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##5073917023: MAJOR CHEMISTRY
KEYWORDS: PEPTIDE NUCLEIC ACID / PYRENE / FLUORESCENCE /

MOLECULAR BEACONS / QUENCHER-FREE
CHALOTHORN BOONLUA: DEVELOPMENT OF FLUORESCENCE
PYRROLIDINYL PEPTIDE NUCLEIC ACID AS PROBES FOR
DETERMINATION OF DNA SEQUENCES. ADVISOR: ASSOC. PROF.
TIRAYUT VILAIVAN, D.Phil., 170 pp.

In this research, fluorescence peptide nucleic acid (PNA) probes that can change
the fluorescence in response to the presence of correct DNA target were designed and
evaluated. The PNA employed in this work is the pyrrolidinyl peptide nucleic acid with
an alternating proline/2-aminocyclopentanecarboxylic acid backbone (acpcPNA) which
shows superior binding to DNA in terms of stability and specificity compared to DNA
and commercial PNA. In the first part, 5-(pyren-1-yl)uracil (U”?Y) PNA monomer was
synthesized and incorporated into the acpcPNA. The U™ base in acpcPNA retained the
ability to specifically recognize the base A in its complementary DNA strand.
Furthermore, the fluorescence of the U™ base is significantly enhanced when the
acpcPNA is hybridized to its complementary DNA target, irrespective of the nature of the
flanking bases. The fluorescence enhancement is specific to the pairing between U™ and
dA. In the second part, pyrene was covalently attached to N-terminal positions of
acpcPNA or to internal positions of APC-modified acpcPNA through a flexible butyryl
linker via acylation of the N-termini of acpcPNA or the pyrrolidine nitrogen atom of 3-
aminopyrrolidine-4-carboxylic acid (APC)-modified acpcPNA. Hybridization of the
terminally pyrene-modified PNA to its complementary DNA gave variable fluorescence
change, depending on the original fluorescence of the single stranded PNA and the
identity of the DNA base in vicinity of the pyrene label. Hybridization of the internally
pyrene-labeled acpcPNA to its complementary DNA target resulted in a consistent large
increase in fluorescence signal relative to the single stranded DNA. In the third part, the
combination of terminally fluorophore-modified acpcPNAs (Flu- or TMR-acpcPNA) with
a short quencher DNA were evaluated as strand-displacement probes for DNA sequence
determination. In the presence of complementary DNA, the fluorescence was increased,
but never returned to the original level due to incomplete strand displacement and also
quenching by the DNA target. In all cases, the high specificity of the acpcPNA system
allows unambiguous discrimination between the complementary and single mismatched
DNA target.

Department: Chemistry

Field of Study: __ Chemistry

Academic Year: 2012
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CHAPTER |

INTRODUCTION

1.1 Hybridization probes

A biosensor is a device that combines a sensitive biological component, which
can interact specifically with a certain analyte, and a signal transducer or
physicochemical detector component for the detection of that specific analyte. The
transducer transforms the signal obtained from the specific interaction between the
biological sensing element and the target analyte into measurable and quantifiable
signals. The output signal can be amplified, stored, or displayed.

Deoxyribonucleic acid (DNA) is a molecule that contains all of the
information required to build and maintain an organism. The order, or sequence, of
these bases determines what biological instructions are contained in a strand of DNA.
DNA/RNA sequence analysis is important in molecular biology, genetics, and
molecular medicine. One of the fastest growing areas in DNA/RNA technology is the
development of DNA-based biosensors for determination of DNA/RNA sequences
such as genetic mutation analysis. A DNA biosensor normally employs one or more
DNA probes as the recognition element and measures specific binding processes such
as the formation of DNA-DNA and DNA-RNA hybrids at the biosensor surface or in
homogeneous solution. Hybridization probes are widely used in many fields for
example molecular biology, genetics, and medical diagnostics [1-4]. Many techniques
have been employed for DNA hybridization detection, including fluorescence label-
based optical methods [5], mass spectrometry [6—7], electrochemical [8-9], surface
plasmon resonance-based optical methods [10-11] and DNA microarray [12]. Natural
nucleic acids (DNA, RNA) or oligonucleotides are traditionally used as hybridization
probes. More recently, other synthetic oligonucleotide analogues, for example peptide
nucleic acids (PNA) [13-14] and locked nucleic acids (LNA) [15], which offered

some advantages over conventional oligonucleotide probes, have been used.
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Figure 1.1 Schematic of a fluorescent biosensor

Fluorescent oligonucleotide probes can be regarded as a typical example of
DNA-biosensor (Figure 1.1). The probe must first hybridize with the complementary
DNA target (analyte). Transduction of the analyte binding into an analytical signal is
achieved through one or more environment-sensitive fluorophore, which are often
covalently attached to the probe. Ideal fluorescent probes should give fluorescence
change that is specific to the binding of the probe to the target DNA. In recent years, a
number of fluorescence DNA probes have been developed. These probes have

become inexpensive, sensitive and easy to use tools for DNA sequence analyses.

1.2 Molecular beacon probes

One of the most important developments in the area of fluorescence DNA
probes was the introduction of molecular beacons (MBs). The first MBs, described by
Tyagi et al. in1996 [16], relied on fluorescence quenching and complementary pairing
principles. Figure 1.2 shows the general design of typical MBs and their working
principle. MBs are single-stranded oligonucleotide that can form a stem-and-loop
(hairpin) structure. The loop contains a region that is complementary to the target
sequence and thus functions as the probe. The stem is a separate domain formed by

the complementary pairing of several terminal bases. A donor fluorophore is



covalently linked to the end of one arm and an acceptor quencher is covalently linked
to the end of the other arm of the stem.
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g |

Molecular beacon probe
+

complementary DNA

@ ®
O = Fuorophore O = Quencher

Figure 1.2 Schematic representations of molecular beacon probes [16]

MBs do not fluoresce when they are free in solution. When a donor
fluorophore is in its excited state, the energy is transferred to an acceptor quencher in
close proximity by the stem formation, called fluorescence resonance energy transfer
(FRET). FRET occurs due to the interaction between the electronic excited states of
two dye molecules. The excitation is transferred from one (the donor) dye molecule to
the other (the acceptor) dye molecule without emission of a photon. However, when
MBs hybridize to a nucleic acid strand containing a target sequence they undergo a
conformational change that enables them to fluoresce brightly. When the probe



encounters a target molecule, the loop region of the MBs forms more stable hybrids
with the target than the stem hybrid. The stem part will therefore open up and cause
the fluorophore and the quencher to move away from each other. This event is
accompanied by an increase in fluorescence emission which implied that the
hybridization to the complementary target has occurred.

One of the advantages of the MB is that the light-up signaling mechanism
allows MB to perform highly sensitive detection and monitoring of nucleic acids in
real time. Because of its usually low background signal, MB can display a
fluorescence enhancement of more than 200 times upon hybridization of its target,
under optimal conditions [17]. This provides the MBs with a significant advantage in
sensitive analysis. MBs can be used in detection without separation of the probe—
target hybrids from an excess of the unhybridized probes. Only hybridized MBs,
whose amount is proportional to that of the target can produce high fluorescence
signal. The excess MBs are in quenched state and therefore there is no need to remove
the hybridized and unhybridized MB. A variety of applications of MB to DNA or
RNA detection have been developed. Detection of single point mutations can be
achieved by MB through careful design of the sequence and selection of the detection
temperature [18-20]

1.3 Quencher-free molecular beacon probes

Recently, it has been shown that certain oligonucleotide probes carrying just
one fluorophore can function as MB even without the attachment of quencher moiety
and can be called ‘*quencher-free molecular beacons (quencher-free MBs)’’. Like
normal MBs, the quencher-free MBs must be able recognize the complementary DNA
in a sequence specific manner [21]. There must be some mechanism to quench the
fluorophore, e.g. by stacking with a nucleobase such as G. Alternatively, the
fluorophore may be in the dark state due to free rotation in the single stranded probe,
and become fluorescence upon intercalation or binding to the groove of the hybridized
probe. For example, Kim and co-workers designed and prepared a quencher-free MB
containing fluorescent nucleoside analogue at the middle position of the hairpin as

fluorescent DNA probe. The fluorescent base analogue, U™, having a fluorene



anchored to the nucleobase of deoxyuridine through an ethynyl linker via Sonogashira
coupling, and was incorporated it into the central position of the hairpin loop (Figure
1.3). This quencher-free-MB can be successfully used for detection of SNP in
oligonucleotides. The increased fluorescence on hybridization is due to disruption of
guenching interactions in the single-stranded probe DNA between the fluorophore and
nucleobases [22].

Quencher-free MB probe
+

Complementary

l

O = fluorene-labeled deoxyuridine
U™

Figure 1.3 Schematic illustration of quencher-free MBs DNA sensor for SNPs typing
and a fluorene unit U™ [22]

1.4 Binary probes
Two short probes (7 to 10 nucleotide) designed to bind to adjacent positions

on a target DNA sequence are known binary-probes [23]. Each probe was labeled

with a fluorophore, one at the 3’ and the other at 5’ ends. The two fluorophores are



chosen in such a way that they can interact by FRET, for example one probe is
labeled with a donor and the other probe is labeled with an acceptor fluorophore.
After hybridization of both probes to the complementary oligonucleotide target at the
designed adjacent locations, the donor and acceptor fluorophores are in close

proximity and result in generation of a FRET signal (Figure 1.4).

e

Complementary DNA

O = donor fluorophore ' = acceptor fluorophore

Figure 1.4 Schematic representation of binary probe [23]

In a related an example, Marti et al. described the binary probe system in
which the both strands were labeled with pyrene [24]. When the two probes are free in
solution, the pyrene groups are separated from each other and pyrene monomer
fluorescence is observed. When the two probes are hybridized to the target, the pyrene
groups are close to one another, and the pyrene excimer emission is observed. This
probe was showed strong excimer emission peak in the presence of the DNA target
and no excimer emission in the absence of the target. This system was also used for
unambiguous detection of mMRNA by time-resolved fluorescence spectroscopy.



1.5 Fluorescent modified nucleosides

Replacement of the natural nucleobase with aromatic hydrocarbons or
heterocycles has resulted in modified nucleosides with fluorescent properties. These
can be accommodated within oligonucleotides although they do not form
conventional base pairs. Occasionally even molecules that lack the ability to form
hydrogen bonds to the natural. Balakin et al. reported the incorporation of dual pyrene
chromophores into oligonucleotides at the middle of sequence (Figure 1.5) [25]. The
significant changes to the pyrene fluorescence were observed upon hybridization of
the complementary sequences, which were excimer formation between the two pyrene
groups. The pyrene as fluorophore was selected to label on DNA probes because of

the sensitivity of pyrene fluorescence to its microenvironment.

Figure 1.5 Pyrene groups incorporated into an oligonucleotide strand [25]



1.6 Base discriminating fluorescent nucleotides

All nutural nucleobases involved in replication have very low fluorescence
quantum yields. Fluorescent nucleoside probes and oligonucleotides were designed
and implemented, by attached the fluorophore moiety to the nucleobase, to elucidate
fundamental biochemical transformations. Fluorescent nucleoside analogs those are
sensitive to the environment, demonstrating changes in the fluorescent properties
when induced by changes in polarity, pH, or even structure. Fluorescent nucleosides
become powerful tools for the investigation of nucleic acid structure and recognition.
To be a useful probe for the study of biological function, the fluorescent nucleotide
analogs must have an easily observable emission at physiological conditions and also
be sensitive to changes in its environment. Thus, the ideal fluorophore would display
differences in emission intensity, or a shift in wavelength of absorbance and emission,
or excitation upon changes in its physical environment. Fluorescent modified
nucleosides were widely studied as fluorescent probes for single nucleotide
polymorphisms (SNPs) detection. Among the fluorescent probes that are most
interesting are “base discriminating fluorescent nucleotides” or BDFs as named by
Saito and coworkers [26, 27]. The concept of the BDF probes is based on the
fluorescence change of the BDF nucleobase itself in response to the bases on a
complementary strand. Saito and co-workers performed a chemical modification of 7-
de-azaadenosine (Figure 1.6) by Sonagashira coupling to incorporate a pyrene moiety
directly attached to the adenosine nucleobase [28]. It was found that, upon
hybridization of the "A strand to the latter four sequences, striking changes occurred
in the fluorescence of the pyrene. When DNA containing mismatched base, it was
found that the pyrene emission at 390 nm was not perturbed. However, upon
hybridization with the strand with correct base pair (T) opposite to the ™A residue,
fully complementary sequence, that the emission was effectively switched off, less
than the fluorescence of the single stranded "™A. The mechanism of the quenching
was believed to arise from intercalation of the pyrene unit into the double stranded
DNA. Under mismatch conditions i.e. when X = A, C and G the pyrene did not
intercalate, due to steric blocking of the mismatched base pair. As the signal is

switched on under the condition of base mismatch the potential of BDF nucleotides.
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Figure 1.6 Chemical structure of nucleosides A

In another related work, pyrenecaboxamide-labeled uracil (*YU) and cytosine
(*YC) nucleobases were synthesized as a BDF base for use in a simple fluoroassay for
detection of SNPs by Okamoto et al. [29]. The labels were attached at the C5-position
of the uridine via a propargyl linker (Figure 1.7). The results showed that the "YU and
PYC-containing oligonucleotides behave as base-discriminating fluorescent (BDF)
probes that can be used for homogeneous SNPs typing of DNA samples containing
BRCAZ2 SNPs sites (human breast cancer gene). As the signal is switched on, when
probes hybridized to target DNA. The results using the probe showed the same as
traditional sequencing techniques. It can identify the point mutation in much less time
and effort, and presumably at a much reduced cost and with better sensitivity. These
BDF bases typically maintain the hybridization properties to complementary

oligonucleotide targets.
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Figure 1.7 Chemical structures of nucleosides "YU and YC
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Kim and co-workers modified oligodeoxyribonucleotide containing a 5-(1-
ethynylpyrenyl)-2’-deoxyuridine (U*) unit at the central position as a probe for SNP
detection [30]. The pyrenes were also attached at the C5-position of the uridine using
Sonogashira coupling. The single-stranded probe exhibits typical pyrene monomer
emission. However, the emission intensities of single-base mismatched duplexes are
reduced the fluorescence relative to that of single-stranded probe (Figure 1.8). The
pyrene-labeled oligonucleotides are therefor sensitive probes that can discriminate
between perfect and single-base mismatched by changes in their fluorescence

intensities.
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Figure 1.8 Chemical structures of nucleosides U*

Modification of bases with pyrene chromophores has since been a popular
synthetic approach to BDF nucleotides. Wagenknecht and co-workers have also used
pyrene as a fluorescent sensor for SNPs detection [31]. The pyrene was attached
without linker to the guanine base, giving a new fluorobase ™G (Figure 1.9). The
DNA duplex hybridization can be observed by fluorescence and absorption
spectroscopy since the ™G group exhibits altered properties in single strands versus

double stranded versus double stranded DNA.
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Figure 1.9 Chemical structures of nucleosides 7YG

Next, Saito and co-workers have synthesized oligonucleotide with perylene
(**'U) and anthracene (**™U, A™U) bases as SNP sensors (Figurel.10) [32-33]. As
before, the fluorescent chromophore was directly attached to the uracil base under
Sonagashira conditions. The perylene labeled-probe was useful for detection of
mismatches in short oligonucleotides, displaying an increase in fluorescence at 496
nm for mismatch duplex compared to the complementary duplex. This behaviour was
proposed to arise from the expulsion of the intercalating perylene into the bulk polar
solvent when a complementary base pair was formed. In the mismatched cases, the
perylene could intercalate into the non-polar double-helix and fluorescence were
switched off. When anthracene were used as fluorophore, it found that **™U probe be
useful as SNPs sensors. The anthracene fluorescence was observed to increase under
match conditions. 2™U was able to effectively discriminate between A and C in DNA

strand.



12

o I 2 O
L N o
HN ~ H Z E G
A T ] il
07 N = 07 >N~ L’/
HO= :D:l HO— o
& |
OH
PerU 9AntU
0
(0]
A0S
HMN |
GJ\N
ooy
1 F
OH
2AntU

Figure 1.10 Chemical structures of nucleosides "*'U, #A™U and ?A™U

In 2008, Wagenknecht was reported 5-(1-pyrenyl)-2'-deoxyuridine (*YdU)
and 5-(2-Pyrenyl)-2'-deoxyuridine (*dU) as fluorescence thymidine analogues
(Figure 1.11), pyrene chromophore is connected covalently to the 5-position of
uridine through a single C-C bond [34]. A pyrene-labeled deoxyuridines were
successfully synthesized by Suzuki—-Miyaura cross-coupling between 2-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene and a 5-iodo-2'-deoxyuridine. The *YdU
and 2?YdU were converted into the corresponding phosphoramidites as DNA building
blocks. The 2?dU shows the ability for Watson—Crick base-pairing inside the DNA,
as showed by the absorption and fluorescence spectra. 2YdU changes its absorption
properties upon DNA hybridization and undergoes fluorescence quenching by charge

transfer.
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Figure 1.11 Chemical structures of nucleosides **YdU and #dU

Brown and co-workers reported the use of the thymine analogues T, “*T, and
AT which utilized anthracene and naphthalene fluorophores as SNP sensors (Figure
1.12) [35]. Each thymine analogue was found the same behavior, undergoing
fluorescence enhancement for a complementary target sequences and quenching for
T-G mismatch.

NeT AeT AeeT

Figure 1.12 Chemical structures of nucleosides T, “°T and “**T
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1.7 Peptide Nucleic Acid (PNA)

1.7.1 Aminoethylglycyl PNA or aegPNA

Peptide nucleic acid (PNA) are synthetic DNA mimics with an achiral
backbone containing repeating units of N-(2-aminoethyl)-glycine (aeg) linked
together by peptide bonds introduced by Nielsen et al. in 1991 [13]. The four
nucleobases adenine, cytosine, guanine or thymine (A, C, G or T) are attached to the

backbone by methylenecarbonyl linkages. (Figure 1.13)

O
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L AR L \ Jn
DNA aegPNA

Figure 1.13 Structures of DNA and aegPNA; B = nucleobase (A, C, G or T).

By convention, PNA has an amine-terminus (N-terminus) and a carboxy-
terminus (C-terminus), corresponding to the 5'- and 3'-ends of a DNA, respectively
(Figure 1.14). PNA hybridization to complementary nucleic acids is follows Watson-
Crick hydrogen bonding base-pairing rules with the anti-parallel formation prefer [14,
36, 37]. Unlike DNA, aegPNAs do not contain the sugar moieties and phosphate
groups. The ribose-phosphodiester backbone of the DNA oligonucleotide was
replaced with an achiral uncharged polyamide backbone. The lack of a negative
charge on the aegPNA backbone eliminates Coulombic repulsion from target DNA
strands, which resulted in a greater binding between complementary aegPNA-DNA
than between complementary DNA-DNA at low to medium ionic strength, and they
display a stronger resistance to both nuclease and protease digestion [38]. PNAS

hybridize specifically to complementary oligonucleotides with also higher affinity
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than DNA-DNA or RNA:-DNA duplexes. Furthermore, a single base mismatch
aegPNA-DNA duplex is generally more destabilizing than a single base mismatch

DNA-DNA duplex.

Figure 1.14 Chemical structures of aegPNA molecule and DNA molecule. The amide

(peptide) bond characteristic of PNA is boxed in.

1.7.2 Pyrrolidinyl PNA or acpcPNA

Figure 1.15 Structure of acpcPNA ; B = nucleobase (A, C, G or T).
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Pyrrolidinyl PNA bearing a D-prolyl-2-aminocyclopentanecarboxylic acid
(ACPC) backbone (denotes as "acpcPNA™) (Figure 1.15) has been developed by
Vilaivan et al. in 2005 [39, 40]. Analysis of the DNA hybridization ability of this
acpcPNA, suggested this acpcPNA can form PNA-DNA duplex with higher affinity
and specificity than the original aegPNA. On the other hand, the acpcPNA showed a
much stronger preference for the antiparallel binding fashion (Figure 1.16).

3'end S VO N-terminus
N
H -

= O H :
/ WT=A NNg
(@)
- /
of At e
1] A
o : o N Y
A
_O O \\A—T N/\O
Je%
//F> O
0 : N
2 H :
/ O 2
2 WG= X
O“F)/O WwG=C N e
= O
s $
,\j O
5'end C-terminus

Figure 1.16 Chemical structures of acpcPNA-DNA duplex following Watson-Crick
base paring rule.

The high binding affinity to complementary DNA and the powerful
discrimination for single mismatched DNA, together with the high directional
specificity, render the new acpcPNA system a potential candidate for the development
of a highly effective DNA sequence determination. In addition, acpcPNA has been
applied as a probe to detect DNA base sequence with various techniques. The high
mismatch discrimination ability of the acpcPNA combination with ion-exchange

technique led to successful applications in detection of single nucleotide
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polymorphisms (SNP) genotyping [41]. The presence of the hybridized PNA in the
form of negatively charged PNA-DNA duplex on the positively charged ion-
exchanger (Q-sepharose) was analyzed directly by MALDITOF mass spectrometry.
Then, Ananthanawat et al. used surface plasmon resonance (SPR) technique to
demonstrate the performance and hybridization properties of acpcPNA in comparison
with DNA, and aegPNA in term of base-pairing specificity or ability to discriminate

single base mutation, direction of binding (parallel or antiparallel) [42-43].

Next, Reenabthue and co-worker developed a new ACPC spacer analogue, aza
(3R,4S)-3-aminopyrrolidine-4-carboxylic acid (APC) spacer (Figure 1.17), to site-
specifically label acpcPNA [44]. The APC-modified acpcPNA contains a secondary
amine which can be further labeled with a label (e.g. fluorophore) by acylation via an
amide bond. To investigate the viability of using APC spacer as a handle for internal
modification of acpcPNA with a fluorophore, the pyrene-labeled acpc/apcPNAs were
synthesized by acylation chemistry. Pyrene-1-carboxylic acid and 4-(pyrene-1-yl)-
butyric acid were chosen as the fluorophore labels. In the single stranded state, the
pyrenebutyryl-labeled acpc/apcPNA showed a fluorescence quenching due to strongly
interact with the nucleobases of the PNA. Upon hybridization with the
complementary DNA, the pyrene-labeled acpc/apcPNA duplex exhibited high
fluorescence intensity. Form the result suggests that fluorescence properties of the

pyrenebutyryl -labeled acpc/apcPNAs are sensitive to their hybridization state.

L] s s ad,
pralce @«w@ o

(A) APC-modified acpcPNA (B) Fluorophore-labeled acpc/apcPNAs
(R=fluorophore)

Figure 1.17 Chemical structure of (A) : apcPNA, (B) : Fluorophore-labeled

acpc/apcPNAs via an amide bond
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1.8 Self-reporting fluorescence probes derived from PNA

The development of PNA-based fluorescence probes as DNA biosensor had
increased considerably over the past few years, most of which rely on the use of
original Nielsen’s aegPNA. In an early example, Svanvik and co-workers developed a
light-up PNA probes for detection of nucleic acid by attaching thiazole orange at N-
termini of aegPNA (Figure 1.18). The single-stranded thiazole orange-labeled PNA
probes showed low fluorescence intensities but when they were hybridized with their
complementary DNA targets, the fluorescence emissions were markedly increased as
a result of interaction between thiazole orange and the hanging part of the DNA strand

[45].
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Figure 1.18 Chemical structure and working principle of TO-labeled PNA (light-up
probes) [45]
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PNA can also be used as molecular beacon probes for DNA sequence
determination. In 2002, Kuhn and co-workers reported the use of PNA opener in
combination with stemless PNA molecular beacons (PNA-MBs) for direct detection
of DNA targets sequence in double stranded DNA [46]. Due to the hydrophobicity of
PNA, the fluorophore is in close contact with the quencher in the single stranded state
in the aqueous environment without requiring the conventional stem-loop structure as
in DNA. Moreover, the use of stemless PNA beacons improved the specificity of the

detection against single mismatched targets (Figure 1.19).
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Figure 1.19 Schematic representations of the procedure for hybridization of stemless
PNA beacons to double stranded DNA [46]

Recently, Komiyama et al. had employed PNA molecular beacons (PNA-
MBs) in combination with nuclease S1, an enzyme that specifically hydrolyzes single
stranded DNA, as a fluorescent sensor for genotyping of SNPs [47]. The PNA-MBs
contained the fluorescein and dabcyl at the C- and N-terminus respectively. The
nuclease S1 rapidly digested the DNA component in the mismatched PNA-DNA
hybrids while only slowly digested the complementary hybrid (Figure 1.20). As a
result, the nuclease S1 digestion in combination with PNA-MBs was a powerful
technique to improve the differentiation between complementary and mismatched
DNA targets.
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Figure 1.20 Schematic representations for SNPs detection using the combination of
PNA-MBs and enzymatic digestion [47]

In 2005, Appella and co-worker reported a prototype of quencher-free
molecular beacon PNA probes for DNA sequence detection. The fluorene fluorophore
was attached to the side-chain of lysine inserted at an internal position of the PNA
strand via amide bond formation (Figure 1.21) [48]. The fluorene-labeled PNA
probes showed an increase in fluorescence emission upon binding to complementary
DNA targets, which was explained by the separation of the fluorene chromopore from

the nucleobases which act as the quencher.

% Complementary DNA

Single stranded
PNA probe Double strand

Figure 1.21 Schematic representations and Chemical structure of Fluorene-labeled
aegPNA probes [48]
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In another example of hybridization responsive fluorescent-labeled PNA
probe, Socher and co-worker recently described the thaizole orange modified forced
intercalation (FIT) PNA probes in 2008 [49]. In this design, one nucleobase of the
PNA probe was replaced by a thiazole orange (TO) dye, which behaved as a
fluorescent universal base. The duplex of FIT probes with complementary DNA
showed a strong fluorescent signal due to the TO dye was stacked in the duplex,
thereby enforcing a coplanar arrangement even in the excited state. In presence of
single base mismatch DNA, the fluorescent signal of TO dye was significantly lower
because of the TO dye could undergo torsional motions that led to rapid depletion of
the excited state as illustrated in Figure 1.22.
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Figure 1.22 Schematic representations of thaizole orange modified forced intercalation
(FIT) PNA probes [49]
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1.9 Objectives of this research

The objective of this research is to develop a new fluorescence acpcPNA
probe that can change the fluorescence properties in response to the presence of
correct DNA target that should be sensitive, simple, rapid and cost-effective. We wish
to develop quencher-free acpcPNA modified with a single fluorophore, by
modification of the nucleobase or the acpcPNA backbone. This research was divided
into three parts. In the first part is modification of fluorescence nucleobase (5-pyren-
1-yluracil, U™) as hybridization-responsive fluorescence probe. The second part, the
optical properties of acpcPNA modified with a pyrenebutyryl group is also studied.
The last part involves development of a single-labeled acpcPNA as a displacement

probe.



CHAPTER I

EXPERIMENTAL SECTION

2.1 General Procedures

2.1.1 Materials

All chemicals were purchased from standard suppliers and were used as
received. Commercial grade solvents for column chromatography were distilled
before use. Solvents for the reactions were AR grade and used without purification.
Methanol and acetonitrile for HPLC experiment were HPLC grade, obtained from
BDH and were filtered through a membrane filter (13 mm¢, 0.45 um Nylon Lida)
before use. Unless otherwise stated, all reactions were performed in oven-dried
glasswares under ambient conditions. Tetrahydrofuran (THF) for Mitsunobu reaction
was dried by refluxing with fresh thin-cut sodium metal and benzophenone under
nitrogen atmosphere. Nitrogen gas was obtained from TIG with 99.9 % purity. The
progress of the reaction was followed by thin layer chromatography (TLC) performed
on Merck D.C. silica gel 60 F2s4 0.2 mm pre-coated aluminium plates cat. no. 1.05554
and visualized using UV light (254 nm). Column chromatography was performed on
silica gel 70-230 mesh for column chromatography.

For solid phase peptide synthesis, anhydrous N,N’-dimethylformamide (DMF)
for solid phase peptide synthesis was obtained from RCI Labscan (Thailand) and was
dried over activated 3A molecular sieves. The solid support for peptide synthesis
(TentaGel S RAM Fmoc resin) was obtained from Fluka. The protected amino acids,
Fmoc-L-Lys(Boc)-OPfp was obtained from Calbiochem Novabiochem Co., Ltd.
(USA). Piperidine, trifluoroacetic acid (TFA), 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBUL), O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluoro-
phosphate (HATU) and N,N-diisopropylethylamine (DIEA) were purchased from
Fluka. Acetic anhydride was prepared by distillation of acetyl chloride and sodium
acetate.  1-Hydroxy-7-azabenzotriazole (HOAt) was purchased from Avocado.

Oligonucleotides were purchased from the Pacific Science Co.,Ltd. (Thailand) and
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BioDesign Co., Ltd. (Thailand). All agueous solutions were made with MilliQ water,
obtained by purification with a Millipak® 40 filter unit (0.22 um, Millipore, USA).

2.1.2 Equipment

Optical rotations ([a]p) were measured on a Jasco P-1010 Polarimeter using
sodium light (D line, 589.3 nm). Evaporation of solvents was carried out on Buchi
Rotavapor R-124 with a water aspirator model B-490 or a Refco Vacuubrand pump or
a diaphragm pump. *H and **C NMR spectra were recorded in deuterated solvents on
a Bruker Avance 400 or Varian Mercury 400+, operating at 400 MHz (*H) and 100
MHz (**C), respectively. High resolution mass spectra were recorded in positive ESI
mode on a Bruker Daltonics micrOTOF mass spectrometer (Faculty of Science,
Mahidol University). IR spectra were recorded on Nicolet iS10 FT-IR spectrometer.

Reverse phase HPLC experiments were performed on Water Delta 600™

system
equipped with gradient pump and Water 996" photodiode array detector. An ACE®
C18-AR HPLC column (4.6x150 mm, 5 u particle size) was used for analytical
purposes. MALDI-TOF mass spectra were obtained on a Bruker Daltonics Microflex
Instrument in positive linear mode using doubly recrystallized o-cyano-4-hydroxy
cinnamic acid (CCA) as matrix. Melting temperature (T,) measurements of
PNA-DNA duplex and UV/vis spectra were performed on a CARY 100 Bio UV-
Visible spectrophotometer (Varian, Inc., USA) equipped with a thermal melt system.
The fluorescence spectra were recorded on Varian Cary Eclipse Fluorescence
Spectrophotometer. CD experiments were performed on JASCO Model J-815

spectrometer (JASCO).

2.2 Experimental Procedure

2.2.1 Synthesis of pyrrolidinyl PNA monomers, ACPC spacer, and APC spacer
Pyrrolidinyl PNA monomers namely (N-Fluoren-9-ylmethoxycarbonylamino)-

cis-4-(N°-benzoyladenin-9-yl)-D-proline  pentafluorophenyl ester, (N-Fluoren-9-yl

methoxycarbonylamino)-cis-4-(N*-benzoylcytosine-9-yl)-D-proline pentafluorophenyl
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ester, (N-Fluoren-9-ylmethoxy carbonylamino)-cis-4-(N2-isobutyrylguanin-9-yl)-D-
proline  pentafluorophenyl ester, (N-Fluoren-9-ylmethoxycarbonylamino)-cis-4-
(thymin-1-yl)-D-proline, and ACPC spacer namely (1S,2S)-2-(N-Fluoren-9-
ylmethoxycarbonyl)-aminocyclopentane carboxylic acid pentafluoro phenyl ester
were synthesized according to Vilaivan and co-workers [39, 40]. The APC spacer
(3R,45)-1-(2,2,2-trifluoroacetyl)-3-(9H-fluoren-9-yl-methoxycarbonyl amino)-
pyrrolidine-4-carboxylic acid pentafluorophenyl ester was synthesized according to

Suparpprom and co-workers [44].
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Figure 2.1 Structure of activated acpcPNA monomers, ACPC spacer and APC spacer
for solid phase peptide synthesis
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2.2.2 Synthesis of the U™-pyrrolidinyl PNA monomer

2.2.2.1 N-tert-Butoxycarbonyl-cis-4-(N*-benzoyl-5-iodouracil-1-yl)-D-proline
diphenylmethyl ester (3)

J
‘g /U\(j FFra, NE-tIEr‘ZC'ﬂ-E-iCdCL.FidiI"E O H\ﬂjfe
F
CIAC | THF
G:< : 0_4\

N-tert-Butoxycarbonyl-trans-4-hydroxy-D-proline  diphenylmethyl ester
(0.9938 g, 2.5 mmol), triphenylphosphine (2) (0.7213 g, 2.75 mmol) and N3-benzoyl-
5-iodouridine (0.9407 g, 2.75 mmol) were dissolved in dry THF (10 mL) with stirring
and cooled down to 0 °C in an ice-salt bath. The reaction mixture was slowly added
DIAD (3.7 mL, 18.8 mmol) via syring with in 15 min and allowed to stir under
nitrogen at rt for 24 h. The solvent was evaporated and the residue was directly
recrystallized from ethanol to afford the product (3) as white solid (0.5424 g, 47%
yield). [¢]®p = +50.2 (c=1.0 g/100 mL CHCls); *H NMR (400 MHz, CDCls) (Figure
Al): 6 =1.33 and 1.51 (2xs, 9H; CHsBoc), 2.05 [m, 1H; 1xCH»(3")], 2.85 [m, 1H;
1xCH,(31], 3.59, and 3.73 [m, 1H; 1xCH>(5')], 4.02 [m, 1H; 1xCH»(5)], 4.52 and
4.61 [m, 1H; CH(4"] 5.19 [m, 1H; CH(2"], 6.99 (s, 1H; CHPh,), 7.29 (s, 1H; C6H
Thymine), 7.37 (m, 10H; Phenyl Dpm), 7.51 [dd, J = 7.0, 7.4 Hz, 2H; CH(3,5) ArBz],
7.68 [t, J = 7.1 Hz, 1H; CH(4) ArBz], 7.88 [m, 2H; CH(2,6) ArBz]; **C NMR (100
MHz, CDCl3) (Figure A2): 6 = 28.1 and 28.3 (CH3Boc rotamers), 34.2 and 35.9
[CH2(3") rotamers], 49.6, 49.9 [CH(5') rotamers], 53.3 and 53.7 [CH(4') rotamers],
57.4 and 57.5 [CH(2") rotamers], 68.4 (C5 Thymine), 78.3 and 78.5 (C CHsBoc
rotamers), 81.6 (CH Dpm), 127.1-128.8 (CH ArDpm), 129.2 (C4' Ar), 130.5 (C2" and
C6’ Ar), 130.9 (C3' and C5' Ar), 135.3 (C1’' Ar), 139.2 (C6H Thymine), 149.6 (C
Dpm), 153.4 (C2 Thymine), 158.5 (C4 Thymine), 167.4 (CO Boc), 171.2 (CO
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Proline); HRMS (FAB+): m/z calcd for C34H3,07NsINa: 744.1183 [M+Na]"; found:
744.1105.

2.2.2.2 N-tert-Butoxycarbonyl-cis-4-(5-(1-pyrenyl)uracil-1-yl)-D-proline
diphenylmethyl ester (4)

pyrene-1-caronic acic, 3.5 mal%:
’U\(j‘ [F"c: PhsPy], Etzh, WaCh, 8050
1 HalCHLCHSCH (20%: in OKF)
~ P *O’ ™

{3)

A round bottom flask was charged with N-tert-butoxycarbonyl-cis-4-(N°-
benzoyl-5-iodouracil-1-yl)-D-proline  diphenylmethyl ester (3) (0.3430g, 0.475
mmol), 1-pyreneboronic acid (0.1862g, 0.755 mmol) and tetrakis(triphenylphosphine)
palladium [Pd(PPh,),] (0.0200g, 0.0165 mmol). The air in the flask was removed and
replaced with dry nitrogen. Degassed CH3CN (3 mL) was subsequently added and the
reaction was stirred and heated to 80 °C under nitrogen. Triethylamine (0.3 mL, 0.500
mmol) was added to the reaction mixture via syringe and kept stirring for 40 h (the
reaction was monitored by TLC). When the starting material was completely
consumed, the solvent was removed under reduced pressure and the residue was
separated by column chromatography eluting with CH,Cl,: acetone (30:1) on silica
gel to obtain the yellowish oil which was further treated with ethanolamine (0.2 mL)
in DMF (1 mL) for 20 min. After the reaction was finished as indicated by TLC, the
residue was dissolved in CH,Cl, (20 mL). The organic layer was washed with 10%
HCI (2x15 mL), dried with Na,;SO4 and the solvent was removed. The residue was
purified by column chromatography eluting with hexanes:ethyl acetate (1:1) on silica
gel to obtain the title compound (4) as an off-white solid (0.2010 g, 60% yield). [a]*b
= +46.6 (c=1.0 g/100 mL CHCls); *H NMR (400 MHz, CDCls) (Figure A3): §=1.33
and 1.51 (2xs, 9H; CHzBoc), 2.05 [m, 1H; 1xCH,(3"], 2.85 [m, 1H; 1xCH,(3"], 3.59
and 3.73 [m, 1H; 1xCH(5)], 4.02 [m, 1H; 1xCHx(5"], 4.52 and 4.61 [m, 1H;
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CH(4"], 5.19 [m, 1H; CH(2))], 6.87 (s, 1H; CHPh,), 7.25 (s, 1H; C6H Thymine),
7.28-7.51 (m, 10H; Phenyl Dpm), 7.86-8.24 (m, 9H; CH Pyr), 9.09 (s, 1H; NH
Thymine); *C NMR (100 MHz, CDCls) (Figure A4): § = 28.0 and 28.3 (CH3 Boc
rotamers), 34.2 and 35.5 [CH(3') rotamers], 49.0 and 49.4 [CH(5') rotamers], 52.8
and 53.6 [CH(4") rotamers], 57.3 and 57.5 [CH(2') rotamers], 77.9 and 78.2 (CCHj3
Boc rotamers), 81.3 (CH Dpm), 115.7 (C5 Thymine), 126.8-128.6 (CH ArDpm),
129.1 (C4' Ar), 130.4 (C1’ and C6' Ar), 135.0 (C3' and C5’ Ar), 135.8 (C1' Ar), 139.2
(C6H Thymine), 150.7 (CDpm), 153.3 (C2 Thymine), 161.8 (C4 Thymine), 168.7
(CO Boc), 170.9 (CO Proline); HRMS (FAB+): m/z calcd for Cy3H3;07N3Na:
714.2580 [M+Na]"; found: 714.2519.

2.2.2.3 N-Fluoren-9-ylmethoxycarbonyl-cis-4-(5-(1-pyrenyl)uracil-1-yl)-D-proline

(1)
i) p-TsOH, MeCN

o) O
O/U\O,N\H/NH ii) FmocCl, DIEA /LO’
N a
oa/
v

o:<\O

iii) 50% TFA/CH,Cl,
10% iPr3SH O:<

%

C

N-tert-Butoxycarbonyl-cis-4-(5-(1-pyrenyl)uracil-1-yl)-D-proline  diphenyl

1)

methyl ester (4) (0.1200 g, 0.170 mmol) was stirred with p-toluenesulfonic acid
monohydrate (0.0950 g, 0.5 mmol) in MeCN (2 mL) for 3 h at room temperature.
After the Boc deprotection was complete (monitored by TLC), diisopropylethylamine
(DIEA) (150 uL, 0.85 mmol) was added to the reaction mixture followed by addition
of 9-fluorenylmethoxycarbonyl chloride (0.0660 g, 0.255 mmol). After the reaction
was completed as indicated by TLC, the solvent was removed and the residue was
purified by column chromatography on silica gel eluting with hexanes:ethyl acetate
(1:1) to give the protected intermediate, N-fluoren-9-ylmethoxycarbonyl-cis-4-(5-(1-
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pyrenyl)uracil-1-yl)-D-proline diphenylmethyl ester, as a white solid (0.0954g). This
solid was treated with trifluoroacetic acid:CH,Cl, (1:1) containing 10%
triisopropylsilane (1 mL) and left at rt for 30 min. After that, the solvent was
removed by a gentle stream of nitrogen. The residue was triturated and washed with
diethyl ether to give a white solid which was collected by filtration (0.0600g, 55%
yield). [a]®p = -4.7 (c=1.0 g/100 mL DMF); *H NMR (400 MHz, CDs0D) (Figure
Ab): 6= 2.35 and 2.35 [2xm, 1H; 1xCH,(3’) rotamers], 2.60 and 2.78 [2xm, 1H;
1xCH»(3') rotamers], 3.73 [m, 1H; 1xCH(5') rotamers], 3.90 [m, 1H; 1xCH(5')
rotamers], 4.17 (m, 1H; CHFmoc), 4.34 (m, 2H; CH,Fmoc), 4.31 and 4.43 [2xm, 1H;
CH(2') rotamers], 5.13, 5.27 [2xm, 1H; CH(4') rotamers], 7.02-7.21 (m, 2H; CH
Fmoc), 7.31-7.37 (m, 2H; CH Fmoc), 7.50-7.61 (m, 2H; CH Fmoc), 7.66-7.75 (m,
2H; CH Fmoc), 7.92 (s, 1H; C6H Thymine)8.00-8.23 (m, 9H; CH Pyr); *C NMR
(100 MHz, CD30D) (Figure A6): 6 = 34.2 and 34.9 [CH(3") rotamers], 46.9 (CH
Fmoc), 48.8 and 49.3 [CH(5’) rotamers], 53.2 and 54.2 [CH(4') rotamers], 58.6 and
58.9 [CH(2") rotamers], 67.4 and 68.0 (CH, Fmoc rotamers), 119.4 (CH ArFmoc),
124.4 (C5 Thymine), 124.5 (CH Pyr),124.6 (CH Pyr), 124.8 (CH Pyr), 124.9 (C Pyr),
125.0 (CH Pyr), 125.1 (CPyr), 125.7 (CH ArFmoc), 126.7 (CH Pyr), 126.8 (C Pyr),
127.0 (CH Pyr), 127.3 (CH Pyr), 127.4 (CH Pyr), 127.7 (CH ArFmoc), 128.5 (CH
ArFmoc), 130.0 (C Pyr), 130.9 (CPyr), 131.3 (CPyr), 131.4 (CH Pyr), 141.1 (CH
ArFmoc), 143.6 (C6H Thymine), 144.1 (CArFmoc),151.5 (C2 Thymine), 154.9 and
155.2 (CO Fmoc), 163.7 (C4 Thymine) 173.1 and 173.7 (CO Proline rotamers);
HRMS (FAB™): m/z calcd for C4oH29N3OgNa: 670.1954 [M+Na]" ; found: 670.1923.

2.2.3 The procedure for solid phase synthesis of PNA

2.2.3.1 Preparation of reaction column and apparatus for solid phase synthesis
All peptide oligomers were synthesized in a custom-made peptide synthesis

column equipped with a fritted glass tip as described previously [50]. The Tentagel S-

RAM resin (2.4-7.1 mg, equivalent to 0.5-1.5 umol), was weighed accurately into the

column, and the column was equipped with a rubber teat. The resin was swollen in
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anhydrous DMF for at least 15 min before use. For each reaction, the reagent was
directly sucked in, holds on or ejected out by manual control for the specified period
of time. After the reaction was complete in each step, the resin was washed with DMF
in order to eliminate the excess reagent.

Synthesis of each U™-acpcPNA, and pyrene-modified acpcPNA were carried
out on 1.5 umol scale. Three reagents for solid phase peptide synthesis were prepared

as follows.

1. Reagent #1 (Deprotection solution) consists of 20% piperidine and 2% DBU
in anhydrous DMF

2. Reagent #2 (DIEA stock for coupling and capping) that consists of 7% DIEA
in anhydrous DMF

3. Reagent #3 (HOAt stock solution) consists of HOALt (5.5 mg) in anhydrous
DMF (100 pL)

2.2.3.2 Solid Phase Peptide Synthesis Protocol

Solid phase synthesis is a process by which chemical transformations are
carried out on a solid support. Solid phase synthesis of acpcPNA oligomers consists
of three major steps as follows:

i) Removal of the N-terminal Fmoc group from the growing PNA oligomer
i) Coupling of the PNA monomers onto the N-terminus of the growing PNA
chain

iii) Capping of the unreacted amino group

Each of the steps in the synthesis has been previously optimized for the
preparation of acpcPNA oligomers [50]. After coupling of last monomer, the resin-
bound PNA was end-capped, side-chain deprotected and cleaved from the resin using
the appropriate reagents [50-51]. The general synthesis protocol was divided as

follows:
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i) Removal of the N-terminal Fmoc protection group of the resin

The reaction column was charged with TentaGel S-RAM Fmoc resin (7.1
mg, 1.5 umol). The pre-swollen resin was treated 100 puL of deprotection solution
(reagent #1) in a 1.5 mL eppendorf tube at room temperature for 5 min with
occasional agitation. After the specified period of time, the reagent #1 was squeezed
off and the resin was exhaustively washed with DMF.

i) Anchoring with the first amino acid (Lys) residue

Lysine was first attached to the free amino group on the resin. The prepared
resin from step i) was immersed in a mixture solution of Fmoc-L-Lys (Boc)-OPfp
(9.52 mg, 15 umol), reagent #2 (15 uL) and reagent #3 (15 pL) for 30 min at room
temperature with occasional agitation. After the specified period, the reagent was

squeezed off and the resin was extensively washed with DMF.

iii) Deprotection of the Fmoc protection group at N-terminus

After the coupling and capping were completed, the resin was treated 100 pL
of deprotection solution (reagent #1) in a 1.5 mL at room temperature for 5 min with
occasional agitation. After the specified period of time, the reagent was squeezed off
and the resin was extensively washed with DMF.

iv) Coupling with PNA monomer or spacer

- Coupling with pyrrolidine nucleobase monomer

After deprotect Fmoc protection group, the free amino groups were further
coupled with the pyrrolidine nucleobase monomer. The coupling solution consisted of
the activated nucleobase monomer (6 umol), reagent #2 (15 pL) and reagent #3 (15
uL) in a 1.5 mL eppendorf tube at room temperature for 5 min with occasional
agitation. After the specified period of time, the reagent was squeezed off and the

resin was extensively washed with DMF.
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- Coupling with U™ acpcPNA monomer

After coupling of ACPC spacer, capping and removing of Fmoc group were
completed. The resin treated with a mixture of Fmoc-U™-OH (2.68 mg, 6 umol, 4
equiv.), HATU (2.2 mg, 6 umol) and 30 pL of reagent #2 in a 1.5 mL eppendorf
tube. The reaction column was treated with this solution at room temperature for 30
min with occasional agitation. After the specified period of time, the reagent was

squeezed off and the resin was extensively washed with DMF.

- Coupling with ACPC or APC spacer

After coupling of pyrrolidine nucleobase monomer, capping and removing of
Fmoc group were completed. The resin was treated with the activated ACPC spacer
(3.10 mg, 6 umol) or APC spacer (3.71 mg, 6 umol), reagent #2 (15 pL) and reagent
#3 (15 pL) in a 1.5 mL eppendorf tube at room temperature for 5 min with occasional
agitation. After the specified period of time, the reagent was squeezed off and the

resin was extensively washed with DMF.

v) Capping

After each coupling step, the free amino residue was capped with 5 pL of
acetic anhydride and 30 pL of reagent #2 in a 1.5 mL eppendorf tube at room
temperature for 5 min. After the specified period of time, the reagent was squeezed
off and the resin was extensively washed with DMF. This process was routinely
carried out to prevent the formation of deletion sequences and facilitate purification.

After this step, the next cycle (deprotection, coupling and capping) were
carried out with the same method until the resin bound peptide had been extended up

to nonamer.

vi) End-capping of PNA oligomers by acetylation or benzoylation

After final removal of the N-terminal Fmoc group, the PNA was treated with
5 uL of acetic anhydride and 30 pL of reagent #2 (for acetylation) or 2 mg of benzoic
anhydride and 30 uL of reagent #2 (for benzoylation). The reaction column was
occasionally agitated with this solution for 5 min. After that, the reagent was squeezed

off and the resin was extensively washed with DMF.
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vii) Modifying the N-terminus with pyrene butyryl

After final removal of the N-terminal Fmoc group, the PNA was treated with
a mixture of 4-(1-pyrenyl)butyric acid (1.6 mg, 6 umol, 12 equiv.), HATU (2.2 mg, 6
umol) and 30 pL of reagent #2 in a 1.5 mL eppendorf tube. The reaction column was
treated with this solution at room temperature for 30 min with occasional agitation.
After the specified period of time, the reagent was squeezed off and the resin was

extensively washed with DMF.

viii) Deprotection of nucleobase and APC protecting group

For PNA oligomers bearing adenine, cytosine or guanine bases as well as
APC spacer in the sequence, the protecting group (Bz for A and C, Ibu for G, Tfa for
APC) must be removed before the cleavage of PNAs from the resin. To remove these
protecting groups, the resin was treated with aqueous ammonia/dioxane (1/1, v/v) in a
sealed test tube at 60 °C for 12 hours. After the specified period of time, the reagent

was squeezed off and the resin was extensively washed with methanol.

iX) Attachment of pyrene labels at APC spacer

Coupling of the pyrenebutyryl labeling group at the nitrogen atom in the
pyrrolidine ring of the (3R,4S)-APC spacer was carried out after removal of the
protecting groups by ammonia treatment (step vii). The washed resin was re-swollen
in DMF. The resin (0.5 umol) treated with a mixture of 4-(1-pyrenyl) butyric acid (1.6
mg, 6 umol, 12 equiv.), HATU (2.2 mg, 6 pmol) and 30 pL of reagent #2 ina 1.5 mL
eppendorf tube. The reaction column was treated with this solution at room
temperature for 30 min with occasional agitation. After the specified period of time,

the reagent was squeezed off and the resin was extensively washed with DMF.

X) Modification of the N-terminus of acpcPNA with fluorescein (Flu) or
tetramethylrhodamine (TMR)

After final removal of the final N-terminal Fmoc group and the nucleobase
side chain protecting groups, the PNA oligomer was treated with a solution of the
activated diethylene glycol (egl) linker (Fmoc-NHCH,CH,OCH,CH,OCH,CO-OPfp)
(3.3 mg, 6 umol, 12 equiv) and 30 uL of anhydrous DMF. After the coupling of the
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ethylene glycol (egl) linker was completed, the resin was extensively washed with
DMF and treated with 100 pL of deprotection solution (reagent #1) at room
temperature for 5 min. After washing with DMF, the PNA was treated with a solution
of the 5(6)-carboxyfluorescein N-hydroxysuccinimide ester (2.0 mg, 4.2 umol, 8.4
equiv) (Fluka) or 5(6)-carboxy-X-rhodamine N-succinimidyl ester (3.5 mg, 5.5 umol,
11 equiv) (Fluka) in 30 pL of anhydrous DMF. The reaction column was left in the
dark at room temperature for 12 hours with occasional agitation. After the specified
period of time, the reagent was squeezed off and the resin was extensively washed
with DMF.

xi) Cleavage of PNA oligomers from the resin

The resin-bound PNA was cleaved from the resin by treatment with 10%
triisopropylsilane (TIPS) in trifluoroacetic acid (3 x 0.5 mL x 1 hour) in a 1.5 mL
eppendorf tube at room temperature with occasional agitation. The removal of
trifluoroacetic acid was achieved by gentle nitrogen stream in a fume hood. The
resulting residue was treated with diethyl ether (1 mL), centrifuged and decanted to
obtain the crude PNA as a white solid. Finally the crude PNA was air-dried at room

temperature and stored at -20 °C until further use.

2.2.4 Purification and characterization of PNA oligomers

2.2.4.1 Purification of PNA oligomers

The crude acpcPNA sample was prepared for reverse phase HPLC
purification by dissolving a mixture in 120 uL of MilliQ water. The HPLC
purification and analysis were performed in reverse phase mode, monitoring by UV-
absorbance at 300 nm and eluting with a gradient system of 0.1% trifluoroacetic acid
in methanol/water. The HPLC gradient consists of two solvent systems which are
solvent A (0.1% trifluoroacetic acid in MilliQ water) and solvent B (0.1%
trifluoroacetic acid in methanol). The elution began with A:B (90:10) for 5 min
followed by a linear gradient to A:B (10:90) over a period of 60 min, then hold for 10
min before reverted back to A:B (90:10).
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2.2.4.2 Characterization of PNA oligomers

After lyophilization, the identity of the acpcPNA oligomer was verified by
MALDI-TOF mass spectrometry. The samples were prepared by mixing 1 uL of the
sample with 10 uL of matrix solution containing CCA in 0.1% trifluoroacetic acid in
acetonitrile:water (1:2) and deposited on the MALDI target. The mass spectra of
acpcPNA were recorded on a Microflex MALDI-TOF mass spectrometry in linear

positive ion mode with accelerating voltage of 25 kV.



36

The sequences of U™ acpcPNAs synthesized in this work are shown in Table
2.1.

Table 2.1 Sequences of U™-acpcPNAs used in this work

Code of PNA Sequences
(N-terminus to C-terminus)
TUPT Ac-TTTTUYTTTT-Lys-NH,
AU™YA Ac-TTTAUYATTT-Lys-NH,
cu™c Ac-TTTCU™CTTT-Lys-NH,
GU™G Ac-TTTGU™GTTT-Lys-NH;
cuP™ci13 Ac-TTTTTCUYCTTTTT-Lys-NH,
MixU™ Ac-AGTTAUPYCCCTGC-Lys-NH,
MixAU™Y Ac-CTAAAAUPTCAGA-Lys-NH;
MixTUPY Ac-CTAAATUPTCAGA-Lys-NH,
AUPY Ac-AAAAUPYAAAA-Lys-NH;
TAU™Y Ac-AAATUAAAA-Lys-NH,
T'AUYY Ac-AATAUAAAA-Lys-NH,
TeAU™Y Ac-ATAAUPMAAAA-Lys-NH,

T°AU™Y Ac-TAAAUYAAAA-Lys-NH,
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The sequences of pyrenebutyryl-modified acpcPNAs synthesized in this work

are shown in Table 2.2.

Table 2.2 Sequences of pyrenebutyryl-acpcPNAs used in this work

Code of PNA -Sequences )
(N-terminus to C-terminus)
PyT9 Py-TTTTTTTTT-Lys-NH,
PyM12 Py-AGTTATCCCTGC-Lys-NH,
PyM11 Py-CTAAATTCAGA-Lys-NH,
PyM10 Py-GTAGATCACT-Lys-NH,
T Ac-TTTT®ITTTTT-LysNH;
M127YT Ac-Lys-AGTTA®TCCCTGC-LysNH,
M12™C Ac-Lys-AGTTAT®CCCTGC-LysNH,
M117YA Ac-Lys-CTAA®ATTCAGA-LysNH,
M11PT Ac-Lys-CTAAAT™TCAGA-LysNH,
M117C Ac-Lys-CTAAATT®YCAGA-LysNH,

The sequences of Flu-acpcPNAs and TMR-acpcPNAs synthesized in this

work are shown in Table 2.3.

Table 2.3 Sequences of fluorescein-acpcPNAs and TMR-acpcPNAs used in this work

(O = aminoethoxyethoxyacetyl linker)

Sequences
Code of PNA ) )
(N-terminus to C-terminus)
Flul Flu-O-CTAAATTCAGA-Lys-NH;
Flu2 Flu-O-AGTTATCCCTGC-Lys-NH;

TMR1

TMR-O-TTATCACTATGA-Lys-NH,
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2.2.4.3 Determination of PNA concentration

The concentrations of modified-PNA were determined by UV absorption
measurements at 260 nm using a CARY 100 Bio UV-visible spectrophotometer
(Varian, Inc., USA). A portion of the PNA solution (5 pL) was diluted to 1000 pL
with 10 mM sodium phosphate buffer pH 7.0, and UV absorbance at 260 nm was
measured. This value was used for calculation of the PNA concentrations. Extinction
coefficients of PNA was calculated as the sum of individual extinction coefficients (g)
of the corresponding nucleobases and fluorophores. The individual extinction
coefficients at 260 nm used in the calculation were g(A) = 10.8 mM™.cm™, ¢(C) = 7.4
mM™*.cm?, g(G) = 11.5 mM™tem™, &(T) = 8.8 mM™.cm™, ¢(U™) = 17.0 mM™.cm™
[34], e(Py) = 13.3 mM™.cm™ [44], ¢(Flu)= 20.9 mM™.cm™ and ¢(TMR) = 32.2 mM"

Lem?

2.3 Studies of PNA-DNA hybridization

2.3.1 Tr, experiments

Tm curves were measured at 260 nm with a CARY 100 Bio UV-Visible
spectrophotometer (Varian, Inc., USA) equipped with a thermal melt system. The
sample for T, experiment was prepared by mixing calculated amount of stock
oligonucleotide and PNA solution together to give final concentration of nucleotides,
10 mM sodium phosphate buffer (pH 7.0), and final volumes were adjusted to 1000
puL in a 10 mm quartz cell with a Teflon stopper and equilibrated at the starting
temperature for 10 min. The Agg Was recorded in heating from 20-90 °C or 20-95 °C
(block temperature) with a temperature ramp of 1°C/min. The temperature recorded
was the block temperature and was corrected by a built-in temperature probe.

Correct temperature and normalized absorbance are defined as follows.

Correct Temp. (0.9696 x Tpjock) — 0.8396

ADbSohs/ AbSinit

Normalized Abs.
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The melting temperature was determined from the maximum of the first
derivative after smoothing using KaliedaGraph 3.6 (Synergy Software). Data analysis
was performed on a PC compatible computer using Microsoft Excel XP (Microsoft
Corp.). T, values obtained from independent experiments were accurate to within
+0.5°C

2.3.2 UV/Vis absorption spectroscopy

Absorption spectra were performed on a CARY 100 Bio UV-Visible
spectrophotometer (Varian, Inc., USA). The sample for absorption measurements was
prepared by mixing the calculated amount of stock oligonucleotide and PNA solutions
together to give the specified concentration in 10 mM sodium phosphate buffer (pH
7.0). The final volumes were adjusted to 1000 uL in a 10 mm quartz cell with a

Teflon stopper.

2.3.3 Fluorescence experiments

Fluorescence experiments were performed on a Cary Eclipse Fluorescence
Spectrophotometer (Varian and Agilent Technologies). The sample for fluorescence
experiment was prepared by mixing the calculated amount of stock oligonucleotide
and PNA solutions together to give the specified concentration in 10 mM sodium
phosphate buffer (pH 7.0). The final volumes were adjusted to 1000 pL in a 10 mm
quartz cell with a Teflon stopper. The excitation slit and emission slit both were set to
5 nm and the photomultiplier (PMP) tube voltage value of either medium or high volts

were used.

2.3.4 Fluorescence quantum yield (®)

The fluorescence quantum vyield (®) of the single stranded-PNA and
PNA-DNA duplex were calculated using quinine sulfate (® = 0.54) [52] as the
standard. A stock solution of quinine sulfate (1.0 mM) was prepared by dissolving in
0.1 M H,SOq,. For calculation of quantum yield, five concentrations of quinine sulfate
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solutions were prepared, all of which had absorbance less than 0.1 at 350 nm.
Absorption spectra of the quinine sulfate standards and samples were measured on a
CARY 100 Bio UV/Visible spectrophotometer and fluorescence spectra were
measured on a Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies).
The integrated fluorescence intensities (excited at 345 and 350 nm) and the
absorbance values (at 345 and 350 nm) of the quinine sulfate standards and the
sample were plotted and the slopes were determined to give Msandard @8N Msample,

respectively.

The quantum yield of sample was then calculated using the equation:

— 2 2
q)sample = q)standard (msample / mstandard) (nsample /T]standard )

Where m is the slope from the plot of integrated fluorescence intensity vs absorbance

and n is the refractive index of the solvent
2.3.5 S1 nuclease digestion

Fluorescence experiments for enzymatic digestion were performed on a Cary
Eclipse Fluorescence Spectrophotometer (Agilent Technologies). The sample for
digestion by nuclease S1 was prepared by mixing the calculated amounts of stock
oligonucleotide and PNA solution together in 30 mM sodium acetate buffer (pH 4.6)
containing 1.0 mM zinc acetate, 5% (v/v) glycerol at the final volume of 500 uL in a
10 mm quartz cell. The enzyme stock (S1 from Aspergillus oryzae, 1000 unit/mL)
was added to give the final concentration of 5 unit/mL. The progress of the enzymatic
digestion was monitored by Fluorescence Spectrophotometry (kinetic mode, the
fluorescence spectra were recorded every 5 min until no further change was

observed).
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2.3.6 Circular dichroism (CD) spectroscopy

CD experiments were performed on JASCO Model J-815 spectrometer
(JASCO). The sample for CD experiment was prepared by mixing the calculated
amount of stock oligonucleotide and PNA solutions together to give the specified
final concentration in 10 mM sodium phosphate buffer (pH 7.0), and final volumes
were adjusted to 1000 pL in a 10 mm quartz cell with a Teflon stopper. The spectra
were recorded at 20 °C from 200 to 400 nm with scanning speed 200 nm/min and
averaged 4 times then subtracted from a spectrum of the blank (10 mM sodium
phosphate buffer pH 7.0) under the same conditions.

2.4.7 Photographing
The samples for photographing were prepared as described above. The

photograph was taken under black light in the dark room by a digital camera (Canon
PowerShot SX110 IS) in manual mode (ISO 80, F4.0, shutter speed 1 sec).



CHAPTER 11

RESULTS AND DISCUSSION

The work described in this dissertation involves development of fluorescence
PNA probe that can change the fluorescence signal in response to the presence of
correct DNA target. More specifically, the probes from acpcPNA modified with a
single fluorophore were developed, by modification of the nucleobase and the PNA
backbone or its N terminus. This chapter is divided into three parts. The first part
consists of the synthesis and optical properties of acpcPNA with 5-pyren-1-yluracil
(U™) as a fluorescent nucleobase as well as its hybrids with DNA. The second part
involves synthesis and fluorescence properties of acpcPNA modified with a
pyrenebutyryl group and its hybrids with DNA. The third part involves our attempts
to develop a modular approach to utilize single-labeled acpcPNA as a molecular
beacon that does not require the stem-loop structures. In all cases, it is expected that
these singly-labeled PNA would change its fluorescence properties in response to the
presence of correct DNA target, preferably in an off-on fashion (i.e. low fluorescence
in the absence and high fluorescence in the presence of DNA). These singly labeled
PNA probe would be useful as a tool for determination of DNA sequence that can be
easily synthesized and is more soluble than the multiply-labeled PNA probes that

have been described in the literature [53].

3.1 acpcPNA carrying U™ modification

In this work, a quencher-free PNA beacon was designed by applying the base-
discriminating fluorescent (BDF) nucleobase concept [26] to pyrrolidinyl PNA with a
proline/2-aminocyclopentanecarboxylic acid backbone (acpcPNA). The pyrene
moiety was covalently linked to the 5-position of the nucleobase uracil through a
single C-C bond to give a modified acpcPNA monomer called U™ which was
subsequently incorporated into the acpcPNA by solid phase peptide synthesis. It was
proposed that the environment of the pyrene label in single stranded PNA should be
quite different from the double stranded PNA-DNA hybrid. In the single stranded
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form, the pyrene unit should associate with nucleobases by hydrophobic interactions,
resulting in quenching. Upon pairing with the DNA, the pyrene linked to the uracil via
a rigid linker must point away from the major groove side, exposing to the aqueous
environment, thereby resulting in an increase fluorescence of the pyrene fluorophore.
(Figure 3.1) Examples of similar concept have been described with DNA [34] but not
yet with PNA.

A4

complementary DNA

UPY-PNA probe

Figure 3.1 A schematic diagram showing the concept of a quencher-free PNA beacon

using a U™ as base-discriminating fluorescent (BDF) nucleobase in acpcPNA
3.1.1 Synthesis of the U™Y-pyrrolidinyl PNA monomer

In order to synthesize the U™Y-modified acpcPNA, the U™ monomer was first
required in the N-Fmoc-protected form. The monomer - N-Fluoren-9-
ylmethoxycarbonyl-(4’R)-[5-(pyren-1-yl)uracil-1-yl]-(2’R)-proline (Fmoc-U™-OH, 1)
was successfully synthesized according to the synthetic scheme shown in Figure 3.2
[54-56] The known Boc/diphenylmethyl-protected trans-hydroxy-D-proline
intermediate (2) was synthesized according to previously reported [57]. The
iodouracil was first installed on the pyrrolidine ring, with inversion of configuration,
via Misunobu reaction between N3-benzoyl-5-iodouracil and the protected trans-4-

hydroxy-D-proline 2 to form the corresponding iodouracil monomer (3) in 58% yield.



44

In the next step, Suzuki-Miyaura cross coupling was performed between the pyren-1-
boronic acid and the protected iodouracil compound (3) to give the Boc-protected
pyrene intermediate (4) in 60% yield after removal of the thymine protecting group
(Bz) by treatment with ethanolamine in DMF. Next, the protecting group must be
exchanged from N-Boc to N-Fmoc and the carboxyl protecting group (Dpm) must be
removed. Attempts to directly remove both the N and C-protecting groups followed
by Fmoc-protection was not successful due to the low solubility of the completely
deprotected monomer in acetonitrile/aqgueous NaHCO3 mixture required for the Fmoc
protection. Accordingly, a three-step protocol was employed whereby the Boc/Dpm-
protected intermediate 3 was first treated with p-toluenesulfonic acid (pTsOH) in
acetonitrile to selectively remove the Boc group, leaving the Dpm ester intact [57].
The N-deprotected intermediate was then treated with 9-fluorenylmethoxycarbonyl
chloride (FmocCl) in the presence of diisopropylethylamine (DIEA). Next, the Dpm
group was removed Dby treatment with a mixture of trifluoroacetic
acid/dichloromethane (1:1) containing 10% triisopropylsilane to give the UY
acpcPNA monomer 1 (Fmoc-U™-OH) in 55% yield. The purpose of the silane was to
scavenge the electrophilic carbocations released during the deprotection that might
react with the electron-rich pyrene resulting in undesired side reactions. All newly
synthesized compounds were characterized by *H and *C NMR, as well as high
resolution mass spectrometry. Once the Fmoc-protected U™ monomer 1 was
available, it was incorporated into acpcPNA by substituting a PNA monomer as will

be described next.
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Figure 3.2 Synthesis of intermediate and U™-pyrrolidinyl PNA monomer (Fmoc-U™-
OH)

3.1.2 Synthesis of U™-modified acpcPNA oligomers

The PNA oligomers were synthesized by Solid Phase Peptide Synthesis
(SPPS) based on the Fmoc strategy according to the standard protocol previously
developed in Vilaivan’s laboratory [50, 51]. The technique involves stepwise growing
of the peptide chains from amino acid building blocks by attachment onto a solid
support. The peptide bond formation reactions are usually performed starting from C
(carboxyl) terminus to N (amino) terminus in a series of coupling cycles.

The TentaGel S RAM [58] resin containing a moderately acid labile Rink
amide (RAM) linker immobilized via a grafted polyethylene glycol (PEG) linker on
polystyrene resin was used as the solid support for all PNA syntheses. For all PNA
sequences, lysine was first coupled to the resin (i.e., included at the C-termini of the

PNA) in order to prevent the self aggregation of the peptide chain and to increase the
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solubility of the peptide in agueous medium due to the presence of the positively
charged side chain [13]. The next step of the synthetic cycle consisted of i)
deprotection of the Fmoc group by using 20% piperidine, ii) alternated coupling with
acpcPNA monomer and spacer, and iii) capping with acetic anhydride. Extensive
washing with DMF was performed after each step. The synthesis cycle was repeated
until the growing peptide chain was extended up to the desired oligomers.

The Fmoc-protected U™ momomer (Fmoc-U™ -OH, 1) was incorporated into
internal positions of the PNA strand through standard HATU coupling similar to other
PNA monomers. After completion of the PNA synthesis, the last Fmoc group was
removed and the end-capping was performed by acetylation or benzoylation. Next,
the nucleobase side chain protecting groups (Bz for A, C and lbu for G) were
removed by treatment with 1:1 aqueous ammonia/dioxane at 60 °C overnight. Finally,
the U™Y-modified acpcPNA oligomer was cleaved from the resin by treatment with
10% triisopropylsilane in TFA. The crude PNA was obtained as a sticky residue after
TFA removal under a stream of nitrogen gas. The crude PNA was then washed with

ether and air-dried to give the crude PNA as a white solid.

3.1.3 Purification and identification of U™-modofied acpcPNA oligomers

The crude PNA oligomers were purified by C-18 reverse phase HPLC,
monitoring by UV-absorbance at 300 nm and eluting with a gradient system of 0.1%
TFA in methanol/water. Fractions containing the pure PNA as determined by
MALDI-TOF MS were combined and lyophilized. The residues were re-dissolved in
120 pL of water and the concentration of the PNA was determined by UV/Vis
spectrophotometry. The identities of the PNA oligomers were verified by MALDI-
TOF mass spectrometry. The m/z data obtained from MALDI-TOF analysis for each
PNA are illustrated in Table 3.1. The purities of all modified PNA were determined
to be >90% by reverse phase HPLC analyses.
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Code of Sequences Mass

PNA (N-terminus to C-terminus) M/Z(caicd) M/Zfound)
TUPT Ac-TTTTUPTTTT-Lys-NH, 3365.65 3366.28
AU™YA Ac-TTTAUYATTT-Lys-NH, 3383.67 3384.02
GU™G Ac-TTTGU™GTTT-Lys-NH, 3415.67 3415.90
cu™c Ac-TTTCUPCTTT-Lys-NH, 3335.62 3335.69
cu™c13 Ac-TTTTTCUYCTTTTT-Lys-NH, 4665.04 4665.79
MixU™ Ac-AGTTAUPCCCTGC-Lys-NH, 4370.72 4370.59
MixAU™Y Bz-CTAAAAUPTCAGA-Lys-NH; 4132.48 4132.83
MixTU" Bz-CTAAATU™TCAGA-Lys-NH, 4123.47 4124.35

AUPY Ac-AAAAUPAAAA-Lys-NH, 3437.75 3439.33
TeAU™Y Ac-AAATUYAAAA-Lys-NH, 3428.74 3430.27
T'AUYY Ac-AATAUYAAAA-Lys-NH, 3428.74 3430.54
TAU™Y Ac-ATAAUYAAAA-Lys-NH, 3428.74 3430.28
T°AU™Y Ac-TAAAUPYAAAA-Lys-NH, 3428.74 3430.50

3.2 Synthesis of pyrenebutyryl-modified acpcPNA (Py-PNA)

In this work, a hybridization-responsive pyrrolidinyl peptide nucleic acid

(acpcPNA) probe was synthesized by modification of the PNA backbone or its N-

terminus. The acpcPNA probe was covalently modified at the end of sequence (N-

terminus) and the internal backbone with a pyrenebutyryl through a flexible linker via

acylation. Pyrene was used as a fluorophore because the fluorescence of pyrene is

largely affected by environmental factors, such as nearby nucleotide bases and

polarity of the solvent [59]. Pyrene was covalently to the backbone at the end of an

acpcPNA sequence, which can be referred to as the terminally pyrenebutyryl-

modified acpcPNA (Py-PNA). In an alternative mode of attachment, the pyrene

moiety was covalently at an internal position of the acpcPNA backbone via acylation
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of 3-aminopyrrolidine-4-carboxylic acid (APC)-modified acpcPNA [44]. This can be
referred to as an internally pyrenebutyryl-modified acpcPNA (PNA™). It was
hypothesized that in the single-stranded state, the fluorescence of the pyrene-labeled
acpcPNA should be quenched by the nucleobases in the strand because the
hydrophobic pyrene chromophore should interact with nucleobases to avoid contact
with water. Hybridization of the pyrene-labeled acpcPNA to its complementary DNA
target resulted in exposure of the pyrene to the aqueous environment and caused a

change in the fluorescence signal (Figure 3.3).

% Complementary DNA

terminally Py-PNA probe

E E Complementary DNA %ﬁ

internally Py-PNA probe

i L0
l__ﬁ

Figure 3.3 A schematic diagram showing a quencher-free, hybridization-responsive
pyrenebutyryl-modified acpcPNA (Py-PNA) probe
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3.2.1 Synthesis of terminally pyrenebutyryl-modified acpcPNA (Py-PNA)

After Fmoc cleavage of the last PNA residue (normally an ACPC spacer), the
N-terminus was coupled with the 4-(1-pyrenylbutyric acid (Py) by using
HATU/DIEA as activators. The nucleobase side chain deprotection was accomplished
by treatment of the resin with 1:1 aqueous ammonia/dioxane at 60 °C overnight as
described earlier for U™-modified acpcPNA. Finally, the Py-PNA oligomer was
cleaved from the resin by treatment with 10% triisopropylsilane in TFA and washed

with ether as described in section 3.1.2.

3.2.2 Synthesis of internally pyrenebutyryl-modified acpcPNA (PNA™)

B B B B
N~ HN N~ HN N~ HN N~ HN N~ HN""
H A O S0 SO T O
N

Figure 3.4 A synthetic strategy for internal labeling of acpcPNA via acylation of
APC-modified acpcPNA by pyrenebutyric acid
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To synthesize internally modified acpcPNA, the approach developed by
Reenabthue et al [44] was employed. According to this strategy, an ACPC spacer at
the position to attach the label was replaced with a 3-aminopyrrolidine-4-carboxylic
acid (APC) residue that carried a trifluoroacetyl protecting group at the pyrrolidine
nitrogen atom. This pyrrolidine nitrogen provides a convenient handle for attachment
of the pyrenebutyryl label by acylation chemistry. In general, the pyrene-labeled PNA
prepared by this method requires inclusion of an additional lysine residue to improve
aqueous solubility. After removal of the final Fmoc group, the N-terminus of the PNA
oligomer was coupled with the Fmoc-L-Lys(Boc)-OPfp. The Fmoc group on the
lysine was next removed and the free amino residue was capped with acetic
anhydride. Subsequently, the nucleobase side chain protecting groups were removed
by treatment with 1:1 aqueous ammonia/dioxane at 60 °C overnight. This condition
also at the same time removed the N-Tfa protecting group on the Tfa-protected APC
unit to give a free secondary amino group ready for further functionalization. The 4-
(1-pyrenyl)butyric acid (Py) label was then coupled directly to the nitrogen atom of
APC spacer of the PNA using HATU/DIEA as activators for 30 min. The progress of
the reaction was monitored by MALDI-TOF mass spectrometry. It is important not to
leave the coupling reaction for too long because modification of the amino groups of
the fully deprotected nucleobase, especially on the rather nucleophilic NH, group of
C, may take place. This resulted in contamination by multiply-labeled PNA which is

difficult to remove from the desired singly-labeled PNA.

3.2.3 Cleavage, purification and identification of the synthesized acpcPNA

oligomers

After completing the synthesis, the cleavage and purification was performed
as described in section 3.1.3. The identities of the PNA oligomers were verified by
MALDI-TOF mass spectrometry (Table 3.2) and the purities determined to be >90%

by reverse phase HPLC analyses.
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Table 3.2 Characteristics of pyrenebutyryl-modified acpcPNA oligomers synthesized

in this study
Code of Base Sequences Mass
PNA (N-terminus to C-terminus) M/Zcalcdy ~ M/Z(found)
PyT9 Py-TTTTTTTTT-Lys-NH, 3407.73  3409.08
PyM12 Py-AGTTATCCCTGC-Lys-NH, 441280 441427
PyM11 Py-CTAAATTCAGA-Lys-NH, 411249  4111.89
PyM10 Py-GTAGATCACT-Lys-NH; 3787.13 3788.23
T Ac-TTTTPITTTTT-LysNH, 3450.75  3452.03

M12T" Ac-Lys-AGTTA®TCCCTGC-LysNH, ~ 4583.99  4583.53
M12C”Y  Ac-Lys-AGTTAT™)CCCTGC-LysNH,  4583.99  4583.26
M11APY Ac-Lys-CTAAPYATTCAGA-LysNH, ~ 4283.69  4284.71
M11T™ Ac-Lys-CTAAAT®TCAGA-LysNH,  4283.69  4283.53
M11c”Y Ac-Lys-CTAAATT®CAGA-LysNH,  4283.69  4283.88

3.3 Fluorescein-modified acpcPNA (Flu-PNA) and tetramethylrhodamine-
modified acpcPNA (TMR-PNA)

The strand displacement probe is a bimolecular version of a molecular beacon
that does not require the stem-loop structures. The PNA-DNA strand-displacement
probes consist of a fluorescent PNA probe and a short or mismatched DNA
containing a quencher. When the two strands are combined, the fluorophore and
quencher are brought in close proximity by the duplex formation, resulting in the
quenching of the fluorophore. However, in the presence of the complementary DNA
target sequence, the PNA probe can form a stronger hybrid with the target DNA than
with the quencher DNA. This will result in releasing of the quencher DNA and
increasing in fluorescence intensity (Figure 3.5). Fluorescein/DABCYL and

TMR/BHQ were chosen as the fluorophore/quencher pairs in PNA probe and
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quencher DNA as these two are common fluorophore/quencher combination.

AVAVY/

complementary DNA

>

0 = fluorophore O = quencher

Figure 3.5 A schematic diagram showing the concept of strand displacement probe

derived on fluorophore-modified acpcPNA and a quencher DNA.

Synthesis and purification of the terminally fluorescein-modified acpcPNA
(Flu-PNA) and tetramethylrhodamine-modified acpcPNA (TMR-PNA) were
performed as described in Chapter 2. After completing the synthesis, the cleavage and
purification was performed as described in section 3.1.3. The identities of the PNA
oligomers were verified by MALDI-TOF mass spectrometry (Table 3.3) and the

purities determined to be >90% by reverse phase HPLC analyses.

Table 3.3 Characteristics of fluorescein-modified acpcPNA (Flu-PNA) and
tetramethylrhodamine-modified acpcPNA (TMR-PNA) synthesized in this study

Base Sequences Mass
Code of PNA
(N-terminus to C-terminus) M/Zcaicd) M/Z found)
Flul Flu-O-CTAAATTCAGA-Lys-NH, 4345.63 4346.09
Flu2 Flu-O-AGTTATCCCTGC-Lys-NH, 4645.93 4647.90

TMR1 TMR-O-TTATCACTATGA-Lys-NH, 472411 4720.87




53

3.4 Thermal stability of U™-modified acpcPNA

3.4.1 Melting temperature (Ty) experiments

The melting temperature (Tr) is the temperature at which half of the DNA
strands are in the double-helical state and half are in the random coil state. Random
coil single-stranded DNA absorbs more light than double helical DNA. The
separation of the double helix involves the breaking of hydrogen bonds between the
bases in the duplex that are additionally stabilized by additional hydrophobic, n-m and
dipole-dipole interactions between the stacked base pairs. This strand dissociation
process is accompanied by a significant increase (10-20%) of absorbance at the
wavelength where the nucleobases maximally absorb (260 nm), which can be
monitored by spectrophotometry. The relationship between absorbance at 260 nm and
temperature changes abruptly over a small range of temperature, giving an S-curve.
The temperature at the middle of the S-curve is called melting temperature (Ty),
which indicates the stability of the DNA duplex. Stable duplexes melt at higher
temperatures than less stable duplexes. From the melting curve, the T, value could be
determined from the maxima of the first derivative plot against temperature. This T,
experiment can be used to estimate the binding affinity and sequence specificity of
PNA towards DNA targets. The T, values of U™ acpcPNAs after hybridized with

various complementary DNA and mismatched DNAs are summarized in Table 3.4.
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Table 3.4 Ty, values of hybrids between U™ modified acpcPNA oligomers with
different target DNAs.

PNA DNA  DNA sequences(5'—3") (ng) ?)I:”)‘ Note
TUPT dA9 AAAAAAAAA 65.8 - complementary
TUPT dA8T AAAATAAAA 25.7 40.1 single mismatch T
TUPT dA8C AAAACAAAA 27.3 38.5  single mismatch C
TUPT dA8G AAAAGAAAA <20.0 >45.8 single mismatch G
AUPA dTAT AAATATAAA 60.2 - complementary
GU™G dCAC AAACACAAA 54.1 - complementary
cu™c dGAG AAAGAGAAA <20.0 - complementary

CU™C13 dGAG13 AAAAAGAGAAAAA 2.7 - complementary
MixU?”  dcomMix GCAGGGATAACT 66.3 - complementary

MixU?  dmCMix GCAGGGCTAACT 54.3 12.0  single mismatch C
MixU?  dmGMix GCAGGGGTAACT 54.2 12.1  single mismatch G
MixU?  dmTMix GCAGGGTTAACT 54.5 11.8  single mismatch T
MixU™  din5Mix GCAGGAATAACT 46.1 20.2 indirect mismatch
MixU™  ddsMix GCAGGAGTAACT 40.0 26.3 double mismatch

AU dA T8 TTTTATTTT 68.8 - complementary
TAU™  dA°TS TTTTTATTT 64.8 -~ complementary
T'AUY  dA'TS TTTTTTATT 66.3 - complementary
TEAU™  dA®TS TTTTTTTAT 64.0 -~ complementary
T°AUY  dATS TTTTTTTTA 64.4 - complementary

Conditions: [PNA] = 2.5 mM; [DNA] = 3.0 mM, 10 mM sodium phosphate buffer,
pH 7.0.
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3.4.2 Thermal stabilities of homothymine acpcPNA carrying U™ modification

Hybridization of the U™-modified acpcPNA was studied by thermal
denaturation experiments. The T, data in Table 3.4 clearly indicated that
homothymine acpcPNA carrying U?Y base can hybridize with its complementary
DNA target (dAg) with high stability as indicated by the high T, value of TU™T-dA9
hybrid = 65.8 °C. This suggests that the U™ base in acpcPNA can recognize the base
A in the complementary DNA strand. Repeating the Ty, experiments between TU™T
and different target DNAs containing single mismatch bases resulted in much-lowered
Tm values (25.7 and 27.3 °C for TU™T-dA8T and TU™T-dA8C respectively) or no
sigmoidal transition at all (TU™T-dA8G). The significant difference in the thermal
stabilities between the complementary and single mismatched hybrids of more than
38.5 °C (AT»>38.5 °C) clearly indicated that the U™ base in modified acpcPNA could
specifically recognize the adenine base in DNA strand.

To investigate the effect of neighboring nucleobases on the fluorescence
properties of acpcPNA carrying U? modification, AU™A, GU™G, CcU™C and
CUPC15 which had different bases adjacent to U™ were synthesized as models. The
results of T,, data demonstrated that PNA AU™A and GU™G, (which had A/A and
G/G as neighboring bases, respectively) can formed stable hybrid with their
complementary DNA. The T, of the AU™A-dTAT and GU™G-dCAC hybrids were
60.2 and 54.1 °C, respectively. On the other hand, the T, experiments between
CUPYC (C/C as neighboring base) and its complementary DNA showed no sigmoidal
transition at all (estimated Ty, < 20 °C). The result is consistent with the known fact
from previous experiments with unmodified acpcPNA that acpcPNA-DNA hybrids
containing multiple TC/CT steps exhibited low stability [60]. To overcome this
problem, the T, experiment was repeated with a 13mer hybrid CU?C13-dGAG13
having two pT-dA pairs extended from both termini of the original CU™C to increase
the stability. The T, value of CU™YC13-dGAG13 hybrid was found to be 72.7 °C.
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3.4.3 Thermal stabilities of mix sequence acpcPNA carrying U™ modification

The thermal stabilities of mixed-sequence acpcPNA carrying U™ base were
also investigated. The 12mer PNA MixU™ was used as a model. The results of T,
experiments indicated that MixU™ can hybridize with its complementary DNA target
with a strong affinity. Unsurprisingly, the hybrid between MixU™ and
complementary DNA was more thermally stable than the mismatch hybrids. The T,
value of the perfectly complementary hybrid between MixU™ and dcomMix
(complementary DNA) was 66.3 °C. The Ty, values of the hybrids between MixU™
and single and double mismatched DNASs resulted in lowered Ty, values (54.3, 54.2,
545, 46.1 and 40.0 °C for dmCMix, dmGMix, dmTMix, dinMix and ddsMix,
respectively). It is interesting to note that the “indirect” mismatch hybrid, whereby the
position of the mismatch base is not directly opposite to the U™, gave a much-less
thermally stable (T, = 46.1 °C) hybrid than the “direct” mismatched hybrids (Tr, =
54.3-54.5 °C) having the mismatch base exactly opposite to the U™. The decrease in
the T, values of the mismatch hybrid from the complementary hybrid suggested that
the U™ base in mixed sequence acpcPNA can still specifically recognize adenine base
(A) in the complementary DNA strand. From the Ty, results, it can be concluded that
the U™-modified acpcPNAs can discriminate between complementary and
mismatched DNA and it is possible to use the U™-modified acpcPNAs as a probe to

detect DNA base sequences.

3.5 Optical properties of U™Y-modified acpcPNAs

3.5.1 Optical properties of homothymine acpcPNA carrying U™ modification

The optical properties of homothymine acpcPNA carrying U™ modification
(TUPT) were studied first. The UV/Vis absorption spectrum of single-stranded
TUPT showed a broad pyrene absorption band with a Ama of 345 nm and a small
shoulder at 2 331 nm in addition to the normal nucleobase absorption in the region of
260 nm (Figure 3.6). The shape of the pyrene absorption spectrum in TU™T is

consistent with previous spectroscopic studies of DNA carrying the same U™ base
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[34, 61-62]. The broad featureless pyrene absorption indicates a strong electronic
coupling between the pyrene chromophore and the U base. In the presence of
complementary DNA target (dA9), the shape and magnitude of the pyrene absorption
band changed noticeably. The absorption maxima of the TU™T-dA9 hybrid was
broadened and shifted slightly to a longer wavelength (353 nm) compared to the
single stranded PNA. This red shift of the absorption maxima of the U™ chromophore
by 8 nm was also accompanied by a small hyperchromism. No significant change in
the shape and magnitude of spectra in the pyrene absorption region could be observed
in the three remaining mismatched hybrids (TU™T-dAST, TU™T-dA8C and
TU™T-dA8G). The results suggest that the U™ bases in the complementary hybrid

and single-stranded acpcPNA are in different environment.

0.7 5 — TUPYT
— TUPYT+dA9
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Figure 3.6 UV/Vis spectra of TU™T and TU™T+dA9-dA8G in 10 mm sodium
phosphate buffer pH 7.0, [PNA] = 2.5 uM and [DNA] = 3.0 uM.
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The change in the absorption spectra of TU™T upon hybridization with DNA
was studied at different temperatures (Figure 3.7). The absorption of the TUPT-dA9
hybrid was measured at different temperatures between 25 and 95 °C. At low
temperatures (below Tp,) the pyrene absorption maxima can be found at ca. 353 nm.
At high temperatures the absorption maximum was shifted by approximately 8 nm to
ca. 345 nm and the absorption spectra of the U™ base became similar to that of the
single-stranded TU™T at room temperatures (25 °C). After cooling, the absorption
spectra changed back to that of the duplex again indicating that the change in the
absorption spectra is associated with the duplex formation and is fully reversible.
According to the absorption spectra as a function of temperature, a distinct change
was observed between 65 and 75 °C, which is coincident to the T, of the TUPT-dA9
hybrid (T,= 65.8 °C).

0.55 - —25°C
- | 25°C
0.5 - —35°C
0.45 |  v95°C ——45°C
04 | \ —55°C
0.35 - —65°C
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Figure 3.7 UV/Vis spectra of TU™T+dA9 in 10 mm sodium phosphate buffer pH
7.0, [PNA] = 2.5 uM and [DNA] = 3.0 uM, from 25 to 95 °C and back to 25 °C,

temperature step=10 °C.
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The fluorescence of TU™T in the absence and presence of target DNA in 10
mM sodium phosphate buffer pH 7.0 were next investigated. The quantum yields and
fluorescence intensity ratios of TU™T and its DNA hybrids are summarized in Table
3.5. When excited at 350 nm, the single-stranded TU™T exhibited a broad and
unstructured fluorescence peak owing to the U™ base (Figure 3.8). The maximum
emission wavelength appeared at 465 nm with a rather low efficiency as revealed by
the very low fluorescence quantum vyield (® = 0.006). In the presence of
complementary DNA (dA9), the fluorescence intensity of the duplex at 465 nm was
enhanced by a factor of 41.9 relative to the single-stranded TU™T and the quantum
yield was also increased to 0.131 without change in the maximum emission

wavelength.

1000 + — TUPT
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Figure 3.8 Fluorescence spectra of TU™T and TU™Y T+dA9-dA8G in 10 mm sodium
phosphate buffer pH 7.0, [PNA] = 2.5 uM and [DNA] = 3.0 uM, excitation

wavelength = 350 nm.
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The discrimination between complementary and single base mismatched DNA
targets by U™-containing PNA TU™T was next investigated by fluorescence
spectroscopy. When the DNA strands contained a mismatched base directly opposite
to the U™, the fluorescence intensities were also increased relative to the single
stranded TU™T, but to a much smaller extent when compared to the complementary
hybrid. When TU™T was hybridized with dA8T, dA8C and dA8G, the fluorescence
intensities of the duplex were increased by 5.3, 8.7 and 3.0 folds, respectively, as
opposed to the increase of 42 folds with dA9. This translates to a discrimination
factor between complementary and single-mismatched hybrids of between 4.8 to 14
folds. From the results, it can be concluded that the fluorescence of the U™-containing
acpcPNA was highly sensitive to its hybridization state. The fluorescence of the U™-
modified PNA increased significantly when the U™-modified PNA was hybridized to

its complementary DNA target.

The difference between the fluorescence of the complementary and
mismatched hybrids of TU™T, as well as the single-stranded TU™T, could be
visualized by the naked eye under UV light irradiation at 365 nm (Figure 3.9).

TUPT TUPYT+dA9  TUPT+dAST TU™T+dASC TU™T+dASG
Figure 3.9 Photographs of TU™T and its hybrids with DNA dA9-dA8G in 10 mM
sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM and [DNA] = 3.0 uM under black
light (365 nm).
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3.5.2 Effect of neighboring bases on the fluorescence of homothymine acpcPNA

carrying U™ modification

To investigate the effect of neighboring nucleobases on the fluorescence
properties of acpcPNA carrying U?Y modification, AU™A, GU™G, CcU™C and
CUPC13 which had different bases adjacent to U™ were used as models.

Table 3.5 Quantum yields, and fluorescence intensity ratios of TUP® T-CU™C13 and
their hybrids with DNA.

Entry PNA DNA O |4:32(Z?S/S) I465(f422n 2 Note

1 TUPT - 0.006 1.0 41.9 single strand

2 TUPT dA9 0131 419 1.0 complementary
3 TUPT dA8T 0.022 5.3 7.9 single mismatch T
4 TUPT dA8C 0.039 8.7 4.8 single mismatch C
5 TUPT dA8G 0.013 3.0 14.0 single mismatch G
6 AUPA - 0.011 1.0 6.2 single strand

7 AUPA dTAT  0.051 6.2 1.0 complementary
8 GUYG 3 0.006 1.0 8.3 single strand

9 GU™G dCAC  0.032 8.3 1.0 complementary
10 cu™c - 0.006 1.0 2.0 single strand
11 cu™c dGAG  0.010 2.0 1.0 complementary
12 cu™ci13 - 0.009 1.0 6.8 single strand
13 CU™C13 dGAGI13 0.048 6.8 1.0 complementary

Conditions: [PNA] = 2.5 mM; [DNA] = 3.0 mM, 10 mM sodium phosphate buffer,
pH 7.0, excitation wavelength = 350 nm.
LIMeasured using quinine sulfate as a standard.
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The quantum yields and fluorescence intensity ratios of AUPYA-CU™C13 and
their DNA hybrids are summarized in Table 3.3. Similar to TU™T, in all cases the
fluorescence intensities of the single-stranded PNAs were very low (®r =0.006—
0.011) (Figure 3.10). AU™A, which had a A/A neighboring base, was the brightest,
with a quantum yield 0.0011. The fluorescence of AU™A was stronger than TU™T,
GU™G and CU™C by approximately 2 folds. When hybridized with complementary
DNA, the fluorescence intensities of the AUPA-dTAT and GU™G-dCAC duplexes
at 465 nm were enhanced by a factor of 6.2 and 8.3, respectively relative to the single-
stranded PNA. The increase in fluorescence of the U™ upon hybrid formation could
therefore be observed with A/A and G/G as neighboring bases. In contrast, the
fluorescence intensity of the CU™C-dGAG duplex was increased from the single-
stranded PNA by only 2.0-fold. The apparent absence of fluorescence increase with
CIC neighboring bases in the PNA CU™C was attributed to the low stability of
acpcPNA hybrids containing multiple TC/CT steps, which was supported by Tp,
experiment (see section 3.3.2). The fluorescence of the 13mer hybrid
CUPC13-dGAG13 was increased by a factor of 6.8 relative to the single-stranded
CUPYC13. It can be seen from this experiment that the fluorescence increase of the
U™ base in acpcPNA upon hybridization with complementary DNA is not dependent
on the types of neighboring base. This is an important point, because many labels that
reported to be environment sensitive can perform well only in limited sequence
context. For example, most fluorescence labels are quenched by neighboring G bases
[63].
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Figure 3.10 Fluorescence spectra of single stranded XU™X-CU™C13 and their
hybrids with complementary DNA in 10 mm sodium phosphate buffer pH 7.0, [PNA]
= 2.5 uM and [DNA] = 3.0 uM, excitation wavelength = 350 nm.

In all cases, the fluorescence change of XU™X-dYU™Y could be easily

visualized by naked eyes under UV light irradiation at 365 nm (Figure 3.11).
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TUPT AUPA GU™G cu™c cu™ci13

TUPT+dA9  AUYA+JTAT GUPG+dCAC CUPC+dGAG CUPC13+dGAG13

Figure 3.11 Photographs of single stranded XU™X-CU™C13 and their hybrids with
complementary DNA in 10 mm sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM.
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3.5.3 Optical properties of mixed sequence acpcPNA carrying U™ modification

The UV/Vis absorption spectrum of single-stranded MixU" showed a broad
pyrene absorption band with a Anax 0f 347 nm and a small shoulder at A 336 nm
similar to the homothymine sequence TU™T. (Figure 3.12) In contrast to the
homothymine sequence, the shape and magnitude of the pyrene absorption band
changed only slightly upon addition of the complementary DNA (dcomMix). The
absorption maxima was broadened and shifted slightly to a longer wavelength to 350
nm. The absorption spectra of mismatched hybrids carrying a mismatch base directly
opposite to the U™ base showed significant red-shifted absorption maxima to ca. 354
and 360 nm with a pronounced broadening (354 nm for MixU™.dmGMix and
MixU™-ddsMix, and 360 nm for MixU™-dmCMix and MixU™-dmTMix). These
red shifts by 7 nm and 13 nm were also accompanied by small hypochromism of the
pyrene absorption compared to the single-stranded MixU™. The spectra are very
similar to those of DNA hybrids carrying U? base, irrespective of the matched-
mismatched pairs, previously reported in the literature [34]. The difference in the
pyrene absorption indicates that the pyrene chromophore is differently organized in
the single stranded PNA and in the complementary and mismatched duplexes. The
significant red shift and large hypochromism suggest that mismatched hybrids
carrying a mismatch base directly opposite to the U™ base probably have the U™
twist out of the duplex so that the pyrene unit is intercalated between the base stack to
compensate the absence of hydrogen bonding. In the case of the MixU™-dinMix pair
carrying a mismatch base not directly opposite to the U™ base, the absorption
spectrum was remarkably similar to the complementary hybrid. In this particular case,
the base pairing between the U™ and dA prevented the intercalation of the pyrene
moiety between the base stack, because this will result in breaking of the base pairing.
The remarkable differences in pyrene absorbtion spectra in various U™-containing

acpcPNA hybrids may thus be explained in this way.
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Figure 3.12 UV/Vis spectra of MixU™ and and its hybrids with DNA dcomMix—
dsMix in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM and [DNA] = 3.0
uM.

The change in the absorption spectra of MixU™ upon hybridization with
complementary DNA is also reversible similar to TU™T (Figure 3.13). The
absorption spectra of the MixU™-dcomMix hybrid was measured at different
temperatures between 25 and 95 °C. At room temperatures the broad pyrene
absorption was observed with a maximum at ca. 350 nm. At high temperatures (above
65 °C) the absorption spectra of the pyrene chromophore region became similar to that
of the corresponding single-stranded MixU™ at room temperatures (25 °C) and, after

cooling, the absorption spectrum changed back to that of the duplex again.
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Figure 3.13 UV/Vis spectra of MixU™+dcomMix in 10 mm sodium phosphate
buffer pH 7.0, [PNA] = 2.5 uM and [DNA] = 3.0 uM, from 25 to 95 °C and back to
25 °C, temperature step=10 °C.

It is interesting to note that the absorption spectra of the DNA hybrids of
MixUP were quite different from those of TU™T. The change in the UV absorption
spectra of the pyrene chromophore of MixU™-dcomMix was much-smaller than that
of TU™T-dA9. This result suggests that the MixU™-dcomMix and TU™T-dA9
hybrids might adopt different structures. The unusual structure of
homothymine/homopyrimidine sequence is well recognized in the DNA field, which
is also supported here by the unusually high thermal stability and the very large
increase in fluorescence change of the TU™T-dA9 hybrid compared to the
MixU™-dcomMix hybrid. Significant bathochromic shifts were also observed in the
absorption spectra of mismatched duplexes of MixU™. However, these shifts are very
different from what already observed in the mismatched duplexes of TU™T because
the magnitudes of the shifts were much-larger and the shape of the absorption spectra

were different (no shoulder was observed). The spectral change in mismatched
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duplexes of MixU™ supported the proposed intercalation of the pyrene into the base
stack of the mismatched duplexes. No similar change was observed in the mismatched
hybrids of TU™T, presumably because the poor ability of AT pairs to accommodate
intercalation.

Circular Dichroism spectroscopy (CD) is a powerful technique widely used for
the evaluation of the conformation and interaction of nucleic acids. In this work, CD
was also used to investigate the interaction of U™Y-modified acpcPNA and DNA. If
hybridization with DNA occurs, an induced CD signal should be observed especially
in the wavelength region where the nucleobase chromophores absorb due to the bases
becoming re-oriented as they from the stack [64]. In the case of complementary
hybrids, CD spectra of MixU™ with dcomMix showed a significantly different CD
spectrum from the calculated sum of the CD spectra of individual components
(Figure 3.14A). In addition, the pyrene chromophore in the MixU™ dcomMix
duplex showed a slightly positive band with a maximum at 360 nm. This observation
clearly indicates the conformation change upon hybridization between the PNA and
DNA. On the other hand, when the DNA strands containing a mismatched base
directly opposite to the U™ base such as in the MixU™-dmCMix duplex, a slightly
negative band was observed in the pyrene absorption region (Figure 3.14B). CD
spectra of MixU™ with other mismatched DNAs are shown in Figure A60 and 61
(see Appendices). The difference in the pyrene absorption region (ca. 360 nm)
suggests that the pyrene chromophore is differently organized in the complementary
and mismatched duplexes. Taken together with the unusually high T, and the UV
absorption spectral change of the direct mismatched hybrids, the negative CD band at
360 nm may be attributed to the intercalated pyrene [65].



69

6 - —_ .
MixUPY
4 - — dcomMix
— MixUPY+dcomMix

2 7 Sum MixUPY+dcomMix
2 0-
o
E
8 2 -

-4 -

-6 -

'8 T T T 1

200 250 300 350 400
Wawelength (nm)
A
8 7 — Mixu?
6 - — dmCMix
— MixUPY+dmCMix

4 Sum MixUPY+dmCMix
~ 2 |
g
E 0
[a)
O

_2 -

-4 A

-6 -

'8 T T T 1

200 250 300 350 400

Wawelength (nm)

B
Figure 3.14 CD spectra of MixU™ with dcomMix (complementary, A) and dmCMix
(mismatched, B) in 10 mm sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM and
[DNA] = 3.0 uM.
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The fluorescence properties of the PNA MixU™ were next investigated. The
MixU™ in single stranded from exhibited a very weak fluorescence with a maximum
emission at 465 nm. The fluorescence quantum yield was low (®r =0.009) but was
somewhat higher than TU™T (®r =0.006). The fluorescence enhancement obtained
upon hybridization of MixU™ with complementary DNA (dcomMix). The
fluorescence intensity of the duplex at 465 nm was enhanced by a factor of 6.5
relative to the single-stranded MixU™ and the quantum yield was increased to 0.052
(Figure 3.15). Table 3.6 summarized the fluorescence enhancement of
complementary and various mismatched DNA hybrids of MixU™ as calculated from
the ratio of the fluorescence intensities of the duplex and single stranded PNA
[1465(ds)/l4es(sS)]. It can be seen that mismatched DNA targets carrying the mismatch
base directly opposite to the U™ base resulted in little or almost no change in the
fluorescence intensities. The slight increase of fluorescence quantum yields (O
=0.014-0.025) was due to the hypochromism of the pyrene chromophore absorption.
The MixUP.dmGMix mismatch hybrid showed the highest fluorescence
enhancement among all mismatched hybrids (1.6 folds enhancement relative to the
single-stranded MixU™) but the signal was still much lower than that of the
complementary hybrid (6.5 fold). Fluorescence discrimination between
complementary and single base mismatched DNA targets [lsss(comp)/lses] ranges
between 4.1 to 6.5 folds.

On the other hand, when the mismatched base in the DNA strand was located
in a position that is not directly opposite to the U™ as in dinMix, a significant
fluorescence enhancement relative to the single-stranded MixU™ (3.1 folds) was
observed despite a much lower Tp, of this indirect single mismatched hybrid compared
to other mismatched hybrids (see Table 3.1). When a second base mismatch was
introduced to the DNA strand at the position opposite to the U™ base as in ddsMix,
the fluorescence became indistinguishable from the single-stranded MixU™. From the
fluorescence experiments, it was concluded that the fluorescence property of the
mixed sequence U™-containing acpcPNA is highly sensitive to its hybridization state.
The U™ in acpcPNA therefore acts as a base discriminating fluorescent (BDF)
nucleobase in the acpcPNA system. The fluorescence enhancement of the U™ is

directly associated to the pairing between the U™ in acpcPNA and the dA in DNA.
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Importantly, the fluorescence of the U™ base is always enhanced when the acpcPNA
is hybridized to its complementary DNA target, irrespective of the neighboring bases

or sequences (homothymine or mixed sequence).
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Figure 3.15 Fluorescence spectra of MixU™ and and its hybrids with DNA
dcomMix-ddsMix in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM and
[DNA] = 3.0 uM, excitation wavelength = 350 nm.
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Table 3.6 Quantum yields and fluorescence intensity ratios of MixU™, MixAU™ and
MixTU™ and their hybrids with DNA.

Entry  PNA DNA @ |4L‘;6(2’S) '465(::22“'0)/ Note

1 MixU™ - 0.009 1.0 6.5 single strand

2 MixU?  dcomMix  0.052 6.5 1.0 complementary
3 MixU”  dmCMix 0.018 1.1 5.9 single mismatch C
4 MixU?  dmGMix 0.025 1.6 4.1 single mismatch G
5 MixU?”  dmTMix  0.014 1.0 6.5 single mismatch T
6 MixU?  dinMix  0.029 ot 2.1 indirect mismatch
7 MixU?”  ddsMix  0.011 0.8 8.1 double mismatch
8 MixAUPY - 0.030 1.0 2.7 single strand

9 MixAU”  dcMixA  0.066 2.7 1.0 complementary
10 MixTU - 0.027 1.0 4.0 single strand
11  MixTUY  dcMixT ~ 0.084 4.0 1.0 complementary

Conditions: [PNA] = 2.5 mM; [DNA] = 3.0 mM, 10 mM sodium phosphate buffer,

pH 7.0, excitation wavelength = 350 nm.

[BIMeasured using quinine sulfate as a standard.

The fluorescence discrimination of the complementary and mismatched

hybrids of MixU™ could be visualized by the naked eye under UV light irradiation at
365 nm (Figure 3.16).
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MixUP+dmTMix MixUPY+dinMix MixUPY+ddsMix

Figure 3.16 Photographs of MixU™ and its hybrids with DNA dcomMix-ddsMix in
10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM and [DNA] = 3.0 uM
under black light (365 nm).
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The same fluorescence enhancement upon hybridization with complementary
DNA was also observed in another two acpcPNA sequences, MixAU™ and MixTU™
(Figure 3.17), which carry different flanking bases (AU™T and TU™T). Table 3.6
shows relative fluorescence increase upon formation of matched duplex of MixAU™
and MixTUP. The fluorescence enhancements in these cases are smaller than in the
case of MixU™ owing to a relatively high fluorescence background of the single
stranded MixAU™ and MixTU™. (@ = 0.030 and 0.027, respectively) The
fluorescence quantum yield of the single stranded MixAU™ and MixTU™ were both
higher than MixU™. Nevertheless, significant fluorescence enhancements were still
observed (4.0 and 2.7 folds with MixTU™.-dcMixT and MixAU™-dcMixA,
respectively), which could still be readily distinguished by naked eyes (Figure 3.18).
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Figure 3.17 Fluorescence spectra of MixAU™, MixTU" and theirs hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 350 nm.
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MixAUPY MixAUP+dcMixA MixTU™ MixTU™+dcMixT

Figure 3.18 Photographs of MixAU™, MixTU™ and theirs hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM under black light (365 nm).

3.5.4 Effects of thymine base on the fluorescence of the single stranded U™-
modified acpcPNA

In the single-stranded acpcPNA, the U™ base should be quenched by
photoinduced electron transfer because of interactions with neighboring
nucleobases.[34] In the same buffer, the homothymine PNA (TU™T) exhibited the
weakest fluorescence emission compared to the mixed base sequence PNA (MixU™,
MixU™ and MixUP). These results suggest that fluorescence of the U™ in single

stranded acpcPNA was quenched by neighboring thymine base in the strand. To

investigate the fluorescent quenching of pyrene by neighboring base in the PNA
strand, the homoadenine U™-acpcPNA carrying a different position of a thymine base
(AUP-T°AUPY) were used as models because it is known from other’s work that A is
the poorest quencher and T is the best quencher of pyrene [59]. The fluorescence

spectra of single stranded AU™-T®AU™ are as shown in Figure 3.19. It was found
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that all single stranded AU™-T°AU™ exhibited very weakly fluorescent similar to
TU™T and the fluorescence increase were observed upon hybridization with
complementary DNA in all cases (Figure A62, see Appendices). From the results, it
was not yet possible to conclude about the factor that affect the brightness of the
single stranded U™-modified acpcPNA, but it is clear that the quenching is not a

simple relationship to type and position of neighboring nucleobases.
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Figure 3.19 Fluorescence spectra of single strand acpcPNA AU™Y-T°AU™ in 10 mM
sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM, excitation wavelength = 350 nm.
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3.6 Applications of U™ labeled acpcPNA as a tool for monitoring DNA duplex
invasion by acpcPNA

Duplex invasion Double-duplex invasion
A B

Figure 3.20 DNA duplex invasion by PNA

PNA has an ability to recognize the sequences within duplex DNA by forming
a strand invasion complex. A PNA-DNA; duplex invasion (Figure 3.20A) occurs
when the Watson-Crick pairs of the original double stranded DNA breaks apart, and
one of the unpaired DNA strand forms a new hybrid with the PNA. The other single
strand DNA region form a structure called “D-loop”. Another mode of invasion is
called double-duplex invasion (Figure 3.20B), this complex occurs in the same way
as described above, but the single stranded region of the other DNA strand forms a
hybrid with another PNA strand [66]. Generally, to enable DNA double duplex
invasion, the PNA strands need to be modified with special bases (diaminopurine in
place of A and 2-thiouracil inplace of T) to avoid self-pairing between the two PNAS
[67]. In this respect, acpcPNA is unique because it cannot form self-hybrid even when

the two PNA strands are complementary. It is therefore expected that acpcPNA will
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be a potentially important alternative to conventional PNA for DNA double duplex
invasion that does not require base modification.

In this work, the U?-modified acpcPNA was used as a self-reporting probe for
monitoring the DNA duplex invasion by acpcPNA. The sequence of acpcPNA and
DNA targets in this study are as follow:

PNA TUPT : Ac-TTTTU™TTTT-Lys-NH,

PNA pA9 : Ac-AAAAAAAAA-Lys-NH,

DNA DNAL : 5-CGTACA AAAAAAAAGCATGC-3’ (20 mer)

DNA DNA2 : 5-GCATGT TTTTTTTTCGTACG -3’ (20 mer)

DNA DNA3 : 5’- CGCGGCGTACAAAAAAAAAGCATGCCCTGG-3’ (30 mer)
DNA DNA4 : 5’- CCAGGGCATGCTTTTTTTTTGTACGCCGCG -3’ (30 mer)

Firstly, the 20mer DNA duplex DNA1-DNA2 was prepared in 10 mM
phosphate buffer solutions (pH 7.0) without NaCl. DNA1 can formed stable duplex
with it complementary DNAZ2 in 10 mM phosphate buffer solutions (pH 7.0) (Tm, =
42.9 °C). This duplex does not give fluorescence signals because of the absence of
any fluorophores. After adding the PNA TU™T, the fluorescence spectra was
recorded every 3 min for 30 min (excited at 350 nm). It was observed that the
fluorescence at 465 nm was increased to ca. 300 a.u. in 30 min (Figure 3.21). Since
the fluorescence of the single stranded PNA TU™T is very low, the large
fluorescence observed suggests that the TU™T had invaded into the DNA duplex by
forming a hybrid with the dA9 region of DNA1 (complementary sequence). This
preliminary results indicate that TU™T can bind to the A9 region of the DNAL in the
DNAZ1-DNA2 duplex. Since the fluorescence intensity of TU™T-DNA1 duplex under
the same condition is ca. 750 a.u. (Figure A63, see Appendices), it can be estimated
that the extent of DNA1-DNA?2 duplex invasion by TU™T was about 40%.

Similar to other experiments with U”Y PNA probes, the DNA duplex invasion
by TU™T could be visualized by naked eyes under UV light irradiation at 365 nm
(Figure A65, see Appendices).
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Figure 3.21 Fluorescence study of the DNA duplex invasion of DNA1-DNA2 by
TU™T in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM and [DNA] = 3.0

uM, excitation wavelength = 350 nm.

The fluorescence experiment was repeated for 20mer of duplex of
DNA1-DNA2 (T, = 58.6 °C). After adding the TU™T, the fluorescence intensity was
recorded every 5 min for 30 min. The fluorescence intensity was enhanced
significantly to ca. 300 a.u. after 5 min as earlier observed. After that the fluorescence
intensity was almost constant or very slightly increased. Subsequently, the unmodified
acpcPNA pA9 was added into the solution and the fluorescence was monitored every
5 min for 30 min. After adding the pA9, which has a sequence complementary to
DNA2 (and TU™T), the fluorescence intensity was further enhanced to 500 a.u. after
5 min and reached 750 a.u. after 30 min (Figure 3.22). The results suggest that in the
presence of only TU™T, the Watson—Crick pairs between the double-strand DNA
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was partially broken, allowing the pairing between DNA1 and TU™T, leaving part of
the DNAZ2 looped out. Adding the pA9 increased the efficiency of the strand invasion
by pairing of the PNA with this looped out region of DNA2. The invasion efficiency
of ca. 100% was estimated based on the fluorescence intensity of TU™T-dA9 duplex

under the same condition.
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Figure 3.22 Fluorescence study of the DNA duplex invasion of DNA1-DNA2 by
TUMT and pA9 and in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM and
[DNA] = 3.0 uM, excitation wavelength = 350 nm.

One might argue that the increase in fluorescence of TU™T after the addition
of pA9 could be due to the self pairing of the two acpcPNAs rather than the double
duplex invasion as proposed. This self-pairing is, however, unlikely based on the
knowledge that acpcPNA cannot form self-pairing hybrids. The 1:1 mixture of TU™T

after the addition of pA9 failed to show any fluorescence increase relative to the
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single stranded U™Y-modified PNA, hence it can be concluded that the fluorescence
enhancement was not due to the PNA-PNA self-hybrid formation.

So far, the experiments were performed under low salt conditions, whereby
the DNA-DNA duplex was expected to be less stable in order to proof the concept. To
study the double duplex invasion at high salt concentration, 10 mM phosphate buffer
solutions (pH 7.0) containing 100 mM NaCl. The experiment was performed in the
same way as described for another 30 mer of DNA3-DNA4 duplex (T, = 76.9 °C).
After adding the TU™T, the fluorescence intensity was increased to ca. 80 a.u. after
30 min (Figure 3.23). This indicated that the invasion efficiency by the ssSPNA was
low (<15%) probably because of the high stability of the DNA-DNA duplex under
high salt consitions. Gratifyingly, after adding the pA9, the fluorescence intensity was
also enhanced again to 320 a.u. for 5 min and to 460 a.u. after 30 min. The results
suggest that that TU™T and pA9 can cooperatively invade into the DNA3-DNA4
duplex with the efficiency of about 60% at 100 mM NaCl concentration.
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Figure 3.23 Fluorescence study of the DNA duplex invasion of DNA3-DNA4 by
TUPT and pA9 and in 10 mM sodium phosphate buffer pH 7.0, 100 mM NaCl,
[PNA] = 2.5 uM and [DNA] = 3.0 uM, excitation wavelength = 350 nm.

From the above results, it can be concluded that the invasion of acpcPNA
(TUPT) into double-stranded DNA is more efficient at low ionic strength conditions
when DNA duplex has a weaker binding affinity. The invasion both under low and
high salt conditions were facilitated the presence of an additional unlabeled PNA
strand (pA9) with a sequence complementary to the looped out region of the other
DNA strand.
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3.7 Pyrenebutyryl-modified acpcPNA (Py-PNA and PNA™)

In addition to attachment of pyrene to nucleobase as described in earlier
sections, another new hybridization-responsive acpcPNA probe was designed by
attachment of pyrene directly to the N-terminal or internal positions of the acpcPNA
backbone. The acpcPNA probe was covalently modified with a pyrene unit through a
flexible butyryl linker via acylation reaction (section 2.2.3.1). Pyrene was chosen as a
fluorophore because its fluorescence is sensitive to the environment such as polarity
of the solvent and base stacking. It was proposed that in the single-stranded pyrene-
labeled acpcPNA, the fluorescence of pyrene chromophore should be quenched by
interaction with the nucleobases in the PNA strand. Upon hybridized with its correct

DNA target, the pyrene should be unstacked, resulting in a change in the fluorescence.

3.7.1 Fluorescence properties of terminally pyrenebutyryl-modified acpcPNA
(Py-PNA)

In this part of the study, the fluorescence properties of terminally
pyrenebutyryl-modified acpcPNA (PyT9, PyM12, PyM11l and PyM10) were
investigated in the absence and presence of target DNA. The fluorescence intensities
and quantum vyields of terminally modified Py-PNAs and their DNA hybrids are
summarized in Table 3.7 and 3.8, respectively. When excited at 345 nm, the single-
stranded terminally Py-PNA showed highly variable results in their fluorescence
intensities (Fs7o(ss) = 3.46 to >200 and ®¢ = 0.0050 to >0.1). The single-stranded
PyT9 with thymine (T) base adjacent to the pyrene moiety gave the lowest
fluorescence in the single stranded form (@ = 0.0050) due to the effective quenching
of pyrene by the thymine base (Figure 3.24) [59]. In the presence of complementary
DNA, the fluorescence intensity of the duplex was enhanced by a factor of 46 relative
to the single-stranded PyT9 (Table 3.7, entry 1) and the quantum yield was increased
to 0.1028. When the DNA strand contained an internally mismatched T base (entry 2),
the fluorescence intensity were also increased but to a smaller extent (14.2 folds)
relative to the single stranded PyT9. When a terminal mismatch base (T) was
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introduced to the 3’-terminus of the DNA strand (entry 3), the fluorescence was
increased only slightly (3.6 folds relative to the single stranded PyT9).

200 -
—PyT9
— PyT9+complementaryDNA
— PyT9+internal mismatch (T)
150 ~

— PyT9+terminal mismatch (T)

100 ~

Intensity (a.u.)

50 ~

350 400 450 500 550 600
Wavelength (nm)

Figure 3.24 Fluorescence spectra of single strand acpcPNA PyT9 and its hybrids
with DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM, excitation

wavelength = 345 nm.

The fluorescence properties of mixed-sequence terminally pyrenebutyryl-
modified acpcPNA (PyM12) were next investigated. Unlike PyT9, the PNA PyM12,
which carry adenine (A) base at the terminal position of the sequence adjacent to the
pyrene label, exhibited very high fluorescence intensities (entries 4-14, see F379(SS))
and high fluorescence quantum yields (@ = 0.0820-0.1033) in its single stranded
form. Upon hybridization of the complementary DNA (entry 4) and internally
mismatched DNA (entry 8), the fluorescence was decreased relative to the single-
stranded PyM12 (F/F, = 0.33 and 0.24, respectively). These behaviors are in
strikingly contrast to the thymine rich PNA PyT9. When an extra hanging nucleotide



85

was present at the 3’-end of the DNA strands (entries 9-12), the fluorescence
intensities were also significantly decreased relative to the single stranded PNA (F/Fg
= 0.13-0.46). On the other hand, when the DNA strands contained a terminal
mismatched base (entries 5-8) or 3’-base deletion (entries 13-14), the fluorescence
intensities were increased by 1.98-2.48 folds relative to the single stranded PyM12.

The fluorescence properties of the mixed-sequence terminally pyrenebutyryl-
modified 11mer (PyM11) and 10mer (PyM10) acpcPNA were next investigated. The
single-stranded PyM11 and PyM10, which cytosine (C) and guanine (G) at the N-
termini of the sequences adjacent to the pyrene label, respectively, also exhibited low
fluorescence intensities (entries 15-18, see Fsz9(ss)) and low fluorescence quantum
yields (O = 0.0217- 0.0492). These values were, however, considerably higher than
that of single-stranded PyT9. In the presence of complementary DNA, the
fluorescence intensities of the duplexes were decreased by a factor of 0.46 and 0.23
(for PyM11 and PyM10, respectively) when compared to the single-stranded PNA
(entries 15 and 19). Similar to PyM12, when PyM11 and PyM10 were hybridized
with their internal mismatched DNASs, the fluorescence intensities and quantum yields
were also decreased (®r = 0.0030 and 0.0116 for PyM11 and PyM10, respectively)
(entries 16 and 20). When a four base hanging multiple Gs sequence was introduced
to the DNA strand, the fluorescence was also decreased (0.62 folds) (entry 18).
However, hybridization of PyM11 to terminal mismatched DNA (entry 17) resulted
in fluorescence intensity increase to 2.49 folds of the single stranded PyM11. The
same effect was also observed with PyM12.

The data suggest that fluorescence intensity of single-stranded terminally
pyrenebutyryl-PNA is dependent on the nucleobase at the terminal of the strand,
adjacent to the pyrene label. When base T, C and G were present at N-terminal to the
pyrenebutyryl-PNA strands, the fluorescence of the single-stranded pyrenebutyryl-
modified acpcPNAs were very low due to the effective quenching of pyrene by
terminally nucleobase. When the pyrene-labeled PNA strand contained base A as the
N-terminal base, high fluorescence of the single-stranded PNA was observed. This
can be explained by the poor ability of the base A to act as a quencher of pyrene — the
fact that is consistent with the literature [59]. Hybridization of the terminally pyrene-

modified PNA with DNA resulted in variable results, depending on the original



86

fluorescence of the single stranded PNA and the identity of the DNA base in vicinity
of the pyrene label. With perfectly complementary DNA, the PNA with pyrene label
adjacent to base T in the same PNA strand gave an increase in fluorescence. On the
other hand, the PNA with pyrene label adjacent to base A, C and G in the same PNA
strand gave a decrease in fluorescence upon hybridization with perfectly
complementary DNA. This can be explained by quenching of the pyrene with the base
T, G and C at the terminal position of the DNA strand. This hypothesis was supported
by the fact that deleting of these terminal bases in the DNA strand resulted in
fluorescence increase (entries 13 and 14). The mismatched base at the DNA terminal
gave opposite results to the complementary base, suggesting that the effective
quenching requires the quenching base to be close enough to interact with the pyrene
label. From the results obtained above, it can be seen that the hybridization of
terminally pyrenebutyryl-modified acpcPNA to its DNA targets gave variable
fluorescence change (decreased or increased relative to the single-stranded
pyrenebutyryl-modified acpcPNA), depending on the identities of the nucleobases in
the vicinity of the pyrenebutyryl label. Nevertheless, it can be concluded that the
fluorescence of terminally pyrenebutyryl-modified acpcPNA probes was highly
sensitive to its hybridization state.
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Table 3.7 Fluorescence intensities of single stranded of terminally pyrenebutyryl-

modified acpcPNAs (Py-PNAs) and their hybrids with DNA in this study.

Entry System '(:SZ)Q '(:JS T:(g 3’ F(Cgm)/ Note
A 392 18084 4613  1.00 ‘;?emnf;fy
2 g&g},{}mfgﬂw 711 10072 1417 3.25 misi“mtgtrgﬁ'm
3 gYZETﬂTﬁTﬁTﬂTﬁTﬁTﬂ E?.’Tg) 346 1231 356  12.96 mi;er:;‘ticnha'm
4 EYﬁgxﬁlgggzgngYMlZ) 20093 6867 033  1.00 ‘rfemnf;fy
5 EYZSSXEXEEEXSEEEYMH) 21903 50162 229 014 mi;?rz?tic?]al(e)
6 g&gg},{’;}ggg}ggfgwb 21394 53116 248 0.3 mi;f;’;icnha'(c)
7 gY:gggﬁz\gggz\gngYMm 20015 39562 198 0.7 ml;frr];"tg;]a'( N
, BSTEIECOMD s mo o e
) BTNEEOND ok o o

Py- N-terminal
10 QGT?ZX%XSE&Z&A}? 16022 2067 043 254 JoSTE
o DETICSCOMD oy nn ou e e
12 gy:ggmggggﬁggéwz) 15026 5587 037 089 e)’:'tetﬁg:(;”(‘g)
13 g¥;fgj\;’;;ggg]\ggfg¥“ﬂlz> 15767 33121 210 016 g'elt:t?;'?%'
14 Py-AGTTATCCCTGC(PyM12) 156.66  332.37 512 0.16 N-terminal

3"~ AATAGGGACG-5"

deleted (TC)




Table 3.7 (continued)
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I:379

F379

F(ds),

F(com),

Entry System (ss) (ds) F(ss) = Note
15 CYTOIAMTICACACOYMID) 4268 1047 046 100 ‘;?emngfy
16 gY:gEﬁggﬁgﬁngMm 332 952 02  oe memel
17 EYZg\ﬁﬁz\I\gﬁgﬁngMm 3356 8343 249  1.00 ml;f;glg;]a'( N
18 EYZ%ééHﬁiﬁgéﬁé{) 3414 2106 062 209 | cermnal
19 FYTTACMACTYMIO - 6702 1546 023 048 ‘;?e‘;‘f;fy
20 Py-GTAGATCACT (PyM10) 49.70 16.90 034 0.74 internal

3" -CATCCAGTGA-5"

mismatch (C)

Conditions: [PNA] = 2.5 mM; [DNA] = 3.0 mM, 10 mM sodium phosphate buffer,

pH 7.0, excitation wavelength = 345 nm.
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Table 3.8 Fluorescence quantum vyields of single stranded of terminally
pyrenebutyryl-modified acpcPNAs (Py-PNAs) and their hybrids with DNA in this

study.

Entry System ((SD; F) ((clj)g) %FF(g 3/ (DF(((I:)c;m)/ Note

1 Y A EYTe) 00050 00925 185 1.00 ‘r';femnf;fy

2 QYZH\I\I\EXQEZYT” 00050 00468  9.36 198 misi”mtgtrgﬁ'm

3 EYZEXKXXXKEYW) 0.0050  0.0050  1.00 30.83 mi;er:]gli(;nhaI(T)

g PYROTRICCCISCYMIZ) 01028 00221 021 1.00 fr‘])emnf;rey

5 g%’:ggg#}ggg}ggfg‘.’“"m) 00938 01522 162 0.13 mi;f;’;ic’;]a:@

6 EYZSSXEXEEEXSEEEYMH) 00820 01207 158 0.13 mi;‘?;g’ticr‘ha'(c)

| BTN e e w0 ow

8 ZY:#EXEESEEXEEEEYMH) 01033 00225 022 095 misi;fgtrgr?l(q

o BTNETIOOND oo e e oo NN
Py~ N-terminal

10 AGTTATCCCTGC(PYMI2) 01026 00104 040 210 e
3" -TTCAATAGGGACG-5

11 g&gg’gggggigg’gm 01014 00359 035 0.60 e)’:'tgﬁgg‘(;”(ﬂ)

12 gy;g%,{ggggggggf’g“ﬁlZ) 00891 00148  0.17 124 e)':'t:rfg:(;”(z)

13 ZYZégXEngnggngMlz) 00938 01647 176 0.12 ’J'elteet"erS'?Ta)'

4 PY-AGTTATCCCTGC(PYMI2) o oees 01634 100 01l N-terminal

3"-  AATAGGGACG-5"

deleted (TC)
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Table 3.8 (continued)

o ®  ©(ds)) ®:(com)/

Entry System (s5) (ds) D (s5) @, Note
15 FYTOAMATTCACACYMID 00201 00104 0.3 1.00 f;’e”;f;fy
16 EYZEXﬁﬁgg#g#ngM“) 00255 00030 012 3.00 nternal
17 g&g}’;’;’;},{gﬁgﬁfgmn 00217 00453 209 017 ml;ﬁ;g'c’;]a'( N
18 EYZQ_(;Aéégﬁiﬁgg}ﬂ_lS{) 00283 00167 059 0.61 N terminal
19 FYTTACATATYMIO ooue2 o005 021 1.00 f;’e”;f;fy
20 QY;SI@@@,Ig#g,{fgleO) 00447 00116 026 081 misirTSIQha'(c>

Conditions: [PNA] = 2.5 mM; [DNA] = 3.0 mM, 10 mM sodium phosphate buffer,

pH 7.0, excitation wavelength = 345 nm.

3.7.2 Fluorescence properties of internally pyrenebutyryl-modified acpcPNA
(PNA™)

Reenabthue and co-workers has established a reliable strategy for internal
modification of pyrene-labeled acpc/apcPNAs by acylation chemistry [44]. The
preliminary experiments on internally pyrene-labeled acpcPNA had also been
performed. Pyrene-1-carboxylic acid and 4-(pyrene-1-yl)-butyric acid were chosen as
the fluorophores. The pyrenes were attached on the nitrogen atom in APC spacer of
acpcPNA. The fluorescence emission of pyrene-1-carboxylic acid modified
homothymine acpcPNA increased ~2.6-fold of the single-stranded PNA. The same
PNA sequence with a pyrenebutyryl modification gave a much more dramatic
fluorescence intensity increase to over 70 folds at 379 nm of the single-stranded PNA.
These preliminary results suggest that the fluorescence of the pyrenebutyryl-labeled

acpc/apcPNAs are more responsive to their hybridization state than that of
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pyrenecarbonyl-labeled acpc/apcPNAs. In this work, we therefore focus on the
fluorescence properties of internally pyrenebutyryl-labeled acpcPNAs in more details.

In this design, the acpcPNA was covalently modified at the backbone with a
pyrene chromophore through a flexible C4 linker via acylation of 3-aminopyrrolidine-
4-carboxylic acid (APC)-modified acpcPNA. To evaluate the effect of nucleobase in
PNA strand on fluorescence property, internally-modified acpcPNAs with varying
position of the pyrenebutyryl (T9”-M11C") were synthesized. The results of Ty,
data (see APPENDICES, Table A2) demonstrated that all pyrene-modified acpcPNA
oligomers can hybridize to their complementary DNA targets to give hybrids with
high thermal stabilities. The hybrid between the singly internally pyrenebutyryl-
modified homothymine acpcPNA (T9") and the complementary DNA showed a high
Tm (60.3 °C). The T, value was lower than homothymine unmodified acpcPNA by
21.5 °C but still high when compared with normal DNA-DNA duplex (Table A2,
entry 1). The results showed that the presence of the internal pyrenebutyryl label in
the acpcPNA system moderately decrease the DNA binding stability. The T
experiments between T9"Y and target DNA containing single mismatch base resulted
in much-lowered T, values (25.4 °C) (Table A2, entry 2). The significant difference
in the thermal stabilities between the complementary and single mismatched hybrids
(AT = 34.9 °C) clearly indicated that the internally pyrenebutyryl-modified
homothymine acpcPNA could specifically recognize the complementary DNA strand.
The high stabilities and specificities were also observed in other internally
pyrenebutyryl-modified homothymine acpcPNA (M127T -M11™C) (see Table A2).

The fluorescence properties of internally pyrenebutyryl-modified acpcPNA in
the absence and presence of target DNA were next investigated. The fluorescence
intensity ratios and quantum yields of PNA™ and its DNA hybrids are summarized in
Table 3.9 and 3.10, respectively. First, the fluorescence properties of internally
pyrenebutyryl-modified homothymine acpcPNA (T97Y), which had a T/T as
neighboring base, were studied. Similar to the terminally modified PyT9 PNA, the
internally modified T9"Y PNA in single stranded from exhibited a very weak
fluorescence with a maximum emission at 379 nm (entries 1-2, see F379(ss)) (Figure
3.25). The florescence quantum vyield was also very low (®r =0.0029). The
fluorescence was increased by 72.8 folds relative to the single-stranded T9” upon
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hybridization to its complementary DNA (dA9). The quantum vyield of
complementary duplex was also increased to 0.3178. When hybridized with the DNA
strand carrying an internally mismatched base directly opposite to the pyrene (entry
2), the fluorescence of T9™ was also increased, but to a much smaller extent (10.8
folds relative to the single stranded T9™) compared to the complementary duplex.
This translates to a fluorescence discrimination factor between complementary and
single-mismatched hybrids of 6.7 folds. These results suggested that the fluorescence
of the internally pyrene-labeled acpcPNA is quenched by the nucleobases (T in this
case) in the single-stranded state and the fluorescence was increased upon
hybridization of the T9™ to the complementary DNA was due to exposure of the

pyrene to the aqueous environment.

500
— T9PY
— T9PY+complementary
400
— T9?Y+mismatched T
3 300 -
s
2
2
k]
= 200 -
100 -
0 &\\ : : ‘ ‘
350 400 450 500 550 600

Wavelength (nm)

Figure 3.25 Fluorescence spectra of single strand acpcPNA T9™ and its hybrids with
DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM, excitation
wavelength = 345 nm.



93

Next, the fluorescence properties of mixed-sequence internally pyrenebutyryl-
modified acpcPNA were investigated. Internally pyrenebutyryl-modified acpcPNA 12
mer M12™YT, which also had C/T as neighboring bases, showed low fluorescence
emissions (entries 3-6, see Fsro(ss)) and low fluorescence quantum vyields (®r =
0.0179-0.0419) in the single stranded form. Although the neighboring bases are also
T, the fluorescence quantum vyield in this case is considerably higher than that of
single-stranded T9™Y (Figure 3.26). This suggests that the quenching may not be
exclusively due to the effect of the immediate neighboring bases. It appears that more
distant bases may also have some effects. Upon addition of complementary DNA, the
fluorescence intensity of the complementary duplex was enhanced by a factor of 6.1
relative to the single-stranded M12™T (entry 3) and the quantum yield was increased
to 0.2839. No fluorescence increase was observed in the presence of a single base
mismatch C and G in the immediate vicinity of the the pyrene in the PNA strand in
the DNA targets (entries 4-5). In the presence of mismatched DNA target (except
mismatched T), the fluorescence was generally low similar to the single stranded

PNA. Quite unexpectedly, the hybridization of M12™T with a DNA carrying a single

mismatch T at the same position resulted in a significantly increased fluorescence (6.0
folds relative to the single stranded M12™T) (entry 6) that was almost similar to the
complementary hybrid. The data suggest that the fluorescence of the M12T"Y
increased significantly when the M12T™ was hybridized to the complementary DNA.
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Figure 3.26 Fluorescence spectra of single strand acpcPNA M127 T and its hybrids
with DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM, excitation
wavelength = 345 nm.

The fluorescence properties of the PNA M127C, which has the same
sequence as M12™T but the pyrene label was shifted so that it had T/C as
neighboring bases, was also studied (entries 7-8). The fluorescence of M127C was
(®r = 0.0045-0.0061), which was brighter than TU™T but lower than M12™T.
Similar fluorescence enhancement was observed upon hybridization of M127C with
its complementary DNA (entry 7). The fluorescence intensity of the complementary
hybrid was increased by 20.5 folds relative to the single-stranded M127C and the
quantum yield was increased to 0.3211. In the presence of a mismatch base in the
DNA target in close proximity to the pyrene label, the fluorescence increase was less
pronounced (11.1 folds) (entry 8).

Three other sequences of internally pyrenebutyryl-modified acpcPNA 11 mer
M11™A, M117T and M117YC, which had a A/A, T/T and T/C as neighboring base,

also exhibited low fluorescence intensities (entries 9-30, see Fs7o(ss)) and low
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fluorescence quantum yields (®r =0.0278-0.1832) in their single stranded forms.
M11™C, which had a T/C neighboring base, was the brightest (entries 24—30), with
the quantum yields 0.1239-0.1832. The fluorescence of M117YC was stronger than
M11"A and M11™T by approximately 2-3 folds. When hybridized with
complementary DNA, the fluorescence intensities of the complementary duplexes
were enhanced by a factor of 6.8, 6.8 and 2.9 (for M11™A, M11™T and M117C
respectively) relative to the single-stranded PNA (entries 9, 12 and 24). On the other
hand, hybridization of the pyrene-labeled acpcPNA to mismatched DNA showed
variable results (unchanged, decreased or increased fluorescence relative to the single-
stranded PNA).
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Table 3.9 Fluorescence intensities of single stranded of internally pyrenebutyryl-

modified acpcPNAs (Py-PNAs) and their hybrids with DNA in this study

Entry System Z‘Z; I(:dsg 'I::(g 3/ F(Cgm)/ Note
1 e JITTTTITCTS™ 595 43309 7279 100 ‘;femnf;fy
2 3._mmggpy) 595 6433 1081 673 mi;’:}:;gﬁ'm
s RN o ww s w0
N e N
e TP NR S
C RN ga s s
7 4. ACTTATCCCTOC(MIZPC) 581 4e828 2053 100 ﬁﬁ’emnf;fy
VST g o wm e
9 4 _g;ﬁ#-’g;gﬁgﬁfg".ﬂpyﬁ‘) 7133 48339 678  1.00 ‘;?g‘;gfy
10 3._8/1%118#2#_(2"}1%‘) 77.84 17597 226 3.0 misirr:::tr(r:]r?l(C)
b JETESUN o e
12, STAMTICACA (MILPT) 119 57301 682 100 ﬁfemnf;fy
13 3._3/?##;—58#8#_;'\."11%) 8503 5405 064  10.66 mi;mgtrgﬁ'(c)
14 3._3#’%\’%\%8#2#_9911%) 10700 7210 067 1018 mi;rr:::trgrfl(G)
15 CTAAATTCAGA (ML1™T) 11100 og040 236 289 internal

3"-GATTTATGTCT-5"

mismatch (T)
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Entry System '(:3357; l(:dz;’ 'IZ:((C; 3’ F(Cgm)’ Note

16 .. _g;ﬁﬁgﬁgﬁ_g\@fm 127.46 34689 272 251 mis‘m:{:ﬁ'( )
7 .. _g;ﬁﬁg&gﬁ_g\ﬂﬂpyﬂ 11006 18577 169  4.04 misimgtrgﬁ'(c)
18 .. _glﬁ#gﬁgﬁ_g\fmpm 12962 37870 292  2.34 misi“mt:tr;?'m
19 .. _g;ﬁﬁgg#gﬁ_g\{m"m 11524 11594 101 101 misirr:]t:tré‘ﬁ'(e)
20 .. _g}#ﬁ%@#ﬁ#f&" 1%T) 13365 54822 410 166 mis‘“mtgtrgﬁ'm
21 . _g;##g—;g#gﬁ_g\fmpm 102.94 61596 598 114 mi;r':]tztrgﬁ'( A
2 . _g;ﬁgﬁgﬁgﬁ_gﬂllpyﬂ 102,66 447.34 436 156 misirr:1t:tr(r:]k?l(C)
28 . _g;ﬁgﬁg#g?_g\fllpyﬂ 99.27  497.93 502 136 mi;m:{é‘;'(e)
24 .. _g;ﬁﬁll—gﬁgﬁ_(g".ﬂpyc) 21427 62298 291  1.00 ‘;femnf;fy

5 . _glﬁ#g—gﬁgﬁ_(g".ﬂpyc) 26738 8849 033 882 mi;mztrgﬁ'( A
% . _gﬁﬁg—gﬁgﬁfg"}lpyq 27327 6194 023 1265 misirr:fgtr;‘ﬁ'(c)
27 . _g;ﬁ?ﬂ—%g?_(gﬂ.ﬂpyc) 26093 5938 022 1323 misi“mtgtrgﬁ'm
28 .. _g;ﬁgg—gﬁgﬁ_(g".ﬂpyc) 24913 38733 155 188 mi;gg{?ﬁ'( "
2 .. _g}#ﬁg}%ﬁﬁ#f&” 117C) 6034 30005 150 194 misirr:fgtré‘;'(c)
30 CTAAATTCAGA (M117C) 27934 28339 104 280 internal

3" -GATTTAAGTCT-5"

mismatch (T)

Conditions: [PNA] = 2.5 mM; [DNA] = 3.0 mM, 10 mM sodium phosphate buffer,

pH 7.0, excitation wavelength = 345 nm.
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Table 3.10 Fluorescence quantum vyields of single stranded of internally
pyrenebutyryl-modified acpcPNAs (Py-PNAs) and their hybrids with DNA in this

study.

Entry System ((? sF) (((Ij)g) %F(g Z))/ (I)F(((I:)c;m)/ Note
L. _TTTETTTTSE?PY) 00029 03178 10593  1.00 ‘é?emngfy
2 . -/I/I/I/I_}mg?% 00029 00395 1362 805 miisrr‘ﬂgﬁ'm
3 4. _$§}}%§g§}§gfgﬂ}2pyﬂ 0.0419 02839  6.47 1.00 ﬁfemnf;fy
g O T oozt oo 0s2 s el
5 3._’;8;1%888188_(2".1?”) 00179 01695 647 072 mi;m:trcnﬁ'(c‘)
6 4 _$§},Ifr\—}ggg}§g_(g”}2pyﬂ 00204 00132 092 1041 misigf:trgﬁ'm
7 3._4\2}}#%2218252".1?“) 0.0045 03211 7135  1.00 ﬁfemnf;fy
8 3._$ggfr\g—ggglgg_(g"}2pyc) 00061 02481 4067 176 misiglt:tr(r:]r?l(C)
9 L. _g;ﬁﬁ—ﬁggﬁgﬁ_(g"}lpm) 00333 03463 1040  1.00 ‘é?emnf;fy
10 L. _gﬁ%ggﬁgﬁ_(gﬂ.npw 00278 01296  4.66 2.23 mi;m:trgﬁ'(c)
1o . _g}##}};ﬁgﬁ_(g" 117A) 00307 02136 696 149 mi;m:{é‘ﬁ'( o
12 3._3#'.??%8#2#_9?“%) 00563 03259 579  1.00 ‘;?g‘;gfy
13 3._81/;’?’?%8’;8’;_9{'”%) 00515 00412 080  7.24 misirr:fgg‘ﬁ'(c)
4. _g;ﬁﬁﬁ%&#g’;_gﬂ °T) o482 00524 109 531 mi;m:{é‘rf'(e)
5 CTAMATTCAGA (MLL™T) [ occ o1e71 308 100 internal

3"-GATTTATGTCT-5" ' ' mismatch (T)




Table 3.10 (continued)
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Entry System ((? SF) ((I()jFS) %F((OSI 2;/ (D)j(flim Note

16 4. _g;ﬁﬁ%ﬁgﬁ_g\f’llpyﬂ 00499 01660 333 174 mis‘m:{é‘rf"( N
17 L. _g;ﬁﬁg&gﬁ_gﬂnpyﬂ 00385 00849 221 262 misimgtrgﬁ'(c)
18 .. _glﬁ#gﬁgﬁ_g\fmpyﬂ 00486 01578  3.25 1.78 misi“mt:trgs'm
19 . _g;ﬁﬁgg#gﬁ_g\fllpyﬂ 00568 00805 142 408 misirr:::trgffl(G)
20 . _g;ﬁﬁ%g#gﬁ_(g"}lpyn 00535 03757  7.02 0.82 misi”mt:trgﬁ'm
21 . _g;ﬁgl—;g#gﬁ_g\fmpm 00575 03119 542 1.07 mi;m;rgﬁ'( A
2 . _g;ﬁ%ggﬁgﬁ_gfmpm 00538 02828 526  1.10 misirr:::tr:r?l(C)
23 4. _g;ﬁgﬁg#g?_g\fllpyﬂ 00485 02624 541 107 mi;m:{é‘rf'(e)
24 .. _g;ﬁﬁll—gﬁgﬁ_(g".llpyc) 01239 03378 273 100 ‘;femnf;fy

5 . _glﬁ#g—gﬁgﬁ_(g".ﬂpyc) 01514 00795 052 5.25 mi;mztrgﬁ'( )
% . _gﬁﬁg—gﬁgﬁfg"}lpyq 01832 00493 027  10.11 misirr:fgtr;‘ﬁ'(c)
27 4. _gﬁ’?’?x_ﬁ#gﬁfg"}lpyc) 01506 00471 031 881 misi“mtgtrgﬁ'm
28 . _g;ﬁgll—gﬁgﬁ_(g".ﬂpyc) 04392 0277 199 137 mi;mgg‘;'( N
20 .. _g}#ﬁg}%ﬁﬁ#f&” 117C) 01384 02602 194 141 misimgg‘ﬁ'(c)
30 CTAAATTCAGA (M117C) 1575 1950 142 1.92 internal
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Conditions: [PNA] = 2.5 mM; [DNA] = 3.0 mM, 10 mM sodium phosphate buffer,

pH 7.0, excitation wavelength = 345 nm.
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3.7.3 On the mechanism of fluorescence change of internally pyrenebutyryl-
modified acpcPNA (PNA™)

The mechanism of fluorescence change in these internally-pyrene labeled
acpcPNA can be explained as follows. First in the single stranded form, the pyrene is
quenched by the nucleobases of the PNA. It is known from the literature that the order
of quenching of pyrene by nucleobase is T>C>G>>A [59]. The fact that the
brightness of pyrene-labeled PNA with different immediate neighboring base pairs
does not exactly follow this trend indicate that the quenching may involve longer
range interactions with the more distant bases. In the duplex with complementary
DNA (entries 1,3,7,9,12 and 24), or DNA carrying a mismatched base more distant
from the pyrene label (entries 11, 16—-23 and 28-30), the pyrene is forced to point
away to the aqueous environment. It should be note that in normal DNA-DNA
hybrids, it is commonly observed that pyrene linked to the DNA backbone via a
flexible linker prefers to adopt an intercalated form therefore the fluorescence was
quenched instead of enhanced [68]. Only when the linker was rigid that the
fluorescence increase was observed in the case of DNA-DNA duplexes [69]. It is
remarkable to observe consistent fluorescence increase in the case of PNA-DNA
hybrid, which suggests the inability of the base pairs in acp)cPNA-DNA duplex to
accommaodate the intercalated pyrene.

In the case of DNA carrying the mismatched base close to the pyrene label,
the fluorescence was decreased (entries 13-14 and 25-27). The lower fluorescence in
these cases indicates that the pyrene moiety was intercalated between the base stack
of duplex. This is possible because the pyrene is hydrophobic and will try to hide
away from water if this can be achieved without breaking the original base pairs in the
PNA-DNA duplex, e.g. when a mismatched pair was present. This proposal is
supported by the UV absorption spectra whereby a small red shift by c.a. 3 nm
together with hypochromism of the pyrene absorption bands compared to the single
stranded PNA were observed (Figure 3.27). These can be taken as the evidence for
stacked pyrene. In the complementary duplex, the shift occurred to the opposite
direction (blue side) and was accompanied by hyperchromism, indicating the free

pyrene (Figure 3.28). Some exceptions to this generalization were observed, for
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examples, when DNA containing directly mismatched C and T, the large fluorescence
enhancements were observed (entries 10 and 15). This cannot be explained by this
model, but from the UV absorption spectra, no stacking of the pyrene was observed in
these cases similar to complementary duplex course by the pyrene unit is not
intercalated between the base stack. Thus the mechanism of the fluorescence change
by the pyrene label attached to the internal position of acpcPNA can be summarized

as shown in Figure 3.28.
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Figure 3.27 UV/Vis spectra of single strand acpcPNA M12™T and its hybrids with
DNA in 10 mm sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM and [DNA] = 3.0
uM,
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Figure 3.28 Schematic diagram of pyrene location in complementary and mismatched

duplexes

In summary, the fluorescence of the internally pyrene-labeled acpcPNA
(PNAP™) generally increases upon hybridization with complementary DNA regardless
of the identity of the neighboring base. Hybridization to mismatched DNA results in
decreasing or increasing fluorescence relative to the single-stranded PNA, depending
on the position and type of the mismatch pairs. In general, when the mismatched base
is in the vicinity of the pyrene label, the fluorescence is quenched or not change from
the single stranded PNA, although some exceptions are known. When the mismatched
base is further away from the pyrene label, the fluorescence is high similar to that
observed in perfectly complementary hybrid. As the results, internally pyrene-labeled
acpcPNA is useful as a hybridization responsive fluorescence probe for DNA

sequence determination.
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3.7.4 Improving the specificity of internally pyrene-labeled acpcPNA by

enzymatic digestion with nuclease S1

The fluorescence experiment results with internally pyrene-labeled acpcPNA
above shows that some single base mismatch duplexes gave significant increased
fluorescence intensity relative to the single stranded PNA, especially when the
mismatched base in the DNA target is further away from the position of the pyrene
label. It was proposed that, digestion by nuclease S1 — an enzyme that specifically
hydrolyzes single stranded DNA - may be used to overcome this problem [47]. In the
enzymatic digestion experiment, the internally pyrene-labeled acpcPNA M11™T was

used as a probe together with various DNA targets as illustrated below.

PNA M117T : Ac-Lys-CTAAAT™TCAGA-LysNH,

DNA DNAS5 : 5-TCTGAATTTAG-3’ (complementary)

DNA DNAG6 : 5’-TCTGTATTTAG-3’ (direct mismatched T)
DNA DNA7 : 5’-TCTTAATTTAG-3’ (indirect mismatched T)
DNA DNA8 : 5’-TCTGATTTT AG-3’ (indirect mismatched T)
DNA DNA9 : 5’-TCTGAAATTAG-3’ (indirect mismatched A)
DNA DNA10: 5’-TCTGAACTTAG-3’ (indirect mismatched C)
DNA DNA1l: 5’-TCTGAAGTTAG-3’ (indirect mismatched G)

The enzymatic digestion of the M11™T-DNA hybrids was studied by
fluorescence experiments. The sample for digestion by nuclease S1 was prepared by
mixing the 1.0 uM M11™T and 1.0 puM DNA in 30 mM sodium acetate buffer (pH
4.6) containing 1.0 mM zinc acetate, 5% (v/v) glycerol. The nuclease S1 stock was
added to give the final concentration of 5 unit/mL. The progress of the enzymatic
digestion was monitored by recording the fluorescence spectra in kinetics mode for 30

min at every 5 min intervals).
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Figure 3.29 Studies kinetic for nuclease S1 digestion of M11™T with complementary
and single base mismatch DNA; [PNA]=1.0 uM, [DNA]= 1.0uM in 30 mM sodium
acetate buffer pH 4.6, 1mM zinc acetate, 5% Glycerol. Excitation wavelength was
345 nm.

The ratio of fluorescence intensity of M117YT as the duplex (F) with DNA to
single standed (Fo) was plotted as a function of digestion time (min) as shown in
Figure 3.29. The fluorescence spectra of M11™T with complementary DNA (DNAS)
before and after digestion with nuclease S1 at 10 min intervals are also shown in
Figure 3.30. The fluorescence experiments revealed that the duplex of PNA with
perfect match DNA was much more slowly digested compared to the single
mismatched DNA. The M11™T-DNAS duplex was digested about 40% after 30 min.
On the other hand, the duplexes with single base mismatched DNA (M11™YT-DNA6-
M11™T-DNA11) were completely digested by nuclease S1 after 10 min.
Accordingly, perfect discrimination between complementary and single mismatched

DNA targets had been achieved after 10 min digestion by nuclease S1, whereby the
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fluorescence of the mismatched hybrids returned to the same level as single-stranded
PNA (F/Fy ~1) but that of the complementary hybrid was only slightly decreased by
21 %. As a result, the nuclease S1 digestion is a powerful technique to improve the
differentiation between complementary and various mismatched DNA targets
employing internally pyrene-labeled acpcPNA as a quencher-free, singly-labeled
PNA beacon probe.

q 400 -
400 — M11”T+DNA5 — M117T+DNA5
— M11PT+DNA6 — M11™T+DNA6
350 7 — MI11PT+DNA7 350 1 — M11PT+DNAT7
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Wavelength (nm) Wavelength (nm)

Figure 3.30 Fluorescence spectra from kinetic studies of nuclease S1 digestion of
hybrids between M117T with complementary and single base mismatch DNA;
[PNA]=1.0 uM, [DNA]= 1.0uM in 30 mM sodium acetate buffer pH 4.6, 1mM zinc
acetate, 5% Glycerol. Excitation wavelength was 345 nm. (Left: before digestion,

Right: after digestion)
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3.8 Fluorescent acpcDNA strand-displacement probes

In the third part, the acpcDNA strand-displacement probes were synthesized
and its fluorescence properties investigated in the presence of complementary and
mismatched DNA target by fluorescence experiments. The PNA-DNA strand-
displacement probes consist of a fluorescein (Flu) or tetramethylrhodamine
(TAMRA)-labeled acpcPNA probe (11-12 bases in length) and a shorter DNA
containing a quencher (7-8 bases). The fluorescein/DABCYL and TMR/BHQ were
chosen as the fluorophore/quencher pairs in the strand displacement probe and
quencher DNA as these two are common fluorophore/quencher combination used in
conventional MB probes. The sequences of Flu-acpcPNAs, TMR-acpcPNA and DNA

targets used in this study are as follow:

PNA Flul . Flu-O-CTAAATTCAGA-Lys-NH,

PNA Flu2 : Flu-O-AGTTATCCCTGC-Lys-NH;

PNA TMR1 : TMR-O-TTATCACTATGA-Lys-NH,

DNA dQ1 . 5’- GAATTTAG-Dabcyl-3’ (short complementary to Flul)
DNA dQ2 : 5’- GTGATAA-BHQ-3’ (short complementary to TMR1)

DNA dcomFl : 5- TCTGAATTTAA -3’ (complementary to Flul)

DNA dsmF1 : 5- TCTGCATTTAA -3’ (internal mismatched to Flul)
DNA dcomF2 : 5’- GCA GGG ATA ACT -3’ (complementary to Flu2)
DNA dsmF2 : 5- GCA GGG ATA ACG -3’ (terminal mismatched to Flu2)
DNA dcomTl : 5- TCATAGTGATAA-3’ (complementary to TMR1)

(O = aminoethoxyethoxyacetyl linker)

The single stranded fluorescein-acpcPNA (Flul) showed a high fluorescence
signal. Upon hybridization with shorter DNA containing a DABCYL quencher (dQ1),
the Flul showed a decreased in fluorescence intensity due to the close proximity of
the Flu and the DABCYL quencher (Figure 3.31). By comparison of the fluorescence
intensity with single stranded probe, the efficiency of the fluorescein quenching by
the short DABCYL quencher DNA probe was ca. 81 %. Next, an equivalent of DNA
(dcomF1) with a sequence fully complementary to the PNA part in the Flul-dQ1
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probes was added and the fluorescence spectra were recorded every 3 min until no
further change was observed. It was observed that the fluorescence was only slightly
increased over the period of 30 min. It was earlier proposed in the presence of the
complementary target sequence, the PNA probe should formed a more stable hybrid
with the target DNA. This should result in releasing of the quencher DNA, and
therefore the fluorescence of the PNA probe should increase. In contrast, only slight
increase in the fluorescence intensity was observed. The fluorescence experiment was
also repeated with an internal mismatched DNA target (dsmF1). After adding the
dsmF1 to Flul-dQ1 displacement probe, the fluorescence intensity did not change
(Figure 3.32).
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Figure 3.31 Fluorescence spectra of the Flul-dQ1 displacement probe after adding
complementary DNA (dcomF1) in 10 mM sodium phosphate buffer pH 7.0, 100 mM
NaCl, [PNA] = 0.1 uM and [DNA] = 0.1 uM, excitation wavelength = 480 nm.
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Figure 3.32 Fluorescence spectra of Flul-dQ1 displacement probes after adding
mismatched DNA (dsmF1) in 10 mM sodium phosphate buffer pH 7.0, 100 mM
NaCl, [PNA] = 0.1 uM and [DNA] = 0.1 uM, excitation wavelength = 480 nm.

For the sequence chosen, the N-terminal of the Flul PNA strand carried the
base C, the complementary DNA sequence must carry G at this position. It has been
reported that a base G located close to a fluorescein can also quench up to 90% of its
fluorescence [70]. To prove that the only slight increase in fluorescence after adding
the complementary DNA was due to the formation of a fully complementary hybrid
that is quenched by the opposite G in DNA strand, the fluorescence response of the
single stranded probe Flul (without the DNA quencher strand) was compared with
the duplex formed with its complementary DNA (dcomF1). Thus, from the
fluorescence spectra (Figure 3.33), it was clear that the emission intensity from the
fluorescein-acpcPNA was substantially decreased. The results indicate that the
fluorescein-acpcPNA strand could be quenched upon pairing with dcomF1 up to ca.
64 %. Further addition of the quencher probe dQ1 resulted in the same fluorescence
spectra, suggesting the absence of displacement of the dcomFl by dQ1l. The

fluorescence experiment was also repeated for internal mismatched DNA dsmF1
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(Figure 3.34). The fluorescence intensity of mismatched Flul.-dsmF1 was also
decreased but the quenching was much less pronounced (only about 30%) compared
to the complementary duplex due to the low stability of mismatched hybrid. However,
when the quencher DNA dQ1 was further added, the fluorescence was further

decreased, most likely due to the hybridization of the Flul and dQL1.
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Figure 3.33 Fluorescence study of the Flul with complementary DNA (dsmF1) and
dQ1 in 10 mM sodium phosphate buffer pH 7.0, 100 mM NaCl, [PNA] = 0.1 uM and
[DNA] = 0.1 uM, excitation wavelength = 480 nm.
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Figure 3.34 Fluorescence study of the Flul with mismatched DNA (dsmF1) and
dQ1 in 10 mM sodium phosphate buffer pH 7.0, 100 mM NaCl, [PNA] = 0.1 uM and
[DNA] = 0.1 uM, excitation wavelength = 480 nm.

With the hypothesis that the presence of a terminal C-G pair close to the
fluorescein label is undesirable, the Flu2 probe in which base A was present at the N-
terminal position of the acpcPNA strand adjacent to the fluorescein label was also
investigated. The fluorescence spectra of the probe Flu2 before and after
hybridization with complementary DNA (dcomF2) were first measured and showed
only slightly decreased fluorescence intensity (Figure 3.35). When the base A at 3’-
terminal of the DNA strand were replaced by base G as in dsmF2, the fluorescence
was again decreased higher than complementary duplex of Flu2 (containing base A at
3’-terminal) but not to the extent observed in the complementary duplex of
Flul-dcomF1 (containing base G at 3’-terminal) (Figure 3.36). The lower
fluorescence quenching may be explained by the mismatch base pairing between A
and G at the end of the duplex, which preclude the base G from making a close

contact to the fluorescein label. These results confirmed the hypotheses that the
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fluorophore at N-terminal in the acpcPNA strands could be effective quenched by
base G at 3’ end of the complementary DNA.
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Figure 3.35 Fluorescence study of the Flu2 with complementary DNA (dcomF2) in
10 mM sodium phosphate buffer pH 7.0, 100 mM NaCl, [PNA] = 0.1 uM and [DNA]

= 0.1 uM, excitation wavelength = 480 nm.
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Figure 3.36 Fluorescence study of the Flu2 with mismatched DNA (dmsF2) in 10
mM sodium phosphate buffer pH 7.0, 100 mM NaCl, [PNA] = 0.1 uM and [DNA] =

0.1 uM, excitation wavelength = 480 nm.

The concept was also tested with another fluorophore/quencher pair, namely
TMR and BHQ. The TMR labeled-acpcPNA probe (TMR1) carrying base T at the N-
terminal position next to the TMR label gave a high fluorescence signal. Upon
hybridization with a short DNA carrying a BHQ quencher at the 3’end (dQ2), the
TMR1 probe exhibited a decreased in fluorescence intensity by ca.75 % (Figure
3.37). Next, one equivalent of complementary DNA (dcomT1) was added and the
fluorescence spectra were recorded every 3 min until no further increase could be
observed. The fluorescence was slowly increased and did not change further after 18
min, at which time the fluorescence intensity was increased from 25% (after adding
dQ?2, before adding dcomT1) to 77%, although this never reaches the fluorescence of
the original TMR probe even when the dcomT1 was added in excess. The results
suggest an incomplete strand displacement, nevertheless they also demonstrated that
the TMR labeled-acpcPNA (TMR1) when combined with a short DNA containing
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BHQ can be used as a strand-displacement probe. However, more optimization is still
required to make this probe useful for practical applications. Since this probe design
still requires two different labels, which add to the cost of the analysis, the concept
was not investigated further after obtaining the more successful results in the design

of singly-labeled quencher-free PNA beacons.
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Figure 3.37 Fluorescence spectra of the TMR1.dQ2 displacement probe after adding
complementary DNA (dcomT1) in 10 mM sodium phosphate buffer pH 7.0, 100 mM
NaCl, [PNA] = 0.1 uM and [DNA] = 0.1 uM, excitation wavelength = 480 nm.



CHAPTER IV

CONCLUSION

The objective of this work is to develop new fluorescence acpcPNA probes
that can change their fluorescence in response to the presence of correct DNA target.
The research was divided into three parts. The first part involves acpcPNA carrying a
fluorescence nucleobase - 5-pyren-1-yluracil. The second part concerns with
acpcPNA modified with a pyrenebutyryl group at terminal and internal positions. The
last part summarizes our attempts to develop a strand-displacement probe from
acpcPNA.

In the first part, a pyrene-labeled uridine (U™) monomer was successfully
synthesized by Suzuki—-Miyaura cross-coupling between pyrene-1-boronic acid and
iodouracil acpcPNA monomer precursor. The U™ monomer was incorporated into
acpcPNA in the middle of the strand by standard Fmoc-solid phase peptide synthesis.
The U™ base in the modified acpcPNA could specifically recognize the base A in its
complementary DNA target as determined by melting temperature (Tr,) experiments.
The Tr, data showed that the pyrene-labeled acpcPNA could bind to complementary
DNA to give a stable complementary hybrid. The fluorescence intensities of the
single-stranded U™ acpcPNAs were very weak in aqueous buffer (quantum yields ®¢
= 0.006-0.011). In the presence of complementary DNA, the fluorescence intensity
was enhanced significantly (2.7-41.9 folds, depending on sequences). The
fluorescence of the pyrene-modified acpcPNA is therefore sensitive to whether the

PNA was hybridized to its complementary DNA target or not. On the other hand,

when the DNA strand carried a mismatched base (C, G, and T) opposite to the U™
label, the stabilities of the mismatched acpcPNA:-DNA hybrids decreased. Very weak
fluorescence was observed in case of mismatched acpcPNA:-DNA hybrids.
Experiments with DNA targets carrying mismatch base at other positions revealed
that the fluorescence enhancement was specific to the pairing between U? and dA.
The high specificity of the acpcPNA system allows discrimination between the

complementary and single mismatched DNA targets. Form the results, it can be
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concluded that 5-(pyren-1-yl)uracil (U™) behave as a bases discriminating fluorescent
(BDF) nucleobase in the acpcPNA system and the U™-modified acpcPNA is
potentially useful as a hybridization responsive fluorescence probe for DNA sequence
determination.

In the second part of the study, the fluorescence properties of terminally and
internally pyrenebutyryl-modified acpcPNA were investigated in the absence and
presence of target DNA. The pyrene unit was covalently attached to N-terminal
positions of acpcPNA or to internal positions of APC-modified acpcPNA through a
flexible butyryl linker via acylation. The fluorescence of terminally modified
pyrenebutyryl-PNA in single stranded form is dependent to the nucleobase at the
terminal of the PNA strand. When N-terminal of the pyrenebutyryl-PNA strands
carried the base T, C and G, the fluorescence of the single-stranded pyrenebutyryl-
modified acpcPNAs were very low due to the guenching of pyrene chromophore by
these nucleobases. On the other hand, when base A were present at N-terminal to the
pyrenebutyryl-PNA strands, the high fluorescence of the single-stranded PNA was
observed because of base A is a poor quencher for pyrene. Hybridization of the
terminally pyrene-modified PNA to DNA vyielded variable fluorescence change
(decreased or increased fluorescence relative to the single-stranded PNA), depending
on the original fluorescence of the single stranded PNA and the identity of the DNA
base in vicinity of the pyrene label. Upon hybridization with perfectly complementary
DNA, the PNA with pyrene label adjacent to base A, C and G in the PNA strand
showed a decrease in fluorescence intensity, while base T showed an increase in
fluorescence intensity. In contrast to the terminally pyrenebuyryl-modified acpcPNA,
the fluorescence signal of the single stranded PNA was generally very weak due the
effective quenching of pyrene unit by nucleobases in PNA strand. The fluorescence of
the internally pyrene-labeled acpcPNA consistently increases upon hybridization with
complementary DNA under a wide sequence context. In the duplex with DNA
carrying a mismatched base more distant from the pyrene label, the fluorescence was
also increased similar to the matched duplex. When the DNA carries a mismatched
base opposite or close to the pyrene label, the fluorescence was generally decreased
(although some exceptions exist), suggesting that the pyrene moiety was intercalated

between the base stack of the PNA-DNA duplex. The internally pyrene-labeled
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acpcPNA is therefore more suitable as a hybridization responsive fluorescence probe
for DNA sequence determination than the terminally pyrenebutyryl-modified
acpcPNA. The specificity of the pyrenebutyryl acpcPNA probe could be enhanced by
employing enzymatic digestion by nuclease S1, an enzyme that specifically
hydrolyzes single-stranded DNA. The complementary acpcPNA-DNA hybrid was
much more resistant to S1 digestion than the mismatched hybrids. Accordingly,
perfect discrimination between complementary and mismatched DNA targets had
been achieved after 10-min digestion of the hybrids by the enzyme, whereby the
fluorescence of the mismatched hybrids returned similar to single-stranded PNA and
that of the complementary hybrid only slightly decreased. As a result, it can conclude
the nuclease S1 digestion is a powerful technique to improve the differentiation
between complementary and various mismatched DNA targets employing internally
pyrene-labeled acpcPNA as a quencher-free, singly-labeled PNA beacon probe.

In the third part, the terminally fluorescein-modified acpcPNAs (Flu-
acpcPNAs) and tetramethylrhodamine-modified acpcPNA (TMR-acpcPNA) in
combination with a short complementary DNA strand were evaluated as strand-
displacement probes. Fluorescence studies suggest that the fluorophore labeled PNA
strand could be quenched by quencher (DABCYL or BHQ) in the shorter DNA upon
hybrid formation. After addition of complementary DNA target, the fluorescence
become increase, but never return to the original level. The results suggest incomplete
(or very slow) strand displacement. There were also problems about quenching of the
fluorophore by the base G in the complementary DNA target sequence. Although the
concept has been proven, much works remain to be done to allow practical use of

these PNA-based strand displacement probes.
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Table Al Ty, values of hybrids between terminally pyrenebutyryl-modified acpcPNAS
(Py-PNAs) with different target DNAs.

Entry System Tm (°C) Note

Py-TTTTTTTTT(PyT9) >80.0

1 3" _ AAAAAAAAA-G " complementary
Py-TTTTTTTTT(PyTO) 52.6 . .

2 3" _AAAATAAAA-S" internal mismatch (T)
Py-TTTTTTTTT(PyT9) >80.0 N

3 3" _TAAAAAAAA-5* terminal mismatch (T)
Py-AGTTATCCCTGC(PyM12) 73.5

4 3"_TCAATAGGGACG-5" complementary
Py-AGTTATCCCTGC(PyM12) 721 o

5 3" _GCAATAGGGACG-5" terminal mismatch (G)
Py-AGTTATCCCTGC(PyM12) 70.6 o

6 3"_CCAATAGGGACG-5 terminal mismatch (C)
Py-AGTTATCCCTGC(PyM12) 71.6 N

7 3" _ACAATAGGGACG-5" terminal mismatch (A)
Py-AGTTATCCCTGC(PyM12) 50.2 . .

8 3" ~TCAATCGGGACG-5" internal mismatch (C)

o Py-AGTTATCCCTGC(PyM12) 79.4 N-terminal
3"—ATCAATAGGGACG-5" extended (A)

10 Py-AGTTATCCCTGC(PyM12) N-terminal
3" -TTCAATAGGGACG-5" - extended (T)

1 Py-AGTTATCCCTGC(PyM12) N-terminal
3" -CTCAATAGGGACG-5" - extended (C)

12 Py-AGTTATCCCTGC(PyM12) N-terminal
3"-GTCAATAGGGACG-5" B extended (G)

13 PY-AGTTATCCCTGC(PyM12) 67.3 N-terminal
3"- CAATAGGGACG-5" deleted (T)

14 PY-AGTTATCCCTGC(PyM12) 56.6 N-terminal

3"- AATAGGGACG-5*"

deleted (TC)
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Entry System Tm (°C) Note

Py-CTAAATTCAGA(PyM11)

15 3" _GATTTAAGTCT-5" >80.0 complementary
Py-CTAAATTCAGA(PyM11) . .

16 3" _GATTTCAGTCT-5" 78.5 internal mismatch (C)
Py-CTAAATTCAGA(PyM11) . .

17 3" _AATTTAAGTCT-5" 77.3 terminal mismatch (A)

18 Py-CTAAATTCAGA(PyM11) ~80.0 N-terminal
3" -TGGGGATTTAAGTCT-5" ' extended
Py-GTAGATCACT (PyM10)

19 3" _CATCTAGTGA-5" = complementary

20 Py-GTAGATCACT(PyM10) 42.2 internal mismatch (C)

3" -CATCCAGTGA-5"
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Table A2 Ty, values of hybrids between internally pyrenebutyryl-modified acpcPNAs
(Py-PNAs) oligomers with different target DNAs.

Entry System Tm (°C) Note
1 3 _;XHXZXSE?W) 60.3 complementary
2 3 _XZX%IXZXS;?W) 25.4 internal mismatch(T)
3 3 _#gg%ggglgg_(gﬂ}zpyn 62.7 complementary
4 3" _?gg%ggg;gg_(gﬂ.lzpyﬂ 45.6 internal mismatch (C)
5 3 _ﬁgg%ggglgg_(gﬂ}zpw) 42.1 internal mismatch (G)
6 3" _#gg%ggglgg_(g/l}zpyﬂ 35.3 internal mismatch (T)
7 3 _#gg#lggglgg_(gﬂ.lzpyc) 61.4 complementary
8 3 _?gg#gggg;gg_(gﬂ.lzpyc) = internal mismatch (C)
o SMTIRAMITY gy omemanary
10 3" _glﬁ%}\;g?g#fgﬂ.ﬂpm} 27.3 internal mismatch (C)
11 3" _g;ﬁ%;lg#g?_(gﬂ.llpm) 43.7 internal mismatch (C)
12 3" _g;ﬁﬁggﬁgﬁ_g\ﬂllpyn 65.0 complementary
13 3 _g/{ﬁﬁgg?g?_gﬂnpm 42.6 internal mismatch (C)
14 3" _glﬁﬁggﬁgﬁ_g\{lllpyﬂ 37.6 internal mismatch (G)
15 CTAAATTCAGA (M117T) 39.6 internal mismatch (T)

3"-GATTTATGTCT-5"
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Entry System Tm (°C) Note
CTAAATTCAGA (M11™T) 38.9
16 3" _GATTTAAATCT-5" complementary
Py 38.2
17 3" _%;Aﬁﬁ%é.?.é.r(l\ﬂsl} N internal mismatch(T)
CTAAATTCAGA (M11™T) 37.4
18 3" _GATTTAATTCT-5" complementary
Py 43.6
19 3" _CG-LAﬁﬁ%Eé.?.éT(l\ASl} it internal mismatch (C)
Py 45.9
20 3" _%Tfﬁ?%ﬁé.?.é-g\_ﬂél. N internal mismatch (G)
Py 39.2
21 3" _%-LA.?.I'.A ;—Xgé.?.é.r(l\gl.l g internal mismatch (T)
CTAAATTCAGA (M11™T) 40.4
22 3" _GATTCAAGTCT-5" complementary
Py 37.1
23 3" _%Tﬁﬁﬁ%é.?.é.r(l\gl} C) internal mismatch (C)
CTAAATTCAGA (M117C) 60.2
24 3"_GATTTAAGTCT-5" complementary
AAA Py 43.7
25 3" —gXTTTE_g?g#—(gA'l 170 internal mismatch (C)
AAA Py 54.8
26 3" —SXTTTX%L?S?—(?} AUR] internal mismatch (C)
CTAAATTCAGA (M117C) 56.7
27 3" _GATTTAATTCT-5" complementary
AAA Py 34.2
28 3" —gXTT AX%?S?—(?} 10 internal mismatch (C)
AAA Py 33.0
29 3" —SXTTCX%L?S?—(?} 1°C) internal mismatch (G)
AAA Py 29.8
30 cT TTCAGA (M117C) internal mismatch (T)

3"-GATTTAAGTCT-5"
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Figure Al. 'H NMR spectrum (400 MHz, CDCls) of N-tert-Butoxycarbonyl-cis-4-
(N*-benzoyl-5-iodouracil-1-yl)-D-proline diphenylmethyl ester (3)
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Figure A2. *C NMR spectrum (100 MHz, CDCls) of N-tert-Butoxycarbonyl-cis-4-
(N*-benzoyl-5-iodouracil-1-yl)-D-proline diphenylmethy! ester (3)
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Figure A3. 'H NMR spectrum (400 MHz, CDCls) of N-tert-Butoxycarbonyl-cis-4-
(5-(1-pyrenyl)uracil-1-yl)-D-proline diphenylmethy! ester (4)
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Figure A4. *C NMR spectrum (100 MHz, CDCls) of N-tert-Butoxycarbonyl-cis-4-
(5-(1-pyrenyl)uracil-1-yl)-D-proline diphenylmethyl ester (4)
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Figure A5. 'H NMR spectrum (400 MHz, CDCls) of (N-Fluoren-9-ylmethoxy
carbonyl)- cis-4-(5-(1-pyrenyl)uracil-1-yl)-D-proline (1)
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Figure A6. *C NMR spectrum (100 MHz, CDCls) of (N-Fluoren-9-ylmethoxy
carbonyl)- cis-4-(5-(1-pyrenyl)uracil-1-yl)-D-proline (1)



132

)
L3
5000
4
4000 o~
@
]
Ll
3000
2000
1000 —
a [ i-_r o
0 e 0 doxy Wt 80 an i ) wane

[

Figure A7. MALDI-TOF mass spectrum of Ac-TTTTUPTTTT-LysNH, (TU™T)

(calcd for [M+H]" : m/z=3365.65)
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Figure A8. HPLC chromatogram of Ac-TTTTUPTTTT-LysNH, (TU™T)
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Figure A9. MALDI-TOF mass spectrum of Ac-TTTAUPATTT-LysNH, (AU™A)
(calcd for [M+H]" : m/z=3383.67)

Figure A10. HPLC chromatogram of Ac-TTTAUYATTT-LysNH, (AU™A)
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Figure Al1l. MALDI-TOF mass spectrum of Ac-TTTGU™GTTT-LysNH, (GU™G)
(calcd for [M+H]": m/z=3415.67)
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Figure A12. HPLC chromatogram of Ac-TTTGUPGTTT-LysNH, (GU™G)
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Figure A13. MALDI-TOF mass spectrum of Ac-TTTCUPCTTT-LysNH, (CU™C)
(calcd for [M+H]": m/z=3335.62)
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Figure A14. HPLC chromatogram of Ac-TTTCU™CTTT-LysNH, (CU™C)
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Figure A15. MALDI-TOF mass spectrum of Ac-TTTTTCU™CTTTTT-LysNH,
(CUPYC13) (calcd for [M+H]" : m/z=4665.04)
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Figure A16. HPLC chromatogram of Ac-TTTTTCUPCTTTTT-LysNH, (CU™C13)
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Figure Al17. MALDI-TOF mass spectrum of Ac-AGTTAU™CCCTGC-LysNH;
(MixUP) (calcd for [M+H]" : m/z=4370.72)
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Figure A18. HPLC chromatogram of Ac-AGTTAUPCCCTGC-LysNH, (MixU™)
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Figure A19. MALDI-TOF mass spectrum of Ac-CTAAAAU™TCAGA-LysNH,
(MixAU™) (calcd for [M+H]" : m/z=4132.48)
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Figure A20. HPLC chromatogram of Ac-CTAAAAU™TCAGA-LysNH, (MixAU™)
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Figure A21. MALDI-TOF mass spectrum of Ac-CTAAATUPTCAGA-LysNH;
(MixTU™) (calcd for [M+H]": m/z=4123.47)
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Figure A22. HPLC chromatogram of Ac-CTAAATUPMTCAGA-LysNH, (MixTU™)
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Figure A23. MALDI-TOF mass spectrum of Ac-AAAAUAAAA-LysNH,
(MixTUP) (calcd for [M+H]" : m/z=3437.75)
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Figure A24. HPLC chromatogram of Ac-AAAAU"YAAAA-LysNH, (AU™)
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Figure A25. MALDI-TOF mass spectrum of Ac-AAATUAAAA-LysNH, (T°AUP)
(calcd for [M+H]": m/z=3428.74)
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Figure A26. HPLC chromatogram of Ac-AAATUYAAAA-LysNH, (T°AUP)
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Figure A27. MALDI-TOF mass spectrum of Ac Ac-AATAU™AAAA-LysNH,
(T'AUP) (calcd for [M+H]* : m/z=3428.74)

=]
o
21066

Al

I DI o

o 200 Af & B0 WD AN D0 A0 MO0 M 200 M0 o0 MO0 Jpg B2 M0 MM MM AW
Minuiss

Figure A28. HPLC chromatogram of Ac-AATAUPYAAAA-LysNH, (T’AUP)
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Figure A29. MALDI-TOF mass spectrum of Ac-ATAAUYAAAA-LysNH, (TEAUP)
(calcd for [M+H]": m/z=3428.74)
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Figure A30. HPLC chromatogram of Ac-ATAAU™AAAA-LysNH, (TEAUP)
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Figure A31. MALDI-TOF mass spectrum of Ac-TAAAUYAAAA-LysNH, (T°’AUP)
(calcd for [M+H]": m/z=3428.74)
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Figure A32. HPLC chromatogram of Ac-TAAAUPYAAAA-LysNH, (T°AUP)
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Figure A33. MALDI-TOF mass spectrum of Py-TTTTTTTTT-LysNH, (PyT9)
(calcd for [M+H]" : m/z=3407.73)
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Figure A34. HPLC chromatogram of Py-TTTTTTTTT-LysNH, (PyT9)
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Figure A35. MALDI-TOF mass spectrum of Py-AGTTATCCCTGC-LysNH;
(PyM12) (calcd for [M+H]" : m/z=4412.80)
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Figure A36. HPLC chromatogram of Py-AGTTATCCCTGC-LysNH, (PyM12)
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Figure A37. MALDI-TOF mass spectrum of Py-CTAAATTCAGA-LysNH,
(PyM11) (calcd for [M+H]" : m/z=4112.49)
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Figure A38. HPLC chromatogram of Py-CTAAATTCAGA-LysNH; (PyM11)
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Figure A39. MALDI-TOF mass spectrum of Py-GTAGATCACT-LysNH, (PyM10)
(calcd for [M+H]": m/z=3787.13)
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Figure A40. HPLC chromatogram of Py-GTAGATCACT-LysNH, (PyM10)
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Figure A4l. MALDI-TOF mass spectrum of Ac-TTTT®TTTTT-LysNH, (T9%)
(calcd for [M+H]" : m/z=3450.75)
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Figure A42. HPLC chromatogram of Ac-Lys-TTTT®TTTTT-LysNH, (T9%)
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Figure A43. MALDI-TOF mass spectrum of Ac-Lys-AGTTAMTCCCTGC-LysNH,
(M12™T) (calcd for [M+H]": m/z=4583.99)
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Figure A44. HPLC chromatogram of Ac-Lys-AGTTA®TCCCTGC-LysNH,
(M1277T)
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Figure A45. MALDI-TOF mass spectrum of Ac-Lys-AGTTAT™CCCTGC-LysNH,
(M127C) (calcd for [M+H]* : m/z=4583.99)
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Figure A46. HPLC chromatogram of Ac-Lys-AGTTAT™CCCTGC-LysNH,
(M12™C)
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Figure A47. MALDI-TOF mass spectrum of Ac-Lys-CTAA(Py)ATTCAGA-LysNHz
(M11™A) (calcd for [M+H]" : m/z=4283.69)

Al

25348

Figure A48.
(M117A)

HPLC chromatogram of Ac-Lys-CTAA®ATTCAGA-LysNH,
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Figure A49. MALDI-TOF mass spectrum of Ac-Lys-CTAAAT™TCAGA-LysNH,
(M117YT) (calcd for [M+H]" : m/z=4283.69)
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Figure A50. HPLC chromatogram of Ac-Lys-CTAAAT™TCAGA-LysNH,
(M117YT)
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Figure A51. MALDI-TOF mass spectrum of Ac-Lys-CTAAATT®CAGA-LysNH,
(M117C) (calcd for [M+H]": m/z=4283.69)
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Figure A53. MALDI-TOF mass spectrum of Flu-O-CTAAATTCAGA-LysNH;
(Flul) (calcd for [M+H]": m/z=4345.63)
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Figure A54. HPLC chromatogram Flu-O-CTAAATTCAGA-LysNH; (Flul)
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Figure A55. MALDI-TOF mass spectrum of Flu-O-AGTTATCCCTGA-LysNH;
(Flu2) (calcd for [M+H]" : m/z=4645.93)
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Figure A56. HPLC chromatogram of Flu-O-AGTTATCCCTGA-LysNH; (Flu2)
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(TMR1) (calcd for [M+H]" : m/z=4724.11)
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Figure A58. HPLC chromatogram of TMR-O-TTATCACTATGA-LysNH; (TMR1)
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Figure A59 UV/Vis spectra of MixU™+dmTMix in 10 mm sodium phosphate buffer
pH 7.0, [PNA] = 2.5 uM and [DNA] = 3.0 uM, from 25 to 95 °C and back to 25 °C,

temperature step=10 °C.
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Figure A60 CD spectra of MixU™ with dmGMix in 10 mm sodium phosphate buffer
pH 7.0, [PNA] = 2.5 uM and [DNA] = 3.0 uM.
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Figure A61 CD spectra of MixU™ with dmTMix in 10 mm sodium phosphate buffer

pH 7.0, [PNA] = 2.5 uM and [DNA] = 3.0 uM.
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Figure A62 Fluorescence spectra of single strand AUP-T°AU™ and theirs hybrids
with complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5
uM and [DNA] = 3.0 uM, excitation wavelength = 350 nm.
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Figure A63 Fluorescence spectra of single strand TU™T and its hybrid with DNA1 in
10 mM sodium phosphate buffer pH 7.0, 100 mM NaCl, [PNA] = 2.5 uM and [DNA]

= 3.0 uM, excitation wavelength = 350 nm
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Figure A64 Fluorescence spectra of single strand TU™T and its hybrid with DpA9 in
10 mM sodium phosphate buffer pH 7.0, 100 mM NaCl, [PNA] = 2.5 uM and [DNA]

= 3.0 uM, excitation wavelength = 350 nm

TUPT DNA1+DNA2  DNAL+DNA2+ TUPT
Figure A65 Photographs of TU™T, DNA1+DNA2 and DNA1+DNA2+ TU™T in 10
mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM and [DNA] = 3.0 uM under
black light (365 nm).
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Figure A66 Photographs of TU™T, DNA1+DNA2 and DNA1+DNA2+ TU™T in 10
mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM and [DNA] = 3.0 uM under

black light (365 nm).
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Figure A67 Fluorescence spectra of single strand PyM12 and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.
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Figure A68 Fluorescence spectra of single strand PyM12 and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.
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Figure A69 Fluorescence spectra of single strand PyM12 and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.
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Figure A70 Fluorescence spectra of single strand PyM12 and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.
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Figure A71 Fluorescence spectra of single strand PyM11 and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.
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Figure A72 Fluorescence spectra of single strand PyM10 and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.
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Figure A73 Fluorescence spectra of single strand M127YC and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.
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Figure A74 Fluorescence spectra of single strand M117A and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.
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Figure A75 Fluorescence spectra of single strand M11™T and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.
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Figure A76 Fluorescence spectra of single strand M11™T and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.
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Figure A77 Fluorescence spectra of single strand M11™T and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.
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Figure A78 Fluorescence spectra of single strand M11™T and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.
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Figure A79 Fluorescence spectra of single strand M117YC and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.
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Figure A80 Fluorescence spectra of single strand M11™C and its hybrids with
complementary DNA in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 2.5 uM
and [DNA] = 3.0 uM, excitation wavelength = 345 nm.



170

VITAE

Miss Chalothorn Boonlua was born on November 29" 1982 in Bangkok
province, Thailand. She received the Bachelor Degree of Science, majoring in
Chemistry from Silpakorn University in 2005 and graduated with the Master Degree
of Science, majoring in Chemistry from Faculty of Science, Silpakorn University in
2007. She began Ph.D. studying in Program in Chemistry, Faculty of Science,
Chulalongkorn University in the academic year of 2007 and graduated in the

academic year of 2012.

Publications
Boonlua, C., Vilaivan, C., Wagenknecht, H-A., Vilaivan, T. 5-(Pyren-1-
yluracil as a Base-Discriminating Fluorescent Nucleobase in Pyrrolidinyl
Peptide Nucleic Acids. Chem. Asian J. 2011, 6, 3251-3259.



	Cover (Thai)
	Cover (English)
	Accepted
	Abstract (Thai)
	Abstract (English)
	Acknowledgements
	Contents
	Abbreviations
	Chapter I Introduction
	1.1 Hybridization Probes
	1.2 Molecular Beacon Probes
	1.3 Quencher-Free Molecular Beacon Probes
	1.4 Binary Probes
	1.5 Fluorescent Modified Nucleosides
	1.6 Scope of Investigation
	1.7 Peptide Nucleic Acid (PNA)
	1.8 Self-Reporting Fluorescence Probes Derived from PNA
	1.9 Objectives of This Research

	Chapter II Experimental Section.
	2.1 General Procedure
	2.2 Experimental Procedure
	2.3 Studies of PNA-DNA Hybridization

	Chapter III Results and Discussion
	3.1 Acpcpna Carrying Upy Modification .
	3.2 Synthesis of Pyrenebutyryl-Modified AcpcPNA (Py-Pna)
	3.3 Fluorescein-Modified AcpcPNA (Flu-Pna) and Tetramethyl Rhodamine-Modified Acpcpna (Tmr-Pna)
	3.4 Thermal Stability of Of UPy-Modified cpcPNA .
	3.5 Optical Properties of UPy-Modified acpcPNAs
	3.6 Applications of UPy Labeled AcpcPNA as A Tool for Monitoring DNA Duplex Invasion by Acpcpna
	3.7 Pyrenebutyryl-Modified AcpcPNA (PY-PNA)
	3.8 Flourescent AcpcDNA Strand-Displacement Probes

	Chapter IV Conclusion
	References
	Appendix
	Vita



