybridization to the DNA target, the fluorescence of the donor is

enhanced and that of the acceptor is reduced due to the separation of the two



fluorophores.? In this way, the FRET-based molecular beacons in the free and
hybridized states exhibit different fluorescence emission wavelengths in addition to
fluorescence intensities change. In the abovementioned designs, two labels are still
required in the same probe which are expensive and difficult to synthesize. It is highly
desirable to have a single-fluorophore-labeled probe that can change the fluorescence
in response to the hybridization state without requiring the quencher or another

fluorophore. These can be achieved in many different ways.

In a typical design, a single environment sensitive dye that can change the
fluorescence emission without requiring a quencher has been employed to create the
so-called “quencher-free” molecular beacon. The probe can have a hairpin structure
(Figure 1.4A) or present as a linear probe (Figure 1.4B), with the former exhibiting
higher specificity. The fluorophore can be an isolated label which could be attached
to a specific position of the oligonucleotide probe (terminal, internal at sugar or at
nucleobase).? Alternatively, the fluorophore can be attached or incorporated into the
nucleobase in such a way that they can communicate (e.g. through Tt-conjugation),
the fluorescence change will be directly responsive to the formation of base pair or
base stack. Such fluorescent nucleobase are known as base discriminating fluorescent

nucleobase (BDF)*** (Figure 1.4B) and will be discussed in more details in the next

section.>?’
N = target base
J I\ — BDF base Sample DNA
O/ A
/V\ xxxx BDF probe
N = other bases
(A) (B)

Figure 1.4 Quencher-free molecular beacons® in the forms of (A) hairpin and (B) linear

probes



Another alternative approach for quencher-free probe is the use of simple
labeled probes with an external FRET donor or acceptor (such as quantum dots) or an
external quencher such as graphene oxide or gold nanoparticles.”*° Graphene oxide
(GO) is a two-dimensional carbon network consisting the sp*-hybridized carbons that
is able to interact with other aromatic compounds via T—T stacking.* Single-stranded
nucleic acids are shown to bind more favorably on the GO surface than double-
stranded nucleic acids via the m—m stacking and hydrogen bonding interactions
between the exposed nucleobases and the GO surface. Since GO is a good quencher
through fluorescence resonance energy transfer (FRET) or dipole-dipole coupling
effect, fluorescence-modified single stranded nucleic acid is more strongly quenched
than double stranded nucleic acid.?? The combination of fluorescent-labeled nucleic
acids and GO has been widely used in FRET-based biosensors to detect proteins,”

nucleic acids,** as well as non-nucleic acid targets.'

To avoid the stem-loop structures without compromising the specificity,
another type of fluorescence hybridization probe called strand displacement probe
was designed. The working principle of strand displacement probe relies on an
intermolecular competitive hybridization. Generally, the strand displacement probe
contains two complementary nucleic acid strands — one of which carries a fluorophore
and the other a quencher. Hybridization to each other resulting in the fluorescence
quenching due to the close proximity of the fluorophore and the quencher. However,
one of the strand is designed to be readily displaced by the DNA target that is perfectly
complementary to the other strand of the probe. For example, the strand to be
displaced is often made shorter than the other strand. Subsequently, in the presence
of the target, the formation of a more stable hybrid between one of the probe strands
and the target lead to the separation of the quencher and the fluorophore (Figure
1.5). Since the fluorophore and quencher can no longer interact, the enhancement of

fluorescence occurs.> ¢
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@ Fluorophore @ Quencher

Figure 1.5 Schematic representation of strand displacement probe

1.2 Hybridization probes carrying fluorescence nucleobases

A number of fluorescent purine and pyrimidine analogues have been
synthesized to be utilized as base-discriminating fluorescent nucleobases for
determining nucleic acid sequences and genetic analysis.>”** Fluorescence purine and
pyrimidine analogues can be divided into three categories; 1) ring fusion modification,
2) substitution on the purine or pyrimidine ring and 3) extending purines or pyrimidines
ring through conjugated fluorophore (Figure 1.6).%

a Purine nucleobases

NHZ O
7% NH
8< A = fJ =4 ﬁ
N =
Adenlne Guanine
b Pyrimidine nucleobases
C-5
0 NH, <
SN R %
R= CH3 (Thymine)
/) /j N/go (Uridine) /g
ThymmeIUraciI Cytosine

Figure 1.6 Numbering the typically modified sites of purines and pyrimidines state as

arrows™!

The first category is ring fusion modification which mostly occurs at N-7 and C-
8 position of the five-membered ring of purines, and at C5- and C-6 position or C-4
site of pyrimidines.”” Several ring fusion designs have been proposed. For example,
extending the aromatic ring of adenine gave a tricyclic carbazole-like
methoxybenzoadenine (PA) and methoxebenzoazainosine (™) that, when

incorporated into DNA, can change their fluorescence upon pairing to C and T in



complementary  strand,  respectively.”  Another  extended  fluorophore,
naphthodeazaadenine ("°A), has been employed as a FRET donor in combination with
fluorescein as the FRET acceptor to detect a single nucleotide alteration in DNA. This
system showed a strong fluorescent emission only in the presence of complementary
base.” Besides, insertion of the phenyl ring between the five- and the six-membered
rings of the purine structure® gave the bases xA and xG that showed a high florescence
quantum yield. Oligonucleotides containing xG showed a highly selective fluorescence
emission increase by 2—3 folds upon hybridization that depends on its pairing with

adenine in the opposite strand (Figure 1.7a).”

Similar expansion of the pyrimidine rings could be achieved at C5- and C-6 sites
such as the highly emissive fluorescent thieno[3,4-d]-pyrimidines U that exhibited a
strong quantum yield at 0.41 in water.® The emissive oligonucleotide bearing ™U
exhibited significant fluorescence quenching upon hybridization with perfect match
oligonucleotides due to partial stacking of the chromophore or photoinduced electron
transfer caused by neighboring bases effect. However, fluorescence signal was
significantly enhanced upon binding with DNA or RNA containing abasic site or
mismatched pairing.*”*® Fusion of cytosine with pyrrole ring at C4- and C-5 positions
resulted in a fluorescent nucleobase called 2H-pyrrolo[2,3-d]pyrimidin-2-one (also

known as pyrrolo dC) (dF¥) that was reported as early as the late 1980s by Inoue and

coworkers. It selectively formed a stable dF*-C base pair similar to the canonical G:C
base pair.* Since the base dF* was unstable during the oxidation stage required for
the solid phase oligonucleotide synthesis, it must be incorporated via the
phosphoramidite of the analogous furo[2,3-d]- pyrimidin-2(3H)-one (furanouracil),
which could be converted to the desired or dF* by ammonia treatment during the
final stage of DNA synthesis.”® In addition, the fluorescent nucleobase 6-methylpyrrolo-
dC (MepC) was similarly obtained by treating furano-dU with ammonia during the final
step of DNA solid phase synthesis. The MepC containing oligonucleotide could be
excited at 272 nm and 345 nm, giving the emission maxima at 470 nm that far from
other biomolecules.”! It can form a stable base pair with dG. The fluorescence of MepC

was quenched upon formation of a fully matched hybrid. However, the fluorescence



was enhanced in the probe-mismatched dA duplexes relative to single-stranded probe
because the restriction on base stacking that could not detect in the single-stranded
probes.” The fluorescence nucleobase 6-phenylpyrrolocytosine (PhpC) can similarly
recognize guanine in DNA and RNA. Moreover, the fluorescence was selectively
quenched upon pairing with guanine.” The PhpC have been used in a wide variety of

54

applications, for example for monitoring the biodistribution of siRNAs,”™ and for

enzyme recognition as cytosine mimic (Figure 1.7b).>

a Purine ring fusion
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Figure 1.7 Examples of purine and pyrimidine rings fusion modifications

The second category of modification involves manipulation of substituents on
the purine or pyrimidine rings to make the base fluorescence. The most well-known
fluorescent nucleobase in this category is 2-aminopurine (2-AP), in which the amino
group at the C-4 position of the six-membered of adenine moves to the C-2 position
as reported by Ward et. al. in 1996.”° The fluorescent nucleobase 2-AP specifically
recognize thymine, uracil or cytosine®” in the opposite strand. The fluorescence of 2-
AP is strongly quenched when the 2-AP modified probe binds with its complementary
target. The high fluorescence quantum yield and sensitivity towards base pairing make
2-AP as an important fluorescent base that has been employed in a wide range of
research such as probing the structures and dynamics of nucleic acids,”® studying the
local structure and thermodynamics of trinucleotide repeat,” investigation of
conformation and dynamics of abasic sites in DNA.?° Conjugation of a vinyl group at C-

8 position of guanine affords a new environment sensitive nucleobase 8-vinyl-2’-



deoxyguanosine (VdG). The base pairing ability of VdG with dC in complementary DNA
was retained as confirmed by melting temperature. The fluorescence was quenched
upon duplex formation especially when the adjacent nucleobases were guanine and

thymine (Figure 1.8a).”"

Other examples are C-5 modified pyrimidines with small five-membered ring
and bicyclic heterocycles compounds such as N-methylindole-, benzothiophene- and
benzofuran-nucleosides were synthesized through a standard Pd-catalyzed coupling
of halogenated nucleoside precursors and tributylstannylated heterocycles that retain
the native nucleic acid structures and functions and highly sensitive to
microenvironment.®“®*  Photophysical properties of a series of deoxyuridine
functinalized with five-membered heterocycles including thiophene, furan, oxazole
and thiazole were studied, which revealed remarkable photophysical properties of
furan modifed nucleoside (Figure 1.8b). Thus, the furan-labeled deoxyuridine was
utilized as a building block in oligonucleotide probe for the detection of abasic sites
in DNA. The fluorescence of 5-furan-modified deoxyuridine was quenched upon
hybridization with complementary DNA. However, a strong fluorescent enhancement
was observed by 7 folds (relative to that of perfect match hybridization) when the
duplex contain an abasic site located opposite the the modified base.®*
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Figure 1.8 Purine and pyrimidine rings substituents modification
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The last category of modification is the modification of purine or pyrimidine
rings by extended conjugated fluorophores. The C2- or C-8 position of purines are the
typical sites that can be modified through Pd-catalyzed cross coupling reactions.
Pyrene is one of the most popular fluorophores which possess high quantum efficiency
and exhibits environment-sensitive fluorescence behavior whereby the fluorescence
quantum yields is dependent on the polarity of the media. Quenching was observed
in low polarity environment and fluorescence enhancement was observed in high
polarity environment. Moreover, pyrene can form the -stacking with aromatic units
of nucleobases, and also intercalate into DNA duplexes leading to the increasing of
thermostability of the duplexes. Recently, several reports on pyrene-modified in DNA
and its analogues as fluorescent hybridization probes have been described.®*" In
addition, extending the T-conjugation between the nucleobases and pyrene moeites
can modify the photophysical properties of the nucleobase. Usually, acetylene bridges
are used to extend the conjugation providing a strong electronic coupling between
the pyrene and nucleobase.®®*’

a Purine ring extension by conjugated fluophore
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b Pyrimidine ring extension by conjugated fluophore
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Figure 1.9 Purines and pyrimidines ring extension by conjugated fluorophores

Several modified purine analogues have been investigated in the past decades.
Most notably, the fluorescent nucleoside consisting of 1-ethynylpyrene modified

adenine (A™F, Figure 1.9a) was employed to determine conformational change in G-
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quadruplexes. Incorporating the A™ at the dangling position of the G-rich
oligonucleotide sequences leads to exciplex formation as a result of stacking between
the pyrene chromophore and the guanine base in the quadruplex formed in the
presence of potassium ion. The emission maxima shifted towards longer wavelength
which can be visualized by naked eyes from blue (single-stranded DNA) to green color
(G-quadruplex). The increasing in melting temperature of the G-quadruplex containing
APE(T,,, in the range of 57.3-59.2 °C) relative to the natural G-quadruplex (T, in the
range of 55.9-56.4 °C) suggests that the A™" stacks with the end surface of the G-
quadruplex.” The A”-modified oligodeoxyadenylate can form a self duplex (A™=-poly dA)
that show a characteristic emission at ca. 580 nm. Addition of coralyne, which site-
selectively intercalated at the 3 sides of A™E leads to destabilization of the self-duplex,
resulting in dissociation of the A%*poly dA self-duplex as indicated in Figure 1.10. The
destabilizing of the self-stacking A -polydA was confirmed by decreasing of melting
temperature of the stacked A™® by 1.5-2.0 °C upon coralyne addition. Furthermore, a
decrease of fluorescence intensity as well as blue-shifting of the emission maxima
wavelength from ca. 580 nm (A™=poly dA) to 500 nm (A”=-poly dA with coralyne) were

observed.®
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Figure 1.10 The working principle of chromophore-guided DNA disassembly®®

From all experiments with olisodeoxynucleotides reported so far, it is
important to note that the A™" base showed low binding affinity and non-specific
binding when incorporated into DNA as indicated by very small differences in melting
temperature of mismatched duplexes by only 0.5-25 °C compared with
complementary DNA. In addition, the fluorescence emissions of the complementary

and mismatched hybrids did not show any significant difference.” This was explained
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by the partial intercalation of the pyrene within the duplex as a result of the
preference of the A” to adopt a syn conformation, resulting in lowering the binding
affinity as well as specificity.”""? In an attempt to improve the ability of A™* as a base
discriminating fluorescence nucleobase for the detection of single nucleotide
polymorphism (SNPs), the A™*-modified conformationally restricted DNA analogue
called locked nucleic acid (LNA) was developed based on the hypothesis that the
conformationally constrained structure of LNA might affect to the conformation of
pyrene in anti or syn conformation. Unfortunately, only small difference in the melting
temperatures (AT, = 1.0-5.0 °C) was again observed between complementary and
mismatched hybrids. In addition, very a small difference of the fluorescence emission

in both complementary and mismatch hybrids were observed.™

More examples in this area are the development of fluorescent DNA probe
using two pyrene-modifed nucleosides. The pyrene-modified alternating CG™*
oligonucleotides were designed to monitor the B-Z DNA transition. In the normal B-
DNA conformation, the G™® adopted a syn-conformation resulting in the pyrene
oriented in the major groove. In contrast, the C” adopted the anti-conformations,
exposing the pyrene outside the major groove. Such arrangement resulted in the
emission of blue fluorescence of pyrene monomers. At high salt concentration, the
CG-alternating DNA adopts a stable Z-DNA structure, in which the pyrene units of G™*
and C™ were forced to locate at the same groove, resulting in Tt-stacking and exciplex
formation and the B-Z transition was indicated by a switch from blue to bluish-green

fluorescence (Figure 1.11).”
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Figure 1.11 The structures of C” and G™* (A) and molecular modeling of B-DNA and
Z-DNA bearing G™F and C? (B). (The molecular modeling pictures were taken from Ref.

73)

Modification of pyrimidines with pyrene at C5-position have been studied in
the context of fluorescence oligonucleotide probes (Figure 1.9b). In contrast to A™F,
pyrenecarboxamide-modified deoxyuridine and deoxycytosine via a rigid propargyl
linker can be utilized as potential BDF probes for SNP typing in DNA sample containing
c-Ha-ras and BRCA2 gene. Discrimination of the ras gene c-Ha-ras sequence containing
a C/A SNP sites using pyrenecarboxamide-modified deoxyuridne (*U) showed a highly-
A-allele-selective with fluorescence enhancement by 25 folds relative to single-
stranded probe. No fluorescence change was observed in the corresponding C-allele
sequence. In addition, the fluorescence of pyrenecarboxaide-modified deoxycytidine
(™C) with BRCA2 sequences containing T/G sites was also highly specific to G-allele
sequence as indicated by an increase in fluorescence quantum yield from @ = 0.035
(single-stranded) to @ = 0.107 (G-allele). The researchers proposed that the A-
selective fluorescence enhancement resulted from the increased polarity around the
pyrene chromophore of ™U upon duplex formation as confirmed by molecular
modeling. The modeling study found that in the hybridized state, the "U adopted the
anti-conformation, and the pyrenecarboxamide group was exposed towards the more
polar environment outside the duplex, resulting in fluorescent enhancement upon
hybridization with perfect match. In the mismatched hybrid, the U adopted a syn
conformation through rotation of the glycosyl bond between the U and the sugar
ring, resulting in intercalation of the pyrene group in the more hydrophobic minor

groove, and therefore a fluorescence quenching (Figure 1.12).%
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Figure 1.12 The proposed structures of the hybridization of ™U probe with its (A)

complementary base pair (YU/A) and (B) mismatch base pair (YU/G)*

A series of pyrene-modified pyrimidine and purine base analogues directly

linked together through an ethynyl linker (Py—C=C—dX, where X is dA, dC, dG or dU)

was obtained from Sonogashira cross coupling reaction (Figure 1.13). The single-

stranded oligonucleotide bearing a single modified nucleoside Py—C=C—dX exhibited
distinct fluorescence spectra compared with complementary duplexes. The
complementary duplexes displayed different emission maxima wavelength and

fluorescence band structure indicative of the change to the electronic coupling of the

pyrene moiety and the nucleobase. The Py—C=C—dC and Py—C=C—dG showed a
weak electronic coupling between pyrene moiety and nucleobase rings (C and G) with
the emission maxima at 408/430 nm or 430/455 nm, respectively. In cases of
Py—C=C—dA and Py—C=C—dU, strong electronic couplings between pyrene and
nucleobase residues (A and U) were observed with a broad structure at emission
maxima 447 nm and 452 nm, respectively. Fluorescence enhancement was observed

in all complementary DNA duplexes, especially a more than 40 folds fluorescence

increase was observed in the complementary duplex of Py—C=C—dG."™
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Figure 1.13 The structures of the Py—C=C—dX modified DNA where X is dA, dG, dU or
dC74

Recently, an interesting white-light-emitting DNA oligonucleotide probes was
developed. Its working principle relies on interactions between pyrene-modified uracil
as a donor and Nile red-modified uracil as an acceptor. The pyrene and Nile red
fluorophores were attached at 5-position of two adjacent 2'-deoxyuridine via an
acetylene bridge. In the single-stranded state, the energy transfer from pyrene to Nile
red occurred as shown by fluorescence quenching at pyrene emission wavelength (A,
= 440 nm) upon excitation (Ae, = 380 nm) with simultaneous increase of Nile red
fluorescence emission (Ae, = 665 nm). When the complementary duplex was formed
in the presence of the complementary DNA target, the fluorescence changed into
white as a result of the combination of the fluorescence at 440 nm of the pyrene and
the fluorescence at 665 nm of the Nile red that were separated, resulting in a less

efficient energy transfer from pyrene to Nile red (Figure 1.14)."”
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Figure 1.14 The working principle of White-Light-Emitting DNA (WED) and the structures
of ethynylpyrene and ethynyl Nile red functionalized deoxyuridine”

1.3 Peptide nucleic acid (PNA)

Unnatural oligonucleotide analogues such as peptide nucleic acid (PNA) and
locked nucleic acid (LNA), have been increasingly used as biological tools. These

analogues generally offer greater chemical and biological stabilities, binding affinity
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and increased mismatch discrimination ability compared to DNA. Peptide nucleic acid
(PNA) is a remarkable rare example of DNA analogue with an entirely re-designed
synthetic backbone not consisting of the sugar-phosphate. The first example of PNA
(now known as aegPNA) was introduced by Nielsen and coworkers since 1991.7¢7
Unlike most other oligonucleotide analogues, the negatively-charged sugar-phosphate
backbone of DNA is completely substituted with an uncharged N-(2-aminoethyl)
glycine as the repetitive units, linked together by peptide bonds. The purine and

pyrimidine nucleobases are attached to the peptide backbone via methylene carbonyl

linkage (Figure 1.15).
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Figure 1.15 Basic structures of DNA and PNA. B = pyrimidine base (T or C) or purine
bases (A or G)

The absence of repulsive electrostatic force between PNA and its
complementary DNA target resulted in the higher affinity and specificity of the
recognition in PNA-DNA hybrid than DNA-DNA hybrid. Despite the great DNA binding
affinity of PNA probes, the specificity was not compromised as shown by the larger
destabilization of single mismatched hybrids of PNA-DNA than the corresponding DNA-
DNA. This makes PNA highly suitable for applications involving single mismatch
detections such as discrimination of point mutations or single nucleotide
polymorphisms (SNPs). Moreover, the unnatural peptide-like backbone of PNA makes
it stable over a wide range of pH and temperature, and contributes to its highly

resistance towards nucleases and proteases.’®®

The remarkable properties of aegPNA inspired the development of several
other PNA systems over the past 25 years.” The rather flexible structure of aegPNA
means that there must be entropic penalties in the hybridization process, resulting in

suboptimal binding affinities. Besides, aegPNA was experimentally shown to form
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stable hybrids with DNA in both antiparallel and parallel directions, which are not
desirable. Accordingly, several groups have adopted the idea of conformational
restriction of the PNA molecule to develop a more effective PNA.#? In this respect, a
novel conformationally restricted molecule called pyrrolidinyl PNA was developed by
Vilaivan and co-workers in 2005.2%* The pyrrolidinyl PNA structure can be divided into
two parts (Figure 1.16). The first part is the pyrrolidine monomer carrying the four
nucleobases (A, T, C and G) attached at 4-position of the pyrrolidine ring. This part is
equivalent to nucleosides in DNA. The second part is a cyclic f-amino acid that acts
as a spacer, which is equivalent to the phosphate group. A representative member of
pyrrolidinyl PNA is acpcPNA carrying a (2'R,4'R)-prolyl-(15,25)-2-
aminocyclopentanecarboxylic acid backbone. AcpcPNA showed an enhanced binding
affinity and higher specificity towards complementary DNA over other PNA systems
including the original aegPNA and the more recently developed Y-PNA.® Unlike
aegPNA, acpcPNA can only form hybrids with DNA in antiparallel fashion owing to the
conformationally constrained nature of the molecule.®® These properties suggest the
potential of acpcPNA as a candidate for development of hybridization probes for

nucleic acid hybridization.
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Figure 1.16 Comparison structures of aegPNA and acpcPNA. B = nucleobase (A, T, C or
G)

1.4 Fluorescence hybridization probes based on peptide nucleic acid

The remarkable properties of PNA in terms of binding affinity and specificity
over DNA-based probes make it a potential candidate for development of
hybridization responsive fluorescence probes for DNA sequences analysis. The
conjugation of bicyclic heterocycles, for example benzothiophene and benzofuran, to

the C5-position of uracil was performed in aegPNA (Figure 1.17) with the aim to
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develop fluorescence PNA probes.®> The small heterobicyclic substuent minimally
perturbed the hybridization efficiency, and the overall structure of the PNA as studied
by circular dicroism (CD) and UV melting analysis was similar to unmodified PNA.®" The
modified-aegPNAs displayed a substantial fluorescence enhancement in the presence
of both complementary and mismatched hybrids with a slightly blue-shifted
fluorescence emission. Due to the unsatisfactory fluorescence discrimination of these
modified aegPNA probes, graphene oxide was used to enhance the performance of
benzothiophene-aegPNA by fluorescence quenching of single-stranded PNA before
complementary DNA addition. The fluorescence intensity of the single stranded PNA
was quenched by 3 folds in the presence of GO. Subsequent addition of the
complementary DNA lead to a dramatically increased fluorescence signal by 4 folds

relative to the PNA-GO complex. *

5-benzothiophene modified uridine 5-benzofuran modified uridine

Figure 1.17 The structures of C5-modified with bicyclic heterocycles based PNA

The “G-clamp” pyrrolocytosine analogues, [bis-ortho-(aminoethoxy)phenyl]-
pyrrolocytosine (abbreviated as boPhpC), was synthesized based on the hypothesis
that this fluorescence monomer would interact with guanine by additional hydrogen
bonding between the protonated amino group of the side chain of boPhpC and O4 of
guanine (Figure 1.18).% The beneficial role of the additional hydrogen bonding with
guanine base in DNA was confirmed by the remarkable increase of melting
temperature by more than 9 °C, as well as the base discrimination ability of the
boPhpC to discriminate single-base mismatch as shown by the large AT, value of -
13.5 °C. The fluorescence of the complementary duplex was decreased by 50%
relative to the free PNA probe, which was consistent with the behavior of other

52-53

pyrrolocytosine derivatives such as MepC and PhpC in DNA probes.



19

boPhpC Guanine

Figure 1.18 Structure of boPhpC and proposed the hydrogen bonding interaction of
boPhpC with guanine base®

Due to the high sequence-specificity of acpcPNA, the development of such
PNA system as potential hybridization-responsive self-reporting fluorescence PNA
probes for DNA sequence analysis have been extensively explored by Vilaivan’s
group.®*° A pyrene-modified uracil incorporated into acpcPNA probes acts as a base
discriminating fluorescence nucleobase. It gave a strong fluorescence enhancement in
the presence of complementary DNA with high selectivity, showing the discrimination
factors between complementary and single-mismatched hybrids up to 3—42 folds,
depending on the sequences.’ Besides, modification of acpcPNA probe with
fluorophores can be made easily through post-synthetic modification via a novel
spacer, (3'R,4'S)-3-aminopyrrolidine-4-carboxylic acid (APC), which contains a secondary
amine group that allows simple functionalization of acpcPNA with a variety of
fluorophores at any predefinded positions in the PNA sequence, either through amide
bonds?** or via sequential reductive alkylation-click chemistry.”* Pyrene-modified
acpcPNA at internal position showed fluorescence enhancement when hybridized with
complementary DNA and quenching when hybridized with mismatched DNA due to
intercalation of the pyene inside the duplex as confirmed by molecular dynamics
simulation.” The acpcPNA modified with various fluorophores at the internal positions
have been successfully employed as self-reporting acpcPNA probes that show
fluorescence enhancement in the presence of correct DNA target. The thiazole
orange(TO)-labeled acpcPNA probe was highly sensitive to the presence of
complementary DNA by showing a strong fluorescence enhancement of ca. 22 folds

resulted from the restricted rotation of the thiazole orange dye when intercalated into
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the acpcPNA-DNA duplex. Although some non-specific fluorescence enhancement was
observed as a result of binding between TO and single stranded DNA, enzymatic
digestion by S1 nuclease was employed to improve the specificity of the TO-labeled
acpcPNA probe to between 9 and 60 folds for complementary and less than 3.5 folds
for mismatched hybrids.” Nile red-modified acpcPNA probes were also utilized as
hybridization-responsive probes to determine the oligonucleotide secondary structure
as a results of different arrangement of Nile red in single-stranded and double-stranded
states.” In addition, a highly sequence specific doubly-end-labeled acpcPNA probes
containing a fluorescent dye (FAM or TMR) and an end-stacking quencher
(anthraquinone) was recently developed. The fluorescent dye was quenched by the
anthraquinone in the single stranded probe. Upon duplex formation, the
anthraquinone was stacked on top of the terminal base pair of the PNA-DNA duplex,
resulting in its separation from the dye, and therefore fluorescence enhancement.”® A
strand displacement probe based on a fluorophore-labeled acpcPNA and a quencher-
labeled DNA was also developed and demonstrated to show high mismatch

discriminating ability.”’

1.5 Fluorescent oligonucleotide labeling methods

The important step for development of hybridization responsive fluorescent
oligonucleotide probes are the incorporation of a fluorescent nucleobase into
oligonucleotides. This can be achieved through three different approaches including i)
chemical synthesis of the fluorescence monomer and incorporation into the
oligonucleotides by chemical methods, i) chemical synthesis of the fluorescence
monomer and incorporation into the oligonucleotides by enzymatic methods and iii)
post-synthetic modification of pre-synthesized oligonucleotides.”*?® This section
focuses on only the chemical-based approaches which can be summarized in Figure

1.19.
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Figure 1.19 Synthetic approaches to palladium-catalyzed nucleobase

functionalization

In the pre-synthesized monomer approach, the fluorescent nucleobase
monomer is synthesized first as a reactive phosphoramidite, which will be
subsequently introduced to the oligonucleotide via solid phase synthesis. The
advantage of this method is the monomer can be incorporated site-selectively into
the oligonucleotide at any desired position. Although the majority of published work

#1% the methods involved the laborious and

employed this approach extensively,
time-consuming synthesis of the modified building blocks. Moreover, the building
blocks may not be stable for long-term storage, and are not always compatible with
the solid phase synthesis and cleavage conditions. In addition, the coupling efficiency
may be low for bulky monomers.® Another alternative approach that can overcome
these limitations is the post-synthetic modification, whereby one or more reactive
monomers are initially incorporated at the pre-defined positions of the
oligonucleotides via solid phase synthesis or enzymatic methods. Next, the reactive
monomer is modified via an appropriate chemical (or enzymatic) reaction. For
example, oligonucleotides incorporating halogenated nucleobases can be post-
synthetically modified by the palladium-catalyzed cross-coupling reactions. The 8-aryl-
guanine oligonucleotides were successfully synthesized via solution-phase post-
synthetic Suzuki-Miyaura cross-coupling reaction of 8-bromoguanine-containing
oligonucleotide with arylboronic acids treated with Pd(OAc),/TPPTS, the catalytic

system, and Na,COs; as base in aqueous acetonitrile at 70 °C to give the modified
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oligonucleotides up to 70% yield.'™ Post-synthetic modifications of 5-iodouracil-
modified oligonucleotides with arylboronic acids under mild condition has been
reported using Suzuki-Miyaura cross-coupling. The reactions between of the starting
material and various functionalized boronic esters including diazirine, azobenzene or
benzophenone were effectively performed with 2-aminopyrimidine-4,6-diol (APD) and
Pd(OAC), as catalyst under Tris buffer at 37 °C with practically complete conversion.'®?
The water-soluble palladium complex, 2-dimethylaminopyrimidine-4,6-diol was used
in copper-free Sonogashira cross-coupling reaction to incorporate a wide variety of aryl
iodides into peptides/proteins bearing a terminal alkyne group in aqueous media with
excellent yields. The palladium complex also utilized to functionalization an alkyne-
encoded protein in  Escherichia coli cells.'® In addition, the peptides and proteins
labeling approach was reported using a two-step labeling strategy. This approach
consisted of covalently attached of p-iodopheny derivatives to 13-amino-acid peptide
using Escherichia coli lipoic acid ligase A (LplA) as a reactive group subsequently
bioorthogonal palladium-catalyzed Sonogashira cross-coupling with alkyne-modified
fluorophore.'® The copper catalyzed alkyne-azide cycloaddition (CUAAC) reaction or
click chemistry is another popular method that allows effective labeling of an alkyne-
or azide-modified oligonucleotide with one or more reporter molecules (usually an
alkyne- or azide-modified dye). Click chemistry is particularly attractive for some
fluorophores are not compatible with the solid phase synthesis or cleavage
conditions.'® In one example, a quencher-free stemless PNA molecular beacons
carrying two pyrene was synthesized from the azide-containing PNA oligonucleotide

by click reaction with 1-ethynylpyrene for studying of cystic fibrosis gene.'®

1.6 Objectives of this research

This research aims to develop novel hybridization-responsive fluorescence PNA
probes based on the conformationally-constrained acpcPNA system previously
developed in this research group by incorporation of fluorescent nucleobases into the
PNA molecule. It was expected that the novel fluorescent acpcPNA probes would bind

to the correct DNA target and provide fluorescence change in a sequence specific
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fashion. The thesis is divided into two parts according to the modification strategies;
1) pre-synthesized monomers and 2) post-synthetic modification approaches. The first
part involves the synthesis of acpcPNA probes bearing 8-(pyrene-1-yl)-ethynyl-adenine
monomer (A™) and evaluation of its performance for DNA sequence detection. The
second part involves the development of new fluorescent acpcPNA probes through
post-synthetic modification of iodouracil-containing acpcPNA with arylboronic acids or
arylethynes via palladium-catalyzed cross couplings, as well as the evaluation of their

DNA binding and fluorescence properties.

Conventional approach

NH,
Pd-catalyzed

NH,
N= N\>_B cross-coupling N7 N\>—;P PNA synthesis N7 N\ — 5
k\N N . L\N LS ) —— k\N —=——Py

Post-synthetic modification

o (o} (o]

| [ Pd Ar

HN ; HN -catalyzed HN
}\)j/ _PNA synthesis _ )\)j/ cross-coupling )\ |
07N 07 N, - - |OTN
Jo] o] 14 \ o]
Z >/ 7 4
N7 oD NH N NH N
pm
Boc o) o
L _in \ L _n

Figure 1.20 Synthetic plan for fluorescence acpcPNA probes in this work



CHAPTER Il
EXPERIMENTAL SECTION

2.1 Materials and instruments

All reagent grade chemicals and solvents were purchased from standard
suppliers and used as received without further purification. HPLC grade solvents for
HPLC experiments were purchased from Merck and Scharlau. The reaction progress
was monitored by thin layer chromatography (TLC) purchased from Merck D.C. silica
gel 60 F254 0.2 mm pre-coated aluminium plates and observed spots on TLC by
visualization under UV light (254 nm). Column chromatography was performed on silica
gel 70-230 mesh. Graphene oxide nanocolliods (GO) were purchased from Sigma
Aldrich. Reduced graphene oxide (rGO) was synthesized via hydrazine reduction of

graphene oxide as previously reported.*®’

Anhydrous N,N-dimethylformamide (H,O < 0.01%) for solid phase peptide
synthesis was purchased from RCI Labscan (Thailand) and dried over activated 4A
molecular sieves before use. Tentagel S-RAM Fmoc resin (0.24 mmol/g) was used as a
solid support for peptide synthesis and purchased from Fluka. Oliconucleotides were
purchased from Pacific Science (Thailand) or BioDesign (Thailand). Milli-Q water in all
experiments were obtained from an ultrapure water system fitted with a Millipak® 40

filtter unit 0.22 um, Millipore (USA).

Melting points were determined by using an electrothermal melting point
apparatus model 9100. Optical rotation ([a]°) was measured on a Jasco P-1010
Polarimeter using sodium light (D line, 589.3 nm) and the concentrations (c) are
reported as ¢/100 mL. Infrared spectra were recorded on Nicolet 6700 Infrared (IR)
spectrometer. 'H NMR were recorded on Varian Mercury-400 plus or Bruker Avance
400 NMR spectrometer at 400 MHz and 100 MHz for >C NMR. High resolution mass
spectra (HRMS) were measured on Bruker Daltonics micrOTOF mass spectrometer
(Department of Chemistry, Faculty of Science, Mahidol University) for all new

compounds. High resolution MALDI-TOF mass spectra (HRMS) were measured on JEOL
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spiralTOF mass spectrometer model JMS-S3000 (Scientific and Technology Research
Equipment Centre, Chulalongkorn University) for a new compound. Reversed phase
HPLC were performed on a Waters Delta 600 HPLC equipped with a gradient pump,
Water 996TM photodiode array detector and ACE 5 A71197, C18-AR, 150x4.6 mm, 5
Um particle size HPLC column for semipreparative separation or Vertisep UPS, 50x4.6
mm, 3 Um particle size HPLC column for analysis of PNA. MALDI-TOF mass spectra

were performed on a Microflex MALDI-TOF mass spectrometry (Bruker Daltonics) using

Ol-cyano-4-hydroxycinnamic acid (CCA) as a matrix. Fluorescence spectra were
recorded on Cary Eclipse fluorescence spectrophotometer (Varian/Agilent
Technologies). Thermal denaturation (T.) experiments and UV-vis spectra were
recorded on Cary 100 Bio UV-vis spectrophotometer (Varian/Agilent Technologies). CD
spectra were determined by JASCO Model J-815 spectropolarimeter.

2.2 Synthesis of pyrrolidinyl PNA monomers, ACPC spacer

All Fmoc-protected pyrrolidinyl PNA monomers and ACPC spacer consisting of
A%, C¥ T and G monomers were synthesized according to previously published

protocols 1%

o
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Fmoc-T-OPfp (18, 25)-ACPC-OPfp
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Figure 2.1 Structures of pyrrolidinyl PNA monomers and ACPC spacer for solid phase
peptide synthesis
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Experimental procedure

Part I: Synthesis of fluorescence acpcPNA via pre-synthesized fluorescence

monomer approach
2.3 Synthesis of A”E-modified pyrrolidinyl PNA monomer

2.3.1 Synthesis of N-tert-Butoxycarbonyl-cis-(4'R)-(8-bromoadenine-9-yl)-
(2’R)-proline diphenylmethyl ester (2)

NH,
2 N
op O s
0 S N
J\Q wOTs 8bromoadenlne W
(@)
"K,CO5, DMF, 80°C O N
O:<
x A

1 2

N-tert-butoxycarbony!l-trans-a-(p-tolylsulfonyloxy)-2'R-proline diphenylmethyl
ester 1 (102.73 mg, 1.86 mmol), 8-bromoadenine!®” (445.2 mg, 2.10 mmol) and
anhydrous K,COs (697.0 mg, 5.04 mmol) in anhydrous DMF (5 mL) was stirred under
nitrogen at 80°C for 8 h. After aqueous work-up, the crude product was purified by
column chromatography on silica gel using ethyl acetate/hexanes (50:50) as eluent to
obtain 2 (234.1 mg, 21% yield) as an off-white solid. R; = 0.18 (hexanes/ethyl acetate
50:50); m.p. 119.5-120.9 °C; [a]*®; = +43.9° (c = 1.14 g/100 mL, CHCls); Vipax = 1739.9,
1693.6, 1632.8, 1595.2, 1389.7, 1155.3, 1126.4 cm™; 'H NMR (400 MHz, CDCLls) (Figure
A1): 01.18, 1.37 (2xs, 9H, CHs-Boc), 3.11 (m, 1H, CH,-3), 3.33 (m, 1H, CH,-3), 3.90, 4.04
(m, 2H, CH,-5), 4.51, 4.61 (m, 1H, CH-2), 5.08 (m. 1H, CH-4"), 6.02 (br s, 2H, NH,) 6.93 (s,
1H, CHPh,), 7.21-7.39 (m, 10H, Phenyl Dpm), 8.05 (s, 1H, CH adenine), >C NMR (100
MHz, CDCls) (Figure A2): O 27.9 and 28.3 (CH5; Boc rotamers), 31.5 and 32.4 (CH,(3)
rotamers), 47.3 and 47.6 (CH,(5") rotamers), 54.1 and 54.5 (CH(4') rotamers), 57.6 and
57.9 (CH(2) rotamers), 77.6 and 77.8 (CH Dpm rotamers), 80.8 and 80.9 (CCH; Boc
rotamers), 120.3 (C5 adenine), 127.1-128.5 (CH Ar Dpm), 139.5 and 139.6 (C Dpm), 151.2
(C6 adenine), 152.4 (CH(2) adenine), 153.3 and 154.1 (CO Boc rotamers), 170.47 (CO
proline); HRMS (ESI): m/z calcd for CogHaoBrNgOg+H™: 593.1512 [M+H]"; found:
593.1511.
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2.3.2 Synthesis of N-tert-Butoxycarbonyl-(4'R)-[8-(pyrene-1-
yDethynyladenine-9-yl]-(2'R)-proline diphenylmethyl ester (3)

N ’
k \ Br
o 1-ethynylpyrene, Pd(PPhs),Cl,, o SN

Cul, EtzN, DMF, 80 °C

# O o#
A A

2 3

To a stirring mixture of the 8-bromoadenine intermediate 2 (159.2 mg, 0.27
mmol), Pd(PPhs),Cl, (47.0 mg, 0.07 mmol), 1-ethynylpyrene (105.7 mg, 0.47mmol) and
Cul (16.7 mg, 0.03 mmol) in degassed DMF was added Et;N (110 pL, 0.79 mmol) at
room temperature under nitrogen. After that, the reaction mixture was heated to 80°C
with stirring under nitrogen for 8 h. After completion of the reaction as monitored by
TLC, the crude product was diluted with dichloromethane and washed with water,
dried over Na,SO, and concentrated. The crude product was purified by column
chromatography on silica gel eluting with dichloromethane/methanol (100:1 to 100:7)
to afford 149.2 mg (75% vyield) of the desired product 3 as a brown solid. R¢ = 0.24
(hexanes/ethyl acetate 50:50); m.p. 149.8-151.4 °C; [a]*°, = +78.5° (c = 0.26 g/100 mL,
CHCLy); IRATR): Vs = 2200.0, 1745.0, 1690.7, 1647.0, 1389.7, 1363.0, 1152.4 cm-1; 1H
NMR (400 MHz, CDCls) (Figure A3): 0 1.30, 1.50 (2xs, 9H, CHs-Boc), 2.60 (br s, 1H, CH,-
3), 2.90 (br s, 1H, CH,-3), 4.04, 4.16 (m, 2H, CH,-5), 4.54, 4.66 (m, 1H, CH-2), 5.15 (m.
1H, CH-4), 6.92 (s, 1H, CHPh,), 7.11-7.31 (m, 10H, Phenyl Dpm), 8.00-8.28 (m, 9H, CH
Pyr), 8.45 (s, 1H, CH adenine), ">C NMR (100 MHz, CDCls) (Figure A4): 6 28.0 and 28.4
(CH5 Boc rotamers), 32.3 and 33.3 (CH,(3") rotamers), 48.2 and 48.4 (CH(5") rotamers),
53.2 and 53.9 (CH(4') rotamers), 57.6 and 57.9 (CH(2) rotamers), 77.6 and 77.8 (CH Dpm
rotamers), 81.1 and 82.6 (CCH; Boc rotamers), 97.5 (C11), 113.3 (C10), 119.3 (C5
adenine), 123.6 (C pyrene), 123.9 (C pyrene), 124.4 (CH(2) adenine), 124.6 (CH pyrene),
126.6 (CH pyrene), 126.8 (CH pyrene), 127.1 (CH Ar Dpm), 127.2 (CH pyrene), 128.5 (CH
Ar Dpm), 129.6 (CH pyrene), 129.7 (CH pyrene), 130.1 (C pyrene), 130.5 (C pyrene),
130.9 (C pyrene), 132.5 (C pyrene), 132.7 (C pyrene), 139.6 and 139.5 (C Dpm), 139.8
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(C4 adenine), 148.6 (C6 adenine), 153.8 and 153.4 (CO Boc rotamers), 170.3 (CO
proline); HRMS (ESI"): m/z calcd for CagHsgNgOg+H": 739.3033 [M+H]"; found: 739.3039.

2.3.3 Synthesis of N-Fluoren-9-ylmethoxycarbonyl-(4'R)-[8-(pyrene-1-
yDethynyl-adenine-9-yl]-(2'R)-proline (4)

NH; 0 a) pTsOH, MeCN NH2 OQ

N7 N Q b) FmocCl, DIEA; N7 N Q

O = O ¢) TFA:CH,Cly:anisole [ >—== O
O Sy N (4:4:1), iPr3SiH o X N

o o~

O O

%

3

To a solution of compound 3 (338.4 mg, 0.46 mmol) in MeCN (3 mL) was
treated with p-toluenesulfonic acid monohydrate (591.5 mg, 3.11 mmol) at room
temperature for 4 h. After the Boc-deprotection was completed as monitored by TLC,
DIEA (595 mL, 3.41 mmol) was added to the reaction mixture followed by FmocCl
(232.2 mg, 0.89 mmol), continued stirring at room temperature. After the reaction was
consumed (as indicated by TLC), the solvent was removed under reduced pressure
and the residue was purified by column chromatography on silica gel eluting with ethyl
acetate/hexanes (60:40) to obtain Fmoc-protected intermediate. Then, the Fmoc/Dpm
intermediate (101.6 mg, 0.12 mmol) was treated with 1:4:4 anisole:trifluoroacetic
acid:CH,Cl, (2 mL) and triisopropylsilane (1 drop) for 1 h at room temperature to
remove the diphenylmethyl ester group (monitored by TLC). The solvents were
removed by gentle stream of nitrogen, washed with diethyl ether to give a yellow
solid 4 (74.4 mg, 65% yield from 3).""° R; = 0.31 (dichloromethane/methanol 9:1); m.p.
decomposed at 185 °C; [a]*’, = +18.7° (c = 0.525 g/100 mL, DMF); IR(ATR): Vipax =
2200.0, 1690.7, 1415.7, 1175.6, 1126.4 cm™; 'H NMR (400 MHz, CDCls) (Figure A5): &
2.88 and 3.12 (m, 2H, CHy(3) rotamers), 4.13 (m, 1H, CH Fmoc), 4.20 (m, 2H, CHy(5)
rotamers), 4.31 (m, 2H, CH, Fmoc), 4.47, 4.68 (2xm, 1H, CH-2" rotamers), 5.63 (m, 1H,
CH(4') rotamers), 7.18-7.21 (m, 2H, CH Fmoc), 7.27-7.41 (m, 2H, CH Fmoc), 7.62-7.71 (m,
2H, CH Fmoc), 7.78-7.88 (m, 2H, CH Fmoc), 8.17-8.43 [m, 9H, c), 8.56 (s, 1H, CH-2
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adenine), *C NMR (100 MHz, CDCls) (Figure A6): O 32.6 and 33.5 (CH,(3) rotamers),
46.5 and 46.7 (CH,(5") rotamers), 48.3 (CH Fmoc), 52.6 and 53.2 (CH(4') rotamers), 57.2
and 57.6 (CH(2) rotamers), 66.9 and 67.3 (CH, Fmoc), 94.2 (C11), 113.8 (C10), 119.5 (C5
adenine), 119.9 (CH Ar Fmoc), 123.2 (C pyrene), 123.5 (C pyrene), 124.1 (CH-2 adenine),
124.9 (CH pyrene), 125.0 (CH Ar Fmoc), 125.2 (CH pyrene), 126.4 (CH pyrene), 126.5 (CH
pyrene), 126.9 (CH Ar Fmoc), 127.2 (CH pyrene), 127.5 (CH Ar Fmoc), 127.7 (C pyrene),
129.2 (CH pyrene), 129.6 (CH pyrene), 130.2-133.7 (C pyrene), 140.5 (CH Ar Fmoc), 143.6
(C Ar Fmoo), 149.4 (C8 adenine), 151.6 (C6 adenine), 153.8, 153.9 (CO Fmoc), 172.5 and
173.1 (CO Proline); HRMS (ESI"): m/z calcd for CgsHsoNgOq+Na™: 717.2226 [M+Na]’;
found: 717.2226.

PNA sequences that were synthesized from the pre-synthesized A monomer
(4) as a building block are shown in Table 2.1. Details of the PNA synthesis can be

found in the section 2.5.

Table 2.1 Sequences of fluorescent modified-nucleobases acpcPNA by incorporating

fluorescent monomers

Code of PNA Sequence (N—C)

T4(A™E)T4 Ac-TTTTAYETTTT-LysNH,
T8(A™5)2 0B Lys-TTTT A”EAYETTTT-LysNH,
T8(A™9)2 3B Lys-TTAYSTTTAYETTT-LysNH,
M12T(AYE)T  Lys-AGTCATAYETA CTG-LysNH,
M12AAE)A  Lys-AGTCAAATFAACTG-LysNH,
M12G(A™F)G  Lys-AGTCAGA™EGACTG-LysNH,
M12C(AP)C  Lys-AGTCACA™*CACTG-LysNH,
AYEM12 Lys-A™Y"GTCATATACTG-LysNH,
M10AA™E)C  Ac-GTAGAA™ECACT-LysNH,
M10G(A™H)T  Ac-GTAGA™ TCACT-LysNH,
CAG(A™E) Lys-CAGCA™Y*GCAGCAG-LysNH,
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Part Il: Synthesis of fluorescence acpcPNA via post-synthetic modification

approach
2.4 Synthesis of IU*>-modified pyrrolidinyl PNA monomer

2.4.1 Synthesis of N-tert-Butoxycarbonyl-cis-4-(N* -benzoyl-5-iodouracil-1-
yD-(2'R)-proline diphenylmethyl ester (6)

WOH  p3. - , N_ _NBz
OJ\@ N3-benzoyl-5-iodouracil o C 'S
PPha, DIAD, THF O o)
(0 o o~
%o %o
5 6

5-lodouracil pyrrolidinyl PNA monomer 6 was synthesized from the protected
hydroxyproline 5 (0.2489 g, 0.63 mmol) and N°-benzoyl-5-iodouracil'! (0.2416 g, 0.71
mmol) according to a previously reported procedure’ via Mitsunobu reaction to
obtain the Boc/Dpm 6 as white solid (196.1 mg, 43% yield). "H NMR (400 MHz, CDCls):
0 1.30 and 1.49 (2s, 9H; CH; Boc rotamers), 2.04 (m, 1H; 1 x CH,(3")), 2.83 (m, 1H; 1 x
CH,(3")), 3.57 and 3.71 (m, 1H; 1 x CH,(5’) rotamers), 3.99 (m, 1H; 1 x CH(5’) rotamers),
4.50 and 4.59 (m, 1H; CH(4’) rotamers) 5.17 (m, 1H; CH(2)), 6.96 (s, 1H; CHPh,), 7.26 (s,
1H; C(6)H Thymine), 7.36 (m, 10H; Dpm ArH), 7.48 (dd, J = 7.0, 7.4 Hz, 2H; CH(3,5) Bz),
7.66 (t, J = 7.3 Hz, 1H; CH(4) Bz), 7.86 ppm (m, 2H; CH(2,6) Bz). The spectroscopic data

was consistent to the literature.”*

2.4.2 Synthesis of N-Fluoren-9-ylmethoxycarbonyl-cis-(4'R)-(5-iodouracil-1-
yD1-(2R)-proline -proline (7)

<

N NBZ i) TFA,CH,Cl,
Oy o

(¢} ii) FmocOSu, NaHCO3, S
O o<( CH4CN:H,0 o<

%

N-tert-Butoxycarbony!l-cis-4-(N*-benzoy!-5-iodouracil-1-yl)-D-proline
diphenylmethyl ester (6) (232.4 mg, 0.38 mmol) was dissolved in a mixture of
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trifluoroacetic acid in dichloromethane (1:1, 3 mL) then left stirring for overnight. After
completing the reaction (monitored by TLC), the solvent was removed by a stream of
nitrogen and the residue was washed with diethyl ether three times to obtain a
precipitate. Next, the solution of the monomer was dissolved acetonitrile:H,0O (1:1)
followed by NaHCO, (80.7 mg, 0.96 mmol) and N-(9-
fluorenylmethoxycarbonyloxy)succinimide (146.7 mg, 0.43 mmol) with stirring. The
reaction mixture was stirred at room temperature overnight. After extraction with
diethyl ether, the aqueous phase was collected and purged with a stream of nitrogen
gas to remove the residual ether. Acidification by conc. HCl caused precipitation of the
product, which was filtered off, washed with cold water followed by diethyl ether to

afford the N-Fmoc-protected iodouracil monomer (7) as a white solid (148.5 mg, 55%
yield). R = 0.42 (dichloromethane/methanol 8:2); m.p. 214-217 °C; [(L]*°, = -9.34° (c

= 1.0 g/100 mL, DMF); IR(ATR): Viax = 3063.2, 1685.5, 1420.1, 1176.5 1119.7 cm™; 'H
NMR (400 MHz, DMSO-d,) (Figure AT7): ¢ 2.28 and 2.33 (m, 1H, CH,(3") rotamers), 2.66
and 2.73 (m, 1H, CH.(3) rotamers), 3.60 (m, 1H, CH,(5) rotamers), 3.89 (m, 1H, CHx(5")
rotamers), 4.23 (m, 1H, CH Fmoc), 4.29 (m, 2H, CH, Fmoc), 4.44 (m, 1H, CH(2") rotamers),
4.91 (m, 1H, CH(4) rotamers), 7.35 (m, 2H, CH Fmoc), 7.43 (m, 2H, CH Fmoc), 7.67 (d,
J =7.7Hz, 2H, CH Fmoc), 7.89 (d, J = 7.9 Hz, 2H, CH Fmoo), 8.12 (s, 1H, H6 Thymine),
11.69 [s, 1H, NH Thymine), 12.93 (br s, 1H, OH), *C NMR (100 MHz, DMSO-d) (Figure
A8): 032.7 and 33.8 (CH,(3) rotamers), 46.6 (CH Fmoc), 48.6 and 49.1 (CH,(5") rotamers),
53.7 and 54.3 (CH(4') rotamers), 57.0 and 57.4 (CH(2") rotamers), 67.0 and 67.3 (CH,
Fmoc), 68.9 (C5 Thymine), 120.1 (CH Ar Fmoc), 125.2 (CH Ar Fmoc), 127.2, 127.7 (CH Ar
Fmoc), 140.7 (C Ar Fmoc), 143.9 (C Ar Fmoc), 146.9 (C6H Thymine), 150.6 (C2 Thymine),
153.9 (CO Fmoc), 160.5 (C4 Thymine), 172.6, 173.1 (CO Proline); HRMS (MALDI-TOF):
m/z calcd for CugHogIN3sOg+Na™: 596.0294 [M+Na]"; found: 596.0286.
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2.5 General procedure for post-synthetic modification of acpcPNA by

Sonogashira reaction
2.5.1 Post-synthetic Sonogashira reaction in solution phase

General reaction conditions:

(0] Ar O
| X
9 8§
N0 Ar—= N0

NSNS PR SITER S\ NSNS

Functionalization of 5-iodouracil acpcPNA with 1-ethynylpyrene and 2-
ethynylfluorene via Sonogashira reaction were accomplished in solution phase. All
reagents and 5-iodouracil-modified acpcPNA were prepared as stock solutions by
dissolving in DMF: arylethynes (2.0 M), palladium(ll) bis(triphenylphosphine) dichloride
[Pd(PPhs),Cl,] (0.025 M), copper(l) iodide [Cul] (0.06 M) and triethylamine (0.2 M). The
5-iodouracil acpcPNA (0.25 pmol) was mixed with the arylethynes (500 equiv.),
palladium(ll) bis(triphenylphosphine) dichloride [Pd(PPhs),Cl,] (2.5 equiv.), copper(l)
iodide [Cul] (3.0 equiv.) and triethylamine (16.3 equiv.) with a total volume of 500 pL
in 1.5 mL Eppendorf tube. The reaction was performed at 80 °C for the specified
period of time. The progress of the reaction was monitored by MALDI-TOF mass
spectrometry. After completing of the reaction, the reaction mixture was centrifuged
and the supernatant passed through a C18 cartridge (100 mg/1mL), followed by
washing with 10% aqueous acetonitrile for several times (100 pL, 5 times). The
collected fractions were freeze-dried to afford the crude arylethyne-modified acpcPNA
as a yellow solid. The crude PNA was re-dissolved in acetonitrile (120 pL) and purified

by reversed phase HPLC to obtain the arylethyne-modified acpcPNA.
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5-(pyrene-1-yDethynyluracil (U™F) acpcPNA

%&V‘

Pd(PPh3),Cl,, Cul, TEA
DMF, 80°C, 4 hours

T4UPYET4

The 5-iodouracil-modified acpcPNA (0.25 umol, 500 M), 1-ethynylpyrene (125
pmol, 500 equiv.), Pd(PPh3),Cl, (0.63 wmol, 2.5 equiv.), Cul (0.75 umol, 3 equiv.),
triethylamine (4.08 pmol, 16.3 equiv.) in DMF (500 mL) were heated for 4 hours at 80
°C to give 5{pyrene-1-ylethynyluracil acpcPNA in 14.4% yield after HPLC purification.

2.5.2 Post-synthetic Sonogashira reaction on the solid phase

a) 5-(pyrene-1-ylfuranouracil acpcPNA via Rink amide (RAM) linker

0 Pes

| 2 = U
HN (o] (o]
P ) o N, Q O o L, Q
\/\/\/\f”ﬁr” O { m/\/\/_LysTrN O "
Pd(PPhj3),Cly, Cul, TEA
(o] l OMe D?VlZF, 30 oC o) ! OMe
OMe OMe

TFA cleavage
_

T4fuPYT4

The 5-iodouracil modified acpcPNA was first synthesized on the solid support
carrying an acid-labile Fmoc-protected Rink amide (RAM) linker (see details in section
2.7.1). The post-synthetic Sonogashira reaction was performed on the solid support in
the presence of 1l-ethynylpyrene (500 equiv.), palladium(ll) bis(triphenylphosphine)
dichloride [Pd(PPhs),Cl,] (2.5 equiv.), copper(l) iodide (3.0 equiv.) and triethylamine
(16.3 equiv.) in DMF (500 pL) at 80 °C for 6 hours. The reaction progress was monitored
by MALDI-TOF mass spectrometry. After the reaction was completed, the resin was
extensively washed with DMF and methanol to remove the excess reagents. Then, the

modified PNA was next cleaved by treatment with 10% triisopropylsilane in
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trifluoroacetic acid (500 pLx30 minx3). The acid was removed by a gentle stream of
nitrogen, then the PNA residue was precipitated with diethyl ether to obtain a crude
PNA as yellow solid after air drying. The crude PNA was further purified by reverse
phase HPLC. This was not the expected 5-(pyren-1-yl)-modified uracil but was later

confirmed to be the cyclized furanouracil product.

b) 5-(pyrene-1-ylDethynyluracil acpcPNA via hydroxymethylben-
zoyl (HMBA) linker
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In this method, the 5-iodouracil modified acpcPNA was first synthesized on a
solid support carrying a base-labile hydroxymethylbenzoyl (HMBA) linker instead of
the usual Rink amide linker (see details in section 2.7.1). The post-synthetic
Sonogashira reaction was performed with the fully protected PNA while still attached
on the solid support in the presence of 1-ethynylpyrene (500 equiv.), palladium(ll)
bis(triphenylphosphine) dichloride [Pd(PPhs),Cl,] (2.5 equiv.), copper(l) iodide (3.0
equiv.) and triethylamine (16.3 equiv.) in DMF (500 pL) at 80 °C for 18 hours. The
reaction progress was monitored by MALDI-TOF mass spectrometry. After the reaction
was completed, the resin was extensively washed with DMF to remove the excess
reagents. Then, the modified PNA was cleaved by treatment with 1:1 aqueous
NHs/dioxane at 65 °C overnight. The solvents were removed under a stream of
nitrogen and the residue was washed with diethyl ether to afford the crude product
as a yellow solid, however, MALDI-TOF analysis revealed a complex mixture containing

only trace of the desired product, which was not further isolated.
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2.6 General procedure for post-synthetic modification of acpcPNA by Suzuki-

Miyaura reaction in solution phase

General reaction conditions:

0]
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7 ONH Ar\fJ\NH
N/&O Ar-BF 5K /&O

N

\/\/\N Pd(OAc),, TPPTS, CsCO3 \/\/J\/\/

H,0:CH4CN (2:1), SiO,, 60 °C

s? W o? D U+ Ty

Post-synthetic modification of 5-iodouracil-modified acpcPNA with potassium

aryltrifluoroborates to obtain 5-aryluracil acpcPNA were accomplished via Suzuki-
Miyaura reaction. The 5-iodouracil-modified acpcPNA were dissolved in minimum
amounts of Milli Q water and other reagents were prepared as stock solutions:
palladium(ll) acetate [Pd(OAC),] (0.05 M) in acetonitrile, potassium aryltrifluoroborate
(2.5 M), triphenylphosphine-3,3,3"-trisulfonic acid trisodium salt (TPPTS) (0.5 M) and
cesium carbonate (0.25 M) in Milli Q water. The reagents were added to the iodouracil
acpcPNA as follows: aryltrifluoroborates (100 equiv.), PA(OAC), (2.0 equiv), TPPTS (4.0
equiv.) and cesium carbonate (3.0 equiv.) in aqueous acetonitrile (H,O:MeCN = 2:1)
with a total volume of 500 UL in Eppendorf tube. Catalytic amounts of SiO, (column
chromatography grade, 4.0 mg) was next added to the resulting solution. The reaction
was heated at 60 °C for the specified period of time. The reaction progress was
monitored by MALDI-TOF mass spectrometry. After the starting 5-iodouracil acpcPNA
was consumed, the reaction mixture was centrifuged and the supernatant was passed
through a C18 cartridge (100 mg/1mL), followed by washing with 10% aqueous
acetonitrile (5 x 100 pL). The collected fractions were lyophilized to obtain crude 5-
aryluracil acpcPNA as off-white solid. The crude PNA was re-dissolved in Milli Q water
(120 pL) and purified by reversed phase HPLC to afford the pure aryl-modified
acpcPNA.
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5-(Thiophen-2-yDuracil (U?™) acpcPNA
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The reaction mixture containing 5-iodouracil-modified acpcPNA (0.25 pmol,
500 M), potassium thiophene-2-trifluoroborate (25 pmol, 100 equiv.), Pd(OAc), (0.5
tmol, 2 equiv.), TPPTS (1 pmol, 4 equiv.), Cs,CO5 (0.75 umol, 3 equiv.) and SiO,
(column chromatography grade, 4.0 mg) catalytic amount) in aqueous acetonitrile
(H,O:MeCN = 2:1) (total volume = 500 UL) was heated at 60 °C for 4 hours to afford

5-(thiophen-2-yluracil acpcPNA in 2.2% yield after HPLC purification.

5-(Thiophen-3-yDuracil (U*™) acpcPNA
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The 5-iodouracil-modified acpcPNA (0.25 umol, 500 HM), potassium
thiophene-3-trifluoroborate (25 pimol, 100 equiv.), Pd(OAC), (0.5 umol, 2 equiv.), TPPTS
(1 pmol, 4 equiv.), Cs,CO5 (0.75 pmol, 3 equiv.) and SiO;, (column chromatography
grade, 4.0 g) were dissolved in aqueous acetonitrile (H,O:MeCN = 2:1) for 4 hours at 60

°C to afford 5-(thiophen-3-yluracil acpcPNA in 10.3% yield after HPLC purification.

5-(Fur-2-yluracil (U*") acpcPNA
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The 5-iodouracil-modified acpcPNA (0.25 pimol, 500 tM), potassium furan-2-
trifluoroborate (25 umol, 100 equiv.), Pd(OAC), (0.5 umol, 2 equiv.), TPPTS (1 pmol, 4
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equiv.), Cs,CO5 (0.75 pmol, 3 equiv.) and SiO, (column chromatography grade, 4.0 g)
were dissolved in aqueous acetonitrile (H,O0:MeCN = 2:1) for 8 hours at 60 °C to afford

5-(fur-2-yQuracil acpcPNA in 30.8% yield after HPLC purification.

5-(Fur-3-yluracil (U*) acpcPNA
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The 5-iodouracil-modified acpcPNA (0.25 pmol, 500 pM), potassium furan-3-
trifluoroborate (25 pmol, 100 equiv.), Pd(OAc), (0.5 umol, 2 equiv.), TPPTS (1 pmol, 4
equiv.), Cs,COs3 (0.75 mM, 3 equiv.) and SiO, (column chromatography grade, 4.0 g)
were dissolved in aqueous acetonitrile (H,O:MeCN = 2:1) for 8 hours at 60 °C to afford

5-(fur-3-yluracil acpcPNA in 28.0% yield after HPLC purification.

5-(Benzothiophene-2-yluracil (U*®T) acpcPNA

S
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60 °C, 8h
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The 5-iodouracil-modified acpcPNA (0.25 umol, 500 HM), potassium
benzothiophene-2-trifluoroborate (25 pmol, 100 equiv.), PA(OAc), (0.5 pimol, 2 equiv.),
TPPTS (1 pmol, 4 equiv.), Cs,COs; (0.75 umol, 3 equiv.) and SiO, (column
chromatography grade, 4.0 g) were dissolved in aqueous acetonitrile (H,O:MeCN = 2:1)
for 8 hours at 60 °C to afford 5-(benzothiophene-2-yluracil acpcPNA in 2.9% vyield
after HPLC puirification.



5-(Benzofuran-2-yl)uracil (U?**7) acpcPNA

The 5-iodouracil-modified acpcPNA (0.25 umol, 500 pM),
benzofuran-2-trifluoroborate (25 wmol, 100 equiv.), Pd(OAc), (0.5 pmol, 2 equiv.),
TPPTS (1 pmol, 4 equiv.), Cs,COs; (0.75 umol, 3 equiv.) and SiO, (column
chromatography grade, 4.0 g) were dissolved in aqueous acetonitrile (H,O:MeCN = 2:1)
for 8 hours at 60 °C to afford 5-(benzofuran-2-yl)uracil acpcPNA in 35.0% yield after
HPLC purification.

The modified-acpcPNA successfully synthesized by post-synthetic modification
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according to this study are summarized in Table 2.2.

Table 2.2 Sequences of fluorescence modified nucleobases acpcPNA by post-

synthetic modification

\/\/\/\/ Pd(OAc),, TPPTS, CsCO, \/\/J\/\/

Code of PNA Sequence (N—>C) Reaction Synthetic method
T4U?™T4 Ac-TTTTUPM TTTT-LysNH, Suzuki-Miyaura Solution
T4U*™ T4 Ac-TTTTU ™ TTTT-LysNH, Suzuki-Miyaura Solution
T4U% T4 Ac-TTTTUZTTTT-LysNH, Suzuki-Miyaura Solution
T4U* T4 AC-TTTTUTTTT-LysNH, Suzuki-Miyaura Solution
T4aU®'T4 Ac-TTTTU?TTTTT-LysNH, Suzuki-Miyaura Solution
T8U® T4 Ac-TTTTU? TTTT-LysNH, Suzuki-Miyaura Solution
T4UET4 Ac-TTTTUPETTTT-LysNH, Sonogashira Solution
T4fu™ T4 Ac-TTTTFUMTTTT-LysNH, Sonogashira Solid?
M10UPE Ac-GTAGAU™ECACT-LysNH, Sonogashira Solution
Lys2M10UPE  Ac-Lys-GTAGAUPECACT-LysNH, Sonogashira Solid®

2Rink amide linker. ® HMBA linker; This modified acpcPNA was not successfully synthesized.

potassium
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2.7 General procedure for the synthesis of acpcPNA
2.7.1 Solid phase synthesis of acpcPNA

AWl acpcPNA were synthesized via Fmoc solid phase peptide synthesis
according to the same procedure as previously reported using Fmoc-protected
acpcPNA monomers (A%, T, €%, G, U®, A™) and ACPC spacer at 0.5 to 1.5 pumol
scales.®* 1% 112 One or more lysine residues were included either at C- or N-termini or
both to improve aqueous solubility of the modified acpcPNA in the form of Fmoc-
Lys(Boc)-OPfp or Fmoc-Lys(Mtt)-OH. The monomers were assembled on a Tentagel
resin equipped with an Fmoc-protected Rink amide (RAM) linker (0.24 mmol/g, most
of the cases) or hydroxymethylbenzoyl (HMBA) linker (0.25 mmol/g, for Sonogashira
reaction on solid phase). The cycle of acpcPNA synthesis consists of three steps as

follows:

1) Fmoc deprotection: The Fmoc protecting sroup was removed from the Rink
amide linker, PNA monomers or spacer immobilized on the resin to allow extension
of the PNA chain using 20% piperidine, 2% DBU in DMF (total volume = 100 pL) for 5

minutes.

2) Coupling: Pfp-activated Fmoc-protected lysine, acpcPNA monomers or ACPC
spacer were directly coupled to the Fmoc-deprotected resin by using 4 equiv. of HOAt
in 7% DIEA in DMF (30 pL) for 30-60 minutes. In cases of Fmoc-protected free
carboxylic acid monomers (Fmoc-Lys(Mtt)-OH, Fmoc-G-OH, Fmoc-A™"OH (4) and
Froc-U-OH (7)), these free acid monomers (4 equiv.) were activated with HATU (3.9
equiv.) in the presence of 7% DIEA in DMF (30 pL) and were coupled on the
deprotected-Fmoc resin (40 minutes for Fmoc-G-OH and Frmoc-Lys(Mtt)-OH, 1 hour for
Frnoc-A™"-OH (4) and Fmoc-U-OH (7)).

3) Capping: The incomplete acpcPNA sequences were capped with 10% acetic
anhydride/DIEA in DMF (30 pL) for 5 minutes to prevent further chain extension from

the unreacted amino groups.

After each cycle, the resin was extensively washed with DMF to remove any

excess reagents. The deprotection-coupling-capping cycles were repeated until the
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desired PNA sequences obtained. The final N-terminal Fmoc group was cleaved and
replaced with acetyl group. Before cleavage of the PNA from the solid support with
Rink amide linker, the benzoyl protecting group on the bases A and C were removed
by treatment with 1:1 aqueous ammonia/dioxane at 65 °C overnight. The acpcPNA
was next cleaved from the solid support by treatment with 10% triisopropylsilane in
trifluoroacetic acid (500 pLx30 minx3). The acid was removed by a gentle stream of
nitrogen and the residual PNA was repeatedly washed with diethyl ether, followed by
drying to obtain a crude PNA.

For post-synthetic modification in solution phase, the 5-iodouracil acpcPNA
was cleaved from the resin by TFA. The solvent was removed under stream of nitrogen
gas and the crude PNA was precipitated with diethyl ether and air dried. This material
was used for the next reaction without further purification. The acpcPNA synthesized
on the resin carrying HMBA-linker are subjected to the post-synthetic modification
reactions before simultaneous side-chain deprotection and cleavage from the resin by
treatment with 1:1 aqueous ammonia/dioxane at 65 °C overnight. Since the Mtt
protecting group in Fmoc-Lys(Mtt)-OH was stable under basic conditions, this
protecting group must be removed by treatment with 5% TFA in dichloromethane

before performing the Sonogashira coupling reaction.

2.7.2 Purification and analysis of modified acpcPNA

The crude PNA was purified by reversed phase HPLC on a column ACE 5
A71197, C18-AR, 150x4.6 mm, 5 pm particle size, monitored by UV absorbance at 310
nm. The gradient system for the purification of A™*-acpcPNA consisted of solvent A
(0.1% trifluoroacetic acid in MilliQ water) and solvent B (0.1% trifluoroacetic acid in
methanol) at a flow rate 0.5 mL/min. The elution was proceeded with A:B 90:10 for 5
minutes, then using linear gradient to 10:90 over 60 minutes. In the cases of more
acid-labile acpcPNA obtained from post-synthetic modification including 5-(thiophen-
2-yQuracil, 5-(thiophen-3-yluracil, 5«(fur-2-yQuracil, 5-(fur-3-ylQuracil, 5-(benzofuran-2-
yDuracil, 5<(benzothiophene-2-yluracil and 5-(pyrene-1-ylethynyluracil acpcPNAs, the
gradient system consisted of 0.1 M TEAA buffer pH 7.0 (solvent A and acetonitrile
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(solvent B) as eluent (A:B 90:10 for 5 minutes then linear gradient to 10:90 over 60
min, flow rate 0.5 mL/min). Fractions containing the desired product based on MALDI-

TOF analysis were combined and lyophilized to obtain the pure PNA.

For analytical of A -acpcPNA, a Vertisep UPS, 50x4.6 mm, 3 um particle size
column was used for analysis of eluting with the gradient of 0.1% trifluoroacetic acid
in MilliQ water (solvent A) and 0.1% trifluoroacetic acid in methanol (solvent B) at a
flow rate 0.5 mL/min with the elution gradient A:B 90:10 for 5 minutes followed by
linear gradient to 10:90 over period of 35 minutes. For other post-synthetically
modified acpcPNA including 5-(thiophen-2-yluracil, 5-(thiophen-3-yluracil, 5-(fur-2-
yDuracil, 5-(fur-3-ylQuracil, 5-(benzofuran-2-yluracil, 5-(benzothiophene-2-yluracil and
5-(pyrene-1-ylDethynyluracil acpcPNAs, the elution was performed with the gradient
system of 0.1 M TEAA buffer pH 7.0 (solvent A) and acetonitrile (solvent B) with a flow
rate 0.5 mL/min (A:B 90:10 for 5 minutes and using linear gradient to 10:90 over 35

minutes).

2.7.3 Characterization of modified acpcPNA

The identity of the purified acpcPNA were confirmed by MALDI-TOF mass
spectrometry. The samples were prepared by using 1 UL of aqueous PNA samples
mixed with the matrix solution (a-cyano-4-hydroxy-cinnamic acid, CCA in 0.1%

trifluoroacetic acid in 1:1 acetonitrile:water) and deposited on a MALDI-TOF target.

2.7.4 Determination of PNA concentration

The acpcPNA concentration was determined from the absorbance at 260 nm
using a Cary 100 Bio UV-vis spectrophotometer (Varian/Agilent Technologies) in 10 mM
sodium phosphate buffer pH 7.0 and using this value to calculate the concentration.
The extinction coefficients at 260 nm (g,4) of the A™" base were calculated by
measuring the UV-vis absorption at varying concentrations and obtain from the slope
of the calibration plot between concentration (x) and absorption (y). The extinction

coefficients of all nucleobases in the PNA strand was calculated from the sum of
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extinction coefficients of individual nucleobase with the following values &(A) = 10.8
mL pmol™? cm™, €(C) = 7.4 mL umol ™ cm™, &G) = 11.5 mL umol ™ cm™, &(T) = 8.8 mL
umol ! cm™, &(A™F) = 8.3 mL pmol' cm™. For the C5-modified uracil acpcPNA obtained
from-post-synthetic modification, the extinction coefficients of thymine base (&(T) =
8.8 mL umol™’ cm™) were used to calculate the extinction coefficients value of all
modified-uracil acpcPNAs. All calculations were performed by an in-house web-based

software (http://www.chemistry.sc.chula.ac.th/pna/pna.asp).

2.8 Investigation of PNA*DNA binding
2.8.1 Fluorescence experiments

The fluorescence spectra were performed on a Cary Eclipse fluorescence
spectrophotometer, Varian/Agilent Technologies at 20 °C. The samples were prepared
in aqueous 10 mM sodium phosphate buffer (pH 7.0) at the specified concentrations
of PNA and DNA in a 10 mm quartz cell with a Teflon stopper. The parameters were

set as follows: excitation and emission slits width = 5 nm.

2.8.2 UV-vis and thermal denaturation experiments

The UV-vis absorption properties and melting temperature experiment were
measured on a Cary 100 Bio UV-vis spectrophotometer (Varian/Agilent Technologies)
equipped with a thermal melt system. For UV-vis experiment, the modified PNA
samples were prepared under same condition as fluorescence experiments in a 10
mm quartz cell with a Teflon stopper and measured at 20 °C. For thermal denaturation
experiments, the temperature was recorded at 260 nm from 20 to 90 °C with a heating
rate 1.0 °C/min. The recorded temperature was corrected according to equation (1)
obtained from comparison of block temperature and actual temperature inside the
cell in order to obtain the more accurate temperature.'” KaliedaGraph 4.0 (Synergy
Software) and Microsoft Excel (Microsoft Corporation) were used for processing the
melting temperature graphs. The melting temperature (T,,) was calculated from the

maximum value of the first derivative plot.
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Corrected Temperature = (0.9696 x Tyoc) — 0.8396 (1)

2.8.3 Circular dichroism experiments

Circular dichroism experiments were recorded on a JASCO Model J-815
spectrometer (JASCO). The samples were prepared under same condition to the
fluorescence and UV-vis experiments. The spectra were determined from 500 to 200
nm (scanning speed 200 nm/min, averaged 4 times at 25 °C) then subtracted from a
spectrum of the blank (10 mM sodium phosphate buffer pH 7.0) under the same

conditions.

2.8.4 Photographing

The samples were prepared at the specified concentration of PNA and DNA in
10 mM sodium phosphate buffer pH 7.0 in PCR tube. The photographs were recorded
under black light (365 nm) using UV transilluminator (VILBER LOURMAT TCP-20.LM) by
a digital camera (Canon EOS M) in a manual mode (ISO 100, F2.8, shutter speed 1 sec).

2.8.5 Polyacrylamide gel electrophoresis (PAGE)

The sample were prepared by mixing 0.20 nmol of acpcPNA and 0.24 nmol of
DNA in 1X TBE buffer and incubated for overnight. A 20% polyacrylamide gel was
prepared at the following composition: 5 mL of 40% acrylamide, 1 mL of 10x TBE
buffer, 3 mL of distilled water, 10 pL of N,N,N’,N’-tetramethylethylenediamine
(TEMED) and 12 mg of ammonium persulfate. The PAGE experiment was performed at
100 volts, 25 °C for 2.5 hours on an omniPAGE Vertical Electrophoresis System and
NANOPAC-300 (Cleaver Scientific) power supply. The gel was visualized under UV
transilluminator (VILBER LOURMAT TCP-20.LM).



CHAPTER IlI
RESULTS AND DISCUSSION

This dissertation focuses on the development of hybridization responsive
fluorescence PNA probes. The approach used in this work involves incorporation of
one or more base discriminating fluorescent nucleobases into the PNA probe. These
nucleobases are intrinsically fluorescence and can form specific base pairing to natural
nucleobases in DNA according to the Watson-Crick base pairing rules. In addition, the
formation of the base pair may result in fluorescence change that could be utilized in

DNA sensing applications.

Not all fluorescence nucleobases can form specific base pairing with natural
nucleobases, and even less can change fluorescence upon formation of the base
pairs.''* The working principle for the fluorescence change generally relies on a
difference in microenvironment of the fluorophore incorporated into the probe in the
single-stranded hybridized (duplex) states. Pyrene is a frequently used environment
sensitive fluorophore for the design of base discriminating fluorescence nucleobase in
the DNA context and promising examples in PNA have already been reported.*%!1>
611 this work, natural nucleobases including adenine and uracil will be modified with
an aromatic fluorophore either via a direct conjugation (without linker) or via a rigid
and T—conjugated ethynyl linker. It was expected that the base pairing event may
alter the electronic properties of the nucleobase, and this will be transmitted to the
aromatic fluorophores that were directly attached to the nucleobase or via a T-
conjugated linker, resulting in a fluorescence change. According to the high-sequence
specificity and greater binding affinity of a novel class of conformationally restricted
pyrrolidinyl peptide nucleic acid (acpcPNA) towards DNA target, it is expected to utilize
this potential ability of acpcPNA as self-reporting fluorescence probes for DNA
sequence analysis in response to the fluorescence alteration in the presence of correct
DNA target representation as turn on-off fluorescence. This novel fluorescently-

modified acpcPNA would be advantageous as the biological tools for DNA analysis.
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In general, modified nucleobases can be incorporated into oligonucleotide
probes by two different approaches: 1) by employing the pre-synthesized modified
monomers as the building block for the oligonucleotide synthesis?*®'**! and 2) by
post-synthetic modification of the oligonucleotide carrying a reactive precursor.'®'%
Both approaches will be investigated in this study in order to develop the PNA probes
carrying the fluorescent nucleobases. The result and discussion would divide into two
parts. The first part (section 3.1-3.5) describes the synthesis and hybridization
properties of fluorescence acpcPNA probes carrying fluorescent nucleobases namely
pyrenylethynyladenine (A™F), that was incorporated into the PNA via the pre-
synthesized monomer approach. As mentioned in chapter 1 about the limitation of
using A™F as a base discriminating fluorescence nucleobase in DNA in terms of low
binding affinity and non-selectivity for single nucleotide polymorphisms (SNPs)
detection, even when using the conformationally restricted DNA analogues such as
LNA.” This pre-synthesized monomer approach is lengthy since it requires a separate
step for synthesizing the monomer. Moreover, it lacks flexibility since changing the
fluorophore requires re-synthesizing the fluorescence monomer and the PNA. In
addition, the method is applicable only to fluorescence monomers that are stable
towards the acidic conditions generally required for cleavage of the PNA form the solid
support. The second part (section 3.6-3.16) relates to the development of
fluorescence acpcPNA probes via a more versatile post-synthetic modification of 5-
iodouracil-modified acpcPNA by palladium-catalyzed cross-coupling reactions
including Suzuki-Miyaura and Sonogashira reactions that may overcome the

aforementioned drawbacks of the pre-synthesized monomer approach (Figure 3.1).
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(A) Pre-synthesized monomer

)l( Pd-catalyzed < * Oligonucleotide synthesis *
N cross coupling reaction N . V\/N\/\/
*—:

(B) Post-synthetic modification

[
\/\/N Vv Pd-catalyzed reaction \/\/N W
X

N N *_Z b4

Nucleobase monomer Halogenated nucleobase Reactive fluorophore Fluorophore

monomer

Figure 3.1 Schematic representation of the two approaches for incorporation of base

discriminating fluorescence nucleobases into PNA probes.

3.1 Fluorescence acpcPNA probes incorporating pre-synthesized fluorescence

monomer: Pyrenylethynyladenine (A™F)

This part of the work related to the modification of C8-position of adenine base
by l-ethynylpyrene via Sonogashira reaction to form a fluorescence nucleobase
monomer, namely, 8-(pyrene-1-yl)ethynyl-adenine (A™") (Figure 3.2). The base A™* has
been widely used as a fluorescent nucleobase in DNA?*'"18 However, purine bases
with modification at C8 position generally adopted the syn-conformation, in which the
Watson-Crick base pair is perturbed by partial stacking of the pyrene into the DNA
duplexes resulting in low affinity and also deteriorated specificity.’®**In addition, self-
aggregation in multi-labeled DNA probes,''?!?° the excimer or exciplex interaction

69125 \were the limitation of utilization

between A itself'?1%2 or A with nucleobases
A™Ebased DNA probes. Thus, the A™-based acpcPNA probe will be studied to
evaluate the performance of A" as a base discriminating fluorescence nucleobase in

this high-performance PNA system.
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Figure 3.2 The structure of base discriminating fluorescence nucleobases, APE used

in this work

The approach used here started from synthesizing the Fmoc-protected
acpcPNA monomer carrying the A™® base. Subsequently, the fluorescent monomer
was incorporated into the acpcPNA via solid phase peptide synthesis. It was proposed
that the A™F should retain the ability to recognize the base thymine in the DNA target.
In addition, the base pairing between A™F and dT should push the pyrene, which were
connected via a rigid linker, into a more polar environment outside the duplex. As a
result, the base pairing should result in fluorescence change due to the change in the

environment of the fluorophore.

% Perfect matched target

Fluorescence-modified
PNA probe

[ ] Fluorescence-modified nucloebase

Figure 3.3 A schematic diagram of the hypothesis of this work

3.1.1 Synthesis of A™ -pyrroldinyl PNA monomer

The Fmoc-protected acpcPNA monomer bearing the A™" base (4) is the key
building block for the synthesis of A”"-containing acpcPNA. The monomer 4 can be
synthesized by coupling of 8-bromoadenine acpcPNA monomer with 1-ethynylpyrene
via Sonogashira cross-coupling reaction as the key step as shown in Figure 3.4. The

known Boc/Dpm tosylate compound (1) was synthesized according to a previously
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reported procedure.”* The Boc-protected 8-bromoadenie acpcPNA monomer (2) was
synthesized from the tosylate compound (1) and 8-bromoadenine!®” to afford the
corresponding 8-bromoadenine acpcPNA monomer (2) with inversion of configuration
via adenine attack through Sy2 substitution of the tosylate 1 confirmed by 'H NMR
which showed a pattern that was consistent with previously reported compounds such
as cis-A®* acpcPNA monomer'? in 21% yield. The lower yield obtained may be ascribed
to the possible formation of isomeric N” and N’ substitutions as well as other side
reactions such as elimination of the tosylate group on the proline ring.'* In this case,
the N’ substitution was confirmed by comparison in 'H NMR signal at 8-position of
adenine moiety of the Boc-protected A* acpcPNA monomer with the Boc-protected
8-bromoadenine acpcPNA monomer (2). The proton signal at the 8-position of Boc-
protected A** acpcPNA monomer appeared at 7.89-7.96 ppm'? which this signal did
not detect in the Boc-protected 8-bromoadenie acpcPNA monomer (2). In addition,
the Boc-protected 8-bromoadenie acpcPNA monomer (2) was also compared in °C
NMR of the Boc-protected 8-bromoadenie acpcPNA monomer (2) with 8-bromo-2-
deoxyadenosine from the literature, which showed the *C NMR signal at C2 (152.4
ppm), C5 (120.3 ppm) and C6 adenine (151.2 ppm)."”?’ Next, the Sonogashira cross-
coupling reaction between the 8-bromoadenine precursor (2) and 1-ethynylpyrene
afforded the protected A intermediate (3) in 75% vyield. The Boc protecting group in
3 was selectively removed by treatment with p-toluenesulfonic acid in acetonitrile to
form the free amine tosylate salt, which was directly protected with FmocCl in the
presence of DIEA. Finally, the Dpm protecting group was removed by a mixture of
TFA:CH,Cl, containing anisole (4:4:1) and 10% triisopropylsilane as scavengers for the
electrophilic diphenylmethyl carbocations occurred during the acidic deprotection to
provide the Fmoc-protected A™" monomer 4 in 65% vyield from the Boc/Dpm
protected intermediate 3. The monomer 4 was characterized by 'H and °C NMR as

well as high resolution mass spectrometry (HRMS).



a9

NH,

O okJ\/'[\H”

21%

% 7<

1 2

1-ethynylpyrene, Pd(PPh3),Cl,| 759
Cul, EtsN, DMF, 80 °C

NH OO NH O
2
A ) @,
| Y—== O i) pTsOH, MeCN NZ N\ o
o K\N N ii) FmocCl, DIEA; N | = O
iii) TFA:CH,Cly:anisole O SN
HO' (4:4:1), iPr3SiH

N O
o=( 65% from 3 N

o=
L ‘

o]
Figure 3.4 Synthesis of Fmoc-protected A™* PNA monomer

A 3

3.1.2 Synthesis of A”5-modified acpcPNA probes

The A”“-modified acpcPNA probes were manually synthesized by Fmoc solid
phase peptide synthesis on a TentaGel S RAM resin from the four Fmoc-protected
acpcPNA monomers (A%, T, C*, G and A™) and ACPC spacer, which were alternately
coupled to the solid support according to the standard protocol as previously
published.®*'%® The Fmoc-protected A™® monomer 4 was incorporated at the
appropriate positions in the acpcPNA strand employing the standard HATU activation
protocol as described in Chapter Il. It is interesting to note that protection of the
exocyclic amino group of A™® was not necessary during the PNA synthesis. After
completing the PNA synthesis, the benzoyl protecting group on adenine and cytosine
were removed by treatment with 1:1 aqueous ammonia/dioxane at 65 °C overnight.
Subsequently, the fluorescently-modified acpcPNA probes were cleaved from the
solid support using TFA containing 10% triisopropylsilane and the crude PNA was
purified by reversed phase HPLC. The characterization data and isolated yields of all
APEPNA synthesized in this study are shown in Table 3.1.
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Table 3.1 Sequences and characterization data of fluorescence-modified acpcPNA

probes.
tr Yield m/z m/z
Code of PNA Sequence (N—C)
(min)? (%)P (calcd) (found)©

T4(A™E)T4 Ac-TTTTAYETTTT-LysNH, 37.4 8.1 3413.4 34135
T8(AYE)2 0B Lys-TTTT AYEAPETTTT-LysNH, 38.8 26 4065.9 4064.8
T8(AYE)2 3B Lys-TTAYETTTAYETTT-LysNH, 35.6 26 4065.9 4064.1
MI12T(APE)T  Lys-AGTCATAYTACTG-LysNH, 34.9 4.4 4543.7 4542.1
M12AAP)A  Lys-AGTCAAAPEAACTG-LysNH, 34.4 2.0 4561.7 4563.1
M12G(A™E)G  Lys-AGTCAGA™EGACTG-LysNH, 29.4 1.4 4593.7 4593.1
M12C(A™E)C  Lys-AGTCACA™ECACTG-LysNH, 34.3 26 4513.7 4512.1
APEM12 Lys-APEGTCATATACTG-LysNH, 36.7 3.1 4543.7 4541.6
M10AAPE)C  Ac-GTAGAA™ECACT-LysNH, 35.9 6.4 3792.8 3789.2
M10G(APE)T  Ac-GTAGA™ETCACT-LysNH, 37.6 6.0 3779.0 3779.0
CAG(A™E) Lys-CAGCA™EGCAGCAG-LysNH, 35.9 4.2 4477.6 44773

®See HPLC conditions in experimental section

. Plsolated yield after HPLC. “MALDI-TOF mass

spectrometry in linear positive ion mode using a-cyano-4-hydroxycinnamic acid as a matrix.

3.2 Thermal stability of A”E-modified acpcPNA with DNA

3.2.1 Determination of thermal stability of A”E-modified acpcPNA

Melting temperature (T,,,) is a common technique used to estimate the DNA

duplex stability by monitoring the absorbance at 260 nm (A,) at various temperatures.

At a sufficiently high temperature, the hydrogen bonds between nucleobases are

broken and the base stacking are also disrupted, resulting in a noticeable increase of

Ago. Since the melting of the duplex is generally an all-or-none process, the plot

between absorbance and temperature appears as a sigmoidal curve - so-called

“melting curve”. The melting temperature is defined as a temperature that 50% of

the duplex exist in single-stranded form and the other half as intact duplex. In practice,

T is the temperature at the steepest part of the melting curve, which could be

deduced from the maxima of the first derivative plot of the melting curve.
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The stability of the duplex formed between the A™ -modified acpcPNA probes
and DNA targets were determined by T,, measurement to investigate the binding
affinity and sequence specificity of the A™*-modified acpcPNA probes towards their
DNA targets. These thermal stability data are summarized in Table 3.2.

Table 3.2 Thermal stability data of A™:-modified acpcPNA probes and their DNA

hybrids (Condition: 1.0 pM PNA, 1.2 uM DNA, 10 mM phosphate buffer pH 7.0).

DNA sequence® T AT,
Entry PNA DNA Notes
(5’—=>»3") (°C) (°Q)
1 dA8T AAAATAAAA 61.6 - ds, complementary
2 PyE dA9 AAAAAAAAA 36.4 -25.2 ds, mismatched A
T4(A™")T4
3 dA8G AAAAGAAAA 28.3 =333 ds, mismatched G
4 dA8C AAAACAAAA 35.0 -26.6 ds, mismatched C
5 dA4TTA4 AAAATTAAAA 76.0 - ds, complementary
pyE ds, double
6 T8(A™")2_0B dA10 AAAAAAAAAA 62.2 -13.8
mismatched
7 dA4TAS AAAATAAAAA 53.7 -22.3 ds, single mismatched
8 dA3TA3TA2 AAATAAATAA 60.8 - ds, complementary
Py ds, double
9 T8(A™")2 3B dA10 AAAAAAAAAA <20 >40.8
mismatched
10 dA3TA6 AAATAAAAAA <20 >40.8  ds, single mismatched
11 dcompM12T CAGTATATGACT 74.7 - ds, complementary
12 Py dsmAM12T CAGTAAATGACT 48.6 -26.1 ds, mismatched A
M12T(A™O)T
13 dsmGM12T CAGTAGATGACT 38.0 -36.7 ds, mismatched G
14 dsmCM12T CAGTACATGACT 40.0 -34.7 ds, mismatched C
15 dcompM12A CAGTTITTGACT 59.0 - ds, complementary
16 Py dsmAM12A CAGTTATTGACT 47.3 -11.7 ds, mismatched A
M12AA™)A
17 dsmGM12A CAGTTGTTGACT 45.7 -13.3 ds, mismatched G
18 dsmCM12A CAGTTCTTGACT ar.7 -11.3 ds, mismatched C
19 dcompM12G CAGTCICTGACT 60.6 - ds, complementary
20 Py dsmAM12G CAGTCACTGACT 38.8 -21.8 ds, mismatched A
M12G(A™)G
21 dsmGM12G CAGTCGCTGACT 55.3 -5.3 ds, mismatched G
22 dsmCM12G CAGTCCCTGACT 59.4 -8.8 ds, mismatched C

*Mismatched bases in the DNA sequence are indicated as bold font. Complementary bases in DNA

sequence are indicated by underlying. D represents as abasic site position in DNA.
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Table 3.2 Thermal stability data of A™*-modified acpcPNA probes and their DNA
hybrids (Condition: 1.0 uM PNA, 1.2 uM DNA, 10 mM phosphate buffer pH 7.0).

(Continued)
DNA sequence” T AT,
Entry PNA DNA Notes
(5’=»3") (°C) (°Q)
23 dcompM12C CAGTGTGTGACT 64.2 - ds, complementary
24 dsmAM12C CAGTGAGTGACT 59.0 -5.2 ds, mismatched A
25 dsmGM12C CAGTGGGTGACT 55.2 -9.0 ds, mismatched G
26 dsmCM12C CAGTGCGTGACT 61.2 -3.0 ds, mismatched C
Py ds, indirect
27 M12C(A™5)C din8M12C CAGTGTGAGACT 58.2 -6.0
mismatch
ds, indirect
28 dindM12C CAGAGTGTGACT a4.7 -19.5
mismatch
ds, double
29 ddsm12C CAG GACT 33.1 -31.1
mismatched
30 dcompM10AC AGTGITCTAC 54.4 - ds, complementary
31 dsmAM10AC AGTGATCTAC 46.0 -8.4 ds, mismatched A
32 M10AA™H)C  dsmGM10AC AGTGGTCTAC 428  -11.6  ds, mismatched G
33 dsmCM10AC AGTGCTCTAC 48.8 -5.6 ds, mismatched C
34 dabasicM10AC AGTGDTCTAC 48.6 -5.8 ds, direct abasic site
35 dcompM10GT AGTGATCTAC 49.6 - ds, complementary
36 Py dsmAM10GT AGTGAACTAC 37.8 -11.8 ds, mismatched A
M10G(A™)T
37 dsmGM10GT AGTGAGCTAC 36.2 -13.4  ds, mismatched G
38 dsmCM10GT AGTGACCTAC 39.0 -10.6 ds, mismatched C
39 dcompM12ter CAGTATATGACT 80.4 - ds, complementary
40 dsmAM12ter CAGTATATGACA 77.6 -2.8 ds, mismatched A
APEM12
41 dsmGM12ter CAGTATATGACG 78.8 -1.6 ds, mismatched G
42 dsmCM12ter CAGTATATGACC 78.6 -1.8 ds, mismatched C
43 d(CTG), CTGCTGCTG 44.0 - ds, short DNA
44 CAG(A™) d(CTG), CTGCTGCTGCTG 69.6 - ds, complementary
45 d(CTG)s CTGCTGCTGCTGCTG 73.6 - ds, long DNA

*Mismatched bases in the DNA sequence are indicated as bold font. Complementary bases in DNA

sequence are indicated by underlying. @ represents as abasic site position in DNA.

3.2.2 Thermal stability of homothymine acpcPNA bearing A™* base

In the homothymine sequence [T4(A™)T4], thermal stability data indicated

that the A™* base in A”*-modified acpcPNA specifically recognize thymine base in the
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DNA strand. The complementary hybrid T4(A™)T4-dA8T showed the highest melting
temperature (T, = 61.6 °C). On the other hand, hybridization between the same PNA
and mismatched DNA sequences exhibited much lower T, values when compared to
the complementary hybrid, T&AY5)T4-dA9 = 36.4 °C; T4(A™5)T4-dA8G = 28.3 °C;
T4(A™5)T4-dA8C = 35.0 °C. The large difference between melting temperatures of
complementary and mismatched hybrid (AT, in the range of 25.2 to 33.3 °C)
suggested that the A™" base in acpcPNA can specifically recognize the base thymine

in DNA, which is in accordance with the Watson-crick base pairing rules.

In addition, the thermal stabilities of acpcPNA probes carrying two A™* residues
and their complementary as well as mismatched DNA targets were also studied. The
two A™F bases were placed at adjacent positions [T8(A™F)2_0B] or separated by three
bases [T8(A™F)2_3B]. As expected, the complementary hybrids were more stable than
the mismatched hybrids as shown by a sharp decrease in the melting temperature by
13.8—40.8 °C (entries 5-10, Table 3.2). The large decrease of T, suggests that the A™*
base in A”“-modified acpcPNA could specifically recognize thymine base in the DNA
strand, which is in good agreement with the results obtained from the single-A™-

modified acpcPNA.

3.2.3 Thermal stability of mix-base acpcPNA bearing A™*

The effects of neighboring nucleobases were next investigated in mix-base 12
mer A™E-modified acpcPNA:  M12T(A™H)T, M12AAPHA, M12G(AMHG  and
M12C(A™5)C, and mix-base 10 mer A™Emodified acpcPNA: M10A(A™E)C and
M10G(A™)T (entries 11-38, Table 3.2). The T,, data again confirm that the acpcPNA
probes M12X(AP5)X (X = T, A, G and Q) can form stable hybrids with their
complementary DNA targets as indicated by high T, values ranging from 49.6-74.4 °C,
depending on sequences. Importantly, PNA binding with its mismatched DNA exhibited
lower T,, values in the range of 33.1-61.2 °C (depending on sequences). Moreover, the
thermal stability was decreased even further with double-mismatched DNA targets as

shown by a much further reduced melting temperature (T, = 33.1 °C, entry 29, Table
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3.2). In addition, DNA carrying abasic site at the position directly opposite to the A™*
base revealed the decreasing of melting temperature by 5.8 °C relative to
complementary hybrid. This value is in the same range as those observed in the single

mismatched hybrids.

In addition, terminally modified A™* acpcPNA was investigated in comparison
with internally-labeled [A™EM12 vs M12T(A™)T]. For complementary DNA hybrids,
the T, value of terminally-labeled acpcPNA AP M12 was considerably higher than the
internally-modified acpcPNA M12T(AP5)T (80.4 °C vs 74.7 °C, respectively). The higher
stability of the complementary hybrid of terminally A”*modified PNA than internally
A™E-modified acpcPNA suggest that the incorporation of A™F base at internal positions
might destabilize the duplex or the A base at terminal positions might stabilize the
duplex, or both. To gain further insight in this observed phenomenon, the T,, were

compared with unmodified acpcPNA with T4AT4 sequence,'® T4AT4.dAST = 66.8 °C;

T4(A™5)T4-dA8T = 61.6 °C. The lower T,, value of TAA™)T4 compared with the
unmodified PNA, T4AT4, suggested that the unfavorable steric effect of pyrene
substituent group on adenine base might disturb the duplex of A™-appcPNA and
complementary DNA. Interestingly, all single base mismatched hybrid of terminally-
labeled acpcPNA APEM12 when the mismatched base was positioned opposite the
A™ base showed similar melting temperature to the complementary hybrid (entries
11-14 and entries 39-42, Table 3.2). The data suggested that the pyrene at the
terminal position might stack on top of the terminal base pairs, leading to more stable
and non-discriminative hybridization as previously observed in terminally pyrene-

labeled DNA 9193123

The acpcPNA probe CAG(A™®) was designed to detect DNA carrying
trinucleotide repeat sequences. High melting temperature were obtained in the cases
of fully complementary and longer complementary DNA targets [d(CTG); = 69.6 °C
and d(CTG)s = 73.6 °C, respectively]. The higher stability of the hybrid with long DNA
target even when the numbers of base pairs were identical may result from base
stacking of the hanging base at the end of the PNA-DNA duplex. For a shorter

complementary DNA target [d(CTG)s], however, lower melting temperature was
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observed due to the smaller number of base pairs formed with the PNA probe (T, =

44.0 °Q).

According to the T,, results, it can be concluded that the A™E base in acpcPNA
probes can specifically recognize the base thymine in DNA in a broad sequence
context. The A™“-modified acpcPNA probe can therefore effectively discriminate
between complementary and mismatch DNA targets according to the observed
difference in melting temperatures. The much larger decrease in T, values of
mismatched DNA hybrids of A”:-modified acpcPNA ranging from 5.2—36.7 °C is in sharp
contrast to A”*-labeled DNA, which displayed poor binding affinity and non-specific
binding. This is supported by the lower T, value upon binding with complementary
DNA at 44.5—53.5 °C and only slightly decreased by 0.5—2.5 °C in the presence of
mismatch DNA™ due to partial intercalation of the pyrene moiety, leading to the
observed low binding specificity. Hence, the A™ -modified acpcPNA has fulfilled one
of the basic criteria required to be applied as a probe for DNA sequencing analysis.
Next, the optical properties of A™ -modified acpcPNA probes both in single-stranded
form and after hybridization with complementary and various mismatched DNA targets
will be investigated with UV-vis and fluorescence spectrophotometry as well as circular

dicroism (CD) to obtain the information about the secondary structure of the duplexes.

3.3 Optical properties of A™-modified acpcPNA with DNA
3.3.1 Optical properties of homothymine A™ acpcPNA

The generality of A™ as base discriminating fluorescence acpcPNA probes
upon hybridization with various DNA targets were next determined. The homothymine
PNA carrying one A™" unit at the middle position of the PNA strand was selected as
the model sequence in this investigation. In the presence of complementary DNA, the
absorption maxima wavelength at 420 nm of the single-stranded PNA remained the
same but with increasing in magnitude. This is in accordance to the previous
spectroscopic data of A”*-DNA probes that a new absorption peak was observed at

420 nm upon duplex formation.” For UV absorption spectra of single mismatched
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DNA, however, the absorption maxima shifted to a longer wavelength relative to single-
stranded PNA (Figure 3.5A). The UV absorption data suggested that the A™* base may
adopt different orientations upon binding with complementary and mismatched

targets.

The fluorescence spectra of single-stranded PNA showed a high fluorescence
intensity as revealed by a high quantum yield (@r = 0.333) with the emission maxima
at 453 nm. Upon addition of complementary DNA, the fluorescence was enhanced by
1.56 folds relative to single-stranded PNA with emission wavelength shifting into a
shorter wavelength at 438 nm. In the mismatched dC and dG DNA hybrid, the
fluorescence was decreased by 0.64 and 0.75 folds, respectively. Moreover,
hybridization of A”“dA mismatched exhibited a smaller decrease in fluorescence
(Figure 3.5B). According to the results, A acts as a base discriminating fluorescence
nucleobase whereby the discrimination ability of thymine base from other mismatch
bases by showing the enhancement in fluorescence upon base-pairing to its
complementary base.
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Figure 3.5 (A) UV-vis and (B) fluorescence spectra of T4(A™5)T4 and its DNA hybrids.
Conditions: 1.0 UM PNA, 1.2 uM DNA, 10 mM sodium phosphate buffer pH 7.0, A, 376

nm

3.3.2 Effects of neighboring bases to base pairing and optical properties
of A™E

The next study focused on the effects of neighboring nucleobases to the

fluorescent properties of A™* in acpcPNA. The experiments were performed with 12
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mer mix-base sequences carrying different bases adjacent, M12T(A™5)T, M12A(A™F)A,
M12G(A™F)G and M12C(A™5)C and 10 mer mix-base sequences carrying different
flanking bases M10A(A™F)C and M10G(A™®)T.

In the experiment involving 12 mer PNA sequences, the UV absorption spectra
exhibited a small blue-shifting (ca. 2—4 nm) from single-stranded PNA when hybridized
with complementary DNA. In contrast, hybridization with single base mismatch DNA
carrying the mismatch base directly opposite to the A™* resulted in pronounced red-
shifted UV absorption spectra (A, of single stranded PNA: 414-419 nm,
complementary duplexes: 412-419 nm, single mismatched duplexes: 419-426 nm).
Interestingly, the UV absorption spectra of “indirect mismatch” duplexes carrying the
mismatched not directly opposite to the A™F base were remarkably similar to the

complementary hybrid, i.e. without red-shifting (Figure 3.6).

006 Ll M12C(APYE)C 0064 M12C(APYE)C
——M12C(APYE)C + dcompM12C ——M12C(APyE)C+ din8M12C
——M12C(APYE)C + dsmAM12C ——M12C(APYE)C+ din4M12C

o
o
=
o°
o
=

—— M12C(APYE)C+ ddsM12C

—— M12C(ApyE)C + dsmGM12C
——M12C(APYE)C + dsmCM12C

Absorbance
Absorbance

o

o

o
o
o
]

0.00

" ' 0.00
350 400 450 350

400
Wavelength (nm) Wavelength (nm)

Figure 3.6 UV-vis spectra of M12C(A™®)C and its DNA hybrids. Conditions: 1.0 UM PNA,

450

1.2 UM DNA, 10 mM sodium phosphate buffer pH 7.0

To provide further insight about the arrangement of the A™ within the duplex,
circular dichroism spectroscopy (CD) was used to study the conformation and
interaction of pyrene inside the duplex. In the direct mismatched hybrid, CD spectra
showed a distinct negative band at ca. 320 nm which was in the pyrene absorption
region (Figure 3.7B). Such band was not observed in the complementary and indirect
mismatched duplexes (Figure 3.7A and 3.7C). The CD supported that the A" in these
hybrids were adopting different conformations. It was proposed that in the
complementary or indirect mismatched duplexes, base pairing of A™* and thymine
base occurred through the usual hydrogen-bonding. On the other hand, in the single

mismatched hybrids having the mismatch base opposite to the A™F, the pyrene moiety
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may instead bury into the base stack of the duplex, resulting in the observed red-

shifted absorption and induced CD spectra.
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Figure 3.7 CD spectra of M12C(A™5)C with (A) dcompM12C (complementary), (B)
dsmAM12C (single mismatch) and, (C) dindM12C (indirect single mismatch). Conditions:
1.0 UM PNA, 1.2 uM DNA in 10 mM phosphate buffer pH 7.0

The fluorescence of single stranded A -modified PNA with different adjacent
bases was influenced by the flanking bases, especially in cases of G/G and C/C due to
the photoinduced electron transfer between the modified base and its flanking
bases.'”® Reduction of the fluorescence quantum yield by 2—4 folds was observed
when the flanking bases were G/G and C/C compared with T/T and A/A (Table 3.3).
Upon binding with complementary DNA, the enhancement of fluorescence by 1.5-
2.8-fold relative to the single-stranded A™" PNA was observed as a result of a strong
hydrogen bonding between A™" and thymine, which forced the pyrene to expose
outside the duplex thereby causing the observed fluorescence enhancement. In
contrast, the presence of single mismatched DNA caused the fluorescence quantum
yield to decrease compared to the single stranded PNA probe (Figure 3.8). Indirect

and double mismatch binding caused relatively minor fluorescence reduction
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(0.62—0.73-fold) or even unchanged when compared to the direct mismatch.
Obviously, the intercalation of the A™ is less likely in these cases, and the duplex
may not be even fully formed in these cases (Figure 3.8).
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Figure 3.8 Fluorescence spectra of M12C(A™®)C and its DNA hybrids. Conditions: 1.0
UM PNA, 1.2 uM DNA, 10 mM sodium phosphate buffer pH 7.0, Ae, 376 nm

In addition, two 10 mer mix-base sequences with different flanking bases (A/C
and G/T) also showed the same trend of fluorescence spectra as observed in the 12
mer PNA. In both cases, the fluorescence enhancement of complementary duplexes
and fluorescence reduction of mismatched duplexes were confirmed (Figure 3.9A).
DNA containing abasic site located directly opposite to the A™F base in the PNA strand
also demonstrated the red-shifting in UV absorption (Figure 3.9B) similar to the direct
mismatched hybrids described above. Again, CD spectra suggested that the pyrene
was placed inside the duplex in the cases of hybrids carrying a mismatched base or
abasic site directly opposite to the A as shown by the negative band around 320

nm in (Figure 3.9C, entry 29 in Table 3.3).
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Figure 3.9 (A) Fluorescence, (B) UV-vis and (C) CD spectra of M10A(A™®)C and its DNA
hybrids. Conditions: 1.0 pM PNA, 1.2 M DNA, 10 mM sodium phosphate buffer pH
7.0, Aoy 376 NM

The absorption wavelength shifting and CD data suggested that the
enhancement or reduction of fluorescence upon hybrid with DNA targets resulted
from different orientations of the pyrene chromophore in the perfect matched and
mismatched duplexes (anti vs syn, respectively). Briefly, pyrene is a planar,
hydrophobic chromophore and should prefer stacking inside the DNA duplex to avoid
contact with water. However, this would prevent the A base to form hydrogen bonds
with the opposite thymine base. Hybridization of A”E-PNA with complementary or
indirect mismatched DNA required that the A™* should adopt the anti-conformation
to allow base pairing with the opposite dT in the DNA strand. This led to the
fluorescence enhancement because the strong base pairing necessarily forced the
pyrene to expose to the aqueous environment. In cases of direct single base mismatch

or abasic site, the A™" should adopt the syn-conformation so that the pyrene

chromophore can stack inside the PNA:DNA duplex to avoid contact with aqueous

environment. This is possible without breaking the hydrogen bonds since the A™* did
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not form any hydrogen bonds under these circumstances. Stacking of pyrene inside
DNA duplexes was known to result in reduction of fluorescence,'?'#*%° and this is
fully consistent with the fluorescence reduction observed in the case of mismatched
and abasic duplexes. The results are quite different to previous work on A -based
DNA probe that was shown to be unable to discriminate T from other DNA bases in
the target strand. In these cases, the pyrene chromophore always adopt syn-
orientation allowing pyrene, a hydrophobic unit, to intercalate within the duplex to
minimize contact with water regardless of the identity of the opposite nucleobase.”
The A™F containing acpcPNA can therefore be used as a hybridization responsive
fluorescence PNA probe whereby the fluorescence of which depends on the
environment around the modified base rather than global sensing of the formation of
duplex. Table 3.3 summarizes optical data of all mix-base A”E-PNA with its DNA
hybrids.

Table 3.3 Optical properties of A” -modified acpcPNA probes and their DNA hybrids

(Condition: 1.0 WM PNA, 1.2 UM DNA, 10 mM phosphate buffer pH 7.0, A, 376 nm).

Moos At
Entry PNA DNA F/FS 2 X Notes
(nm)

—_

= - 416/455 0.187 ss

2 dcompM12T 2.68 414/447 0.374  ds, complementary
3 M12T(A™HT  dsmAM12T 1.17 420/453 0.313  ds, mismatched A
4 dsmGM12T 0.77 423/455 0.221 ds, mismatched G
5 dsmCM12T 1.02 425/455 0.267 ds, mismatched C
6 - - 417/457 0.163 SS

7 dcompM12A 271 413/448 0.264  ds, complementary
8 M12A(A7HA dsmAM12A 1.25 423/454 0.229 ds, mismatched A
9 dsmGM12A 1.10 423/454 0.220 ds, mismatched G
10 dsmCM12A 1.11 423/455 0.235 ds, mismatched C

M12T(APHT, A, = 447 nm, M12AAHA, A, = 448 nm, M12G(A™5)G, A, = 455 nm, M12C(A™F)C,
Ao = 51 nm, Ao, = 449 nm, M10G(A™H)T, A_., = 449 nm. "Only the longest wavelength was shown for

Aope. “Quantum yields were measured by using quinine sulfate as a standard (@ = 0.546).
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Table 3.3 Optical properties of A”“-modified acpcPNA probes and their DNA hybrids

(Condition: 1.0 UM PNA, 1.2 UM DNA, 10 mM phosphate buffer pH 7.0, Aex 376 NM).

(Continued)
Mabs /Aern”
Entry PNA DNA FIFS abs e D Notes
(hm)
11 - - 419/498 0.050 ss
12 dcompM12G 2.78 419/457 0.077 ds, complementary
13 M12G(A™)G dsmAM12G 1.27 423/482 0.062  ds, mismatched A
14 dsmGM12G 0.99 423/496 0.053 ds, mismatched G
15 dsmCM12G 1.25 421/495 0.061 ds, mismatched C
16 - - 414/455 0.078 ss
17 dcompM12C 1.52 412/451 0.113  ds, complementary
18 dsmAM12C 0.35 425/455 0.042 ds, mismatched A
19 dsmGM12C 0.28 421/456 0.033 ds, mismatched G
20 dsmCM12C 0.42 426/457 0.059 ds, mismatched C
M12C(APF)C ds, indirect

21 din8M12C 1.01 412/450 0.092

mismatch

ds, indirect
22 dindM12C 0.73 417/454 0.067

mismatch

ds, double
23 ddsM12C 0.62 417/456 0.063

mismatched
24 - - 416/455 0.227 SsS
25 dcompM10AC 2.27 412/449 0.389 ds, complementary

sm, . . s, mismatche
26 PyE dsmAM10AC 0.68 422/452 0.211 d i hed A
M10A(A™")C

27 dsmGM10AC 0.57 421/455 0.139 ds, mismatched G
28 dsmCM10AC 0.40 425/455 0.145 ds, mismatched C
29 dabasicM10AC 0.44 424/455 0.167 ds, direct abasic site
30 - - 416/457 0.094 SsS
31 dcompM10GT 5.18 415/449 0.304  ds, complementary
32 M10G(A™5T dsmAM10GT 1.37 419/455 0.161  ds, mismatched A
33 dsmGM10GT 1.33 419/454 0.164 ds, mismatched G
34 dsmCM10GT 1.83 422/455 0.202 ds, mismatched C

M12T(APHT, A, = 447 nm, M12AAHA, A, = 448 nm, M12G(A™O)G, A, = 455 nm, M12C(A™F)C,

Ao = 51 nm, Ao, = 449 nm, M10G(A™H)T, A_., = 449 nm. Only the longest wavelength was shown for

Aope. “Quantum yields were measured by using quinine sulfate as a standard (@ = 0.546).



3.3.3 Effects of position of A™ in the PNA strand (internal vs terminal)

The effects of labelling position of A in the single-stranded PNA were studied
in terms of melting temperature (see section 3.2.3) and optical properties. Two
acpcPNA sequences having the same sequence except for te replacement of the N-
terminal A with A for the terminally-modified probe [A”®M12] and the replacement
of internal A with A™* for the internally-modified probe [M12T(A™®)T] were compared.
The fluorescence quantum yield of the terminally-modified single-stranded PNA was
much smaller than the internally-modified PNA by 5 folds (0.040 vs 0.187,
respectively). This may be explained by the quenching effect of the neighboring
guanine at the N-terminus adjacent to the terminal A™. Addition DNA caused a small
increase in fluorescence. Interestingly, the fluorescence emission was significantly red-
shifted from 455 nm to 471-479 nm regardless of the identity of the base opposite to
the A™F (Table 3.4). This fluorescence change is quite distinctive from the internally-
modified PNA M12T(A™5)T having the same sequence except for the position of the
A™ base and may suggest that the A might adopt the syn-conformation so that the
pyrene part could stack on top of the PNA-DNA duplex. Since the fluorescence change
is not so selective as shown by the large fluorescence increase in the case of A
mismatch, the terminal position is not the appropriate place for making a good

hybridization responsive PNA probe.

Table 3.4 Optical properties of A” -modified acpcPNA probes and their DNA hybrids
(Condition: 1.0 WM PNA, 1.2 UM DNA, 10 mM phosphate buffer pH 7.0, A, 376 nm).
}\‘abs/}\‘emb

Entry PNA DNA F/Fy D Notes
(nm)
1 - - 414/455 0.040  ss
2 dcompM12ter 1.81 413/476 0.081 ds, complementary
3 AY™M12  dsmAM12ter 1.56 415/471  0.068  ds, mismatched A
4 dsmGM12ter 0.76 415/474 0.045  ds, mismatched G
5 dsmCM12ter 0.96 414/479 0.062 ds, mismatched C

*AVEM12, 7\,em = 476 nm. bOnLy the longest wavelength was shown for 7\.ab5. “‘Quantum yields were

measured by using quinine sulfate as a standard (@: = 0.546).
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3.4 Improving the discrimination of A modified acpcPNA probes using

graphene oxide

The modest discrimination factors due to the high fluorescence background of
single-stranded A™-modified PNA is the limitation of the current PNA probes.
Therefore, a method for reducing the background signal further was required in order
to improve the discrimination ability. One way to achieve this goal was to employ
nanomaterials as external quenchers. Graphene oxide (GO) and reduced graphene
oxide (rGO) were utilized in this work to quench the background signal.”*! The
nanomaterial-based fluorescent platform probes display sensitive, rapid and specific

1132 including DNA.? It is known from the studies

detection of several biomolecules,
with oligonucleotides that in the presence of the GO/rGO nanoquencher, the rather
non-specific -7 interaction between the fluorophore-labeled single stranded
oligonucleotides and the GO/rGO resulted in fluorescence quenching. Duplex DNA, on
the other hand, show much lower tendency for similar -7 interaction since the
nucleobases formed stable base pairs and base stacks inside the duplex therefore the
fluorescence signal of fluorescence-labeled duplex DNA was not quenched in the
same way.*"* If the affinity of the two DNA strands can overcome the association of
the single stranded DNA and the GO, addition of complementary DNA will result in
competitive formation of duplexes. This will lead to dissociation of the single stranded
probe from the quencher with concomitant restoration of fluorescence signal due to
the separation of the fluorophore from the quencher. This principle has been used
extensively for DNA sequence detection with DNA as well as PNA probes.'*>'*® Figure
3.10 represents the concept of the use of GO/rGO together with A" -modified PNA
probes in order to reduce the background signal and to improve the specificity of the

DNA detection further.
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Fluorophore GO/rGO Complementary DNA

Figure 3.10 The concept of using GO or rGO as nanoquenchers to improve the

performance of fluorescence hybridization probe detection

Firstly, the fluorescence quenching of GO/rGO with single-stranded PNA probe
M12T(A))T was investigated. The fluorescence was reduced upon increasing the
concentration of the quenchers. The appropriate concentration of the quenchers at
0.2 pg/mL was chosen, which was sufficient to reduce the fluorescence signal by more
than 90% (Figure 3.11). GO was slightly more effective than rGO in terms of the ability
to quench the fluorescence of A”5-modified PNA probe.
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Figure 3.11 Percentage fluorescence quenching of single-stranded PNA M12T(A™5)T

by GO (green) or rGO (blue). Conditions: 0.1 UM PNA, 0.1 uM DNA, 10 mM Tris HCl pH
7.4, hey 376 nm. The fluorescence intensity was measured after incubating the ssPNA

with GO/rGO for 1 h.

The fluorescence signal restoration after addition of complementary DNA to
the complex of A”“PNA and GO/rfGO was subsequently examined. Addition of
complementary DNA resulted in a dramatic increase of the fluorescence signal.
However, the signal restoration could not reach the original level (71% vs 47%, for rGO
and GO, respectively) (Figure 3.12A). The signal restoration was not complete under

the reaction time (1 hour) at the stoichiometric concentration of the sample performed
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in this experiment. In addition, the fluorescence quantum yield of A™ -rGO hybrid with
complementary DNA was also slightly reduced (@ = 0.287, @:. of free probe = 0.056)
compared to the control experiment without rGO (@- = 0.374, @. of free probe =
0.187).
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——M12T(APYE)T + GO + D12comp 15
------ M12T(APYE)T + rGO "
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©
Figure 3.12 (A) Fluorescence spectra of PNA M12T(A™®)T before and after addition of

GO or rGO, and after addition of GO/rGO and complementary DNA, (B) The
discrimination graph compared between without/with rGO in the presence of DNA and
(C) The discrimination graph defined as complementary divided by mismatched hybrid.
Conditions: 0.1 UM PNA, 0.5 UM DNA, GO/rGO = 0.2 pg/mL, 10 mM Tris HCl pH 7.4,
Aoy 376 NM, Aery 438 nm. The fluorescence intensity was measured after incubating

the ssPNA with GO/rGO for 1 h.

Due to the higher level of fluorescence restoration, rGO was chosen as the
nanoquencher for further selectivity studies with single base mismatch DNA targets.
The fluorescence intensity of single mismatched hybrids was not decreased much in
the presence of rGO, suggesting that the fluorescence of the single mismatched
hybrids was not effectively quenched by the rGO. This, together with the lower

background of single stranded PNA (Fy), explain the observed increase in F/F, (Figure
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3.12B). Nevertheless, the discrimination factor (defined as F/F, of complementary
divided by F/F, of mismatched hybrid) in the presence of rGO was still higher than
without using rGO as shown in Figure 3.12C and Table 3.5.

Table 3.5 Fluorescence emission ratio of the M12T(AYH)TGO complex in the
presence of DNA. (Condition: 0.1 UM PNA, 0.5 uM DNA, 0.2 pg/mL rGO, 10 mM Tris
HCL pH 7.4, Aoy 376 nm, Agy, 438 nm. The fluorescence intensity was measured after

incubated ssPNA with rGO for 1 hour.)

F/Fy at 438 nm Discrimination factor
Entry DNA Without Without
With rGO With rGO
rGO rGO
1 Complementary DNA 29 16.6 1.0 1.0
2 Single mismatched A 1.3 3.1 22 5.4
3 Single mismatched G 0.6 2.6 a7 6.3
4 Single mismatched C 0.9 35 34 4.8

Thus, the use of rGO as an external nanoquencher could improve the

performance of the A™ -modified PNA probe further.

3.5 Applications of A™F modified acpcPNA as color-shifting probes

While the fluorescence emission wavelength of the complementary DNA
hybrids of A™E-modified acpcPNA are similar or only slightly blue-shifted from the
single stranded probe (Table 3.3), an exception was observed in the case of
M12G(A™F)G probe. This particular sequence exhibited a remarkably long wavelength
emission maxima in the single stranded form (entry 11, Table 3.3) which was in
contrast to other flanking bases (Aem: T/T = 455 nm, A/A = 457 nm and C/C = 455 nm).
Interestingly, the positions of the guanine adjacent to the A™* showed a dramatic effect
to the emission wavelength of the single stranded probe (guanine located at N
terminus side (M10G(A™®)T, A., = 457 nm) and C-terminus side (CAG(A™®), A =
498 nm). Thus, the most distinctive switching of fluorescence emission maxima was

observed when guanine residue was placed at C-terminus side of the A™ base.
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Hybridization with complementary DNA gave a duplex that exhibit fluorescence
emission maxima at 457 nm which was similar to other A”*PNA-DNA hybrids, thereby
causing a remarkable blue-shifting of the emission maxima by 41 nm. This pronounced
change in the emission maxima wavelength resulted in an observable fluorescence
color change from green to blue-green under UV light. Such wavelength shift and color
change were not observed with single mismatched DNA targets. The remarkable
wavelength shifting properties were observed only in the presence of complementary
DNA targets, therefore the A™“-modified acpcPNA probe may be useful as a
hybridization responsive probe for DNA sequences analysis that can change color in
addition to fluorescence intensity. This was demonstrated in the application for the
detection of CAG/CTG trinucleotide repeats.”® The CAG/CTG trinucleotide repeats
disorders are the major class in genetic disorders by the CAG expansion in the coding
region causing several well-known heritable neurological and neuromuscular disorders
including Huntington’s disease (HD), spinobulbar muscular atrophy (SBMA, Kennedy's
disease), spinocerebellar ataxias (SCA) types 1, 2, 3, 6, 7, 17 and
dentatorubropallidoluysian atrophy (DRPLA).'® Detection of CAG/CTG repeats have
been extensively studied with several techniques such as electrochemical methods**
and fluorescent probes.’* In this study, the CAG(A™F) PNA probe with the length of
12 mer was investigated. The single-stranded PNA probe exhibited a particularly long
emission maxima wavelength at 498 nm similar to the M12G(A™)G probe and
exhibited a green fluorescence under UV light (365 nm). In the presence of DNA with
the trinucleotide repeat sequences, [d(CTG)s, d(CTG)4 and d(CTG)s], the fluorescence
was enhanced by 2.5 folds with a blue-shifting ca. 45 nm relative to single-stranded
PNA. The fluorescence intensity ratio and fluorescence quantum yield are summarized

in Table 3.6.
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Table 3.6 Optical properties of A”*-modified acpcPNA probes and their DNA hybrids

(Condition: 1.0 UM PNA, 1.2 uM DNA, 10 mM phosphate buffer pH 7.0, Aex 376 NM).

}\‘abs/xemb
Entry PNA DNA F/Fy . Notes
(nm)
1 - 417/498 0.047  ss
2 . d(CTG, 238  414/457  0.070 ds, short DNA
CAG(A™)
d(CTG), 2.55 413/454 0.066 ds, complementary
4 d(CTG)s 2.48 413/455 0.065 ds, long DNA

*CAG(A™®), A, = 454 nm. "Only the longest wavelength was shown for A,.. “Quantum yields were

measured by using quinine sulfate as a standard (@- = 0.546).

Furthermore, the CD spectra confirmed the formation of PNA-DNA hybrid as

revealed the dominant positive peak at 286 nm in the CD spectra (Figure 3.13B). The

color shifting upon addition of DNA could be observed by naked eyes under UV

exposure (Figure 3.13C). Polyacrylamide gel electrophoresis also confirmed the

formation of blue-fluorescence PNA-DNA hybrids in all cases (Figure 3.13D).
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Figure 3.13 (A) Fluorescence spectra, (B) CD spectra, (C) photograph, and (D) gel

electrophoresis of CAG(A™) and its DNA hybrids under UV light. Conditions: 1.0 M

PNA, 1.2 UM DNA, 10 mM phosphate buffer pH 7.0, Ao 376 nm
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Unfortunately, the remarkably red-shifting of the single-stranded PNA probe
was most noticeable only when guanine was present adjacent to the A™* toward the
C-terminus of the PNA probes. When the neighboring G was placed towards the N-
terminus (entries 30-34, Table 3.3), the red-shift was not so pronounced and therefore
the color-shifting is quite sequence dependent. To overcome the limitation, the
double labeling of the acpcPNA probe with two A™* residues was examined in order
to employ the monomer-excimer switching principle as a mechanism to induce the
wavelength shift.?'?"12 |t was proposed that in the single-stranded state, the two
pyrene fluorophores from the two A™F bases were forced into close proximity since
the hydrophobic structure of PNA preferred to form a compact structure to minimize
the contact with aqueous environment leading to the emission of excimer.
Hybridization with complementary DNA causes the two pyrenes to separate, resulting
in the disappearance of the excimer emission and formation of the monomer emission.
According to this design, the color shifting phenomena should be general regardless
of the base sequence of the PNA probe. Table 3.7 summarizes optical data of the

double-labeling A”5-PNA with its DNA hybrids.

Table 3.7 Optical properties of A” -modified acpcPNA probes and their DNA hybrids
(Condition: 1.0 WM PNA, 1.2 uM DNA, 10 mM phosphate buffer pH 7.0, A, 376 nm).

Aos A’
Entry PNA DNA A/ X Notes
(nm)
1 - 1.0 385/491 0.178  ss
2 bvE dA4TTA4 0.95 385/494 0.177  ds, complementary
T8A™ 2 0B
3 dA10 0.80 385/482 0.188  ds, double mismatched
4 dA4TAS 0.90 386/480 0.179  ds, single mismatched
5 - 1.0 386/484 0.097  ss
6 bvE dA3TA3TA2 2.03 385/455 0.114  ds, complementary
T8A™ 2 38
7 dA10 0.50 387/455 0.062  ds, double mismatched
8 dA3TA6 1.43 386/487 0.099  ds, single mismatched

“T8A™E2_ 0B, A, = 494 nm, T8A™ 2 3B, A, = 455 nm. "Only the longest wavelength was shown for A.

“Quantum yields were measured by using quinine sulfate as a standard (@ = 0.546).
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To verify the proposed design, the double-A™ -modified acpcPNA probes were
synthesized. Two different probes, each carried two A™* residues at different positions
were compared. In one case, the two A™" were placed at the adjacent position
[T8(A™)2_0B] and the other were separated by three bases [T8(A™%)2 3B]. The
fluorescence spectra of the two PNA probes revealed a distinctive red-shifted emission
due to the formation of excimer as expected. However, the distance between those
two A™F labels strongly affected the discrimination ability of the probes. In case of
T8(A™)2_0B probe, the fluorescence spectra of the single stranded probe and all of
its DNA hybrids were similar (Figure 3.14A). In contrast, the blue-shifted spectra as
well as 2-fold fluorescence enhancement relative to the single stranded PNA probe
was observed with the T8(A™®)2_3B probe in the presence of its complementary DNA.
The level of discrimination was not perfect since single mismatched hybrid gave similar
fluorescence change to complementary hybrid. However, with double mismatched
DNA target, the fluorescence became similar to single stranded probe. It is quite
possible that the level of discrimination could be further improved by increasing the
stringency of the hybridization conditions, for example by increasing temperature, salt
concentration or by employing S1 nuclease.”*'*** The color shifting of the emission

could be visualized under UV light (Figure 3.14B).
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Figure 3.14 Fluorescence spectra of (A) TBA™*2_0B and (B) T8A™"2_3B with DNA. In
set shows a photograph of T8A™®2 3B with DNA. Conditions: 1.0 UM PNA, 1.2 UM
DNA, 10 mM phosphate buffer pH 7.0, e, 376 nm
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3.6 Fluorescence acpcPNA probes synthesized via post-synthetic modification

Fluorescence oligonucleotides baring modified nucleobases have been
prepared by various methods. Typically, fluorescence nucleobases can be
incorporated into oligonucleotides by the conventional approach that involves
chemically synthesis of the modified nucleobase building block which is subsequently
incorporated into the oligonucleotide through solid phase synthesis. This approach
has some limitations, for example, the incompatibility and instability of some
functional groups in the building block during the solid phase synthesis and cleavage
step,'” In addition, lower coupling efficiency is frequently observed due to steric
hindrance when using bulky building block.®!% An alternative approach is to
incorporate the modified nucleobases enzymatically by DNA polymerase using
modified nucleoside triphosphates (ANTPs or NTPs).”® However, the selection of
modified (d)NTPs that is compatible with the enzymatic reactions is limited and may
not be easily predicted.®?®11"  Another powerful approach for preparing
fluorescence oligonucleotides is via post-synthetic modification. The obvious
advantages of this approach over the pre-formed monomer approach is that there is
no need to synthesize new monomers and changing of the fluorophore can be easily
made without the need to re-synthesize the whole sequence. In addition, the method
is highly suitable for certain modifications that may not be stable under the DNA/PNA

synthesis, deprotection or cleavage conditions.

One of the most promising approaches for post-synthetic modification of DNA
oligonucleotides involves incorporation of one or more halogenated nucleosides at
predefined positions in the oligonucleotide sequence followed by a palladium-
catalyzed cross coupling. This synthetic approach allows convenient functionalization
of oligonucleotides with a variety of fluorescence dyes onto the readily accessible
oligonucleotides carrying halogenated nulcleobases. For example, a successful
modification of oligonucleotides bearing a single 8—bromoguanine residue with several
arylboronic acids.'® Although such Pd-catalyzed reactions for nucleosides
monomers™ as well as post-synthetic approaches for the synthesis of more complex

oligonucleotides on solid support in organic media has been well developed,'® the
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corresponding solution phase reaction under aqueous conditions has only been
recently realized.'®%!* Thus, this part of the work involved the adaptation of similar
post-synthetic palladium-catalyzed reactions to synthesize fluorescence acpcPNA
probes with a wide variety of fluorophores. The synthesis started with synthesizing the
Fmoc-protected 5-iodouracil acpcPNA monomer as a reactive building block. This
halogenated monomer was subsequently incorporated at a predefined position on
the acpcPNA through solid phase peptide synthesis. Afterward, modifications with the
fluorophore were performed in solution phase after cleavage of the PNA from the
solid support using Suzuki-Miyaura or Sonogashira cross-couplings (Figure 3.15). It was
proposed that the Watson-Crick base pairing ability of the modified-uracil in acpcPNA
should be retained, and that the intrinsically fluorescence modified nucleobase
should give fluorescence alteration upon binding with complementary nucleobases in

the DNA target strand.
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Figure 3.15 A schematic showing the post-synthetic modification of acpcPNA through

palladium-catalyzed reactions

3.6.1 Synthesis of U-acpcPNA monomer

The Fmoc-protected 5-iodouracil acpcPNA monomer (7, U') was required as a
protected building block for the synthesis of U-modified acpcPNA. The Boc-protected

U' intermediate 6 was synthesized through the Mitsunobu reaction of the known

125 111

Boc/Dpm hydroxyproline'® (5) with N*-benzoyl-5-iodouracil'’’ according to the
previously reported procedure.”® All protecting groups in 6 was subsequently removed
by treatment with trifluoroacetic acid in dichloromethane (1:1). After solvent removal
and precipitation with diethyl ether, the intermediate free amino acid was protected
by FmocOSu/NaHCOs in aqueous acetonitrile to obtain the desired Fmoc-protected U

monomer (7) in 55% yield starting from the Boc/Dpm intermediate (6). The identity of
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the Fmoc-protected monomer (7) was confirmed by 'H and *C NMR and also MALDI-
HRMS.
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Figure 3.16 Synthesis of Fmoc-protect U' monomer

3.6.2 Synthesis of 5-iodouracil-containing acpcPNA

The Fmoc-protected 5-iodouracil acpcPNA monomer was incorporated into the
internal position of the acpcPNA using the standard HATU activation protocol as
described in Chapter II. After completing the acpcPNA synthesis, the U-acpcPNA was
cleaved from the solid support by TFA. The crude PNA was used for post-synthetic
Sonogashira and Suzuki-Miyaura cross-couplings without further purification other than
evaporation of the TFA followed by ether precipitation. The sequences and MALDI-
TOF characterization data of the U-modified acpcPNA synthesized in this study are
shown in Table 3.8.

Table 3.8 Sequences and characterization data of U-acpcPNA

m/z m/z
Code of PNA Sequence (N—>C)
(calcd) (found)?
TUT AC—TU'T—LyS—NHZ 1297.2 1296.4
T4U'T4 AC-TTTTUTTTT-LysNH, 32913 3292.6
m1ou' AC—GTAGAU'CACT—LySNHZ 3670.5 3668.6
Lys2M10U' Ac-Lys-GTAGAU'CACT-LysNH, 3798.9 3800.4

®MALDI-TOF mass spectrometry in linear positive ion mode using o-cyano-4-hydroxycinnamic acid

as a matrix.
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3.7 Post-synthetic modification of acpcPNA by Sonogashira reaction

This part focuses on the synthesis of acpcPNA carrying 1-ethynylpyrene-
modified uracil at C5 position [5-(pyrene-1-ylethynyl-uracil, U™ through post-

synthetic Sonogashira reaction. The U™®

monomer was reported to be one of the most
distinguished base discriminating fluorescence nucleobase in DNA probes that showed
the excellent discrimination ability towards SNPs detection,"*® and it has been utilized
as a displacement probe to discriminate single base mismatch in target RNAs.””! The
U™ DNA or RNA monomers can be synthesized as a pre-formed fluorophore-labeled
monomer by joining the 5-iodouracil nucleobase with 1-ethynylpyrene using the
Sonogashira cross coupling.”***° However, the time-consuming synthesis of that of
pre-formed monomer can be avoided by a semi-automated approach in the solid
phase reported by Wagenknecht et. al. consisting four steps; i) oligonucleotide
synthesis on the solid support (CPG); ii) insertion of 2’-deoxy-5-iodouridine; iii) removal
of the synthesis column from the synthesizer for manual Sonogashira coupling on the
solid support (manually); iv) resuming the automated DNA synthesis.'® Both of these
approaches are not suitable for the synthesis of U -containing acpcPNA due to the
instability of the U™® monomer towards even mildly acidic conditions necessary for
the cleavage of PNA from the solid support. To prevent the formation of the undesired
cyclized product during PNA cleavage under acidic condition (see section 3.9.1), the
modification by Sonogashira reaction should be performed after cleavage of the PNA
from the solid support. In the next sections, the synthesis of U™*-modified acpcPNA

via post-synthetic Sonogashira coupling, as well as the hybridization as well as optical

properties of the U™ -modified acpcPNA with DNA will be investigated.

UPYE UPYE.acpcPNA

Figure 3.17 The structures of base discriminating fluorescence nucleobase, U™* in this

work
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3.8 Post-synthetic Sonogashira reaction of acpcPNA in the solution phase

3.8.1 Post-synthetic Sonogashira reaction of homothymine U™E-modified

acpcPNA
(0]
| o 0 Ar (0]
7 ONH | | X
N/go PNA synthesis | /’Ki PNA cleavage | /’K’ A= | /'K'
p— N0 N0 [Pd] NS0
7
N
| OH
Fmoc

Figure 3.18 The post-synthetic approach for the introduction 5-(pyrene-1-ylethynyl-
uracil (U™") into acpcPNA

Initial studies were focused on the Sonogashira cross-coupling reaction
between phenylacetylene or 1-ethynylpyrene and model acpcPNA with 5-iodouracil-

modified homothymine sequences [TU'T and T4U'T4] in aqueous media. The catalyst

system Pd(OAc),*[DMADHP], consisting of a water-soluble ligand 2-(dimethylamino)-
4,6-dihydroxypyrimidine (DMADHP) and palladium(ll) acetate in potassium phosphate
buffer and sodium ascorbate as a reducing agent was initially chosen according to the
previously published success on the similar functionalization of protein.!® The
(1

DMADHP ligand was synthesized according to the method by Wombacher et. a

Next, the Sonogashira reactions between the short PNA sequence TU'T and
phenylacetylene were performed in water using a pre-formed Pd(OAc),*[DMADHP],

complex in the presence of K,;HPO4:3H,0O and sodium ascorbate as a reducing agent
at 37 °C for 20 minutes (monitored by MALDI-TOF mass spectrometry). The mass
spectrum showed the peak of the desired product at m/z = 1271.4 (m/z calcd =
1271.2, Figure 3.19B) therefore this condition was further used with 1-ethynylpyrene.
The starting material was consumed as indicated by the decrease of the starting U-
PNA peak height. Unfortunately, the deiodinated product TUT (m/z found = 1171.4;
calcd = 1170.3) was observed as the major product amd only trace of the product

peak was observed (m/z = 1396.4, Figure 3.19C).
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Figure 3.19 MALDI-TOF mass spectra of (A) starting material TU'T, (B) and (C) post-

synthetic Sonogashira reaction between TU'T and alkynylfluorophores proceeded in
the Pd(OAC),*[DMADHP], complex. Arrows indicated the mass of the product peak.
(Condition: 600 equiv. alkynylfluorophore, 4.0 equiv. Pd(OAC),:[DMADHP],, 700 equiv.

KoHPO,4*3H,0, 17.0 equiv., sodium ascorbate, 37 °C)

Next, the condition was changed to the standard Sonogashira cross-coupling

condition employing Pd(PPh3),Cl, and Cul catalytic system in organic solvent (DMF) as
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in the synthesis of A™* monomer (see section 2.3.2). The conditions optimization for
post-synthetic Sonogashira reaction using by the long PNA sequence T4U'T4 and either
phenylacetylene or 1-ethynylpyrene as model terminal alkynes are summarized in

Table 3.9.

Table 3.9 Optimization of post-synthetic Sonogashira reaction of acpcPNA

(0] Ar o
| s

[ NH B
T, o T T N/,,,/l%o T
y o % o 0 , W o 0
*E-NH Q””/(NH Q,,,,/(NH Q,@{ Terminal alkyne —%—l\iH Q <l\iH Q'/(NH Q'/&,
Pd(PPh;),Cly, Cul, TEA -
o) QAO QAO DMF, 80°C 0 o 9

T4U'T4 @—: CQ T4(UAE)T4
miz 3291.3 Q

Terminal alkyne

Terminal alkyne (equiv.) Condition®

Scale

Entry Pd(PPh,),Cl, Cul Et;N
(nmol)  Phenylacetylene  1-ethynylpyrene

(equiv.) (equiv.)  (equiv.)

1 10 15 7 0.2 0.1 3.0
2 10 100 = 25 3.0 16.3
3 10 500 = 25 3.0 16.3
4 10 3 500 25 3.0 16.3
5 50 - 500 25 3.0 16.3
6 250 - 500 25 3.0 16.3

*The reaction progress was monitored by MALDI-TOF mass spectrometry.

Firstly, the standard condition used for the synthesis of A™" monomer was
employed but the reaction did not proceed as shown by the presence of unchanged
starting material after the reaction was performed at 80 °C for 2 hours (Figure 3.20B).
Thus, more equivalents of all reagents were added to push the reaction forward, which
provided the expected product after heating at 80 °C for 2 hours as indicated by a
mass peak at m/z = 3266.7. However, the remaining starting material along with the

deiodinated product T4UT4 were still observed (entry 2, Table 3.9, Figure 3.20C).
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Next, the amount of phenylacetylene was increased to 500 equiv., whereby the
starting material was completely consumed without the contamination of the

deiodinated product (entry 3, Table 3.9, Figure 3.20D).
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-$NH Q < H Q /<NH N @{ j?"!” N NH N <"iH Q §<
: Pd(PPh;),Cl,, Cul, TEA - 2 ;
o o o DMF, 80°C 0 0 o
T4U'T4 T4UPhET
m/z 3291.3 m/z 3266.5
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S
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20003 Cul 3.0 equiv

mojé Et,N A A 16.3 e%
S 30003
ﬁzﬁooé (D) entry 3
5 20003
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10003

500
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Figure 3.20 MALDI-TOF mass spectra of (A) starting material T4U'T4 and (B)-(D) post-
synthetic Sonogashira reaction performed under the catalytic system of Pd(PPh),Cl,,
Cul and triethylamine. The product peak was indicated by an arrow. The entry number

referred to the entry number in Table 3.9.

Thus, this optimal condition was applied to the reaction between T4U'T4 and
1-ethynylpyrene at 10 nmol scale, and the expected product, TAU™ T4 (m/z calcd =
3389.7) was successfully formed (entry 4, Table 3.9, Figure 3.21B). After that, the scale
of the reaction was increased to 50 nmol and 250 nmol of starting material in order
to produce sufficient quantities of the modified acpcPNA for investigation in
hybridization and optical properties. The scale-up reactions were also efficient as

monitored by MALDI-TOF mass spectrometry (Figure 3.21C and 3.21D).
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Figure 3.21 MALDI-TOF mass spectra of (A) starting material T4U'T4, (B) post-synthetic
Sonogashira reaction between T4U'T4 and 1-ethynylpyrene and (C)-(D) the scale-up
reactions between T4U'T4 and 1-ethynylpyrene performed under the catalytic system
of Pd(PPh3),Cl,, Cul and triethylamine. The entry number referred to the entry number
in Table 3.9.

The mechanism of Sonogashira cross coupling reaction is depicted in Figure
3.22. The reaction started with an inactive palladium(ll) catalyst that was activated by
reduction with copper(l) iodide to form a palladium(0) complex. Then, the active
palladium(ll) complex reacted with 5-iodouracil at C5-halogen bond via oxidative
addition resulting in the Ar-(PPh;),Pd(ll)-] complex B. This complex reacted with copper
acetylide that produced from the copper catalytic cycle afforded intermediate C.
Finally, the final product D was produced via reductive elimination as well as the

palladium(0) catalyst regeneration."”” The deiodinated product was probably
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originated from the same Pd-containing intermediate for the desired Sonogashira
reaction obtained by oxidative insertion reaction of the Pd into the C-| bond However,
instead of reacting further with the rather bulky 1-ethynylpyrene it underwent a proto-
depalladation reaction to form the deiodinated substrate instead of the desired cross-

coupling product.

Rs oNH R=©X OO
YV oy

N O
D (PPh3),Pd° W
reductive elimination A
oxidative addition
(0] O
NH
Lo

PPhs F|>Ph3 NH
PhaP—Pd(Il)—\ |—F|>d(||) \ =0
I :H PPhy :H
R transmetallation
C B

Cul R————-2~Cu
><_
H———R E&N EtsNH |

Figure 3.22 The mechanism of Sonogashira cross coupling reaction between T4U'T4

and 1-ethynylpyrene

3.8.2 Post-synthetic Sonogashira reaction of mix-base U™t-modified

acpcPNA

Additionally, the post-synthetic Sonogashira reaction of the mix-base sequence
PNA M10U" with 1-ethynylpyrene was also performed. Before PNA cleavage from the
solid support, the benzoyl protecting group on the nucleobases side chain were
removed by treatment with 1:1 aqueous ammonia/dioxane at 65 °C overnight. The
M10U' was directly used for the post-synthetic Sonogashira reaction after cleavage
from the resin without purification. The reaction was also successful as shown by a
complete reaction after 4 hours at 80 °C under same conditions (Figure 3.23).

Unfortunately, purification of the M10U™* by reversed phase HPLC was not successful
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because of the poor solubility of M10U™® in aqueous acetronitrile. Thus, the

hybridization properties of M10U™* cannot be determined.
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Figure 3.23 MALDI-TOF mass spectra of (A) starting material M10U' and (B) post-
synthetic Sonogashira reaction between M10U' and 1-ethynylpyrene. (Condition: 500
equiv. 1-ethynylpyrene, 2.5 equiv. Pd(PPh3),Cl,, 3.0 equiv., 16.3 equiv. triethylamine in
DMF, 80 °C, 4 hours)
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3.9 Post-synthetic Sonogashira reaction on the solid phase

3.9.1 Attempted synthesis of 5-(pyrene-1-yl)ethynyl-uracil acpcPNA in
solid phase via Rink amide (RAM) linker

Due to the inconvenience in solution phase synthesis in terms of removing the
excess reagents from the reaction and requirement of the clean-up step using C18-
cartridge column to eliminate the inorganic salt before HPLC purification, the solid
phase synthesis was investigated in order to solve those problems. The 5-iodouracil
acpcPNA attached on the acid labile Rink amide (RAM) linker was reacted with 1-
ethynylpyrene under the same condition as in the solution phase synthesis, which
showed a complete reaction as monitored by MALDI-TOF mass spectrometry (Figure
3.24). After the starting iodinated acpcPNA was completely consumed, the modified
PNA was treated with trifluoroacetic acid in the presence of 10% triisopropylsilane
(TIPS) to scavenge the undesired electrophilic carbocations that might react with the
electron-rich pyrene. The modified-acpcPNA was then purified and characterized by
reversed phase HPLC and MALDI-TOF mass spectrometry. However, although a
product with the expected mass was obtained, subsequent thermal and spectroscopic
studies (see section 3.11 and 3.12) revealed that it was not the desired 5-(pyrene-1-
yDethynyl-uracil acpcPNA, but the cyclization product pyrene-substituted furanouracil
(fU™) acpcPNA was obtained instead.
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Figure 3.24 MALDI-TOF mass spectra of (A) starting material and (B) post-synthetic
Sonogashira reaction between T4U'T4 and 1-ethynylpyrene using solid phase
synthesis. (Condition: 500 equiv. 1-ethynylpyrene, 2.5 equiv. Pd(PPh3),Cl,, 3.0 equiv.,
16.3 equiv. triethylamine in DMF, 80 °C, 6 hours)

The formation of the pyrenyl-furanopyrimidine (abbreaviated as fU™) was
explained by the intramolecular cyclization of 5-(pyrene-1-yl)ethynyl-uracil during the
cleavage of the under acidic condition. Similar reactions have been reported in DNA
oligonucleotides for the cyclization of 5-alkynyluracil to furanopyrimidine catalyzed by
AgNO; via the 5-endo-dig cyclization whereby the carbon-carbon triple bond was

attacked by the O oxygen atom of the uracil moiety as illustrated in Figure 3.25.">°
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The acid probably activated the triple bond by protonation to form a vinyl carbocation

intermediate that underwent a rapid cyclization.*

‘ ‘ o ‘O », 0
s A GO
| /’Ki H N 5-endo-dig

LN, |
UPYE.PNA fUPY-PNA
open form cyclized form

Figure 3.25 The possible mechanism of cyclization through 5-endo-dig¢ annulation of

5-(pyrene-1-ylethynyl-uracil under acidic condition based on Agrofoglio’s hypothesis

3.9.2 Attempted synthesis of 5-(pyrene-1-yl)ethynyl-uracil acpcPNA in
solid phase via hydroxymethylbenzoyl (HMBA) linker

Due to the undesired cyclization product under acidic condition as described
in the last section, the nucleophile-labile hydroxymethylbenzoyl (HMBA) linker'>® was
utilized as solid support instead of the usual Rink amide linker. This linker can be easily
cleaved through nucleophilic substitution reaction at the carbonyl group. In this
experiment, two lysine residues were included at both N- and C-termini of 5-iodouracil
acpcPNA (Lys2M10U") to improve aqueous solubility of the modified acpcPNA using
Fmoc-Lys(Mtt)-OH. The Mtt protecting group was removed under mild acidic condition
without cleavage of the PNA from the solid support. The Sonogashira cross coupling
reaction was next performed with the PNA attached on-resin that still carried the
nucleobase protecting groups. The reaction was allowed to proceed under the same
condition as described above for 8 hours. Cleavage of the PNA from the solid support
was achieved by treatment with aqueous NHi/dioxane at 65 °C overnight.
Unfortunately, even though the peak corresponded to the product was obtained, the
reaction was quite messy, and a number of side products were observed (Figure 3.26).

As a result, this approach has not been pursued further.
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Figure 3.26 MALDI-TOF mass spectra of post-synthetic Sonogashira cross coupling
reaction between Lys2M10U' and 1-ethynylpyrene performing through HMBA linker

3.10 Purification and characterization of pyrene-modified acpcPNA derived

from post-synthetic modification

The crude U™ modified acpcPNA obtained from the post-synthetic
modification reaction was cleaned-up by passing through a C18 cartridge followed by
washing with 10% aqueous acetonitrile. After that, the collected fractions were
combined and freezed-dry to give the crude PNA and re-dissolved to purify by reverse
phase HPLC eluting with a gradient system of 0.1 M TEAA buffer pH 7.0 and acetonitrile.
Fractions containing the pure PNA examined by MALDI-TOF MS were combined and
lyophilized then —the pure PNA was re-dissolved in 120 uL of DMSO. For T4(fU™)T4

obtained from the post-synthetic Sonogashira reaction on the solid phase via Rink
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amide (RAM) linker was cleaved from the solid support after completing the reaction
using TFA containing 10% triisopropylsilane. Then, the crude PNA was purified by
reverse phase HPLC eluting with a gradient system of 0.1 M TEAA buffer pH 7.0 and
acetonitrile which therefore combined the collected fractions and lyophilized. The
concentration of the modified-acpcPNAs  were determined by  UV/Vis
spectrophotometry and characterized by MALDI-TOF mass spectrometry. The
characterization data and isolated yields of all pyrene-modified acpcPNA probes

derived from post-synthetic Sonogashira cross-coupling are summarized in Table 3.10.

Table 3.10 Sequences and characterization data of pyrene-modified acpcPNA probes

obtained from post-synthetic Sonogashira reaction.

Sequence ty Yield m/z m/z
Code of PNA
(N—Q) (min)?®  (%)° (calcd) (found)©
T4aUMET4 Ac-TTTTUPETTTT-LysNH, 258 144 3389.7 3384.5
Tafu»T4 Ac-TTTTFUPTTTT-LysNH, 26.7 10.3 3390.7 3388.9

3See HPLC conditions in experimental section. Plsolated yield after HPLC. “MALDI-TOF mass

spectrometry in linear positive ion mode using a-cyano-4-hydroxycinnamic acid as a matrix.

3.11 Thermal stability of DNA hybrids of pyrene-modified acpcPNA

UV melting experiments of the hybrids between the pyrene-modified acpcPNA
probes and DNA targets were performed to investigate the hybridization properties in
terms of thermal stability and sequence specificity with its DNA targets. The thermal
stability data are shown in Table 3.11.



88

Table 3.11 Thermal stability data of pyrene-modified acpcPNA and their DNA hybrids.
(Condition: 1.0 UM PNA, 1.2 uM DNA, 10 mM phosphate buffer pH 7.0).

DNA sequence?® T. AT,

Entry PNA DNA Notes
(5°’—>3) (°O) Q)

1 dA9 AAAAAAAAA 65.1 - ds, complementary

2 dA8T AAAATAAAA 35.1 -30.0 ds, mismatched T
T4UPET4

3 dA8G AAAAGAAAA <20.0 >45.1 ds, mismatched G

4 dA8C AAAACAAAA 40.5 -24.6 ds, mismatched C

5 dA9 AAAAAAAAA <20.0 >24.6  ds, complementary

6 dA8T AAAATAAAA <20.0 >24.6 ds, mismatched T
Ta4fUPyT4

7 dA8G AAAAGAAAA 44.6 - ds, mismatched G

8 dA8C AAAACAAAA <20.0 >24.6 ds, mismatched C

*Mismatched bases in the DNA sequence are indicated as bold font. Complementary bases in DNA

sequence are indicated by underlying.

As expected, the complementary PNA-DNA duplex T4U™T4-dA9 displayed
the strongest binding affinity as shown by the highest melting temperature at 65.1 °C.
This T, value is relatively low in comparison with the unmodified T9 acpcPNA with
dA9, which showed a T,, value of 82.0 °C,'® which indicated the negative effect of
the steric bulk of the pyrene to the stability of the duplex. The mismatched hybrid
with T4(U™F)T4 showed either much lower melting temperature values compared to
the complementary hybrid (TAU™*T4:dA8T = 35.1 and T4U™T4-dA8C = 40.5 °C) or
no sigmoidal transition at all in the case of T4UP™*T4-dA8T duplex. The significant
decrease in thermal stability of mismatched PNA-DNA hybrids by 45.1 to 24.6 °C when
compared to the complementary hybrid clearly indicated the specific base pairing

between U™ in acpcPNA and dA in the DNA strand.

On the other hand, no sigmoidal transition was observed at all in the cases of
hybrids between T4fu™T4 and dA9, dA8T and dA8C, indicating the absence of base
pairing between fU™ in acpcPNA and dA, dT or dT in DNA. Only in the case of
T4UP*T4-dA8G that a weak sigmoidal transition was observed with a T, value of 44.6

°C. It became evidence according to the T,, data and base recognition pattern that



89

the two "U™"-modified acpcPNA sequences obtained from the post-synthetic
Sonogashira reaction in solution and solid phase are different. The specific base pairing
to dA8G rather than dA8T and dA8C confirmed that the furanouracil acpcPNA
T4fUPT4 was formed instead of the expected T4UP™ T4 under the solid phase
synthesis condition. The formation of the furanouracil was explained by the acid-

induced cyclization (section 3.9.1) This cyclized uracil could only form a stable base

7.156

pairing with guanine but not adenine as depicted in Figure 3.2

fuPy adenine

(A)
Figure 3.27 Hydrogen bonds formation of (A) fU”+dA and (B) fU™-dG"*

Based on the T,, results, it can be concluded that the U™ -labeled acpcPNA
can distinguish dA from other bases in the DNA targets and could be useful as a
fluorescence DNA probe. Additionally, the cyclized furanouracil acpcPNA (fFU™-
acpcPNA) can be produced when the U -modified acpcPNA was subjected to acidic
conditions. This fU"-labeled acpcPNA can distinguish dG from other bases in the DNA
targets and could also be useful as another fluorescence DNA probe, which will be

experimentally confirmed in the next section.

3.12 Optical properties of pyrene-modified acpcPNA probes

The optical properties of the pyrene-modified acpcPNA derivatives in the

absence and presence of various DNA targets are summarized in Table 3.12.
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Table 3.12 Optical properties of pyrene-modified acpcPNA probes and their DNA
hybrids (Condition: 1.0 UM PNA, 1.2 UM DNA, 10 mM phosphate buffer pH 7.0, A, 385

nm).

Aaos /Nerm
Entry PNA DNA  F/Fy abs e dr Notes

(nm)

—_
1
1

374/433 0.069  ss

2 dA9 5.16 396/456 0.253  ds, complementary
3 T4UMET4 dA8T 2.31 398/455 0.116  ds, mismatched T
4 dA8G 1.44 397/450 0.081 ds, mismatched G
5 dA8C 23001 397/450 0.127 ds, mismatched C
6 - - 392/480 0.181 ss

7 dA9 0.87 396/482 0.204  ds, complementary
8 T4fUP T4 dA8T 0.86 395/483 0.186 ds, mismatched T
9 dA8G 1.07 397/489 0.230 ds, mismatched G
10 dA8C 0.89 392/481 0.194  ds, mismatched C

T4U™ET4, A, = 447 nm, T4fU™T4, A, = 489 nm. Quantum yields were measured by using
quinine sulfate as a standard (@ = 0.546).

The ability of U™ as base discriminating fluoresce nucleobase upon binding
with various DNA targets were studied. The absorption spectra of single-stranded PNA
displayed characteristic major absorption maxima at 374 and 395 nm of pyrene, which

is consistent with previous reports on U™E modified DNA probes.!®° |n the

complementary DNA hybrid TAU™5T4+dA9, a strong hyperchromism was observed at

396 nm. The same hyperchromism was also observed in the mismatched DNA hybrids

(T4UP*T4-dA8T, T4U™*T4-dA8G and T4U™FT4-dA8C). The absorption maxima of
single-mismatched hybrids were only slightly red-shifted by 1-2 nm relative to the
complementary hybrid. This is different from previous work on U™ -DNA probes that
showed a more significant red-shifting by 5 nm from complementary duplex (Figure
3.28B)."*Y CD spectra was used to investigate the conformation of pyrene upon duplex
formation. CD spectra confirmed the formation of a hybrid between T4U™ T4 and its

complementary DNA, but not single mismatched DNA (Figure 3.28C and 3.28D). No
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CD signals were observed in the pyrene absorption region for both complementary
and single mismatched hybrids of T4UPET4. This is different from the CD spectra of
U™E-modified DNA reported by Kim and co-workers, whereby the CD spectra clearly
exhibited a small negative band at 398 nm in the complementary DNA hybrid. A
slightly red-shifted CD band was observed at 402 nm for single base mismatched
hybrid, which was explained by the interaction of pyrene with adjacent nucleobases

in the duplex.'”

The fluorescence intensity and fluorescence quantum yield of the pyrene-
modified uracil acpcPNAs and their corresponding DNA hybrids are summarized in
Table 3.12. Upon exciting at 385 nm, the single-stranded T4U™ T4 showed a weak
fluorescence emission, which translated into a low fluorescence quantum yield (@r =
0.069) with the emission maxima at 433 nm. In the presence of complementary DNA,
the fluorescence was increased by 5.16 folds relative to single-stranded PNA and the
fluorescence quantum yield was also increased from 0.069 to 0.253. In addition, the
emission wavelength red-shifted for 433 to 456 nm, which is in good agreement with
another study with U™“-modified DNA by Berlin et al.,"*" who explained the strong
bathochromic shift phenomena upon hybridization as resulting from the exciplex
formation of pyrene with nucleobases. Similar phenomenon may occur in U™
modified acpcPNA duplexes, whereby the pyrene might involve in the stacking with
the neighboring nucleobases.” In the presence of single-mismatch DNA, the
fluorescence intensity was much smaller when compared with perfect matched
hybrid. The fluorescence emission ratio (F/Fy) of the remaining mismatch DNA (dA8T,
dA8G and dA8C) were 2.31, 1.44 and 2.11, respectively (Figure 3.28A). The results
suggest that the U™ base in modified acpcPNA can differentiate adenine from other
non-complementary nucleobases not only by T, but also by fluorescence

enhancement.
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Figure 3.28 (A) Fluorescence, (B) UV-vis and (C)~(D) CD spectra of T4U™ T4 and its
DNA hybrids. Conditions: 1.0 UM PNA, 1.2 uM DNA, 10 mM sodium phosphate buffer
pH 7.0, ey 385 nm

Next, the optical properties of the cyclized version of U™*

, namely pyrenyl-
furanouracil [T4fU™T4] were investigated. The absorption spectra of single-stranded
Tafu™T4 PNA displayed a single broadened and more red-shifted band (An.x = 394
nm) relative to TAU™ET4. This spectrum is distinctively different from T4U™ T4, in
which no shoulder was observed indicating different structures of the two pyrene-
modified acpcPNAs. In the presence of complementary (dA9) and mismatched (dA8G,
dA8T, dA8C) DNA, the UV absorption maxima were further red-shifted (Figure 3.29B).
CD spectra of T4fU™ T4 with dA9 and dA8T confirmed that the duplex was not

formed.

The fluorescence properties of T4fUPT4 in the absence and presence of DNA
was studied next. The maximum emission of the single stranded probe appeared at
480 nm with a moderate fluorescence quantum yield (@ = 0.181, Table 3.12). This
value was higher than that of T4U™T4. In all DNA hybrids, only small change in

fluorescence intensity was observed. The fluorescence intensity change in the
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mismatched hybrids was slightly decreased to 0.87, 0.86, and 0.89 folds relative to
single-stranded T4fU™T4 for dA9, dA8T and dA8C, respectively. Interestingly, the
fluorescence was slightly enhanced by 1.07 folds in the "complementary" with dA8G.
This is accompanied by a pronounced red-shifting of the emission maxima by 9 nm
relative to the single-stranded PNA (Figure 3.29A). The thermal stability and
fluorescence results suggested that the pyrenyl furanouracil (fU™) in acpcPNA can
distinguish dG from other nucleobases in DNA, although the change is rather small

when compared to U™~

204 T4fUPyT4 o054 L. T4fUPYT4
.’g ——T4fUPyT4 + dA9 ——T4fUPyT4 + dA9
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Figure 3.29 (A) Fluorescence, (B) UV-vis and (C)~(D) CD spectra of T4fU™T4 and its
DNA hybrids. Conditions: 1.0 UM PNA, 1.2 uM DNA, 10 mM sodium phosphate buffer
pH 7.0, Ay 385 nm
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3.13 Post-synthetic modification of acpcPNA by Suzuki-Miyaura reaction in
solution phase

o)
I 0 o} o}

NH | | Ar
| By - NH NH NH
PNA synthesis PNA cleavage Ar—Y .
N_‘?/ (6] I | NAO — > | /g | /&

N O Pd-catalyzed

HAr: s/? 3/3\; o/? OD\; mé w%

Figure 3.30 A method to incorporate C5-heteroaromatic substituent into iodouracil-

|
Fmoc

containing acpcPNA

This section involves the development and application of post-synthetic
Suzuki-Miyaura reaction approach for the synthesis of fluorescence acpcPNA probes
bearing a uracil base modified at the C5 position by a heteroaromatic ring such as
thiophene, furan and their benzo-annulated derivatives. This was inspired by a
pioneering report by Manderville et. al. on the modification of 8-bromoguanine-
containing oligonucleotides including dimer, trimer, decamer and 15mer under the
catalysis of Pd(OAC), and tris(3-sulfonatophenylphosphane trisodium salt (TPPTS) in
the aqueous acetonitrile system to obtain the fluorescently-labeled benzothiophene
and phenyl analogues DNA probes in good yield.!®! In another work, a simple one-step
synthesis of the photoswitchable oligonucleotides have been reported by a highly
specific reaction of the 5-iodouracil modified-oligonucleotide (15 mer and 19 mer) with
several boronic acids using Pd(OAc), and TPPTS catalytic system to afford the
photoswitch anchored DNA in moderate yield." In a related study, a DNA modification
under mild conditions by using the combination of Pd(OAc),/2-aminopyrimidine-4,6-
diol in aqueous buffer condition that exhibited broad functional group tolerance as
reported by Davis and coworkers. Under this condition, it was reported that the
dehalogenation by-product was not detected.'” Thus, these methods were applied
for functionalization of acpcPNA carrying 5-iodouracil with several heteroaromatic
compounds to generate fluorescence probes that will be further studied for DNA

binding affinity and optical properties (Figure 3.31).
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Figure 3.31 The structures of C5-modified uracil-acpcPNA bearing heteroaromatic

Ar\EOJ\NH O . s/? 3/3\; o? 0/3\;
| : N o
o

substituents proposed in this work

Firstly, a model 3 mer 5-iodouracil (U')-modified acpcPNA TUT (m/z = 1297.2)
was employed as a substrate together with phenylboronic acid employing the catalyst
system consisting of Pd(OAc), and 2-aminopyrimidine-4,6-diolate (APD) using a
condition similar to a previous report on post-synthetic Suzuki-Miyaura reaction on
DNA.'®? The conditions for post-synthetic Suzuki-Miyaura reaction of acpcPNA with
phenylboronic acid were tested under different buffer systems as well as a range of
pH values as shown in Table 3.13. The success of the reaction was monitored by

MALDI-TOF mass analysis (Figure 3.32).
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Table 3.13 Optimization of post-synthetic Suzuki-Miyaura reaction of acpcPNA

(OH), . N T
o] ] o o 7 o]
W22 0 O W08, 008 1
: NHz  [pd], buffer HsC s ;N NEON N,
NaO
TU'T TUPPT
miz 12972 [Pd] = Pd(OAc) /_N\>_NH2 miz 1249.4
NaO 2
PhB(OH), [Pd] Temp Time
Entry Condition
(equiv.) (equiv.) (cO) (hr)
1 100 10.0 37 5 50 mM phosphate buffer pH 8.0
2 100 10.0 37 5 50 mM Tris acetate EDTA buffer pH 8.0
3 100 10.0 37 5 50 mM Tris HCl pH 8.0
a4 100 10.0 37 5 50 mM Tris HCl pH 8.5
5 100 1.0 37 5 50 mM phosphate buffer pH 8.0
6 100 1.0 60 5 50 mM phosphate buffer pH 8.0
_ TUT TU'T
Ezonné (A) Ac-TU'T-LysNH2 m/z cacld 1297.2 &
Samd  ACTUT-LysNH, m/z cacld 1170.5 g
10003 (deiodinated product) L
2151 (B) entry 1 o g )
5 o] ACTUT-LysNH S 3 Pd(OAC),*APD, 10.0 equiv.
5] E 2 = ~
N m/z cacld 1247.5 \)f} 1 g 50 mM phosphate buffer pH 8.0, 37 °C
_ nhdé . )&
25O entry 3 .
2 3 P o Pd(OAc),APD, 10.0 equiv.
= j T 5 50 mM Tris HCl pH 8.0, 37 °C
o ML r
Sa00] (D) entry 5 o
« 30003 (D) entry “ § Pd(OAc), APD, 1.0 equiv.
e jzzz: é i 50 mM phosphate buffer pH 8.0, 37 °C
3 1(E) entry 6 i
. fzzz Y 5 . & | Pd(0AQ),APD, 1.0 equiv.
= ZDDD: Ek § ‘i 50 mM phosphate buffer pH 8.0, 60 °C

T T T T T T T T
00 1050 1100 1150 1200 1250 1350 1400 1450

=
=3
5

miz

Figure 3.32 MALDI-TOF mass spectra of (A) starting material TU'T and (B)-(E) post-
synthetic Suzuki-Miyaura coupling of TU'T with phenylboronic acid under buffer

conditions. The entry number referred to the entry number in Table 3.13.

According to the MALDI-TOF mass spectra, all conditions were not effective for

the Suzuki-Miyaura reaction between U-acpcPNA and phenylboronic acid. In all cases,
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the staring material was consumed, but the deiodinated product TUT (m/z = 1170.3,
entries 1-4, Table 3.13, Figure 3.32B and 3.32C) was obtained as the major product,
with only little, if any, of the expected product TUP'T (m/z = 1249.4) was formed.
Changing the amount of catalyst, increasing temperature as well as using different
buffers and pH values were not effective in reducing the amount of deiodinated
product (entries 5-6, Table 3.13, Figure 3.32D and 3.32E). Thus, potassium
aryltrifluoroborates (ArBFs;K) was employed instead of arylboronic acid increase the
reactivity of the nucleophile.””® According to the literature, boronic acids are
susceptible to oxidation, protodeboronation and homocoupling under Suzuki-Miyaura
cross-coupling condition.’® The utilization of the arylboronic acid in the Suzuki-
Miyaura cross-coupling reaction was therefore not quite efficient and could generate

homocoupling and oxidation products.

The use of air stable potassium aryltrifluoroborates (ArBF5K)****? which
generated aryl boronic acid in situ could reduce the side products’® by slowly
releasing the reactive boronic acid species, leading to a more productive reaction.'®
There are several reports on using ArBF;K for the Suzuki-Miyaura cross-coupling to
obtain the biaryl cross-coupling product in high purity.'**'® In this experiment, while
p-tolyltrifluoroborate and 3-thienyltrifluoroborate were effective nucleophiles when
used in combination with the Pd(OAc),/APD catalyst system in phosphate buffer pH
8.0 at 60 °C as shown by the formation of the expected major product under a short
reaction time (15 minutes) (Figure 3.33). However, the deiodinated product was still
significantly formed when PhBF;K was used as the nucleophile (Figure 3.33C),
therefore the reactivity of nucleophiles may not be the only critical factor that
contribute to the success of the cross-coupling reaction. Furthermore, the reactions
performed with long PNA sequences were not quite as effective as in the case of short

PNA models.
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Figure 3.33 MALDI-TOF mass spectra of (A) starting material and (B)-(D) post-synthetic

Suzuki-Miyaura coupling of TU'T with different organoboron compounds

Next, the palladium complex was changed to a combination of Pd(OAc), with
a water-soluble ligand tris(3-sulfonatophenyl)phosphane trisodium salt (TPPTS)' that
has been successfully applied as a ligand for Suzuki-Miyaura cross-coupling reaction
between 8-aryl-bromo2’-deoxyguanosine (8-BrdG) and aryl boronic acids to form 8-
aryl-2-deoxyguanosine (8-ArdG) in an excellent yields.'®" This catalysis system was also
effective with other purine and pyrimidine nucleosides, including those incorporated
into oligonucleotides.’®® The reaction was optimized using a longer acpcPNA
sequence with potassium 2-thiophenetrifluoroborates as a model under various

conditions as shown in Table 3.14.
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Table 3.14 Optimization of post-synthetic Suzuki-Miyaura reaction of acpcPNA

containg 5-iodouracil

| Q 100 eq. /S y 0
NH S BF-K S NH NH
19 e BRS¢

N™ ~0

Pd(OAc),, TPPTS,

3 eq. Cs,CO3, 2Th : Lo
H,0:MeCN (2:1) T4U“'"T4 T4U'T4 (deiodinated product)

60°C m/z 3247.4 m/z 3164.6

T4U'T4
miz 3291.3

Entry Scale (nmol)  Pd(OAc), (equiv.)  TPPTS (equiv.) with SiO,?

1 10 1 4 no
2 10 1 4 yes
3 50 1 4 yes
4 50 2 4 yes
5 250 2 4 yes

®The reaction progress was monitored by MALDI-TOF mass spectrometry.

When  the  reaction between  T4UT4 and  potassium  2-
thiophenetrifluoroborates was performed under the Pd(OAC),/TPPTS catalyst system
with Cs,CO5 as a base in the presence of water/acetonitrile (2:1) at 60 °C (entry 1,
Table 3.14), no desired cross-coupling product was observed. Only the deiodinated
product was formed (Figure 3.34B). Molander et. al. reported that the hydrolysis of
arytrifluoroborates can be to the corresponding boronic acids can be initiated by silica

(17917 which acted as a flurophile.” According to these previous reported on the

ge
active role of silica gel as fluorophiles, trace amounts of silica gel was used as an
additive to increase the reaction efficiency. To our delight, the formation of
dehalogenaed product was reduced in the presence of silica gel, and the starting U-
PNA was cleanly converted to the desired product as shown by MALDI-TOF mass
spectra (entry 2, Table 3.14, Figure 3.34C). Based on the successful model reaction

described above, the reaction was scaled up to 50 nmol. Under the same conditions
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as employed at a small scale (10 nmol), the rate of the reaction was very slow and
the deiodinated product was observed (entry 3, Table 3.14, Figure 3.34D). Thus, the
amount of Pd(OAc), was increased to 2.0 equiv. Under this condition, complete
conversion was observed in 1 hour with only trace of deiodinated product was

observed (entries 4, Table 3.14, Figure 3.34E).

T4UT4 T4U'T4

E 30003 (A)
£ 2000 Ac-T4U""T4-LysNH,
= 1000 m/z cacld 3247.4

Ac-T4U'T4-LysNH, m/z cacld 3291.3
Ac-T4UT4-LysNH, m/z cacld 3164.6
(deiodinated product)

3292.645

10 nmol
Pd(OAc), 1.0 equiv.

503 (B) entry 1

100

Intens. [a.u.]
66.828

3292.008

504

1 " A Without SiO,
e}
\
N

20003 (©) entry 2 A 10 nmol

15004
] Pd(OAC), 1.0 equiv.
With SiO,
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Pd(OAc), 1.0 equiv.

| . Wwithsio,
= 50 nmol
é Pd(OAc), 2.0 equiv.
With SiO,

o T S L ) T T g,
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10005
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3294.06¢

3168.056
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Intens. [a.u.]

3167.888
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m/z

Figure 3.34 MALDI-TOF mass spectra of T4U?""T4 from Suzuki-Miyaura coupling in the
absence and presence of SiO,. The product was indicated by an arrow. The entry

number referred to the entry number in Table 3.14.

According to the optimized conditions, the catalytic system of 2 equiv.
Pd(OAc), and 4 equiv. TPPS in the presence of 3.0 equiv. Cs,CO; dissolved in
water/acetonitrile (2:1) at 60 °C containing SiO, were chosen as the optimal conditions

(entry 5, Table 3.14, Figure 3.35B).
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Jl Mor
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Figure 3.35 MALDI-TOF mass spectra of TAU*™"T4 from Suzuki-Miyaura coupling in 250
nmol scale. The product was indicated by an arrow. The entry number referred to the

entry number in Table 3.14.

To test the generality of the new condition, other aryltrifluoroborates were
used to modify acpcPNA; with various thiophene and furan derivatives. In all cases,
the reaction proceeded practically completely as indicated by MALDI-TOF mass
spectrometry (Figure 3.36).
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Figure 3.36 MALDI-TOF mass spectra of T4UAT4 from Suzuki-Miyaura coupling in 250

nmol scale
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3.14 Purification and characterization of C5-aryl-modified uracil acpcPNA

derived from post-synthetic modification

The crude 5-aryl-modified uracil acpcPNAs obtained from the post-synthetic
modification reaction were cleaned-up by passing through a C18 cartridge then
washing with 10% aqueous acetonitrile and lyophilized to afford the crude PNA. The
crude PNAs were purified by reversed phase HPLC eluting with a gradient system of
0.1 M TEAA buffer pH 7.0 and acetonitrile. Fractions containing the pure PNA as
determined by MALDI-TOF mass analysis were combined and lyophilized to give the
5-aryl-modified uracil acpcPNA. The obtained pure modified PNAs were re-dissolved
and the concentration of the modified-acocPNA measured by UV/Vis
spectrophotometry. The characterization data and isolated yields of all modified
acpcPNA probes obtained from post-synthetic Suzuki-Miyaura cross-coupling are

shown in Table 3.15.

Table 3.15 Sequences and characterization data of C5-aryl-modified uracil acpcPNA

probes.
Sequence Yield m/z m/z
Code of PNA tg (min)?
(N—Q) (%)° (calcd) (found)®

T4U?™T4 AC-TTTTUP™MTTTT-LysNH, 24.3 2.2 3247.4 3246.4
T4U*™ T4 Ac-TTTTUP™ TTTT-LysNH, 23.1 10.3 3247.4 3248.5
T4U% T4 AC-TTTTUZTTTT-LysNH, 224 30.8 3231.4 3232.8
T4U* T4 Ac-TTTTUP™MTTTT-LysNH, 232 28.0 3231.4 3232.3
T4aU®'T4 Ac-TTTTU?TTTTT-LysNH, 23.9 2.9 3297.4 3296.9
T8UZFT4 Ac-TTTTUPTTTT-LysNH, 23.6 35.0 3281.4 3281.9

3See HPLC conditions in experimental section. lsolated yield after HPLC. “MALDI-TOF mass

spectrometry in linear positive ion mode using OL.-cyano-4-hydroxycinnamic acid as a matrix.

3.15 Thermal stability of DNA hybrids of C5-aryl-modified uracil acpcPNA

probes

The duplex stability of C5-aryl-modified uracil acpcPNA probes with DNA targets

were examined to investigate the binding affinity and base pairing specificity of the C5-
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modified uracil acpcPNA probes towards DNA targets. The melting temperature data

are summarized in Table 3.16.

Table 3.16 Thermal stability data of C5-aryl-modified uracil acpcPNA and their DNA
hybrids. (Condition: 1.0 WM PNA, 1.2 uM DNA, 10 mM phosphate buffer pH 7.0).

DNA sequence® T AT,

Entry PNA DNA Notes
(5’=»3") (°O) (°C)

1 dA9 AAAAAAAAA 78.2 - ds, complementary

2 oh dA8T AAAATAAAA 52.4 -25.8 ds, mismatched T
T4U*™"T4

3 dA8G AAAAGAAAA 41.6 -36.6 ds, mismatched G

4 dA8C AAAACAAAA 50.6 -27.6 ds, mismatched C

5 dA9 AAAAAAAAA 78.0 - ds, complementary

6 5Th dA8T AAAATAAAA 51.6 -26.4 ds, mismatched T
T4U’™"T4

7 dA8G AAAAGAAAA 44.8 -33.2 ds, mismatched G

8 dA8C AAAACAAAA 49.2 -28.8 ds, mismatched C

9 dA9 AAAAAAAAA 83.2 - ds, complementary

10 - dA8T AAAATAAAA 52.8 -30.4 ds, mismatched T
TaU™""T4

11 dA8G AAAAGAAAA 46.6 -36.6 ds, mismatched G

12 dA8C AAAACAAAA 51.6 -31.6 ds, mismatched C

13 dmG AAAGAGAAA <20.0 -63.2 ds, double mismatched

14 dabasic AAAAD AAAA 58.4 -24.8  ds, abasic site

15 dA9 AAAAAAAAA 74.8 - ds, complementary

16 - dA8T AAAATAAAA 48.6 -26.2 ds, mismatched T
Tau™T4

17 dA8G AAAAGAAAA 40.6 -34.2 ds, mismatched G

18 dA8C AAAACAAAA 50.0 -4.8 ds, mismatched C

19 dA9 AAAAAAAAA 77.0 - ds, complementary

20 - dA8T AAAATAAAA 46.8 -30.9 ds, mismatched T
T4U™ T4

21 dA8G AAAAGAAAA 42.0 -35.7 ds, mismatched G

22 dA8C AAAACAAAA 49.2 -28.5 ds, mismatched C

23 dA9 AAAAAAAAA 65.1 - ds, complementary

24 28F dA8T AAAATAAAA <20.0 -45.1 ds, mismatched T
T4U T4

25 dA8G AAAAGAAAA <20.0 -45.1 ds, mismatched G

26 dA8C AAAACAAAA <20.0 -45.1 ds, mismatched C

*Mismatched bases in the DNA sequence are indicated in bold. Complementary bases in DNA sequence

are indicated by underlining. @ represents as abasic site position in DNA.
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The T,, data of TAUAT4 and their DNA hybrids indicated that all C5-modified
uracil derivatives in acpcPNAs could specifically recognize adenine in the DNA targets
as shown by the highest T, values (T4U?™"T4-dA9 = 78.2 °C; T4U*™"T4-dA9 = 78.0 °C;
TAUT4-dA9 = 83.2 °C; T4U*™T4-dA9 = 74.8 °C; TAU*'T4-dA9 = 77.0 °C and
T4U® T4-dA9 = 77.0 °C). These values are only slightly smaller (by 4.0-7.2 °C) when
compared to the thermal stability of the unmodified T9 acpcPNA duplex (T, = 82.0
°C),'® indicating that the modification minimally perturbed to the duplex stability. An
exception was observed with TAU*“T4-dA9, whereby the T,, was slightly higher than
the corresponding unmodified duplex by 1.2 °C. This may be due to the favorable
stacking of the 2-furan moiety with DNA nucleobases. This behavior is in accordance
to the previously published for a 2-furan-modified DNA that can form a stable hybrid
with complementary DNA as shown by the similar T, melting curves of the modified
and unmodified duplexes.®” Additionally, DNA containing abasic site located on the
direct opposite to the 2-furan modified uracil base showed the reduction of T,, value
by 24.8 °C compared with complementary DNA. However, this abasic hybrid was in
fact more stable than single base mismatched hybrid. Comparison with the furan-
labeled deoxyuridine in DNA published by Tor et. al.,** the hybridization between the
modified DNA and abasic site DNA was more stable than the corresponding unmodified
duplex by 4.0 °C. They suggested that the unpaired 2-furan modified uracil nucleobase
might adopt the syn-conformation leading to the stacking of the furan moiety within
the duplex.®® In contrast, mismatched duplexes of the same PNA displayed much
lower T,, values ranging from 40.6-52.8 °C (Table 3.16). The large difference of T,
values relative to complementary duplex (in the range of 25.8-36.6 °C) confirmed that
all C5-modified uracils in acpcPNA can specifically recognize adenine in the DNA

strand.

3.16 Optical properties of fluorescence C5-aryl-modified uracil acpcPNA probes
with DNA

In this section, optical properties of the C5-heteroaryl-modified acpcPNA
probes in the absence and presence of DNAs will be studied by UV-Vis and
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fluorescence spectrophotometry. The secondary structures of the duplexes were also
studied by circular dichroism (CD) spectroscopy. For acpcPNA carrying 2-thiophene and
2-furan substituted uracil, the single-stranded probes showed a small absorption band
at 320 nm similar to previously published reports in the case of DNA.®*  In the
presence of complementary DNA, the absorption spectra did not significantly change.
The acpcPNA carrying 3-thiophene and 3-furan substituted uracil did not show
significant UV absorption beyond 300 nm. The acpcPNA T4U®'T4 bearing a
benzothiophene substituent displayed a maximum absorption wavelength at 340 nm,
which was not changed in the presence of DNA. The T4U® T4 probe showed a blue-
shifted signal at 287 nm that does not change much in the presence of either

complementary or mismatched DNA (Figure 3.37).
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Figure 3.37 UV-vis spectra of (A) T4U?""T4, (B) T4U*™"T4, (C) T4UZ"T4, (D) T4U*"T4,
(E) TAU®'T4 and (F) TAU® T4 and its DNA hybrids. Conditions: 1.0 UM PNA, 1.2 UM
DNA, 10 mM sodium phosphate buffer pH 7.0
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Figure 3.37 UV-vis spectra of (A) T4U?"T4, (B) T4U*™"T4, (C) T4UZ"T4, (D) T4U*"T4,
(E) TAU®'T4 and (F) TAU*® T4 and its DNA hybrids. Conditions: 1.0 uM PNA, 1.2 uM

DNA, 10 mM sodium phosphate buffer pH 7.0 (Continued)

Next, the fluorescence properties of the C5-heteroaryl modified acpcPNAs

were studied in the absence and presence of DNA targets. The data are summarized

in Table 3.17.

Table 3.17 Optical properties of C5-aryl-modified uracil acpcPNA and their DNA hybrids

(Condition: 1.0 WM PNA, 1.2 uM DNA, 10 mM phosphate buffer pH 7.0, A, 330 nm).

Entry PNA DNA F/Fy A D> Notes
(nm)

1 - - 444 0.045  ss

2 dA9 3.35 428 0.130  ds, complementary
3 T4U?™T4 dA8T 3.82 429 0.137  ds, mismatched T
4 dA8G 3.14 432 0.105 ds, mismatched G
5 dA8C 3.15 432 0.106  ds, mismatched C
6 - - 412 0.058  ss

7 dA9 2.81 401 0.043  ds, complementary
8 TaUu*™"T4 dA8T 2.38 407 0.032  ds, mismatched T
9 dA8G 2.69 404 0.044 ds, mismatched G
10 dA8C 2.13 402 0.039 ds, mismatched C

T4UZ™T4, A, = 428 nm, TAU™T4, A = 401 nm, TAUZ“T4, A_, = 419nm, TAU*“T4, A_., = 399

nm, TAU%®TT4, A, = 438 nm, TAU®FT4, A, = 421 nm."Quantum yields were measured by using

quinine sulfate as a standard (@ = 0.546).
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Table 3.17 Optical properties of C5-aryl-modified uracil acpcPNA and their DNA

hybrids (Condition: 1.0 UM PNA, 1.2 uM DNA, 10 mM phosphate buffer pH 7.0, A,

330 nm). (Continued)

Entry PNA DNA  F/F A b Notes
(nm)
11 - - 432 0.025  ss
12 dA9 7.36 419 0.207  ds, complementary
13 dA8T 9.05 418 0.206 ds, mismatched T
14 T4UZ T4 dA8G 6.49 420 0.130  ds, mismatched G
15 dA8C 9.09 418 0.214 ds, mismatched C
16 dmG 1.47 428 0.047  ds, double mismatched
17 dabasic 9.52 418 0.364 ds, abasic site
18 5 / 414 0.045  ss
19 dA9 2.74 399 0.099  ds, complementary
20 T4U*T4  dAST 2.30 400 0.078  ds, mismatched T
21 dA8G 2.08 407 0.049 ds, mismatched G
22 dA8C 2.34 403 0.088 ds, mismatched C
23 - - 453 0.087  ss
24 dA9 1.72 438 0.176  ds, complementary
25  T4Uu®T4  dAST 151 445 0.117  ds, mismatched T
26 dA8G 1.39 449 0.108 ds, mismatched G
27 dA8C 1.38 446 0.115 ds, mismatched C
28 - . 439 0.171 SS
29 dA9 292 421 0.184 ds, complementary
30 T4U® T4 dA8T 2.82 420 0.105 ds, mismatched T
31 dA8G 2.75 424 0.101 ds, mismatched G
32 dA8C 2.56 422 0.123 ds, mismatched C

T4UZ™T4, A, = 428 nm, TAU™T4, A, = 401 nm, TAUZ“T4, A_, = 419nm, TAU*“T4, A_., = 399

nm, TAU%TT4, A, = 438 nm, TAU® T4, A, = 421 nm.°Quantum yields were measured by using

quinine sulfate as a standard (@ = 0.546).

The fluorescence quantum yields of all 5-aryl-modified acpcPNAs were rather

low in the single stranded form for the furan and thiophene substituents (@ = 0.025-
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0.045). Higher quantum vyields were observed with benzofuran (0.171) and
benzothiphene (@. = 0.087) substituents (entries 23 and 27, Table 3.17). In the
presence of either complementary or mismatched DNA, the fluorescence intensities
of both T4U?™T4 and T4U*™™T4 were enhanced by 2-4 folds relative to the
corresponding single-stranded PNA. Interestingly, the T4U?™T4 displayed a distinct
blue-shifted emission wavelength by 10 nm from the single-stranded probe as shown
by the normalized fluorescence spectra in Figure 3.38. On the other hand, no
significant wavelength shifting was observed in the duplexes of T4U*™T4 with DNA
targets (Figure 3.39).
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Figure 3.38 (A) Fluorescence spectra and (B) normalized fluorescence of T4U?™"T4
with its DNA hybrids. Conditions: 1.0 M PNA, 1.2 uM DNA, 10 mM sodium phosphate
buffer pH 7.0, A 330 Nm
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Figure 3.39 (A) Fluorescence spectra and (B) normalized fluorescence spectra of
T4U*™T4 with its DNA hybrids. Conditions: 1.0 M PNA, 1.2 uM DNA, 10 mM sodium
phosphate buffer pH 7.0, Ae, 330 nm
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In the cases of 2- and 3-furan modification, fluorescence enhancement were
similarly observed for both complementary and mismatched hybrids. Interestingly, the
fluorescence intensity of all DNA hybrids of the 2-furan-modified acpcPNA probe
T4U#“T4 increased dramatically by a factor 6.5-9.1. Much less fluorescence increase
(2.08-2.74 folds) were observed with the 3-furan-modified acpcPNA probe T4U*“T4.
Unfortunately, in all cases, the complementary and single mismatched hybrids gave
comparable signals. The non-discriminating fluorescence increase could be attributed
to the formation of the relatively stable single mismatched duplexes. When another
mismatch was introduced as in the case of indirect double mismatch DNA sequence
5'- AAAGAGAAA-3' (dmG), the fluorescence became almost the same as single
stranded probe, indicating that the fluorescence increase was specific to the formation
of PNA-DNA duplexes. Blue-shifting of the fluorescence emission was observed in the
DNA hybrids of both TAU#“T4 and T4U*™T4 by 7-15 nm relative to single-stranded
PNA (Figure 3.40 and 3.41). Such blue shifting was not observed in the double
mismatched hybrid T4U?“T4.dmG. This suggests the connection between the
fluorescence intensity increase and wavelength shifting with the PNA-DNA hybrid
formation. The hybrid with DNA target containing an abasic site directly located
opposite to 2-furan-modified uracil in T4U*“T4 showed a 9.52 folds fluorescence
enhancement with wavelength shifting into shorter wavelength. The fluorescence
intensity in this case was higher than complementary and single base mismatch DNAs.
Comparison to the published reported of 2-furan-modified DNA, the fluorescence of
the similar furan-modified uracil DNA probes was enhanced by 7 folds in the duplex
carrying an abasic site in the opposite strand. However, the fluorescence emission was
significantly quenched upon formation of complementary duplex. This behavior was
in sharp contrast to acpcPNA bearing 2-furan moiety, whereby the fluorescence
emission was increased both complementary and abasic site DNA. It can be concluded
that the behavior of the furan-modified uracil in DNA and acpcPNA are not the same,
which may suggest the different arrangement of the base in different types of

duplexes.
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Figure 3.40 (A) Fluorescence spectra and (B) normalized fluorescence of T4U*"T4
with its DNA hybrids. Conditions: 1.0 M PNA, 1.2 UM DNA, 10 mM sodium phosphate
buffer pH 7.0, Ae 330 nm
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Figure 3.41 (A) Fluorescence spectra and (B) normalized fluorescence of T4U*™“T4
with its DNA hybrids. Conditions: 1.0 ptM PNA, 1.2 UM DNA, 10 mM sodium phosphate
buffer pH 7.0, A 330 nm

The circular dicaroism (CD) was used to investigate the hybrid formation of 2-
furan modified acpcPNA probes. In all cases, the CD spectra exhibited two dominant
negative bands at 250 and 270 nm with a small positive band at 286 nm (Figure 3.42).
Based on the CD spectra, it appeared that the 2-furan moiety may arrange in the same
conformation in all types of hybrids, which is consistent with the insignificant difference

of the UV absorption and fluorescence among these hybrids (Figure 3.37C).



111

------ T4U2FuT4
——T4U2FuT4 + dA9
——T4U2FuT4 + dA8T
——T4U2FuT4 + dabasic
——T4U2FuT4 + dmG
——summed spectra

'
N
L

CD (mdeg)
A

_8 J
Wavelength (nm)

Figure 3.42 CD spectra of TAU*™T4 with its DNA hybrids. Conditions: 1.0 UM PNA, 1.2
UM DNA, 10 mM sodium phosphate buffer pH 7.0. The sum spectra were obtained by
combining the CD spectra of TAU*“T4 and dA9, which should represent the spectrum

to be observed if there were no interactions between the PNA and DNA.

Previous work with benzothiophene and benzofuran-modified uracil aegPNA
flanked by T residues exhibited an increase in fluorescence intensity when hybridized
to both complementary and mismatched DNA.#"#172 Similarly, acpcPNA modified with
benzothiophene [T4U®'T4] and benzofuran [T4U®T4] displayed a fluorescence
enhancement upon duplex formation, showing the fluorescence emission ratio of
T4U®'T4 in the presence of DNA in thevrange of 1.39-1.72 folds. Likewise, the
fluorescence emission ratios of TAU?7T4 in the presence of DNA addition were 2.56-
292 folds. Again, no difference in fluorescence were observed between
complementary and single mismatched (Figure 3.43-3.44). The maximum emission
wavelength of both modified-acpcPNA was shifted into the shorter wavelength, which
is in good agreement to what already observed in thiophene and furan-modified
probes. The benzofuran-modified acpcPNA provided a more pronounced blue-shifting
of fluorescence emission maxima than the benzothiophene-modified acpcPNA upon

duplex formation with DNA (benzofuran: 20-23 nm; benzothiophene: 6-17 nm).
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Figure 3.43 (A) Fluorescence and (B) UV-vis of T4U®*'T4 and its DNA hybrids.
Conditions: 1.0 UM PNA, 1.2 UM DNA, 10 mM sodium phosphate buffer pH 7.0, A, 330
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Figure 3.44 (A) Fluorescence and (B) UV-vis and of T4U?* T4 and its DNA hybrids.
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In summary, fluorescence C5-aryl-modified uracil acpcPNA probes were
successfully synthesized by post-synthetic Suzuki-Miyaura reaction between
iodouracil-modified acpcPNA and aryltrifluoroborate. All C5-heteroaryl-modified uracil
PNA probes showed the expected fluorescence increase when hybridized with DNA.
The most pronounced fluorescence change was observed with the probe T4U*“T4.
In addition, the hybridization also caused significant blue-shifting of the emission
maxima for certain probes. Unfortunately, the specificity in all cases is not sufficient

to allow distinguishing between complementary and single mismatch DNA target.



CHAPTER IV
CONCLUSION

In this work, novel fluorescent hybridization responsive fluorescence acpcPNA
probes were developed by incorporating base discriminating fluorescent nucleobases
into acpcPNA. The requirement for the base discriminating fluorescent nucleobase is
that it must selectively form Watson-Crick base pairing with one of the four natural
nucleobases. In addition, the fluorescence properties of the fluorescence nucleobase
should be sensitive to the base pairing states or to local environment, for example
the presence of base stacks in DNA duplexes. The research consists of two sections
which were divided by the synthetic approaches used for the incorporation of the

fluorescent nucleobase into the PNA probe which include

1) Introducing the fluorescent monomer building block into the probes via a
pre-formed monomer approach - This part focused on chemical installation of a
fluorescent nucleobase 8-(pyrene-1-ylethynyl-adenine (A™) into acpcPNA through a

solid phase chemistry.

2) Modification the probes bearing a reactive precursor to create the
fluorescent nucleobase via a post-synthetic modification approach- This part involves
the development methodologies for conversion of a halogenated nucleobase - 5-
iodouracil — previously incorporated into acpcPNA to 5-aryl- or 5-arylalkynyluracil via
a post-synthetic modification through palladium-catalyzed cross coupling reactions

including Suzuki-Miyaura and Sonogashira reactions.

In the first part, the acpcPNA monomer bearing an ethynylpyrene-modified
adenine (A™") base was successfully synthesized through Sonogashira cross-coupling
reaction from 1l-ethynylpyrene and 8-bromoadenine acpcPNA monomer. The
monomer was incorporated into acpcPNA by standard solid phase peptide synthesis.
The A™ base retained the Watson-Crick base pairing ability by specifically recognizing
the thymine base in the opposite DNA strand as confirmed by melting temperature

(T.,) data. The melting temperature showed that the A -acpcPNA could form a more
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stable hybridization with complementary DNA targets carrying dT directly opposite to
the A™F than other mismatched hybrids. The probes exhibit fluorescence in the range
of 449-498 nm upon excitation at 376 nm. The fluorescence quantum vyield and
emission wavelengths of single-stranded A™*-modified acpcPNA are influenced by the
flanking nucleobases. More specifically, G/G and C/C as bases adjacent with the
reduction of fluorescence quantum yield by 2-4 folds relative to flanking T/T and A/A.
Moreover, the sequences bearing G adjacent to the A™* at the C-terminal side gave a
remarkable red-shifted fluorescence emission in the single stranded form. In the
presence of perfect match DNA, the fluorescence of all A”5-modified acpcPNA probes
was enhanced (1.5-5.2 folds, depending on the sequence). This is accompanied by
blue-shifting of the emission wavelength, which is most pronounced in the probe
bearing a G adjacent to A™F towards the C-terminus. Induction of a mismatch or abasic
site DNA that were positioned to be directly opposite to the A™ base resulted in a
decrease in fluorescence intensity relative to the single stranded probe. It was
proposed based on CD and UV-vis studies that the orientations of the A base in the
complementary and mismatched/abasic duplexes were different. In the
complementary duplex, the Watson-Crick base pairing was formed, and the pyrene
part was forced to expose to the aqueous environment, resulting in the observed
fluorescence increase. On the other hand, the absence of hydrogen bonding in the
case of mismatched duplexes allows the A™F to adopt a different orientation whereby
the pyrene became stacked within the duplex to avoid contact with water. The base
pairing ability of A™F incorporated into acpcPNA is substantially different from the case
of DNA previously reported by several other groups. In DNA, the A™* gave low
discrimination ability among the four nucleobases in terms of both thermal stability
and fluorescence properties. This is due to the preference of the A™* to adopt a syn-
conformation and thus the pyrene always remain buried within the duplex. The
stronger binding affinity of acpcPNA towards DNA apparently force the A™* to adopt
the anti-conformation that allows the Watson-Crick base pairing with the opposite dT.
A™E-modified acpcPNA was used as fluorescence probe to determine trinuceotide
repeats sequence in DNA not only by fluorescence intensity change but also by

fluorescence color change from green to blue. In addition, the performance of A™*-
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modified acpcPNA probes for DNA sequences discrimination was further improved by
using reduced graphene oxide as an external quencher to reduce the background

fluorescence of the single-stranded PNA probes.

The second part concerns about the development of post-synthetic
modification strategy for incorporating of fluorescent nucleobases into acpcPNA with
the aim to create new fluorescence acpcPNA probes. According to this approach, the
fluorophores will be incorporated into the probe bearing a reactive group after
cleavage from the solid support. This approach not only allows the variation of the
fluorophores to be easily performed without the need to synthesize the monomer
nor the PNA, but it also allows the synthesis of probes bearing sensitive nucleobases
that cannot be incorporated by the standard solid phase conditions. The reactive
building block 5-iodouracil was firstly incorporated into acpcPNA at a predefined
position via solid phase peptide synthesis. After cleavage of the reactive 5-iodouracil-
modified acpcPNA from the solid support, it was further modified through palladium-
catalyzed cross-coupling reactions i.e. Suzuki-Miyaura and Sonogashira reactions. Post-
synthetic Sonogashira reaction with 1-ethynylpyrene in solution phase allows the
synthesis of acpcPNA probes bearing 5-ethynylpyrene-modified uracil (U™F) that could
not be obtained from the solid phase synthesis approach due to the susceptibility of

PE_modified

the U™ base to cyclize into the corresponding furanocytosine. The U
acpcPNA can form a stable hybrid with complementary DNA by showing a high melting
temperature (T,,), indicating that the U™ base in acpcPNA could specifically recognize
adenine in the complementary DNA similar to what already reported in the DNA
system. The fluorescence signal was increased by 5.2 folds in the complementary
hybrid. Hybrids with single base mismatched DNA (T, G and C) showed a large decrease
in T, values compared to the complementary duplex. In addition, the fluorescence
intensity change was much smaller (1.4-2.3 folds relative to the single-stranded
acpcPNA probe). These experiments suggested that the 5-ethynylpyrene-modified
uracil (U™ is sensitive to the local environment and can be used as a base

discriminating fluorescent nucleobase (BDF) for DNA sequence analysis. Attempts to

perform the post-synthetic modification on the solid support failed because the acidic
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conditions required for cleavage of the PNA from the solid support induced a 5-endo-
dig cyclization to form a novel pyrenylfuranouracil (fU™) base. The fU™ can form more

stable base pair with dG than other nucleobases as shown by melting temperature
analysis. However, the stability of the pfU™-dG pair was much lower than that of

conventional pG+dA pair due to the reduced number of hydrogen bonding. In addition,

a small fluorescence increase was observed in the complementary duplex with

pfU™-dG pair, and small fluorescence quenching was also observed in other
mismatched pairs, indicating that the furanouracil may be useful for future

development of fluorescence probes.

Finally, post-synthetic Suzuki-Miyaura cross-coupling reaction in the solution
phase was also successfully performed on the same 5-iodouracil-modified acpcPNA
reactive precursor and various heteroaromatic nucleophiles. The reaction of PNA with
various aryltrifluoroborates under the catalysis of Pd(OAc), and TPPTS provided a
convenient access to a variety of 5-aryl-modified uracil acpcPNAs in high yield. All 5-
aryl-modified uracil base in acpcPNA probes were shown to retain the Watson-Crick
base pairing ability with A as revealed by the much higher T,,, values compared to the
mismatched bases (T, G and C). Moreover, the T,, data suggested that the stability of
the acpcPNA carrying these 5-aryl-modified uracils were similar or only slightly lower
than unmodified PNA, suggesting the minimal perturbation of the PNA-DNA
hybridization. Unfortunately, all modified acpcPNA probes exhibited non-
discriminative fluorescence enhancement upon binding with both complementary and
mismatched DNA targets. The largest fluorescence increase (6.49-9.52 folds relative to
the single stranded PNA probe) was observed in the 2-furyl modification. The non-
discriminating behavior might be explained by the relatively high stability of the
mismatched duplexes. The similar UV, CD and fluorescence spectra of the
complementary and mismatched hybrids suggest that the nucleobases seem to adopt
similar orientations in the duplex, which is clearly different from the case of APYE

discussed above.

In a broader context, this study reveaed that the behavior of the same modified

mucleobase in acpcPNA may not necessarily be the same with DNA or other NA
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analogues. The post-synthetic modification approach developed also opens up a new
and efficient way to rapidly generate various modified acpcPNA probes which could

lead to other new probes with superior performance in the future.
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Figure Al. 'H NMR (CDCls, 400 MHz) of N-tert-Butoxycarbonyl-trans-(4'R)-(8-
bromoadenine-9-y)-(2'R)-proline diphenylmethyl ester (2)
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Figure A2. C NMR (CDCl;, 100 MHz) of N-tert-Butoxycarbonyl-trans-(4'R)<(8-
bromoadenine-9-y)-(2'R)-proline dienylmethyl ester (2)
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Figure A3. 'H NMR (CDCls, 400 MHz) of N-tert-Butoxycarbonyl-(4'R)-[8-(pyrene-1-
yDethynyladenine-9-yl]-(2'R)-proline diphenylmethyl ester (3)
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Figure A4. >C NMR (CDCls, 100 MHz) of N-tert-Butoxycarbony!l-(4'R)-[8-(pyrene-1-
yDethynyladenine-9-yl]-(2'R)-proline diphenylmethyl ester (3)
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Figure A5. 'H NMR (CDCls, 400 MHz) of N-Fluoren-9-ylmethoxycarbony!-(4'R)-[8-

(pyrene-1-yDethynyladenine-9-yJ<(2'R)-proline (4)
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Figure A6. °C NMR (DMSO-ds, 100 MHz) of of N-Fluoren-9-ylmethoxycarbonyl-
(4R)-[8-(pyrene-1-ylethynyladenine-9-yl]-(2'R)-proline (4)
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Figure A7. 'H NMR (CDCls, 400 MHz) of N-Fluoren-9-ylmethoxycarbonyl-cis-(4'R)-
(5-iodouracil-1-yD)-(2'R)-proline (7)
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Figure A8. °C NMR (DMSO-dg, 100 MHz) of of N-Fluoren-9-ylmethoxycarbonyl-cis-(4'R)-
(5-iodouracil-1-yD)-(2'R)-proline (7)
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Figure A9. Analytical HPLC chromatogram of T4(A™F)T4
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Figure A11. Analytical HPLC chromatogram of M12T(A™5)T
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Figure A12. MALDI-TOF mass spectrum of M12T(A™5)T (calcd for [M-H]* =

4543.7)
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Figure A14. MALDI-TOF mass spectrum of M12A(A™®)A (calcd for [M-H]* =

4561.7)
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Figure A15. Analytical HPLC chromatogram of M12G(A™F)G
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Figure A16. MALDI-TOF mass spectrum of M12G(A™®)G (calcd for [M+H]* = 4593.7)
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Figure A17. Analytical HPLC chromatogram of M12C(A™F)C
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Figure A18. MALDI-TOF mass spectrum of M12C(A™F)C (calcd for [M-H]" = 4513.7)
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Figure A19. Analytical HPLC chromatogram of T8(A™%)2 0B
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of T8(A™5)2_0B (calcd for [M-H]* = 4065.9)
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Figure A21. Analytical HPLC chromatogram of T8(A™F)2_3B
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Figure A22. MALDI-TOF mass spectrum of T8(A™)2 3B (calcd for [M+H]* = 4065.9)
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Figure A23. Analytical HPLC chromatogram of A™EM12
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Figure A24. MALDI-TOF mass spectrum of A”EM12 (calcd for [M-H]* = 4543.7)
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Figure A25. Analytical HPLC chromatogram of M10A(A™F)C
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Figure A26. MALDI-TOF mass spectrum of M10A(A™®)C (calcd for [M-H]* = 3792.8)
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Figure A27. Analytical HPLC chromatogram of M10G(A™5)T
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Figure A28. MALDI-TOF mass spectrum of M10G(A™®)T (calcd for [M-H]* = 3779.0)
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Figure A29. Analytical HPLC chromatogram of CAG(A™F)
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Figure A30. MALDI-TOF mass spectrum of CAG(A™®) (calcd for [M-H]* = 4477.6)
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Figure A31. Analytical HPLC chromatogram of T4U™ T4
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Figure A33. Analytical HPLC chromatogram of T4fU™T4
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Figure A34. MALDI-TOF mass spectrum of T4fU™T4 (calcd for [M-H]* = 3390.7)
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Figure A35. Analytical HPLC chromatogram of T4U*™T4

E 2016-10-10_HPLC_500nmol_T8UI_2thiophene_F8\0_E8\1\1SLin
) ~
5
g &
£ g
=
3000
2000
1000
o e L N JJAJ M__A

T T T T T T T T
w0 1500 2000 2500 3000 3500 4000 4500 5000

Figure A36. MALDI-TOF mass spectrum of T4U?™"T4 (calcd for [M-H]* = 3247.4)
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Figure A37. Analytical HPLC chromatogram of T4U*™"T4
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Figure A38. MALDI-TOF mass spectrum of T4U*™T4 (calcd for [M-H]* = 3247.4)

154



AU

0.00

T
5.00

T T T
30.00 35.00
Minutes

Figure A39. Analytical HPLC chromatogram of T4U#“T4
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Figure A41. Analytical HPLC chromatogram of T4U*MT4
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Figure A43. Analytical HPLC chromatogram of T4U%®'T4
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Figure A45. Analytical HPLC chromatogram of T4U% T4
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Figure A46. MALDI-TOF mass spectrum of T4U® T4 (calcd for [M-H]* = 3281.4)
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Figure A47. (A) UV-vis spectra, (B) fluorescence spectra of M12T(A™5)T and its DNA
hybrids; Conditions: 1.0 UM PNA, 1.2 UM DNA, 10 mM phosphate buffer pH 7.0, A,
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Figure A50. (A) UV-vis spectra, (B) Fluorescence spectra of M10G(A™®)T and its DNA
hybrids; Conditions: 1.0 UM PNA, 1.2 UM DNA, 10 mM phosphate buffer pH 7.0, A,
376 nm
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pH 7.0
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pH 7.0, Aoy 376 NnM



163

Table Al. UV absorption data of A™*-modified acpcPNA probes (condition: 1.0 UM
PNA, 1.2 uM DNA, 10 mM phosphate buffer pH 7.0).

Entry

PNA

DNA® (5" to 3)

A, (abs), (nm)

Notes

1

M12T(A™ET

CAG TAT ATG ACT
CAG TAA ATG ACT
CAG TAG ATG ACT
CAG TAC ATG ACT

386%, 394, 416
385, 397, 414*
388, 403, 420*
386, 404, 423%
388,405, 425%

ss
ds, complementary
ds, mismatched A
ds, mismatched G

ds, mismatched C

O 0 N oL B~ WDN

—
(e}

M12A(ATH)A

CAGTTT TTG ACT
CAGTTATTG ACT
CAG TTG TTG ACT
CAG TTC TTG ACT

386%, 398, 417
382%, 413
388, 404,423%
388, 403,423%
388, 405, 423*

ss
ds, complementary
ds, mismatched A
ds, mismatched G

ds, mismatched C

N = = = =
o A WN -

M12G(A™5)G

CAG TCT CTG ACT
CAG TCA CTG ACT
CAG TCG CTG ACT
CAG TCC CTG ACT

387%, 397, 419
388* ,419
388, 403, 423*
390, 401, 423*
387,399, 421%

ss
ds, complementary
ds, mismatched A
ds, mismatched G

ds, mismatched C

N NN NN P 2 =
WDN s, O V0 00N O

M12C(A™5)C

CAG TGT GTG ACT
CAG TGA GTG ACT
CAG TGG GTG ACT
CAG TGC GTG ACT
CAG TGT GAG ACT
CAG AGT GTG ACT
CAG TIT ITG ACT

386%, 394, 414
389%, 412%
389%, 405, 425
388, 404*, 421
388, 404, 426*
389%, 412
386%, 396, 417
388%, 396, 417

ss
ds, complementary
ds, mismatched A
ds, mismatched G

ds, mismatched C

ds, indirect mismatched A 3
ds, indirect mismatched A 5'

ds, double mismatched

N N NDNONN
O 00 N o »n B

M10A(A™®)C

AGT GTT CTAC
AGT GAT CTAC
AGT GGT CTA C
AGT GCT CTAC

AGT GDT CTA C

386%, 396, 416
385, 412*
389, 401, 422*
386, 399, 421*
388, 405, 425
387, 405, 424*

ss
ds, complementary
ds, mismatched A
ds, mismatched G
ds, mismatched C

ds, direct abasic site

30
31
32
33
34

M10G(A™E)T

AGT GAT CTA C
AGT GAA CTA C
AGT GAG CTA C
AGT GAC CTA C

383%, 395, 416
383%, 395, 415%
386%, 395, 419*
386%, 401, 419*
389, 404, 422*

ss
ds, complementary
ds, mismatched A
ds, mismatched G

ds, mismatched C

*Mismatched bases in the DNA sequence are indicated by underlining. b?\,max is indicated by *
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Table Al. UV absorption data of A”*-modified acpcPNA probes (condition: 1.0 UM

PNA, 1.2 uM DNA, 10 mM phosphate buffer pH 7.0). (Continued)

Entry PNA DNA’ (5 to 3) A x (aDs), (nm) Notes
35 - 385%, 414 ss
36 CAG TAT ATG ACT 385%, 413 ds, complementary
37 AYEM12 CAG TAT ATG ACA 386%, 415 ds, mismatched A
38 CAG TAT ATG ACG 385% 415 ds, mismatched G
39 CAG TAT ATG ACC 387%, 414 ds, mismatched C
a0 - 385%, 389, 417 ss
a1 ove CTG CTG CTG 388* 414 ds, short DNA

CAG(A™)

42 CTG CTG CTG CTG 382% 413 ds, full complementary
a3 CTG CTG CTG CTG CTG 384%, 413 ds, longer DNA

*Mismatched bases in the DNA sequence are indicated by underlining. b)»max is indicated by *

Table A2. UV absorption data of doubly A” -modified acpcPNA probes (condition: 1.0

M PNA, 1.2 UM DNA, 10 mM phosphate buffer pH 7.0)

Entry PNA DNA? (5" to 3) Ao (abs), (nm) Notes

1 - 385%, 401, 421 SS

2 AAA ATT AAA A 385%, 399, 421 ds, complementary
T8A™E2 0B

3 AAA AAA AAA A 385* 400, 418 ds, double mismatched

4 AAA ATA AAA A 386%, 399, 422 ds, single mismatched

5 - 386%, 397, 417 SS

6 AAA TAA ATA A 385%, 398, 417 ds, complementary
T8A™E2 3B

7 AAA AAA AAA A 387%, 398, 418 ds, double mismatched

8 AAA TAA AAA A 386%, 399, 417 ds, single mismatched

*Mismatched bases in the DNA sequence are indicated by underlining. b?\,max is indicated by *
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