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This research emphasizes on the deveiﬂﬁmﬁml of a novel mass spectrometric
technique for DNA sequence analysis by combining a new beta-pyrrolidinyl peptide
nucleic acid called acpcPNA and an anion exchange solid support. This method relies
on the selective absorption of negatively charged PNA:DNA hybrids onto a positively
charged ion exchange support. The procedure involves mixing the PNA probe and the
DNA sample in a hufﬁ:r fullnwed by addition of the anion exchange support. The
solid support-bound PNA-DNA hybrid was then washed and directly analyzed by
MALDI-TOF. The sequence of the DNA sample was determined by the detected
molecular masses of the absorbed PNA prebe. Since the neutral PNA could not be not
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CHAPTER|

INTRODUCTION

1.1  Peptidenucleic acid as DNA analogue

The function-of deoxyribonucleic acid(DNA) is to store genetic information
and transfer genetic codes from one generation to another in every living species. In
addition, DNA also acts as a structural scaffold for the arrangement of multiprotein
complexes in cell [1]. DNA structure is composed of repeating nucleotide subunits.
Each nucleotide subunit contains three components: i) a heterocyclic base (purine or
pyrimidine) ii) a phosphate group, and iii) a sugar (deoxyribose). These repeating
units are linked together through the reaction between S'-hydroxy ends of phosphate
groups and 3'-hydroxy terminal of other molecules to form phosphodiester linkages.
Since Watson and Crick’s elucidation of DNA structure, the DNA double helix has
been accepted that the central features of DNA structure. According to this model, the
two anionic sugar-phosphate backbones winds around the outside of a cylindrical
helix and the neutral nucleobases occupy the center as to avoid water. The paired
bases are roughly perpendicular to the helical axis and further stabilized by n-n
interaction and hydrophobic interaction, the so called base stacking [1]. The stability
of DNA duplex relies on the specific order of the four nucleobases: Adenine (A) pairs
with thymine (T), forming two hydrogen bonds, whereas cytosine (C) pairs with
guanine (G), forming three hydrogen bonds (Figure 1.1). The specific pairing

between A and T, C and G are as known as Watson-Crick base pairing rules [2].
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Figurel.l  Hydrogen bonding via Watson-Crick base pairing rules.



The most important molecular recognition event in nature is the base-pairing
of nucleic acids to form double helical hybrid, which guarantee the storage and
expression of genetic information in living systems. In normal cells, the expression of
genetic information consists of two processes namely transcription and translation. In
transcription process, a DNA strand serves as the template for the synthesis of another
strand of ribonucleic acid, with a complementary sequence. In translation process, the
RNA’s base sequence determines the order of amino acid that will be joined together
by ribosomes. This generates proteins with speeific structure and function. Inhibition
of gene expression can be achieved by binding of an oligonucleotide to RNA with a
portion of its complementary sequence (the so-called antisense inhibition). This will
result in interference of the normal translation process. In a similar concept, an
antigene oligonucleotide can be targeted to the complementary DNA sequence to

inhibit the transcription. The concepts are.illustrated in Figure 1.2.
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Figure 1.2" Schematic illustration of gene expression; (a) normal-gene expression

(b) antisense inhibition and (c) antigene inhibition.

The highly specific recognition through the pairing of the four nucleobase has
become .increasingly important for. the .development of DNA. diagnostics and for
oligonucleotide therapeutics in the form of antisene and antigene oligonucleotide [3].
Natural oligonucleotides have been shown to exhibit both antisense and antigene
properties in vitro. However, DNAis rapidly degraded by nucleases in vivo [4]. This
stimulates several developments of novel oligonucleotide mimics to overcome this
serious obstacle. In addition, modification can improve some Pproperties such as
binding-affinity to complementary nucleic acid and membrane permeability. A large
number of oligonucleotide analogues has been constructed during the last two decades

that related to the modification of the phosphate group or the ribose or the nucleobase



[4]. One of the most interesting concept is the total replcaement of the sugar
phosphate backbone with a peptide like structure as in peptide nucleic acid or poly
amide nucleic acid (PNA). The structure of PNA represents a dramatic deviation from
conventional oligonucleotide chemistry.

The first PNA has been synthesized in 1991 by Nielsen and coworkers first
synthesized a new compound having analogous structure to DNA [5]. A major
difference between DNA and PNA it that PNA-is comprised of 2-aminoethyl glycine
units instead of deoxyribose phosphate groups of DNA backbone, resulting in an
achiral and uncharged DNA mimic. A methylene carbonyl linker connects natural

nucleobase to this backbone at the amino nitrogen [6] as shown in Figure 1.3.
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Figure 1.3 | The structure of a DNA molecule (a) and an aegPNA molecule (b)

Interestingly, this structural difference does not--inhibit the base-base
recognition of between DNA and PNA. Base pairing between PNA and DNA
essentially follows the Watson-Click base pairing rules [3]. More importantly, these
PNA-DNA hybrids are even more stable than the corresponding DNA-DNA hybrids
due to the absence of electrostatic repulsion between the uncharged PNA backbone
and the negatively charged sugar-phosphate backbone of DNA/RNA. The thermal
stability follows the order PNA-PNA > PNA-RNA > PNA:DNA (> RNA:DNA
>DNA-DNA) [7].

In contrast to DNA, PNA can bind in both parallel and antiparallel formation
however; antiparallel PNA-DNA hybrids are considerably more stable than the



corresponding DNA-DNA hybrids. Another remarkable properties of PNAs is their
ability to recognize sequences with in duplex DNA to form triple helices either by
triple helix formation or a unique strand invasion mechanism which results in
displacement of one of the DNA strand to form the so-called D-loop or P-loop
structures (Figure 1.4a) [8,9]. According to X-ray crystallographic studies of
PNA-DNA-PNA triple helices, it was demonstrated that the first strand of PNA
hybridized to DNA by a Watson-Crick basepairing, while the second strand of PNA
hybridized to the same DNA by Hoogsteen base-pairing base-pairing (Figure 1.4b)
[10]. The second sequenee of PNA also shows specific interactions (H-bonding)
between each amide N-H of the backbone of the Hoogsteen PNA strand and the
phosphate oxygen of the DNA backbone, which also contributes to the high stability

of such triplexes.
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Figure 1.4 © (a) Schematic of @aegPNA binding mode for double stranded DNA
(b) Hydrogen bonding via Watson-Crick and Hoogsteen base pairing



1.2  Modification of PNA oligomer

Since Nielsen et. al. reported its discovery in 1991 [5], PNA became a popular
research topic due to its many special features. For instance, PNA can bind with
complementary DNA to form double or triple helix hybrids. The hybrid showed
surprisingly high stability compared to the natural DNA. In addition, PNA exhibited a
better binding specificity when compared to DNA as indicated by a more decrease in
stability of the PNA-DNA compared to the corresponding DNA-DNA hybrids when
one or more base mismateh(es) exist. Furthermore, PNA is stable against enzymes
including nucleases and proteases, which suggests the potential use of PNA under
physiological conditions. Because of these advantages, PNA is a potentially useful
oligonucleotide analogue to be used in antisense/antigene therapeutics. However, the
original PNA has a number of limitations such as low water solubility, similar
stability between parallel and anti-parallel hybrids, and the inability to penetrate
through cell wall unless a carrier is attached to its structure. Therefore, extensive
works have been focused on structural modification of Nielsen’s PNA to overcome
these drawbacks. PNA oligomers containing residue extended in the either the
backbone or in the linker to the nucleobases had been synthesized and their
hybridization properties examined [11, 12]. Unfortunately, incorporation of the
modified structure into the standard PNA oligomers lead to substantial reduction in
the stability of the resulting PNA-DNA and PNA-RNA hybrids (AT,, of —0.7 to —22 °C
compared to the unmodified PNA) [7,13].

Because of the conformational limitation of PNA and DNA complexation, the
hybridization of PNA to its complementary oligonucleotide resulted in a large
enthalpy gain, by hydrogen-bonding and base-stacking interactions, and significant
entropy loss by the formation of a highly ordered and rigid duplex structure from two
oligonucleotide strands. In order to reduce the entropy loss, modification of PNA
oligomers by the insertion of a rigid structure especially cyclic moiety in the PNA
strands have been made to enhance the rigidity of PNA structure. In addition; the
presence of chiral residue can have beneficial effect to orientation'selectivity in the
complementary DNA/RNA binding [7, 14]. For these reasons, many works have

focused on designing new conformationally constrained PNA.



As an example, incorporation of a methylene group to link between the
aminoethylglycyl backbone and the methylene carbonyl side chain of aegPNA might
be a method of choice to obtain a variety of five- or six- membered nitrogen
heterocyclic analogues [7,15]. These modified PNA bind to DNA/RNA targets with
varying affinities. For example, in 4-aminopropyl PNA (Figure 1.5a), a methylene
linkage was inserted between the C-2 atom of the glycine part and the C-5 atom of the
aminoethyl part of the aegPNA to give a rigid-pyrrolidine ring with two stereogenic
centers. The presence of two stereogenic centers in the structure resulted in PNAs
with more than one stereeisomers and each isomer showed unique specific pairing
affinity [7]. In another example, the effect of “insertion of Cis-(1S2R/1R2S
cyclohexyl moicties on the -aminoethyl segment of aminoethylglycyl PNA has been
evaluated (Figure 1.5b). It was proposed that the cis-diaminocyclohexyl moiety may
allow the restriction of the torsion angle i the ethylenediamine segment. The
experimental results showed that the PNA with (1S2R)-cyclohexyl stereochemistry
increases the affinity to RNA over DNA as compared to the control aegPNA and the
same cyclohexyl PNA with (1R2S) isomer. [16]. In another example, a new chiral
prolylgylcyl PNA [17-19] was constructed by incorporating a methylene bridge
between the C-2 atom of the glycine unit and the C-2" atom of the nucleobase linker
of the aegPNA (Figure 1.5¢). These PNA systems were synthesized in both in Cis-
and trans-stereochemistry of nucleobase at C-4 position against the carbonyl group of
proline. It was observed that the homothymine decamer of Cis-D, cis-L and trans-D
isomer showed a good binding affinity with both DNA and RNA and with apparent
1:1 stoichiometry for cis-D-isomer. Unfortunately, this modified PNA has poor
solubility in aqueous media, which can have serious implication for biological studies

[20].
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Figure1.5 Structure of modified PNA backbone



One of the most interesting design is the so-called aminoethylpropyl (aep)
PNA developed independently by Kumar [21] and Vilaivan [22]. In this PNA, the
flexibility of the aminoethyl segment of aegPNA is retained whereas the glycine and
the side chain are constrained via a methylene bridge. This flexibility should allow the
aepPNA to adopt a wider range of conformations than the prolylglycyl PNA.
Moreover, the presence of the positive charge and the tertiary pyrrolidine ring
nitrogen should attract the negatively charged -phosphate group of DNA, providing
further stabilization of the hybrid formed with natural DNA. The resulting
homothymine oligomer of @epPNA showed a strong and specific binding property
toward target DNA/RNA sequence [20]. In many other related works, the pyrrolidine
ring had been widely used as a rigid component in the PNA structure as shown in

Figure 1.6 [21].
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Unfortunately, in most of the research, usually only a few modified
pyrrolidinyl subunits were inserted into the core structure of aegPNA at various
positions to form chimeric backbones. The hybridization results of these chimeric
PNA with DNA/RNA are not easily interpreted in these cases since the effect on Ty, is
not only dependent on the structure modification but also to the number and position
of the modified residues in the original PNA strand. Only a few systems have been
studied with non-chimeric backbones. For example, Micklefield and co-wokers
described the synthesis of pyrrolidine-amide-eligonucleotide mimics (POMs) using
Fmoc-peptide chemistry.in-2007, The Fmoc-protected nucleobase monomers were
prepared and thyminyl” and” adeninyl POM “pentamers were synthesized. These
pentamers showed to hybridize strongly with both DNA and RNA [23]. In addition, in
the same year, they also reported the synthesis of a mixed sequence POM by using
Boc-Z-protected thyminyl, adeninyl and cytosinyl POM monomers and the resulting
POM oligomer exhibited a strong binding with sequence selectivity to both
complementary parallel and antiparallel RNA and DNA strands [24].

During the last decade, the term of foldamer was introduced by Gellman et. al
[25]. to describe oligomers, particularly of B-amino acids, with a strong tendency to
adopt a specific secondary or tertiary structures. They reported that the
conformationally rigid B-peptides can form stable helical structure in solid state. For
example, short oligo(trans-2-aminocyclohexane carboxylic acid) and oligo(trans-2-
aminocyclopentane carboxylic acid) (Figure 1.7) can form 14-helix and 12-helix via
intramolecular H-bonding between backbone amide nitrogens and carbonyl groups.
These features suggested that p-amino acid can be potentially useful to pre-organize

PNA oligomer.



TZ

NH, Iy
O’ BnO N OB
CO,H

NH, 0 0 o

BnO

TZ

Ko, ..

(b)

Figure 1.7 Structureof trans-:ACHC (@) and trans-ACPC (b)

Vilaivan et al. has recently investigated pyrolidinyl PNA carrying g-amino
acid spacers. To study the effect of the structure and positive charge on the p-amino
acid spacer, many new pyrrolidinyl PNA carrying various acyclic and cyclic B-amino
acid in the backbone have been designed and evaluated for their DNA binding
properties (Figure 1.8) [26,27,28]. For instance, a new pyrrolidinyl PNA having a
flexible spacer such as p-alanine and N-amino—N-methylglycine spacers failed to
show binding to DNA and RNA [26]. This reduced the binding affinity with DNA
target can be explained by the higher entropy loss upon binding. To minimize such
entropy loss, the pyrrolidinyl PNA bearing cyclic g-amino acid spacers such as (S9)-
trans-2-amino cyclopentane carboxylic had been developed [29].

It was evident that the stereochemistry of the spacer is important for successful
binding. For example,a pyrrolidinyl PNA having 1-aminopyrrolidine-(2R)-carboxylic
acid (D-Apc) (dapcPNA), but not the enantiomeric = 1-aminopyrrolidine-(2S)-
carbexylic acid (L-Apc), spacer showed a strong hybrid with its complementary DNA.
Furthermore, the pyrrolidinyl PNA:shows preference for binding to DNA over:RNA,
[26, 28] a property that had never been reported in other PNA systems. From the
stoichiometry study by UV and CD. spectroscopy, it'was observed that only 1:l
PNA-DNA hybrid was formed, following the Watson-crick base pairing rules [28]. In
2005, Vilaivan and co-worker designed another novel B-pyrrolidinyl PNA having 2-
aminocyclopentane carboxylic acid (ACPC) as spacer. It was observed that the PNA
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consisting of D-proline and (1§ 2S5 ACPC (acpcPNA) showed a strong binding
affinity and high sequence specificity with its complementary DNA target and only
form 1:1 hybrid similar to dapcPNA. The melting temperature (T,,) value of a hybrid
between the PNA homothymine decamer and its complementary DNA is extremely
high (> 85 °C). This indicates. that the hybrid is far more stable than natural
DNA-DNA and other PNA-DNA hybridss including the original PNA and D-Apc
PNA with the same sequence [29, 30]. It'was.possible that the absence of favorable
contribution from electrostatic interaction in dapCPNA is compensated by the more
structurally rigid SSACPC backbone. Recently, mixed-base acpCPNA consisting all
four nucleobases have been successtully synthesized and studies of its binding affinity
and sequence specificity towards DNA and RNA investigated. It was found that the
mixed-base acpePNA hybridized strongly and selectively to its complementary DNA
in an antiparallel formation following the Watson-Crick base pairing rules.
Furthermore, it also showed preference for binding to. DNA over RNA similar to
dapcPNA [30]. As a result, both dapCPNA and acpcPNA appears to be apotential
candidate for DNA-based diagnostic and therapeutic applications.

\ 5
F4 HN/ —_n L Me —In
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Figure 1.8 ' Structures of modified PNA bearing various -amino acid spacers
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1.3  Applicationsof peptide nucleic acid (PNA)

Because of the special features of PNA mentioned above in combination with
its excellent resistance to enzyme nuclease and protease, PNA is now widely applied
in biotechnological and medical applications. For many purposes, it can be used in
place of natural oligonucleotide or modified oligonucleotide [31]. Most of
applications of PNA involve the use of the original Nielsen's aegPNA system since it
is the only one that is presently commercially-available. In the present day, there are
three or four major groups of application for this PNA including antisense-antigene
therapy, molecular probe -as biosensor, biomolecular device and architecture

technology [4, 6].

1.3.1 PNA asa potential antisense and antigene drugs

The stronger binding properties and biological stability of PNA implies that a
small amount of PNA can be effective in interfering of transcription or translation
processes. The sequence-specific inhibition of transcription and translation by PNA
could potentially be exploited for therapeutic application [3]. The concept underlying
antisense - antigene techmnology i1s relatively straightforward. For inhibition of
translation (antisense strategy) - oligonucleoides or their analogs are designed,
complementary by virtue of Watson-Crick base pairing rule, to-a specific mRNA can
inhibit its expression and then induce a blockade in the transfer of genetic information
from DNA to protein [32]. On the other hand, in the inhibition of transcription
(antigene straegy), a nucleic acid analogue is designed to recognize and hybridize to
the complementary sequences in a particular gene of interest, whereby they should

interfere with the transeription of the particular gene (Figur e 1.9) [3].

antigene antisense

| =&

mRNA protein

Figure 1.9 Principle in antisense and antigene strategies
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On the basis of mechanism of antisense action, two classes of antisense
oligonucleotides can be distinguished. The first one is RNaseH-dependent antisense
oligonucleotides, which induce the degradation of mRNA upon binding. The second
one is steric-blocker oligonucleotides, which physically inhibit the progression of the
translational mechanism. A majority of antisense drugs investigated in the clinical
phase operates on RNaseH-depentdent mechanism. RNaseH is a ubiquitous enzyme
that hydrolyzes the RNA strand of an RNA'DNA duplex whereas PNA-RNA
duplexes are not substrates for RNAseH. Therefore, PNA should inhibit protein
expression by steric blockage mechanism. Many examples of antisense effect by PNA
have been reported. For'example, PNA can inhibit intron excision, lead to the lack of
expression of a mature protein. An mnhibition in the translation of PML/RARa,
promyelocytic leukemia/retinoic acid receptor-o,was achieved with a PNA
pentadecamer [33]. Moreover, PNA can-inhibit the SV40-T-antigen expression and
the mechanism of inhibition was very probably steric blocking and not a RNaseH-
mediated mRNA degradation whereas the expression of the [-gal was not affected
under this condition [32]. Lewis and co-workers reported a novel antisense peptide-
PNA conjugate that is designed for targeting B-cell lymphoma/leukemia-2 (bcl-2)
expression. This peptide-PNA conjugate was able to bind to immobilized bcl-2
mRNA with high specificity comparable to antisense DNA [34]. In case of the
antigene strategy or transcription inhibition by PNA can obtain either by triple-helix
formation, or by a strand invasion or strand displacement mechanism. PNA targeted
against the promoter region of a gene can form stable PNA:DNA hybrid that limit the
DNA access of the polymerase, while PNA binding in a region far from the promoter
can block the polymerases progression and lead to the production of shortened RNA
transcripts [35]. In"2001, Murphy and co-worker introduced the phosphonium-PNA
conjugate into mitocondria. The results' showed that the phosphonium-PNA
selectively“inhibited the in vitro replication of DNA containing the mutant point that
causes a human mtDNA disease but not the wild-type sequence [1]. Triplex invasion
by PNA shows a_good potential in antigene therapy. There have been many
experimental data that shows good antigene effects of PNA both in vitro and. in vivo
[31]. In one example, Nielsen et al. have reported that a PNA octamer can efficiently
block transcriptional elongation by (PNA),-DNA triplex formation that influence to
blocking phage T3 polymerase activity [35]. Moreover, in 2006 Zhilina et al.
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developed a novel antigene PNA by using the mono- and bis-pyrimidine-rich PNAs
that were conjugated to nitrogen mustard at either the amino or carboxy terminus in
order to improve the efficiency of binding between PNAs and HER-2/neu promoter
that is known to be associated with human cancer. The result demonstrated that the
PNA-nitrogen mustard conjugates suppressed HER-2/neu expression by up to 80%
[36]. However, one of the major drawbacks to applying PNA as an antigene drugs is
that the formation of strand displacement or strand invasion is rather slow at
physiological salt concentrations [6]. Another problem is the poor cell and nuclear
membrane-permeability of unmodified PNA. In general, conjugation with a peptide

carrier is necessary [37].
1.3.2 PNA asamolecular-biological device

In addition, to the application for PNAs in the antisense-antigene technology
already explained, they can also be employed as tools in molecular biology and
functional genomics research. For instance, the high stability and sequence specificity
of PNA-DNA hybridization have been exploited in the analysis of single base pair
mutations in DNA during amplification by polymerase chain reaction in a so-called

PNA directed PCR clamping {3, 4, 35].

3

PNA \ 5' DNA polymerase z' 5
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Figure 1.10: Diagram of the “PCR clamping’ technique:
a) Blockage of the PCR reaction by PNA probe to the wild-type gene
b) Positive PCR caused by weaker PNA binding to the mutated gene.

The PCR clamping method for the detection of point mutations relied on the
ability of PNAs to bind more strongly to complementary nucleic acids target than
oligonucleotides, conjuction with their inability to function as primers in the
polymerase chain reaction (PCR). Targeting of the PNA oligomer, even partially,
against the primer binding site can block the formation of the PCR product. The
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procedure is powerful and has been used successfully to detect and screen for single-
base pair genetic variation [38]. Using this approach, Thiede et al [39] able to
discrimination of point mutations in the K-ras gene detect a codon 12 K-ras mutation.
A concentration of 2.84 uM PNA complementary to wild-type K-ras DNA was found
sufficient to inhibit amplification of the wild-type gene, relative to the mutated gene,
to which it binds with lower affinity

In addition, PNA oligomer was also extensively employed combination with
the PCR technique for various melecular genetic applications including the
amplification of variable number of tandem repeat (VNTR) loci for the purpose of
genetic typing. In the process, small PNA oligomers are used to block the template,
and the latter becomes unavailable for intra- and inter-strand interaction during
reassociation. On the other hand, the primer extension is not blocked; during this
extension, the polymerase displaces the:PNA molecules from the template and the
primer is extended toward completion of reaction. This technique is so powerful that
it is possible to obtain a specific signal from a single mutation oncogene in the
presence of a 1,000-10,000 fold excess of the non-mutated wild type normal gene
[40—41]. Moreover, this approach indicates the potential of PNA application for PCR
amplification where fragments of different sizes are more accurately and evenly
amplified [3].

A new automated real-time PCR has recently been developed employing
PNAs - the so'called Q-PNA PCR. This technique relies on the hybridization between
a generic quencher labeled PNA (Q-PNA) and fluorescent labeled DNA primer in
order to quench the fluorescence of the primer. During PCR amplification, the Q-PNA
is displaced by integration of the primer into amplicons, thus enhancing the
fluorescence of thelabeling group [35,42]. Furthermore, PNA in conjunction with the
enzyme nuclease S1 has been used as artificial restriction enzyme [4]. In an example,
after a PNA binds to DNA duplex with a strand displacement, the displaced DNA
strand can be selectively cleaved by nuclease S1. Hence the combination of PNA and
nuclease S1 can be employed as artificial restriction enzymes that cleave DNA strands

at the position determined by the PNA sequence employed [3, 31].
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1.3.3 PNA asprobefor diagnosis and nucleic acid biosensor

The development of PNA-based biosensors has increased tremendously over
the past few years as demonstrated by the large number of scientific publication [43].
PNAs offer some advantages over DNA such as higher specificity, sensitivity and
accuracy in the detection of target sequence. PNAs have been incorporated into
expanding variety of applications in many-fields ranging from DNA diagnostics, gene
analysis, forensic and detection of biolegical agents. In addition, detection of genetic
mutations at the molecular level opens up the possibility of performing reliable
diagnostics even beforeany symptom of a disease appears [43—44]. A large number of
example of using PNA as a probe to detect DNA base sequence has been
demonstrated, most of which rely on the use of Nielsen’s PNA in conjunction with
different characterizing techniques. For instance, Zare et al. presented a colorimetric
method in conjunction with PNA to screen for genetic mutation by employing a
cyanine dye. This method based on the color change of dye from blue to purple upon
binding to PNA-DNA duplexes. The color changing that is used to visualize
formation/dissociation of the hybrid duplex [45]. In 2003, Komiyama and co-workers
has reported a combination of PNA and S1 nuclease can differentiate single-base
alteration in DNA target.with a remarkable specificity. The mixture after the
enzymatic  digestion was stained by cationic dye namely 3, 3'-
diethylthiadicardocyanine which showed different color upon binding to single
stranded PNA and its hybrid with DNA. When a mismatch is present in the DNA
strand, the resulting mismatched PNA-DNA duplexes are hydrolyzed by S1 while the
perfectly-matching hybrids remain intact. After the digestion, a cationic dye was
added. When the DNA sample is complementary with PNA probe, a purple color is
generated, whereas in the presence of single base mismatch. DNA, the color of

solution remains blue as shown in Figure1.11[44, 46].
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Figure1.11 Strategy for SNP detection by the PNA/Nuclease/Dye system [46].

Another_example of colorimetric detection for DNA sequence analysis was
reported by Appella and Zhang in 2007 [47]. They applied a colorimetric sandwich-
hybridization strategy to detect anthrax DNA samples. A cyclopentane-modified PNA
was used in the form of surface-bound probe. In this method, one PNA probe is
employed as a capture probe (PNA«) to immaobilize the DNA target to the surface and
another probe, that is labeled with biotin (PNA), is used as a detection probe (Figure
1.12a). The hybridization results in-immobilization of the biotin labelled PNAP,
which could be detected by treatment with avidin-horseradish peroxidase conjugate
(HRP-avidin) and tetramethylbenzidine (TMB). The perfectly matched DNA gives a

color change visible to the naked eye as indicated.in Figure 1.12b.
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Figure 1.12 (a) PNA-based sandwich-hybridization assay. PNAa is the capture
probe, and PNAR. is the detection probe [47].
(b) Signal amplification firom PNA-based sandwich-hybridization. The
blue color results from initial oxidation of 1-Step Turbo TMB, and the

yellow color is produced once the enzymatic reaction is stopped [47].
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In the present day, DNA sequence determination using a combination of PNA
and fluorescence techniques had been widely used. In most of these works, a
fluorescent labeling group is attached on to the PNA probe to detection of DNA
sequence. For example, Svanvik and co-workers reported a light-up PNA probe for
nucleic acid detection by attachment of an asymmetric cyanine dye thiazole orange
onto the PNA probe for DNA sequence analysis [48]. This method relies on the
fluorescence enhancement of TO upon binding to complementary DNA. When the
PNA hybridizes to DNA target, a strong fluorescent is generated whereas the

unhybridized probe showed a low fluorescent signal as illustrated in Figure 1.13.
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Figure 1.13 Strategy for nucleic acid detection via light-up probe [48].

Moreover, Sosher et al. recently described a new fluorescent-based PNA-DNA
hybridization assay using a forced intercalation (FIT) PNA probe in which one base is
replaced by -a thiazole orange (TO) molecule [49]. If the FIT-PNA probe is
complementary to the DNA sample, the TO dye will exhibit a strong fluorescent
signal due to the stacking in the duplexes enforces a coplanar arrangement even in the
excited state. In the presence of the one-mismatch DNA target, the fluorescent signal
of 'TO dye is dramatically decrease because of the TO dye has undergo torsional

motions that lead to rapid depletion of the excited state as shown in Figure 1.14.
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Figure1.14 (A) In FIT probes, an intercalator dyec such as TO serves as the base
surrogate that responds to perturbations of the duplex structure.
(B) The fluorescence of noncomplexed TO is low owing to the rapid

depletion of the excited state by torsional motions [49].

In addition, biosensor based on fluorescence resonance energy transfer
(FRET) utilizing dye-labeled PNA probe has been widely employed for hybridization
assay. In 2002, Gaylord and co-workers [50] reported the method for detecting
PNA-DNA interactions based on FRET using a cationic conjugated polymer (CCP),
(poly[(9,9-bis(6-N,N,N-trimethylammoniumhexylbromide)fluorene)-co-phenylene])
donor and a PNA labeled with a chromophore dye (C*) acceptor. The light-harvesting
properties of cationic polymer are used to sensitize the emission of chromophore on
the PNA probe. This method relies on the electrostatic interaction between positively
charged polymer and negatively charged PNA-DNA hybrid. This interaction brings
the cationic polymer and hybrid complex within distances required for FRET. If the
PNA-C* hybridizes to the complementary DNA target, the donor (CCP) and acceptor
(C*) will be sufficiently close that excitation of the results in FRET and emission
from C* is observed. On the other hand, if the target is not complementary to the
PNA-C* probe, the polymer to C* distance is large and no FRET take place, therefore
no C* emission can be observed. This method can be detected the DNA target at
concentrations down to 10 pM using a standard spetrofluorometer. The overall

scheme is shown in Figure 1.15.
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Figure 1.15 Schematic representation for the use of a cationic polymer (CCP) with

specific PNA-C* optical reporter probe to detect a complementary [50].

In 2005, Liu et. al. [51] constructed a specific DNA biosensor by using a
cationic conjugated polymer and a surface-bound PNA. The transduction mechanism
operates by taking advantage of the net increase in negative charge at the PNA upon
hybridization with DNA. The resulting PNA-DNA complexes cause the cationic
polymer to bind selectively to the surface with electrostatic interaction. The scheme of

this method is illustrated in Figure 1.16.

Figure 1.16 Amplification of a PNA (black)-ssDNA-C* (red) solid-state sensor
by polyelectrolytic deposition of the CCP (orange) [51].

Furthermore, Baker and co-workers [52] developed biosensor for the detection
of sequence-specific dsSDNA. The method based on fluorescence resonance.energy
transfer (FRET) process by using a water-soluble cationic conjugated polymer (CCP)
as the donor and a dye-labeled PNA as the acceptor (Figure 1.17). In this assays, the
emission of the donor or acceptor would signify the absence or presence of the target,

respectively. If the dsDNA target hybridizes to a complementary PNA-C* probe
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making the donor (CCP) and acceptor (PNA-C*) are close enough that excitation of
the CCP results in FRET and emission from C*. On the other hand, if the dSDNA
target is not complementary to the PNA probe, the polymer to C* distance is large,
and no C* emission is observed. The types of complexes between a PNA strand and
dsDNA structures were determined by using gel electrophoresis, and ion mobility

mass spectrometry.
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Figure1.17 dsDNA detection using a cationic conjugated polymer (CCP) and
a specific PNA-C* optical reporter probe

PNA can also be used as, or in combination with, molecular beacons (MBs).
Traditional MBs are doubly- end-labeled PNA probe carrying a fluorophore and a
quencher [53—54]. In the absence of the DNA target or when not hybridized with the
target, the beacon form a closed structure that brings these labels in juxtaposition,
resulting in quenching of the fluorescence from a dye bound to one end of the PNA
probe by the second dye bound to another end. In the presence of a complementary
DNA target, duplex structure forms, this spatially separated the two dyes, and thus the
beacon become fluorescent [55]. A variety of applications to DNA sequence detection
have been proposed using molecular, beacon in .combination with PNA probe. For
instance, Kuhn et. al. in 2002 [54] reported the use of PNA openers in combination
with-MBs for the detection of a selected target sequence directly in dsDNA. The use
of stemless PNA beacon improves specificity of the detection against the single

mismatch target. The scheme of this procedure is shown in Figure 1.18.
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Figure1.18 Schematics of the procedure for hybridization of molecular beacons

to dsDNA [54].

Recently, Komiyama and co-workers has proposed [55] the use of a PNA
based molecular beacon in combination with nuclease S1 to do SNP genotyping in
genomic DNA. The PNA molecular beacon contains fluorescein at the C-terminal and
dabcyl group at the N-terminal. Nuclease S1 stringently recognizes and digests the
DNA component in the mismatched PNA-DNA duplexes. The strategy of this
genotyping method 1s illustrated in Figure 1.19.
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Figure 1.19: Strategy for SNP detection using the combination of PNA beacon
and nuclease S1 [55].

In 2005, Appella and coworkers reported a quencher-free molecular beacon
strategy employing a PNA that was modified with a 9-fluorene group that use as the
fluorophore at the N-terminus as a probe for DNA sequence detection [56]. The
fluorescent intensity of the fluorophore-PNA probe will increases upon binding to
perfectly complementary because of the separation of the fluorophore and the

nucleobase which acted as quencher. Moreover, in 2008, Totsingan et. al. [57]
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employed PNA beacon and ion-exchange HPLC for the label-free detection of DNA
sequence. This technique can be used to directly visualize the PNA-DNA
hybridization since the duplex showed retention time different from those of PNA and
single stranded or double stranded DNA.

Apart from uses of PNA in conjunction with molecular beacon, PNA was also
used in with semiconductor to form PNA sensor chips [58—60]. For example, Gao and
co workers [59] constructed silicon nanowires (SiNW) that was fabricated using
complementary metal-oxide semiconductor (CMOS) compatible technology and their
surface was functionalized with PNA probes. The PNA-DNA hybridization was
detected by electrical measurement that related to resistance change of the silicon chip
before and after hybridization. The resistance of the silicon chip is enhanced upon
addition of negative charges. The principle is illustrated in Figure 1.20a. In the
following year, Zhang and co-workers [60] have established a novel oxide-etched
silicon nanowire biosensor with th¢ aim to improve the sensitivity of the silicon chip.
This SINWs was functionalized with a densely packed organic monolayer, which was

subsequently immobilized with PNA as indicated in Figur e 1.20b.
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Figure 1.20° (a). Schematic of the principle of the SINW array biosensor for
DNA [59].
(b). Schematic of PNA immobilization and PNA-DNA hybridization
on oxide-etched SiNW surface [60].

In addition, a novel method for solid-phase SNP genotyping that combining
allele-specific hybridization, PNA probe and microsphere-based flow cytometric
detection was introduced by Rockenbauer and co-workers [61]. In this method, the

PNA-DNA interaction was analyzed by flow cytometry.
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Most of the PNA-based assays for DNA sequence analysis described above
relies on color, fluorescence or resistance change. No separation of hybridized and
unhybridized probe is required. However, this advantage can also be a drawback since
non-specific background signals may be generated from the unhybridized probe. In
2004, Kerman and co-workers [62] reported the use of biotinylated PNA probes with
streptavidine coated magnetic beads in conjunction with a redox-active intercalator
Medola’s blue (MDB). The PNA:DNA hybrid was separated from the unbound PNA
by labeling of the DNA samples with biotin.-The PNA-DNA hybridization was
followed by the voltammetric signal of MDB. The strategy is indicated in Figure 1.21.
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Figure1.21 PNA modified magnetic bead-based assay for the specific detection

of hybridization in connection with an intercalator, Meldola’s blue

(MDB) [62].

From the variety of methods for DNA sequence analysis by using PNA as
probe.as explained “above, it was apparent that some techniques showed some
drawbacks such as in case of enzymatic digestion method for detecting nucleic acid, it
is difficultly to control the condition of the reaction, especially for large-scale testing
[63]. In addition, some method required labeled PNA probes or DNA samples thatare
quite complicated ‘and expensive, yet providing only indirect information ‘of DNA
sequence [64]. Furthermore some methods require complicated analysis techniques
and prepare preparations. A number of attempts for further improvements are being
made in many laboratories [65—67]. The major requirements for the DNA sequence

detection strategy are simple setup, inexpensive, using small quantity sample or probe,
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high sensitivity and flexibility of the procedure. Furthermore, the method should be
straightforwardly automated and scalable as well [61, 68]. In this regard, MALDI-
TOF mass spectrometry appeared to be a potential technique for the detection of
nucleic acid sequences. It is a very powerful mean of analysis for a variety of
compounds, protein, nucleic acid.and peptide compound, and possesses the capacity
to rapidly, high accurately and can distinguish individual component of complex
mixture on the basis of the intrinsic physical property of mass-to-charge (n/z) ratio. In
contrast to other DNA sequence analysis technique, MALDI-TOF mass spectrometry
based on the direct mass-determination of compounds rather than on an indirect
analysis [69-70]. Moreover, it also allows the detection of nucleic acids in seconds
without requirement for labels. The formation of predominantly singly charged
molecular ion makes the ‘analysis of complex mixtures by MALDI-TOF mass
spectrometry even.more attractive for complex bielogical molecules. From these
advantages, MALDI-TOE MS shows a great potential for high-throughput nucleic
acid detection applications [71-72].

PNAs are very compatible with MALDI-TOF mass spectrometric analysis.
Unlike DNA molecule, it has a neutral backbone, and thus less prone to fragmentation
during the MALDI process. In addition, it do not tend to from cation adducts, which
can result in reduced sensitivity and signal resolution in DNA analysis [69, 71, 73].
Furthermore, PNA possesses strong binding affinity and a high sequence specificity to
binding with, DNA under low ionic strength conditions '[71]. These unique
characteristics make PNA an attractive probe candidate to be used in combination
with MALDL-TOF mass spectrometric technique for detection of DNA sequence.
There are a few reports on the use of Nielsen’s PNA in combination with MALDI-
TOF MS to analyze DNA sequence [74-75]. The DNA sample was first tagged with
biotin and captured onto streptavidin magnetic beads. The captured DNA sample was
then hybridized with a PNA probe. After stringent washing of the PNA:DNA—bead
conjugate to remove the unhybridized PNA probe, the beads were directly analyzed
by MALDI-TOF MS. The presence of m/z of PNA indicates that the sequences of the
DNA and the PNA are complementary. It should be noted that only molecular mass of
PNA was observed because it is a peptide molecule which easily ionizes as compared
to DNA. The schematic outline of PNA based MALDI-TOF mass spectrometry

experiment is shown in Figure 1.22.
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Figure 1.22 Affinity capture assay for DNA. The detected molecular weight of the
PNA probe indicates the DNA sample [75].

In 2004, Ren and co-worker [76] reported a related method which
straightforwardly genotypes SNPs in double-stranded DNA (dsDNA) using PNA as a
probe and MALDI-TOF mass_spectrometric detection. In this method, the dsDNA
sample was first treat with exonuclease III and then with nuclease S1 in the presence
of PNA. This PNA probe protects designated segments of the DNA from enzymatic
digestion. In these one-pot-reactions, the single-stranded DNA fragments including
the SNP sites were obtained and then analyzed by MALDI-TOF MS and only
molecular mass of PNA was observed. The principle of this method is presented in

Figure 1.23.
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Figure1.23 Schematic representation of the processes for SNP detection by

exonuclease Ill/nuclease SI/PNA systems [76].
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In addition, Griffin and co-workers [77] reported the method of detection of
multiple, single base polymorphisms in polymerase chain reaction (PCR) amplified
human DNA by coupling solid phase affinity chemistry and PNA as allele-specific
hybridization probes with MALDI-TOF MS. This method was applied to analyzed
182bp exon 4 polymorphism of human tyrosinase gene. In this assay, the double-
stranded biotinylated DNA target was first immobilized on the streptavidin-coated
manetic beads and then the non-biotinylated - strand was removed. Subsequently,
biotinylated DNA-bound magnetic beads were hybrided with PNA probe. After
washing of the PNA-DNA=bead conjugate to remove the one-base mismatched PNA
probe, the beads were directly analyzed by MALDI-TOF MS. The resulting mass
showed peaks of distinet masses corresponding to the PNA probe that complementary
with the DNA sample; resulting in a mass spectral “fingerprint” for each DNA
sample.

Furthermore, Schatz and co-workers [78] reported the method for complex
analysis of DNA methylation by employing peptide nucleic acid (PNA) library probe
hybridization in combination with MALDI-TOF MS in 2006. In such process,
biotinylated PCR-amplificates were prepared and immobilized in streptavidin coated
plates and a PNA-library hybridization containing 100 nM of each PNA was
subsequently performed. After removing unspecifically bound probes, PNAs were
then analyzed with MALDI and the methylation level was estimated by dividing the
signal intensity of a probe specific to the methylated allele by the sum of signal
intensities of both probes This method is rapid and allows simultaneous detection of
DNA methylation markers in a single reaction only small amounts of DNA samples
and enables the parallel analysis of several methylation positions.

Another example of MALDI-TOF detection for DNA sequence analysis was
reported by Seitz and Mattes [79]. They developed method for the multiplex detection
of DNA single nucleotide polymorphisms by using PNA probe based on ligation
reaction, a technique for constructing an amide-bond from two or more unprotected
peptides. The ligation displayed remarkable sequence selectivity: the single-mismatch
template was ineffective in accelerating the formation of PNA- dipeptide hybrid. A
highly sequence-selective ligation was mornitored by MALDI-TOF MS. This method
was applied to using a multiplexed ligation assay about detection of three potential

mutations in the pig-ras gene segment in a single experiment.
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Moreover, Bauer and co-workers [80] have developed a method for DNA
sequence analysis by using multiplexed hybridizations of positive charged tag PNA
probe and analyzed by MALDI-TOF MS. The introduction of quaternary ammonium
as charge-tags on PNA probe was shown a high resolution and sensitivity including
considerably increase the detectability of small DNA oligonucleotides by MALDI-
TOF MS. In this method, the different charge-tagged PNA probes (667 nM each)
were simultaneously hybridized in solution” of PCR-amplified cDNA and genomic
DNA clones. Following purification with magnetic bead system and only those PNA
probes that hybridize to the target DNA were direetly analyzed by MALDI-TOF MS.
Thereby, DNA-specifie-hybridization profiles are generated that are characteristic for

cach clone as shown inthe Figure 1.24.
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Figure1.24 Concept of multiplexed oligonucleotide by positively charge-tagged
PNA detected by MALDI-TOF MS. [80]

Apart from employing PNA as probe in DNA sequence analysis, there are a
few technique employing DNA probe in conjunction with MALDI-TOF MS for
detection of DNA sequence. For example, Stoerker et. al. [81] reported the method by
using  MALDI-TOF-monitored nuclease selections for genotyping by employing
library DNA probes containing DNA probes that known genotypes (complementary
probe) and DNA probe that are not complementary with the DNA target. In this
process (Figure 1.25), the library probes were annealed to the DNA target, followed
by treatment with the single strand specific nuclease. The reaction solution was
monitored by MALDI-TOF MS, the target-bound, complementary probe was resistant

to nuclease digestion making its peak remains in mass spectra. Whereas, the non-
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complementary probe was digest by nuclease making peaks of the digested probes

disappear from the mass region of interest.
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Figure 1.25 “Schematic representation of the processes genotyping by MALDITOF-

monitored nuclease selections [81].

Additionally, Mengel-Jorgensen €t. al., [82] presented the protocol for typing
of multiple SNPs in a single reaction in order to detection of single base extension
primers (SBE) by MALDI-TOF. In the procedure, the SBE reactions were prepared
with biotin-labeled ddNTPs and then solid-phase capture on monomeric avidin beads.
The biotin-labeled DNA was cluted by placing tricthylamine directly on the beads and
the resulting biotin-labeled DNA product was directly analyzed by the MALDI-TOF
process. The biotin-ddNTPs containing linkers with different masses were used in
order to ensure a clear separation of the alleles even for SBE primers. This method
was applied to an analysis of a multiplex SBE reaction targeting 17 Y-chromosome
SNPs.

Form above researches, there are many methods have been published for the
detection of DNA sequence. However, the most frequently used assays are limited
such.as some method required biotin label on the DNA samples, which added the cost
of the labeling groups and sample preparation. In addition, some method 4s mot
capable of multiplex analysis because it was limited by the variable thermal stabilities
of PNA'DNA duplexes having different base sequence. Therefore, the procedure
conditions must be optimized for each hybridization probe separately, which might

not be appropriated for high throughput application [69].
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1.4 The objective of this Resear ch

The aim of this work is to develop a new PNA-MALDI-TOF based technique
for DNA sequence analysis that should be very simple, rapid, cost-effective and not
require labeling of the PNA probe or the DNA samples. The idea is to immobilize the
DNA samples (or its hybrid with PNA) on a solid anion exchange support instead of
biotin-streptavidin interaction. The immobilized DNA can then hybridized with PNA,
resulting in absorption of the PNA probe onto-the solid support, which cannot take
place in the absence of the ' DNA since PNA is electrostatically neutral. The support-
bound PNA-DNA hybrid is.then removed from the unhybridized PNA by thorough
washing and subsequently analyzed for the presence of the PNA probe by MALDI-
TOF mass spectrometry. The presence of the m/z signal of the PNA suggests that the
DNA and PNA sequences are complementary (Figure 1.26).

PNA o f o
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® ® ® VAN ANANNNS
@@@@ 8 9] PNA
+ [ ——— 4 f [ ——
anion exchanger e ® MALDI-TOF .
©©000O analysis

complementary DNA

Figure 1.26 = Schematics representation for DNA sequence analysis using PNA
as probe and ion exchange method and MALDI-TOF mass

spectrometry.

The PNA used in this research is.a. new conformationally rigid beta
pyrrolidinyl acpcPNA which was recently reported by Vilaivan and co-workers. This
PNA showed a very strong binding affinity and high sequence specificity towards
complementary DNA target. Several anion exchange materials including
functionalized silica,. sepharose, chitosan and. its.derivatives are evaluated for the
ability to immobilize the PNA-DNA hybrid and detection of DNA sequence. In
addition, application of the new technique to detect DNA sequences in real DNA
samples, with the aim to identify single base mutation such as SNP analysis will be

explored.
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EXPERIMENTAL SECTION

2.1 General Procedure

2.1.1 Equipments

Unless otherwise stated,all reaction glasswares were oven dried. The progress
of reaction was followed'by ~ thin layer chromatography (TLC) using Merck D.C.
silica gel 60 Fys4 0.2 mm-pre-coated aluminium plates. Visualization of TLC plates
was accomplished using either UV light (254 nm), iodine, or ninhydrin. Evaporation
of solvent was performed on Biichi Rotavapor R-200 with a water aspirator model B-
490 or a Refco Vacubrand pumps. The weight of all chemical substances was
determined on Metler Toledo electrical balance. Column chromatography was
performed on silica gel having 70-230 mesh for column chromatography.

Proton (‘'H) and carbon (*C) NMR spectra were recorded on a Varian
Mercury-400 plus NMR spectrometer operating at 400 MHz for '"H NMR and 100
MHz for ?C NMR in appropriate deuterated solvents. Chemical shifts (8) are reported
in part per million (ppm) relative to tetramethylsilane (TMS) or using the residual
protonated solvent signal as a reference. Optical rotations were measured using
sodium light (D line, 589.3 nm) at ambient temperature on a Jasco P-1010 Polarimeter.
Elemental analysis results were analyzed on CHNS/O Analyzer (Perkin Elmer
PE2400 Series II) at Scientific and Technological Research Equipment Center,
Chulalongkorn University.

The PNA were purified using Reverse phase HPLC on a Water 600™

controller system equipped with gradient pump and Water 996"

photodiode array
detector. A Varian™ C;3 HPLC column 3 pum particle size 4.6 x 50 mm was used for
the purification of PNA- oligomers. Peak monitoring and data processing were
performed on the base Empower software. The fractions were collected manually and
assisted by real-time HPLC chromatogram monitoring. The combined pure PNA

fractions were concentrated in vacuo and Freeze Drying (Freezone 77520, Benchtop

Labconco). MALDI-TOF mass spectra were measured in positive ion mode with a
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static accelerating voltage of +20 kV on a Bruker Daltonics Microflex MALDI-TOF

mass spectrometer.

212 Materials

All commercially available chemical were purchased from Fluka, Merck, Lab
Scan or Aldrich Chemical Co., Ltd., and used without purification. Commercial grade
solvents for column chromatography were distilled prior to use. Solvents for reactions
were AR grade used without purification. Tetrahydrofuran and 1,4-dioxane were
distilled from fresh thin-cut.sodium metal and benzophenone under N,. HPLC grade
acetonitrile and methanol for HPLC experiments, obtained from Fluka and Lab Scan,
were filtered through Nylon membrane (13 mm diameter, 0.45 um pore size) before
use. Each sample was filtered through a millex-HV syringe filter unit prior to
injection on to'the chromatograph. MilliQ water was obtained from ultrapure water
system with Millipak® 40 filter unit 0.22 pm, Millipore (USA). High purify nitrogen ,
hydrogen and helium (99.5% purity) were obtained from Thai Industrial Gas (TIG).

For solid phase peptide synthesis, anhydrous N,N-dimethylformamide (H,O <
0.01%, dried over activated 3A molecular sieves) using as solvent was purchased
form Merck and Lab Scan: TentaGel S RAM Fmoc resin used as solid support was
purchased from Fluka. The protected amino acids and chemical substances were
obtained from commercial source and used without purification namely Fmoc-L-
Lys(Boc)-OPfp) and Fmoc-Arg(Mtr)-OH were obtained form Novabiochem. Fmoc-
Ser(tBu)-ODhbt,; carboxybutyltriphenyl phosphonium and N-hydroxysuccinimide,
trifluoroacetic_acid (98%) were purchased from Fluka. All oligonucleotides were
purchased from Bioservice Unit, National Science and Technology Development
Agency (Thailand).

The ion_ exchange materials, quaternary ammonium modified silica
(trimethylaminopropyl) (SAX), ethylenediamine-N-propyl (PSA) were obtained from
Varian, Inc. diethylaminoethyl cellulose (DEAE cellulose) was purchased from Fluka.
Diethylaminoethyl = sepharose. (DEAE @ sepharose) and quaternary ammonium
sepharose (Q sepharose) were purchased from GE Healthcare.

N*-benzoylthymine, N°-benzoyladenine, N*-benzoylcytosine were synthesized

by Miss Cheeraporn Ananthanawat and Dr. Chaturong Suparpprom. Human and meat
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DNA samples were kindly supplied by Dr. Nattiya Hirankarn and Mr. Jeerawat
Nakkuntod from Department of Microbiology, Faculty of Medicine, and by Dr.
Piyasak Chaumpluk, Department of Botany, Faculty of Science, Chulalongkorn

University.
2.2  Synthesisof PNA monomers

PNA monomers consist of two, parts.-The first one is activated pyrrolidinyl
PNA monomers namely (N-Fluoren-9-ylmethoxycarbonyl)-Cis-4-(thymin-1-yl)-D-
proline pentafluorophenyl ester (11), (N-Fluoren-9-ylmethoxycarbonylamino)-Cis-4-
(Nz-isobutyrylguanin-9-yl)-D-proline pentafluorophenyl ester (12), (N-Fluoren-9-
ylmethoxycarbonyl)-ci S—4—(N4-benzoyladenin—9-yl)—D-proline pentafluorophenyl ester
(16) and (N-Fluoren-9-ylmethoxycarbonyl)-cis-4-(. N*-benzoylcytosine)-D-proline
pentafluorophenyl ester (17). All compounds were synthesized and purified according
to Vilaivan and co-workers [83—86].
The second part is activated ACPC spacer namely (1S52S)-2-(N-Fluoren-9-
ylmethoxycarbonyl)-aminocyclopentane carboxylic acid pentafluorophenyl ester (27).

It was synthesized and characterized according to the literature [85—-87].

2.3 Synthesisof positive charge labeling group

Car boxybutyl triphenylphosphonium bromide N-hydroxysuccinimidyl ester (2)

@) o O
*/\/\)J\ N-hydroxy succinamide / DCC +/\/\)J\
Br- n CH2C|2 Br-
@)
D) (2)

To a suspension of carboxybutyltriphenyl phosphonium bromide (0.886 g, 2
mmol) in dichloromethane ( 20 mL) was added N-hydroxysuccinimide (0.28 g, 2.4
mmol) and DCC (0.50 g, 2.4 mmol) followed by stirring at room temperature for 8 h.
After completion of reaction (TLC), DCU was obtained as by product which was
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filtered off by suction filtration. The filtrate was concentrated by rotary evaporation
and the resulting crude product was diluted with dichloromethane and extracted three
times with water. The combined aqueous layer was extracted again with
dichloromethane and the organic phase was concentrated to afford the desired product

as colorless oil (2) (0.859 g, 85%)

'H NMR (400 MHz; €DCl3): & 7.77-7.60 (my 15H, ArH), 3.68 (t, J=14.9 Hz, 1H,
PCHH CH,), 3.51 (t, J=14.9 Hz, 1H, PCHHCH3), 2.78 (s, 2H, COCH, CH>), 2.67 (t,
J=6 Hz, COCHHCHy), 2:58 (s, 2H, COCH,CHH);, 2.47.(t, J=6 Hz, 1H, COCHHCH,),
2.08 (t, J=6.4 Hz, 1H, €H,CHHCH),), 1.85 (t, J=6.6 Hz, CH,CHHCH,), 1.80-1.60 (m,
2H, CH,CH,CH,). € NMR (100 MHz; CDCL):6¢ 21.5 ['Jcp =46 Hz, PhsP-
CH,CH,] 25.4 and 25.7 [COCH,CH,CO], 21.2 [*Jcp =31 Hz, Ph;P-CH,CH,], 21.8
[*Jcp =25 Hz, PhsP=CH,CH,CH> ], 130.4,130.6, 130.7.[' Jep =46 Hz, 'Icp =76 Hz, 'Icp
=46 Hz, PhsP-CAr], 117.5, 118.3, 133.5, 133.7, 135.1[CHArPPh;], 172.7, 175.1 [CO
succidimidyl ester], 169.4 [CH,CO]. Anal Caled. for C,7H,;04NP requires C,
56.14%; H, 5.88%; N, 3.04%; Found C, 56.16%; H, 5.85%, N, 3.04%.

24  Synthesisof PNA

2.4.1 Preparation of the reaction pipette and apparatus for solid phase
synthesis

All PNA oligomers were synthesized manually using.a custom-built peptide
synthesis column which has been was previously developed in this laboratory
descried [85-86]. The weighed accurately resin was downloaded into the column and
first swelled in the required solvent for 1 h before starting the synthesis ¢ycle. In each
step, the reagents were directly sucked in, driven out or held on with manual control
over period of time indicated. Occasional agitation may be performed using this

apparatus under. manual control.
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2.4.2 PNA oligomerssynthesis

All acpcPNA oligomers were synthesized from the respective four (A,T,G,C)
monomers (11),(12),(16),(17) and SSACPC spacer (27) using standard Fmoc solid-
phase synthesis protocol. The sequences of all PNA oligomers used in this study are

shown in Table 2.1

Table2.1 Sequences of PNA oligomers used in this work

G-odeof B (N-terr]i)l?rsnelss‘i)qlgltlgrininus)

P1 Ac-TTTTTTTTT-Lys-NH»

P2 Ac-GTAGATCACT-Ser-NH,

P3 Ac-TTTTATTTT-Lys-NH,

P4 Ac-TTTTGTTTT-Lys-NH;

P5 Ac-TGTACGTCACAACTA-Lys-NH,
P6 Ac-TGTACGTAACAACTA-Lys-NH,
P7 Ac-Arg-AAAATCCCATT-Ser-NH,
P8 Ac-Arg-AAA ATTCCATT-Ser-NH,
P9 P-TTCCCCCTCCCAA-Ser-NH,
P10 P-TTCCCCTTCCCAA-Ser-NH,
P11 P-ATGTAACATCTCT-Ser-NH,
P12 P-ATGTAATATCTCT-Ser-NH,
P13 P-GCCTGTACTGTAG-Ser-NH,
P14 P-GCCTGTCCTGTAG-Ser-NH»

P = carboxybutyl triphenyl phosphonium
P3 and P4 were synthesized by Dr. Choladda Srisuwanaket
P5 and P6 were synthesized by Miss Cheeraporn Ananthanawat
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Solid phase synthesis of PNA oligomers consists of three major steps as

follows:
1) Removal of the N-terminal Fmoc group from the growing PNA
oligomers
i) Coupling of the activated monomers onto the N-terminus of the
growing PNA chain

111) Capping of the unreacted amino.group

Each of the individual steps in the synthesis cycle has been previously
optimized for the preparation of PNA oligomers [85]. After coupling of the last
monomer, the resin-bound PNA was cleaved from the resin by the appropriate reagent.
Two different protocols.are used in this study.

The first protocol was previously.developed in our laboratory by Dr.Choladda
Srisuwannaket and Dr. Chaturong Suparpprom [85-86]. The PNA P1-P8 were

synthesized on 1.0 mol scale using this strategy. The protocol is shown in Figure 2.1.



1 umol of TentaGel S-RAM Fmoc resin (solid support)

l

Deprotection step (20% piperidine in DMF x 1, 15 min)

l

Washing (DMF x 3)

l
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Anchoring 10 equiv. of Fmoc-Lys-(Boc)-OPfp or Fmoc-Ser(‘Bu)-ODhbt

110 equiv. of HOAt + 10 equiv. of DIEA in DMF (1 h)

l

Deprotection step (20% piperidine in DMF x 1, 15 min)<+—

l

Washing (DMF x 3)

l

Coupling step : 4 equiv. of PNA monomers or spacer

+ 4 equiv. of HOAt + 4 equiv. of DIEA in DMF (30 min)

l

Washing (DMF x 3)

|

Capping step (10% Ac,O/DIEA in DMFE x 1, 10 min)

l

Washing (DMF x 3)

n cycle

Figure2.1  The first strategy for solid phase synthesis of PNA (P1-P8)
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The second protocol which was slightly adapted from the first one was used to
prepare the remaining PNA oligomer as shown in Table 2.1. All of PNA oligomers
synthesis was carried out on 1.5 umol scale. The procedure is summarized in Figure

2.2. Firstly, three stock solutions were prepared as follows:

Deprotection solution st onsists of piperidine (20 uL), DBU (20

DMF (100 uL)

ﬂUEJ’WIEWl?WEl’]ﬂﬁ
qmmmmumwmaﬂ
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1.5 pmol of TentaGel S-RAM Fmoc resin (solid support)

l

Deprotection step (100 uL of stock 1x 1, 5 min)

l

Washing (DMF x 3)

l

Anchoring 10 equiv. of Fmoc-Ser(‘Bu)-ODhbt
+10 equiv. of HOAt + 10 equiv. of DIEA in DMF (1 h)

l

Deprotection step (100 uL of stock 1x 1,5 min) <+—

l

Washing (DMF x 3)

l

Coupling step : 4 equiv. of PNA monomers or spacer n cycle

+ 15 pL of stock 2 + 15 pL of stock 3 (30 min)

l

Washing (DMF x 3)

|

Capping step (2.0 pL of Ac,O in 15 pL of stock 2, 5 min)

l

Washing (DMF x 3)

Figure2.2 The second strategy for solid phase synthesis of PNA (P9—P14)
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Each step of this strategy was descried as following

i. Removal of N-terminal Fmoc protecting group of solid support

TentaGel S RAM Fmoc resin (6.3 mg, 1.5 umol) was loaded into the pipette
column and swelled in anhydrous DMF for 1 h before use. To remove the Fmoc group,
the prepared solid support was treated with 100-uL of stock 1 at room temperature (30
°C) for 5 min with occasional agitation./After 5 min, the resin was extensively washed

with anhydrous DME.

ii. Coupling with the fir st amino acid (serine) residue

Fmoc-Ser(‘Bu)-ODhbt (7.9-mg, 15 umol) was activated by treatment with
HOAt (2.1 mg, 15 umol) and DIEA (2.6 pL, 20 umel) in anhydrous DMF (30 uL) to
give a yellow solution. The prepared resin was treated with this solution under
occasional agitation at 30 °C for 1 h. After the specified period of time, the reagent

was removed and the resin was washed with DMF.

iii.  Capping step

After each of coupling step, the capping step was required to avoid formation
of deletion sequences. This could simplify purification of the full length PNA
oligomers. This step was carried out after the coupling step by treatment with a
mixture of acetic anhydride (2.0 uL) and DIEA stock 2 (30 pL) with occasional
agitation. After 5 minutes, the reagent was squeezed off and the reaction column was

then-washed with anhydrous DMF.

V. Deprotection of the Fmoc protecting group at N-terminus

After the coupling and. capping were completed, the deprotection of the N-
terminal Fmoc group from the growing peptide chain was performed as described in
step i. To determine the effectiveness of the previous coupling step the deprotection

solution containing dibenzofulvene-piperidine adduct was measured for UV
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absorbance at 264 nm. The first UV-absorbance of the deprotection solution, obtained
from the first loading of Fmoc-Ser('Bu)-ODhbt-resin, was assumed to be 100%. The
efficiency should be up to 95 % for each step in order to give acceptable yield and
purify of the final 10-15mer PNA.

V. Coupling with PNA monomers

a. pyrrolidinyl nucleobase monomer

After removing the Emoc group, the free amino group at the N-terminus was
subsequently coupled with the nucleobase monomer. This was carried out by treating
the resin with a mixture of the activated nucleobase monomers, DIEA stock 2 (15 uL)
and HOAt stock 3:(15 uL) at room temperature with occasional agitation. After 30
min of coupling, the reagent was squeezed off and the reaction column was then

washed with anhydrous DMF.

b. ACPC spacer

After coupling of the nucleobase monomer, capping and Fmoc group removed
were completed. The resin was treated with a solution of (27) (3.1 mg, 6 umol), DIEA
stock 2 (15 uL) and HOAt stock 3 (15 pL) with occasional agitation for 30 min. After
30 min of coupling, the reagent was squeezed off and the reaction column was then

washed with anhydrous DMF.

Vi. Depr otection of nucleobase protecting groups

For PNA. oligomers bearing ‘adenine, cytosine.or guanine bases in the
sequence, the nucleobase protecting groups (Bz for A and C, Ibu for G) must be
removed before-the PNA-was-cleaved from resin-by treating the resin with aqueous
ammonia/dioxane 1:1 in a sealed test.tube at 60 °C. After approximately .6 h of
deprotection, the reagent was squeezed off and the reaction column was then washed

with methanol.
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vii.  Attachment of carboxybutyltriphenyl phosphonium charge label

Coupling of the carboxybutyl triphenyl phosphonium labeling group at the N-
termini of the PNA oligomers was carried out after removal of the exocyclic amino
protecting groups by ammonia treatment (step vi). The washed resin was re-swollen
in DMF and treated with a mixture of (2) (6.90 mg, 15 umol) and DIEA (5.2 uL, 15
umol) in anhydrous DMF (30 uL). After coupling was allowed to proceed for 1 h, the
reagent was squeezed off and the reaction column was then washed with anhydrous

DMF.

viii. Cleavage of PNA oligomer from theresin

The cleavage of the PNA from the resin was accomplished by treatment with
trifluoroacetic acid (TFA). The resin bound PNA was treated with trifluoroacetic acid
(0.5 mL) at room temperature with occasional agitation. The resin became red during
this time. After approximately 2 h of cleavage, the trifluoroacetic acid was removed
under a stream of nitrogen to give a sticky brown residue. The resulting residue was
resuspended in diethyl ether. The suspension. was centrifuged and the ether was
decanted to yield the crude PNA as a white solid. The crude PNA was repeatedly
washed with diethyl ether (3 times). After the ether wash, the crude PNA was air-
dried and stored at —20 °C until further used.

2.5  Purification of crude PNA oligomers

25.1 Reverse-phase HPLC

PNA oligomers were purified on reverse-phase HPLC with UV detection at
260 mm. The solution of PNA in deionized water was filtered throughout a nylon
membrane filter (0.45 um). A Varian Polaris™ C g (3'pm particle size 4.6 x 50'mm)
analytical HPLC column was used for both analytical and preparative purpose.. The
eluents were 0.1% TFA in acetronitrile (solvent A) and 0.1% TFA in milliQ water
(solvent B). The gradient system was first A:B (20:80) for 5 min then linear gradient
to A:B (80:20) over a period of 65 min then hold for 10 min before revert back to A:B
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(20:80) in a period of 10 min at flow rate 0.5 mL/min. The desired product was
collected and characterized by MALDI-TOF mass spectrometry.

2.5.2 Anion exchange solid support capture method

The anion-exchange support (~0.2 mL) was packed in a peptide synthesis
column and pre-equilibrated with phosphate buffer (pH 7, 10 mM) for 15 min. The
DNA was dissolved in 10 mM phosphate buffer (pH 7) (0.5 mL), then loaded onto the
prepared anion-exchanger column and incubated with occasional agitation for 15 min
at room temperature. After washing with water, the DNA bound solid supports were
then treated with the crude PNA solution and was incubated with occasional agitation
for another 20 min at room temperature. To estimate the efficiency of the ion
exchange capture, 1 pL of the remaining PNA solution was mixed with 10 pL of
CCA matrix solution. One pL of this PNA solution/matrix mixture was spotted onto
the target, and allowed to dry at room temperature. The sample target was then
subjected to MALDI-TOF mass spectrometry analysis. After the absorption of PNA
on the DNA-bound ion exchange support was complete, the resulting PNA: DNA-
bound beads were then washed with several aliquots of deionized water or aqueous
acetronitrile to remove any.nonspecifically absorbed PNA probe. After washing, the
desorption of PNA was performed by treatment of the PNA-DNA-bound support with
0.5 mL of boiling water for 5-10 min. The process was repeated to ensure complete
desorption of the PNA. The progress of the desorption was monitored by MALDI-
TOF analysis:

2.6 Characterization of PNA oligomers

After purification by either HPLC or DNA capture method, the PNA were
characterized by MALDI-TOF mass spectrometry using a-cyano-4-hydroxy cinnamic
acid (CCA) as matrix. Mass spectra of all the studies were obtained on Microflex
MALDI-TOF mass spectrometry (Bruker Daltonics) and recorded in the positive ion
linear time-of-fight mode with accelerating voltage of +20 kV. The sample (1 pL
each) was mixed with matrix solution (10 puL) containing a saturated solution of CCA

in 0.1% trifluoroacetic acid in acetonotrile:water (1:2) solution. One pL of this PNA
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solution/matrix mixture was spotted onto the target, and allowed to dry at room
temperature. The sample target was then subjected to MALDI-TOF mass
spectrometry analysis. All spectra were processed by averaging between 20 and 30
individual laser shots. External mass calibration was performed using PNAs of known

molecular weight (1850.0, 3558.8, 5208.6 Da.)

2.7 PNA synthesis

2.7.1 Synthesisof Ac-TTTTTTTTT-Lys-NH, (P1)

This PNA eoligomer was synthesized according to first protocol using
TentaGel S RAM Fmoc resin (4.2.mg, 1.0 umol). The coupling efficiency of each

monomer is shown in the table below.

Cycle Monomers Ases Coupling efficiency
1 Fmoc-Lys- OPfp 0.832 100.0
2 Fmoc-T-OPfp 0.793 95.3
3 Fmoc-ACPC -OPfp 0.782 98.6
4 Fmoc-T-OPfp 0.743 95.0
5 Fmoc-ACPC -OPfp 0.694 93.4
6 Fmoc-T-OPfp 0.707 101.9
7 Fmoc-ACPC -OPfp 0.739 104.5
8 Fmoe-T «OPfp 0.726 98.2
s Fmoc-ACPC -OPfp 0.736 101.4
10 Fmoc-T-OPfp 0.716 973
11 Fmoc-ACPC -OPfp 0.706 98.6
12 Fmoc-T-OPfp 0.685 271
13 Fmoc-ACPC -OPfp 0.690 100.7
14 Fmoc-T-OPfp 0.655 94.9
15 Fmoc-ACPC -OPfp 0.631 96.3
16 Fmoc-T-OPfp 0.571 90.5
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Cycle Monomers Aoea Coupling efficiency
17 Fmoc-ACPC -OPfp 0.597 104.5
18 Fmoc-T-OPfp 0.568 95.1
19 Fmoc-ACPC -OPfp 0.736 98.6
average 96.9

After final Fmoedeprotection and acetylationat the N-terminus, the PNA was
cleaved from the resin. The crude PNA was then purified by reverse phase HPLC. In
the chromatogram, thePNA (P1) appeared at g =20.1 min. MALDI-TOF mass
spectrum showed m/zat 3179.7(M'H qica = 3179.4)

2.7.2 Synthesisof Ac- GTAGATCACT-Ser-NH,, (P2)

This PNA was synthesized as described for the PNA P1 on TentaGel S RAM

Fmoc resin (4.3 mg, 1.0 pmol). The coupling efficiency of each monomer is shown in

the table below.
Cycle Monomers Asrgs Coupling efficiency
1 Fmoc-Ser(‘Bu)-ODhbt 0.842 100.0
2 Fmoc-T-OPfp 0.836 99.2
3 Fmoc-ACPC -OPfp 0.833 99.6
4 Fmoc-C**-OPfp 0.756 90.4
5 Fmoc-ACPC -OPfp 0.788 104.2
6 Fmoc-A"*-OPfp 0.743 94.3
7 Fmoc-ACPC -OPfp 0.769 103.4
8 Fmoc-C*-OPfp 0.725 942
9 Fmoc-ACPC -OPfp 0.739 101.9
10 Fmoc-T-OPfp 0.720 97.4
11 Fmoc-ACPC -OPfp 0.740 102.8
12 Fmoc-A"*-OPfp 0.718 97.2
13 Fmoc-ACPC -OPfp 0.754 105.0
14 Fmoc-G"™-OPfp 0.752 99.7
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Cycle Monomers Aoea Coupling efficiency

15 Fmoc-ACPC -OPfp 0.720 95.8

16 Fmoc-A"*-OPfp 0.690 95.8

17 Fmoc-ACPC -OPfp 0.704 102.0

18 Fmoc-T-OPfp 0.680 96.6

19 Fmoc-ACPC -OPfp 0.675 99.2

20 Fmoc-G™-OPfp 0.638 94.5

21 Fmoc-ACPC -OPfp 0.596 93.4
average 98.3

After acetylation, the nucleobase protecting group was removed prior to
cleavage from resin as deseribed in step Vi. After final Fmocdeprotection and
acetylation at the N-terminus, the PNA was cleaved from the resin. The crude PNA
was then purified by reverse phase HPLC. In the chromatogram, the PNA (P2)
appeared at tg = 21.7 min. MALDI-TOF mass spectrum. showed m/z at 3517.6
(M-H ca1ed =3517.8)

2.7.3 Synthesisof Ac-Arg-AAAATCCCATT-Ser-NH» (P7)

This PNA was established according to first strategy as revealed for PNA P1
using TentaGel S RAM Fmoc resin (6.3 mg, 1.5 umol). The coupling efficiency of

each monomer is revealed in table below.

Cycle Monomers Ases Coupling efficiency
1 Fmoc-Ser(‘Bu)-ODhbt 1.028 100.0
2 Fmoc-T-OPfp 1.064 2035
3 Fmoc-ACPC -OPfp 1.039 97.6
4 Fmoc-T-OPfp 1.057 101.7
5 Fmoc-ACPC -OPfp 1.056 99.9
6 Fmoc-A""-OPfp 0.972 92.0
7 Fmoc-ACPC -OPfp 0.967 99.4
8 Fmoc-C**-OPfp 0.981 101.4
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Cycle Monomers Aoea Coupling efficiency
9 Fmoc-ACPC -OPfp 1.029 104.9
10 Fmoc-C*-OPfp 0.955 92.8
11 Fmoc-ACPC -OPfp 0.913 95.6
12 Fmoc-C"*-OPfp 0.509 111.5
13 Fmoc-ACPC -OPfp 0.500 98.2
14 Fmoc-T-OPfp 0.452 90.4
15 Fmoc-ACPC -OPfp 0.426 94.2
16 Fmoc-A"“OPfp 0.432 101.4
17 Fmoc-ACPC -OPfp 0.402 93.0
18 Fmoc-A*-OPfp 0.381 94.8
19 Fmoc-ACPC -OPfp 0.409 107.3
20 Fmoe-A"*-OPfp 0.389 95.1
21 Fmoc-ACPC -OPfp 0.345 88.7
22 Fmoe-A"-OPfp 0.322 93.3
23 Fmoc-ACPC -OPfp 0314 97.5
24 Fmoc-Arg (Mtr)-OH 0.289 92.0

average 97.8

* Cycle 1-11: Asgy and Coupling efficiency at 1.5 pmole of resin. Cycle 12-24: A,g and Coupling

efficiency at 0.75 pmole of resin (split in to 2 reactions)

After final Fmoc deprotection and acetylation at the N-terminus, the PNA was

cleaved from the resin. The crude PNA was then purified by reverse phase HPLC. In
the chromatogram, the PNA (P7) appeared at tg = 23.2 min. MALDI-TOF mass

spectrum showed MVzat3961.5 (M-H ca1ca = 3961.2)

2.7.4._Synthesisof AC-Arg-AAAATTCCATT -Ser-NH3 (P8)

This PNA was constructed according to first protocol using TentaGel S RAM

Fmoc resin (6.3 mg, 1.5 pmol). The coupling efficiency of each monomer is revealed

in table below.



Cycle Monomers Ases Coupling efficiency
1 Fmoc-Ser(‘Bu)-ODhbt 1.028 100.0
2 Fmoc-T-OPfp 1.064 103.5
3 Fmoc-ACPC -OPfp 1.039 97.6
4 Fmoc-T-OPfp 1.057 101.7
5 Fmoc-ACPC.-OPfp 1.056 99.9
6 Fmoc-A"*-OPfp 0.972 92.0
7 Fmoc-ACPC -OPfp 0.967 99.4
8 Fmoc-C~7-OPfp 0.981 101.4
9 Fmoe-ACPC-OPfp 1.029 104.9
10 Fmoc-C""-QPfp 0.955 92.8
11 Fmoc-ACPC -OPfp 0.913 95.6
12 Fmoc-T-OPfp 0.502 109.6
13 Fmoc-ACPC -OPfp 0.549 109.3
14 Fmoc-T-OPfp 0.579 105.5
15 Fmoc-ACPC -OPfp 0.547 94.4
16 Fmoc-A"*-OPfp 0.499 91.2
17 Fmoc-ACPC -OPfp 0.512 102.6
18 Fmoc-A""-OPfp 0.474 92.6
19 Fmoc-ACPC -OPfp 0.501 105.6
20 Fmoc-A"’-OPfp 0.474 94.6
21 Fmoc-ACPC -OPfp 0.463 97.7
22 Fmoc-A"*-OPfp 0.417 90.1
23 Fmoce-ACPC -OPfp 0.407 97.6
24 Fmoc-Arg (Mtr)-OH 0.313 76.9

average 98.9

* Cycle'1-11: Ayq and Coupling efficiency at 1.5 pmole of resin. Cycle 12-24: Ayq4 and coupling

efficiency at 0.75 pmole of resin (split in to 2 reactions)
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After removing the final Fmoc group, the resulting free amino group was
capped with acetyl group and the nucleobase protecting group was subsequently
removed prior to cleavage from resin as described in step Vviii. The crude PNA was
purified by anion exchange capture. The purity of P8 was confirmed by HPLC (tg =
23.8 min). MALDI-TOF mass spectrum showed mVz at 3976.4 (M-H' ca1cq = 3976.2)

2.7.5 Synthesisof P-TTCCCCCTCCCAA -Ser-NH, (P9)
This sequence was prepared according to-second protocol using TentaGel S

RAM Fmoc resin (6.3-mg, 1.5 umol). The coupling efficiency of each monomer is

revealed in table below.

Cycle Monomers Aores Coupling efficiency
1 Fmoc-Ser(‘Bu)-ODhbt 0.826 100.0
2 Fmoe-A"*-OPfp 0.789 95.5
3 Fmoc-ACPC -OPfp 0.748 94.8
4 Fmoc-A"“QPfp 0.772 103.2
5 Fmoc-ACPC -OPfp 0.712 92.2
6 Fmoc-C *-OPfp 0.736 103.4
7 Fmoc-ACPC -OPfp 0.721 97.9
8 Fmoc-C™”-OPfp 0.712 98.7
9 Fmoc-ACPC -OPfp 0.703 98.7
10 Fmoc-C**-OPfp 0.694 98.7
11 Fmoc-ACPC -OPfp 0.675 97.3
12 Fmoc-T-OPfp 0.658 917.5
13 Fmoc-ACPC -OPfp 0.664 100.9
14 Fmoc-C**-OPfp 0.314 94.6
15 Fmoc-ACPC -OPfp 0.317 100.9
16 Fmoc-C %~ OPfp 0.304 95.9
17 Fmoc-ACPC -OPfp 0.307 101.0
18 Fmoc-C*-OPfp 0.296 96.4
19 Fmoc-ACPC -OPfp 0.307 103.7
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Cycle Monomers Asrga Coupling efficiency

20 Fmoc-C**-OPfp 0.308 100.3
21 Fmoc-ACPC -OPfp 0.290 94.2
22 Fmoc-C"7-OPfp 0.298 102.8
23 Fmoc-ACPC -OPfp 0.293 98.3
24 Fmoc-T-OPfp 0.285 97.3
25 Fmoc-ACPC -OPfp 0:275 96.5
26 Fmoc-T-OPfp 0.249 90.5
27 Fmoc-ACPC -OPfp 0.239 95.9

average 97.9

* Cycle 1-13: A and coupling efficiency at 1.5 umole of resin, Cyele 14-27: Ayqq and coupling

efficiency at 0.75 pmole of resin (split in to 2 reactions)

After removing the final Fmoc group, the nucleobase protecting group was
subsequently removed as described in step Vi. The free amino group at the N-terminus
was subsequently coupled with the carboxybutyl triphenyl phosphonium labeling
group (step Vii) prior to cleavage' from resin. The crude PNA was then purified by
reverse phase HPLC. In the chromatogram, the PNA (P9) appeared at tx = 20.9 min.
MALDI-TOF mass spectrum showed myz at 4668.0 (M ,1.q = 4667.8)

2.7.6 Synthesisof P-TTCCCCTTCCCAA -Ser-NH» (P10)
This sequence was prepared in the same way as described for the PNA P9

using TentaGel S RAM Fmoc resin (6.3 mg, 1.5 umol). The coupling efficiency of

each monomer is revealed in table below.

Cycle Monomers Asey Coupling efficiency
1 Fmoc-Ser(‘Bu)-ODhbt 0.826 100.0
2 Emoc-A®-OPfp 0.789 95.5
3 Fmoc-ACPC -OPfp 0.748 94.8
4 Fmoc-A"*-OPfp 0.772 103.2
5 Fmoc-ACPC -OPfp 0.712 92.2




50

Cycle Monomers Aoea Coupling efficiency
6 Fmoc-C *-OPfp 0.736 103.4
7 Fmoc-ACPC -OPfp 0.721 97.9
8 Fmoc-C"*-OPfp 0.712 98.7
9 Fmoc-ACPC -OPfp 0.703 98.7
10 Fmoc-C**-OPfp 0.694 98.7
11 Fmoc-ACPC -OPfp 0.675 97.3
12 Fmoc-T-OPfp 0.658 97.5
13 Fmoc-ACPC -OPfp 0.664 100.9
14 Fmoc-T-OPfp O 39 102.1
15 Fmoc-ACPC ~-OPfp 0.328 96.8
16 Fmoc-C %“OPfp 0.333 101.5
17 Fmoe-ACPC -OPfp 0.317 95.2
18 Fmoc-C*-OPfp 0.314 99.0
19 Fmoe-ACPC -OPfp 0.304 96.8
20 Fmoc-C¥-OPfp 0.314 103.3
21 Fmoc-ACPC -OPfp 0.309 98.4
22 Fmoc-C %-OPfp 0.296 95.8
23 Fmoc-ACPC -OPfp 0.290 97.9
24 Fmoc-T-OPfp 0.269 92.8
25 Fmoc-ACPC -OPfp 0.266 98.8
26 Fmoc-T-OPfp 0.247 92.9
27 Fmoc-ACPC -OPfp 0.248 100.4

average 98.0

* Cyele 1-13: Aygyand coupling efficiency at 1.5 pmole of resin. Cyele 14-27: Ajgsand coupling

efficiency at 0.75 pmole of resin (split in to 2 reactions)

After removing the final Fmoc group, the nucleebase protecting group was

subsequently removed as described in'step vi. The free amino group at the N-terminus

was subsequently ‘coupled with the ‘earboxybutyl ‘triphenyl phosphonium ‘labeling

group (step Vii) prior to cleavage from resin. The crude PNA was then purified by

reverse phase HPLC. In the chromatogram, the PNA (P10) appeared at tg = 20.6 min.
MALDI-TOF mass spectrum showed m/z at 4683.3 (M+calcd =4682.8)
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2.7.7 Synthesisof P- ATGTAACATCTCT -Ser-NH, (P11)

This sequence was prepared according to the second strategy as described
above using TentaGel S RAM Fmoc resin (6.4 mg, 1.5 pumol). The coupling

efficiency of each monomer is revealed in table below.

Cycle Monomers Ares Coupling efficiency
1 Fmoc-Ser(‘Bu)-ODhbt 1.109 100.0
2 Fmoe-T-OPfp 1.030 92.9
3 Fmoc-ACPC -OPfp 1.068 103.7
4 Fmoc-C*-OPfp 1.021 95.6
5 Fmoc-ACPC -OPfp 0.996 97.6
6 Fmoe-T-OPfp 1.003 100.7
7 Fmoc-ACPC -OPfp 1.089 108.5
8 Fmoe-C"“-OPfp 0.919 84.4
9 Fmoc-ACPC -OPfp 0.812 88.4
10 Fmoc-T-OPfp 0.796 98.0
11 Fmoc-ACPC -OPfp 0.806 101.2
12 Fmoc-A"*-OPfp 0.844 104.7
13 Fmoc-ACPC -OPfp 0.886 105.3
14 Fmoc-C*7-OPfp 0.447 100.9
15 Fmoc-ACPC -OPfp 0.454 101.5
16 Fmoc-A"*-OPfp 0.433 95.4
17 Fmoc-ACPC -OPfp 0.421 97.2
18 Fmoc-A~%OPfp 0.404 95.9
19 Fmoc-ACPC -OPfp 0.413 102.2
20 Fmoc-T-OPfp 0.399 96.6
21 Fmoc-ACPC -OPfp 0.390 97.7
22 Fmoc-G"*-OPfp 0.407 104.3
23 Fmoc-ACPC -OPfp 0.364 89.4
24 Fmoc-T-OPfp 0.348 95.6
25 Fmoc-ACPC -OPfp 0.338 97.1
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Cycle Monomers Aoea Coupling efficiency
26 Fmoc-A"*-OPfp 0.358 105.9
27 Fmoc-ACPC -OPfp 0.305 85.2
average 98.3

? Cycle 1-13: Ayg and coupling efficiency at 1.5 pmole of resin. Cycle 14-27: A,¢4 and coupling

efficiency at 0.75 umole of resin (split in to 2 reactions)

After removing the final Fmoc,group, the nucleobase protecting group was
subsequently removed as described in step vi followed by resulting free amino group
at the N-terminus was subsequently coupled with the carboxybutyl triphenyl
phosphonium labeling group (step Vii) prior to cleavage from resin. The crude PNA
was then purified by reverse phase HPLC. In the chromatogram, the PNA (P11)
appeared at tg = 21.0 min. MALDI-TOFE mass spectrum showed m/z at 4785.8 (M+calcd
=4785.9)

2.7.8 Synthessof P-ATGTAATATCTCT-Ser-NH; (P12)
This sequence was synthesized according to the second protocol as earlier

revealed above using TentaGel S RAM Fmoc resin (6.3 mg, 1.5 umol). The coupling

efficiency of each monomer is revealed in table below.

Cycle Monomers Aoes Coupling efficiency
1 Fmoc-Ser(‘Bu)-ODhbt 1.109 100.0
2 Fmoc-T-OPfp 1.030 92.9
3 Fmoe-ACPC -OPfp 1.068 103.7
4 Fmoc-C’-OPfp 1.021 95.6
3 Fmoc-ACPC -OPfp 0.996 97.6
6 Fmoc-T-OPfp 1.003 100.7
7 Fmoc-ACPC -OPfp 1.089 108.5
8 Fmoc-C*“OPfp 0919 84.4
9 Fmoc-ACPC -OPfp 0.812 88.4
10 Fmoc-T-OPfp 0.796 98.0
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Cycle Monomers Aoea Coupling efficiency
11 Fmoc-ACPC -OPfp 0.806 101.2
12 Fmoc-A"*-OPfp 0.844 104.7
13 Fmoc-ACPC -OPfp 0.886 105.3
14 Fmoc-T-OPfp 0.436 98.4
15 Fmoc-ACPC -OPfp 0.450 103.2
16 Fmoc-A""-OPfp 0.441 98.0
17 Fmoc-ACPC -OPfp 0.409 92.7
18 Fmoc-A"“OPfp 0.416 101.7
19 Fmoc-ACPC -OPfp 0.430 103.3
20 Fmoc-T-OP{p 0.407 94.7
21 Fmoc-ACPC -OPfp 0.427 104.9
22 Fmoe-G"™-OPfp 0.416 97.4
23 Fmoc-ACPC -OPfp 0.384 92.3
24 Fmoe-T-OPfp 0.364 94.8
25 Fmoc-ACPC -OPfp 0.345 94.7
26 Fmoc-A"“-OPfp 0.328 95.1
27 Fmoc-ACPC -OPfp 0.290 88.4

average 98.0

 Cycle 1-13: Aygs and coupling efficiency at 1.5 pmole of resin. Cyecle 14-27: Aye4 and coupling

efficiency at 0.75 umole of resin (split in to 2 reactions)

After removing the final Fmoc group, the nucleobase protecting group was

subsequently removed as described in step vi. The free amino group at the N-terminus

was subsequently coupled with the carboxybutyl triphenyl phosphonium labeling

group (step Vii) prior to cleavage. from resin. The crude PNA was then purified by

reverse phase HPLC. In the chromatogram, the PNA (P12) appeared at tg = 20.0 min.
MALDI-TOF mass spectrum showed m/z at 4801.4 (M+calcd =4800.9)
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279 Synthesisof P- GCCTGTACTGTAG -Ser-NH, (P13)

This sequence was synthesized according to the second protocol as earlier
revealed above using TentaGel S RAM Fmoc resin (6.3 mg, 1.5 umol). The coupling

efficiency of each monomer is revealed in table below.

Cycle Monomers Ares Coupling efficiency
1 Fmoc-Ser(‘Bu)-ODhbt 0.875 100.0
2 Fmoe-G™-OPfp 0.855 97.7
3 Fmoc-ACPC -OPfp 0.808 94.5
4 Fmoc-A""-OPfp 0.878 108.6
5 Fmoc-ACPC -OPfp 0.851 96.9
6 Fmoe-T-OPfp 0.817 96.0
7 Fmoc-ACPC -OPfp 0.821 100.4
8 Fmoe-G"™*-OPfp 0.808 98.4
9 Fmoc-ACPC -OPfp 0.795 98.4
10 Fmoc-T-OPfp 0.789 99.2
11 Fmoc-ACPC -OPfp 0.778 98.6
12 Fmoc-C**-OPfp 0.781 100.4
13 Fmoc-ACPC -OPfp 0.779 99.7
14 Fmoc-A""-OPfp 0.301 77.3
15 Fmoc-ACPC -OPfp 0.299 99.3
16 Fmoc-T-OPfp 0.294 98.3
17 Fmoc-ACPC -OPfp 0.301 102.4
18 Fmoc-G'™-OPfp 0.281 93.4
19 Fmoc-ACPC -OPfp 0.277 98.6

20 Fmoc-T-OPfp 0.280 101.1
21 Fmoc-ACPC -OPfp 0.256 91.4
22 Fmoc-C" %OPfp 0.268 104.7
23 Fmoc-ACPC -OPfp 0.251 93.6
24 Fmoc-C"*-OPfp 0.250 99.6
25 Fmoc-ACPC -OPfp 0.231 92.4
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Cycle Monomers Aoea Coupling efficiency
26 Fmoc-G"™"-OPfp 0.244 105.6
27 Fmoc-ACPC -OPfp 0.229 93.8
average 97.5

? Cycle 1-13: Ayg and coupling efficiency at 1.5 pmole of resin. Cycle 14-27: A,¢4 and coupling

efficiency at 0.75 umole of resin (split in to 2 reactions)

After removing the final Fmoc,group, the nucleobase protecting group was
subsequently removed as-described in step vi. The free amino group at the N-terminus
was subsequently coupled with the carboxybutyl triphenyl phosphonium labeling
group (step Vvii) prior.to cleavage from resin. The crude PNA was then purified by
reverse phase HPLC. Inthe chromatogram, the PNA (P13) appeared at tg = 20.1 min.
MALDI-TOF mass spectrum showed m/zat 4818.6 (M catea = 4818.9)

2.7.10 Synthesisof P- GCCTGTCCTGTAG -Ser-NH, (P14)
This sequence was synthesized according to the second protocol as earlier

revealed above using TentaGel S RAM Fmoc resin (6.3 mg, 1.5 umol). The coupling

efficiency of each monomer is revealed in table below.

Cycle Monomers Aoes Coupling efficiency
1 Fmoc-Ser(‘Bu)-ODhbt 0.875 100.0
2 Fmoc-G™-OPfp 0.855 97.7
3 Fmoc-ACPC -OPfp 0.808 94.5
4 Fmoc-A“OPfp 0.878 108.6
5 Fmoc-ACPC -OPfp 0.851 96.9
6 Fmoc-T-OPfp 0.817 96.0
7 Fmoc-ACPC -OPfp 0.821 100.4
8 Fmoc-G™-OPfp 0.808 98.4
9 Fmoc-ACPC -OPfp 0.795 98.4
10 Fmoc-T-OPfp 0.789 99.2
11 Fmoc-ACPC -OPfp 0.778 98.6
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Cycle Monomers Aoea Coupling efficiency
12 Fmoc-C**-OPfp 0.781 100.4
13 Fmoc-ACPC -OPfp 0.779 99.7
14 Fmoc-C"7-OPfp 0.283 72.8
15 Fmoc-ACPC -OPfp 0.266 93.9
16 Fmoc-T-OPfp 0.257 96.6
17 Fmoc-ACPC -OPfp 0277 107.7
18 Fmoc-G™"-OPfp 0.269 97.1
19 Fmoc-ACPC -OPfp 0.254 94.4
20 Fmoc-T-OPfp 0.268 105.5
21 Fmoc-ACPC -OPfp 0.237 88.4
22 Fmoc-C *OPfp 0.242 102.1
23 Fmoe-ACPC -OPfp 0.228 94.2
24 Fmoc-C*-OPfp 0.235 103.1
25 Fmoe-ACPC -OPfp 0.211 89.8
26 Fmoc-G™-OPfp 0.201 95.3
27 Fmoc-ACPC -OPfp 0.206 102.5

average 97.1

a Cycle 1-13: Ay and coupling efficiency at 1.5 umole of resin. Cycle 14-27: A,g4 and coupling

efficiency at 0.75 umole of resin (split in to 2 reactions)

After removing the final Fmoc group, the nucleobase protecting group

was

subsequently removed as described in step Vi. The free amino group at the N-terminus

was subsequently coupled with the carboxybutyl triphenyl phosphonium labeling

group (step Vvii) prior to: cleavage from resin.. The crude PNA was then purified by

reverse phase HPLC. In the chromatogram, the PNA (P14) appeared at tg = 21.0 min.
MALDI-TOF mass spectrum showed myz at 4843.0 (M+calcd =4842.9)
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2.8 UV Mdting Experiments

UV melting was used to study binding property and sequence specificity of all
PNA oligomers. Thermal denaturation profiles of the hybrids were measured at 260
nm with a CARY 100 Bio UV-Visible spectrophotometer (Varian Ltd.) equipped
with a thermal melt system. The DNA-PNA: sample (1:1) were prepared in 10 mM
sodium phosphate (pH 7.0) at a total volume 0f 1000 uL in a 10 mm quartz cell with a
Teflon stopper and equilibrated at the starting temperature for 10 min. The Ay was
recorded in steps heatingfrom 20-90 °C, cooling 90-20 °C and reheating 20-90 °C
(block temperature) with a temperature ramp of 1 °C/min. The temperature recorded
was the block temperature and was corrected using the temperature read-out obtained
from a built-in temperature probe. The equation for determining the corrected temp
was obtained by measuring the actual temp in the cuvette using a temperature probe
and plotting against the set temperature (Tpioek) from 2090 °C. The linear equation
and relationship were obtained with Y = 0.9696X-0.8396 and r® > 0.99. In addition,
the result taken from the last heating cycle was used and was normalized by dividing

the absorbance at each temperature by the initial absorbance.

Correct temperature-and normalized absorbance are defined as follows.
Correct. Temp. = (0.9696xT piock) —0.8396
Normalized Abs. = AbSyps/ AbSinit

The melting temperature (T,,) 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.). Ty, values obtained from independent experiments were accurate within +0.5

°C.
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2.9 PNA hybridization and ion exchange capture experiments

2.9.1 Hybridization between PNA probe and single stranded (synthetic) DNA

The strong anion exchanger was washed once with deionized water and twice
with binding buffer (10 mM sodium phosphate, pH 7.0) and resuspended in the same
binding buffer. Equimolar amounts of the PNA probe (or probe mixture) and DNA
sample (1 — 100 pmol each) were mixed in 10-mM sodium phosphate buffer pH 7.0
and incubated at room temperature for 20 min. The prepared anion exchanger (3 pL,
~3 mg) was added to.this PNADNA hybrid solution and left for another 20 min at
room temperature. After the period of time indicated, the support-bound PNA-DNA
hybrid was washed with several aliquots of deionized water or aqueous acetonitrile (3
— 15%) to remove unhybridized PNA probes. One pL of the resulting support-bound
PNA-DNA hybrid was suspended in 10 pL of matrix solution (a saturated solution of
CCA in 0.1% trifluoroacetic acid in 1:2° acetonotrile:water). One pL of the
support/matrix ‘mixture was placed on the target, and allowed to dry at room
temperature. The sample on the target was then subject to MALDI-TOF mass

spectrometry analysis.

2.9.2 Hybridization between PNA probe and double stranded DNA (synthetic
and PCR samples)

The anion exchanger was pre-equilibrated in 10 mM sodium phosphate buffer
pH 7.0 as explained above. The double-stranded DNA (1 — 10 pmol for synthetic
DNA or 5 pL for PCR samples) in 30 uL of 10 mM sodium phosphate buffer pH 7.0
was first denatured in a boiling water bath for about 5 — 10 min: The mixture was
rapidly cooled down at 0 °C and then the pre-equilibrated solid support (3/pL, ~3 mg)
was immediately added and incubated for 15 — 20 min at room temperature to
immobilize the single-stranded DNA. After the period of time indicated, the solid
support was then washed with 10 mM sodium phosphate buffer (pH 4) and re-
suspended in 30 pL of the hybridization buffer (10 mM sodium phosphate buffer pH
7.0). For hybridization, a mixture containing equimolar quantity of each PNA probe

was added to the support-bound DNA suspended in the binding buffer. The
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hybridization mixture was incubated at room temperature for 15 — 20 min. The
support-bound PNA-DNA hybrid was then washed with deionized water (3 x 100 uL)
or aqueous acetonitrile (3 — 15%). Finally, 1 pL of the resulting solid support was
taken out for analysis by MALDI-TOF mass spectrometry as described above.
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CHAPTER III

RESULTS AND DISCUSSION

In this research, a new conformationally rigid pyrrolidinyl PNA oligomers
ssACPC-PNA (4) is employed as the sensor probe. The new PNA system consists of
C-4 nucleobase-modified proline with cis-D-Configuration and a f-amino acid spacer
(18,2S5)-2-aminocyclopentanecarboxylic acid (ACPC) backbone instead of an
aminoethyl glycine segment of aegPNA (Figure 3.1).

O 0 Base
4/<; >\ / )KO,Base
N
%? LA,
9 -
HN— O’
L _n L= _n

A3) (4)

Figure 3.1 Structure of aegPNA (3) and ssACPC-PNA (4)

The synthesis of PNA oligomer was separated into two parts. The first part
involves synthesis of the pyrrolidinyl nucleobase monomers and $-amino acid spacer.
The identity of each compound was confirmed by comparison of NMR spectra with
reference materials previously synthesized in this laboratory. In the second part, the
resulting monomer and spacer units were used as monomers for the synthesis of the
PNA oligomer via solid phase peptide synthesis. Details of each step will be described

in the next section.
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3.1 Synthesis of pyrrolidine nucleobase monomers

The synthetic strategy of all the pyrrolidine monomers has been reported by
Vilaivan and co-workers [17-18]. All pyrrolidine nucleobase monomers were
constructed from the same starting material - frans-4-hydroxy-L-proline. The

procedure and the conditions are illustrated in Figure 3.2.
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Figure 3.2 The synthetic scheme of all four pyrrolidine monomers (11), (12), (16)
and (17) according to Vilaivan ef al. [17-18, 30]
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From the above protocol, the commercially available trans-4-hydroxy-L-
proline (5) was used as the starting material. A diphenylmethyl (Dpm) ester was
employed as the carboxyl protecting group in combination with N-Boc protection as
described in the literature [17]. The cis-D pyrrolidinyl monomers consisting of
thymine (9) and guanine (10) were synthesized through Boc/Dpm protected trans-4-
hydroxy-D-proline intermediate (8) by using Mitsunobu reaction. On the other hand,
synthesis of the adenine (14) and cytosine (15) pyrrolidinyl monomers via Sy’
reaction required a trans-D tosylate (13) intermediate as the substrate. Synthesis of the
guanine monomer (10) was inefficient due to poor solubility of N*-IbuG(ONpe) (21)
under Mitsunobu conditions.” To overcome this problem, a new method was also
developed starting from 2-amino-6-chloropurine using a procedure described for a

different PNA monomer [88] that is shown in the Figure 3.3.
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Figure 3.3 The schematic of synthesized (N-Fluoren-9-ylmethoxycarbonylamino)-
cis-4—(N2-isobutyrylguanin—9—yl)-D-pr0line pentafluorophenyl ester (10)
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From the above figure, the substitution of the frans-D tosylate (13) with 2-
amino-6-chloropurine proceeded smoothly to give the N’-substitution product (19) in
51% vyield. A literature method [88] was employed to convert the 2-amino-6-
chloropurine monomer to the corresponding N*-isobutyrylguanine monomer. First, the
chlorine was displaced with 2-nitrophenol in the presence of Et;N/DABCO to give the
O-(2-nitrophenylether) (20) in 86% yield. The exocyclic amino group was then
protected with IbuCl/pyridine to obtain the [bu-protected derivative (21) in 89% yield.
Finally the 2-nitrophenyl - ether ,was -~removed by treatment with 2-
nitrobenzaldoxime/N, N,N',N'-tetramethylguanidine . to afford the Boc/Ibu/Dpm
protected guanine monomer(10) in 72% yield. The overall yield of the protected
intermediate (10) starting from the trans-D tosylate (13) was 28 % yield. The product
was identical by’ TLCand’ 'H NMR to the material obtained from the previous
method.

After all four Boc/Dpm protected nucleobase pyrrolidinyl monomers (9),
(10), (14) and (15) were obtained, these compounds were converted into the Fmoc-
protected form in order to be used in solid-phase synthesis of PNA oligomer. The
Fmoc chemistry was selected to use in the PNA synthesis because of a number of
advantages over Boc chemistry.[19] Most importantly, the Fmoc protecting group
could be removed under milder conditions (20% piperidine) as compared to the Boc
group (50% TFA) [89-90]. Under such a mild deprotection condition, the Fmoc group
can be removed without affecting the more stable acyl protecting groups of
nucleobase. [91-92] In these PNA monomers, the terminal carboxylic function must
be activated to allow condensation reaction between the carboxylic function and the
amino group during the solid phase synthesis. Previous work in this group suggested
that pentafluorophenyl (Pfp) ester was a suitable activating group because it still
provided stable crystalline products [93]. Nevertheless, the reactivity of the Pfp esters
may be increased by addition of a nucleophilic catalyst such as hydroxybenzotriazole
(HOBY) or its derivatives [94]. Therefore, the target molecules were Fmoc-protected
pentafluorophenyl (Pfp) activated nucleobase monomers(11), (12), (16) and (17). The
structures and yields of the pyrrolidine intermediate and monomers synthesized in this
work are shown in Figures 3.2-3.3.

The identity of all compounds was confirmed by comparison of NMR spectra

with reference materials previously prepared in our laboratory.
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3.2 Synthesis of (1S5,25)-2-aminocyclopentanecarboxylic acid (SSACPC) spacer

The (15,25)-2-aminocyclopentanecarboxylic acid spacer was synthesized
according to Gellman’s protocol [87], with some slight modifications [85—86]. The

procedure is summarized as shown in the Figure 3.4.

: NH; ;
i) NH, 0
0 @A sz et 10% Pd-C, H, i
OF
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82% 65% (from 24)
27 (26) (25)

Figure 3.4 Synthesis of (15,25)-2-aminocyclopentane pentafluorophenyl ester (27)

According to the above strategy, the desired (S,S)-trans isomer (23) could be
obtained as a single diastercomer in the form of crystalline HCI salt (49% yield) by
precipitation ‘with 4 N HCI in dioxane followed by recrystallization from ethanol.
Hydrogenation over a palladium hydroxide on charcoal catalyst was then performed
to remove the S-methylbenzylamine chiral auxiliary. This was followed by acid
hydrolysis to give the free amino acid as its hydrochloride salt (25). The free amino
group was further protected with Fmoc to give the Fmoc(1S,25)-2-
aminocyclopentanecarboxylic acid (26) as the desired product in 65 % yield (from
compound (24)) without the need for chromatography. The correct stereoisomer was
confirmed by optical rotation. In order to use ssACPC spacer in condensation reaction
between carboxylic acid and an amine to form amide bond, the Fmoc protected acid
(26) was also activated with Pfp group similar to the pyrrolidine nucleobase
monomers. The Fmoc/Pfp ssACPC monomer (27) was obtained as a white solid in

82% vyield. The structures and stereochemistry of compounds (26) and (27) were
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ascertained by comparison of the NMR spectra and optical rotation values with

reference materials.

33 Synthesis of  carboxybutyltriphenylphosphonium  bromide  N-

hydroxysuccinimidyl ester

According to the literature, it had beensuggested that a labeling group
carrying the positive charge might enhance the sensitivity of MALDI-TOF mass
spectrometry whichroperated-in positive-ion mode [73, 95]. Since all PNA oligomers
were analyzed in pesitive-ion mode in this work, it was proposed that incorporating of
a positive charge tagto the PNA would increase the sensitivity of the detection. In this
study, a permanent charge tag — carboxylbutyltriphenylphosphonium — was attached
to the N-terminus of the PNA via an amide bond. This required activation of the
carboxyl group of the commercially available charge tag to form an active ester.
Succinimidyl ester was chosen because this group acted as a good leaving group and
could enhance the efficiency of condensation reaction between the tag and the PNA.
Carboxyl activation was performed by reaction of the corresponding carboxylic acid
(as a bromide salt) (1) and N-hydroxysuccinimide in the presence of N,N’-
dicyclohexylcarbodiimide (DEC) in dichloromethane. The mechanism of this reaction

is shown in Figure 3.5

g 0
Ph3P+/\/\)J\6\H/' ks H V\/\SLWCEO
e O \

Figure 3.5  The synthetic mechanism to formation of carboxybutyl

triphenylphosphonium bromide N-hydroxysuccinimidyl ester (2)
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According to the mechanism, the carboxylate ion added to the electrophilic
carbon of the diimide, giving an activated acyl derivative (O-acyulisourea). This
activated derivative reacted readily with the N-hydroxysuccinimide to give the desired
active ester. In is step, N,N’-dicyclohexylurea (DCU) serves as an excellent leaving
group.[96] The DCU precipitated as a white solid which could be easily removed by
filtration. The product (2), being appreciably soluble in DCM and H,O, was isolated
from the remaining DCU by extraction. The-purified succinimidyl ester (2) was
obtained as a colorless oil in a simple one-pot reaction in high yield (85 %) and
acceptable purity. The structure of the desired product was confirmed by '"H NMR
and °C NMR spectra which are shown in the Figure 3.6.
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(b)
Figure 3.6 (a) 'H NMR (400 MHz, CDCls) and (b) °C NMR (100 MHz, CDCls)
spectra  of  carboxybutyl triphenylphosphonium bromide N-
hydroxysuccinimidyl ester (2).

From the Figure 3.6, the '"H NMR spectrum of compound (2) showed the
following important signals: & 7.77-7.60 (m, 15H, ArH), 3.68 (t, /=14.9 Hz, 1H,
PCHH CHp), 3.51 (t, /=149 Hz, 1H, PCHHCH)), 2.78 (s, 2H, COCH, CH,),2.67'(t,
J=6 Hz, COCHHCH,), 2.58 (s, 2H, COCH,CHH), 2:47 (t, /=6 Hz, 1H, COCHHCH)y),
2.08 (t, J=6.4 Hz, 1H, CH,CHHCH,), 1.85 (t, J/=6.6 Hz, CH,CHHCH,), 1.80-1.60 (m,
2H, CH,CH,CH,). "C NMR spectrum of compound (2) revealed the following
important signals: &¢ 21.5 [lJcp =46 Hz, Ph;P-CH,CH;] 254 and 25.7
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[COCH,CH,CO], 21.2 [2Jep =31 Hz, PhsP-CH,CH,], 21.8 [*Jop =25 Hz, PhsP-
CH,CH,CH>], 130.4, 130.6, 130.7 ['Jcp =46 Hz, 'Jep =76 Hz, 'Jop =46 Hz, PhsP-
CAr], 117.5, 118.3, 133.5, 133.7, 135.1[CHArPPhs], 172.7, 175.1 [CO succidimidyl
ester], 169.4 [CH,CO]. The values are fully consistent with the expected structures,
indicating that the reactions were successful.

Since this compound is new, the identity of the compounds was further
confirmed by the elemental analysis (EA) and.the experimental values were in good
agreement with the calculated number. From IH, BC'NMR and EA data, it can be
concluded that the expected product (2) had been successfully synthesized in good
purity suitable for PNA-labelling in the next step.

3.4 Synthesis of PNA oligomers

3.4.1 Solid phase synthesis of aCOCPNA using standard conditions

In this research, Fmoc-based solid phase peptide synthesis [97] was employed
to construct the ssACPC-PNA. The desired PNA sequence was obtained by
alternately coupling of the Fmoc-protected PNA monomers and spacer onto a solid
support according to the previously developed protocol. [85]

The PNA synthesis was carried out manually at 1-2 micromoles scale in a
custom-made peptide synthesis column as described in experimental section. A
commercially_available polystyrene-based Tentagel resin [98] bearing a PEG graft
and a moderately acid labile Rink amide (RAM) linker (Figure 3.7) [99] was
employed as the solid support. This linker was designed to release peptide acids or
amides upon treatment under acid condition (95% TFA) and stable under basic

conditions, which makes it compatible with Fmoc chemistry.
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O = PEG grafted on polystyrene solid support
Figure 3.7  TentaGel'S RAM Fmoc resin

In general, the solid phase peptide synthesis of PNA oligomers consists of
three major steps: deprotection, coupling and capping. The deprotection step involves
removal of Fmoc protecting group-from the terminal amino group of the growing
PNA oligomers. This step is usually achieved under basic conditions. The coupling
step involves reacting the activated PNA monomer with the N-terminus of the resin-
bound PNA oligomer. The final capping step is required to inactivate the resin-bound
amino group that had not been successfully coupled during the previous step. The
three-step cycles are repeated until the desired PNA oligomer was obtained. After
coupling the last monomer, the PNA-bound resin was cleaved from the resin using
TFA. Synthesis of PNA oligomers were carried out using two different protocols as
described next.

In the- first protocol, the PNA synthesis was performed according to a
previously developed method in this laboratory [85-86]. In details, after swelling the
resin (~ 1 h) in anhydrous DMF, removal of the N-terminal Fmoc group was first
performed by treatment with 20% piperidine in anhydrous DMF for 15 min to obtain
free_amino N-terminus. After the deprotection, a hydrophilic amino «acid such as
Fmoc-Lys(Boc)-OPfp or Fmoe-Ser(tBu)-ODhbt was then coupled to the resin as the
first residue to enhance the solubility of PNA oligomer. After the anchoring of the
first amino acid residue, the Fmoc deprotection step was repeated to.expose the free
amino group at the N-terminus. The resin was then alternately coupled with the
activated pyrrolidine monomers and spacer. Similar to lysine or serine loading,
coupling of the pyrrolidine monomers and spacers were generally carried out using

excess (4 equivalents) in conjunction with 4 equivalents of HOAt and DIEA in
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anhydrous DMF for 30 min. Washing with DMF was performed in each step to
remove the excess reagents. After the coupling step, any unreacted amino groups were
capped by treatment of the resin with 10 % Ac,O/DIEA in DMF (10 min) in order to
stop the formation of deletion sequence. The coupling efficiency in each step was
determined by measurement of the absorbance of dibenzofulvene-piperidine adduct
released upon removal of Fmoc group at 264 nm and was calculated from UV-
absorption. Subsequently, the next cycle (deprotection, coupling and capping) were
repeated with the same procedure until the growing peptide chain was extended to the
desired sequence.

The PNA P1-P2 and P7-P8 were synthesized in this way. The PNA P3-P6
was a generous gift- from Dr. Choladda Srisuwanaket and Miss Cheeraporn
Anantanawat. The percent coupling efficiency (overall and average) during the
synthesis of the PNA P1, P2, P7 and P8 as measured from UV absorbance at 264 nm

of the deprotection solution is reported in Table 3.1.

Table 3.1 An average coupling efficiency/step and overall coupling efficiency in

the synthesis of PNA sequences used in this study.

Sequence Scale Coupling efficiency (%)
(nmole) average overall
H-TTTTTTTTT-Lys-NH; (P1) 1.0 pmole 96.9 79.4
H-GTAGATCACT-Ser-NH, (P2) of Rl 98.3 70.8
H-AAAATCCCATT-Ser-NH, (P7) | 2.0 umole 97.8 61.1
(splitin to 2 98.9 792
H-AAAATTCCA TT-Ser-NH; (P8) reactions)

From the data above, an average coupling efficiency of >95% per step was
achieved, .which. translated. into.>60%:.overall coupling efficiency.. The exact. figures
depend on length and sequence. of the PNA.

After the coupling of final monomer, the N-terminal Fmoc group was then
removed to obtain the free amino group. In case of the PNA P1 and P2, the resulting

free amino was subsequently acetylated using 10% Ac,O/DIEA in anhydrous DMF in
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order to enhance the stability of PNA oligomer. In the cases of PNA P7 and P8, their
free amino N-termini were modified with arginine using Fmoc-Arg (Mtr)-OH in the
presence of HATU/DIEA. The mechanism of the coupling reaction is revealed in
Figure 3.8. Next, the N-Fmoc group of arginine was removed and the free amino
group was capped by acetylation. similarly to the PNA P1 and P2. In case of PNA
oligomers having adenine, cytosine and guanine bases, the nucleobase protecting
groups (Bz for A and C, Ibu for G) must be removed prior to the cleavage from the

resin (vide infra) by treatment with 1:1 aqueous-ammonia/dioxane at 60 °C [28].
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Figure 3.8  Mechanism for coupling of Fmoc-Arg(Mtr)-OH via HATU activator

In-the second protocol, a slight modification of the first protocol was made to
shorten the ‘synthesis time without.compromising the synthesis efficiency. To reduce
the time required in the deprotection step, a mixture of a strong base 2% DBU and 2%
piperidine (to trap the electrophilic dibenzofulvene released upon Fmoc deprotection)

in DMF was employed in the deprotection step in place of 20% piperidine previously
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employed and the deprotection time was decreased to 5 min. Furthermore, all
coupling reagents were prepared as stock solutions as follows: DIEA stock solution
(7% DIEA in anhydrous DMF) and HOAt stock solution (5.5 mg HOAt in100 pL
anhydrous DMF). In the coupling step, the activated nucleobase monomers or spacer
was first mixed with 15 uL of DIEA stock solution and 15 uL of HOAt solution and
then the resin was treated with activated monomer solution for 30 min. In the capping
step, the capping reagent was also prepared from the mixture of acetic anhydride (2.0
pL) and DIEA stock solution (30 pL) and the capping time was reduced to 5 min. The
coupling efficiency was monitored and calculated similar to the first strategy.

Six PNA sequences,; P9-P14, were synthesized via the second protocol at 1.5
umol scale. The pereent coupling efficiency (overall and average) of PNA P9-P14

was reported in‘Table 3.2.

Table 3.2  An average coupling efficiency/step and overall coupling efficiency in

the synthesis of PNA sequences used in this study.

Sequence Scale Coupling efficiency (%)

( pmole) average overall
H-TTCCCCCTCCCAA-Set-NH;  (P9) 97.9 57.8
H-TTCCCCTTCCCAA-Ser-NH, (P10) | 07 98.0 59.8
H-ATGTAACATCTCT-Ser-NH, (P11) | © mOI'e o 98.3 64.6
H-ATGTAATATCTCT-Ser-NH,  (P12) (:::tnin 98.0 59.2
H-GCCTGTACTGTAG-Ser-NH, (P13) t0.2 97.5 52.3
H-GCCTGTCCTGTAG-Ser-NH, ' (P14) | reactions) 97:1 47.2

From the above table, high average coupling efficiency (97-98%) was usually
achieved which- translated. into-overall coupling efficiency over 50%, depending on
the length and sequence of the PNA.

Prior to the final cleavage from the resin, the N-termini of the PNA P9-P14
were further modified with the carboxybutyltriphenylphosphonium group in order to

increase the sensitivity of detection by mass spectrometry. First, the Fmoc group was
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removed by treatment with the deprotection solution. Next the nucleobase exocyclic
amino protecting groups (benzoyl group and isobutyryl group) were removed by
treatment with hot ammonia solution as described earlier. The resulting on-resin PNA
oligomer carrying N-terminal amino group was then reacted with a mixture of
carboxybutyltriphenylphosphonium bromide N-hydroxysuccinimidyl ester (2) (10
equiv.) and DIEA (10 equiv) in DMF. The reaction was completed within 1 h as
monitored by MALDI-TOF mass spectrometry.

It should be pointed out that the deprotection of nucleobase protecting groups
was carried out prior..to coupling, with the phosphonium label because the
carboxybutyltriphenyl.phosphonium is unlikely to be stable under strongly basic
conditions required forsuch deprotection. [96] After the coupling was complete, the
PNA oligomers were released from the resin by treatment with 95 % trifluoroacetic
acid followed by precipitation with diethyl ether The resulting crude PNA was then
purified by reverse-phase HPLC or anion exchange solid support capture method
(vide infra) and characterized by MALDI-TOF mass spectrometry. The
carboxybutyltriphenylphosphonium group enhanced the hydrophobic property of the
modified PNA oligomers, making separation of the desired PNA from acetyl-capped
deletion products by reverse phase HPLC straightforward.

3.4.2 Purification and characterization of PNA oligomer

The PNA P1, P2, P9-P14 were purified by C-18 reverse-phase HPLC with
UV detection at, 260 nm. Fractions containing the pure PNA" were combined and
freeze-dried. The residues were re-dissolved in 150 puL of water and the concentration
of the PNA was determined by spectrophotometrically. The identity of the PNA was
confirmed by MALDI-TOF mass spectrometry which showed the expected mass of
the molecular ion [M+H] or [M]. Typical examples of HPLC chromatogram and
mass spectrum of PNA P10 are illustrated in Figure 3.9.
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Figure 3.9 (a) HPLC chromatogram of 1) crude and i1) purified PNA (P10) and (b)
MALDI-TOF MS of purified PNA (P10)

HPLC purification of some PNA sequences was problematic especially those
carrying N-termainal arginine (P7 and P8). It was difficult to separate the complete
PNA from acetyl-capped truncated sequences due to the similar polarities of the
complete and truncated sequences. In order to solve this problem, an anion exchange
capture technique was used to purify the PNA P7 and P8 in stead of HPLC. This
method relied on the ionic interaction between complete PNA and its complementary
DNA-bound support. After hybridization between the PNA and its complementary
DNA electrostatically bound to the support, the PNA-DNA—bound support was then
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washed with aqueous buffers to eliminate the non-specific PNA probe or incomplete
sequences. The existence of the desired PNA in the solid support was analyzed by
MALDI-TOF mass spectrometry. After washing, the complete PNA sequence was
separated from the DNA-bound support by heating. The desired PNA were then
eluted into the solution, which could be monitored by MALDI-TOF mass
spectrometry. The typical example mass spectra of PNA P8 before and after purify

are illustrated in Figure 3.10.
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Figure 3.10 MALDI-TOF MS of PNA P8: (a) Before and after hybridization
between PNA and DNA-bound support and (b) After elute with several

aqueous acetronitrile system and heat in boiling water.
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From the above figure, after absorption of the crude PNA solution on the DNA—
bound support, the solid support was analyzed by MALDI-TOF mass spectrometry. It
was found that the required PNA P8 (m/z = 3978.6) and an unidentified incorrect
sequence (m/z = 3827.9) were able to hybridize with the DNA—bound support
(spectrum 3a). No mass signal of the correct PNA could be found in the crude PNA
solution (spectrum 2a). The results indicated that all of the correct PNA completely
hybridized with the complementary DNA bound onto the solid support. To remove
the absorbed non-specific PNA probe at m/z =3827.9, the PNA-DNA bound onto the
solid support was washed with various percentage of MeCN in water. After washing,
the support was then analyzed by MALDI-TOF (spectra 2b—5b). The percentage of
MeCN in water was.varied in ranging 5-20% and the result showed that 20%
acetronitrile in water could completely eliminate practically all undesired PNA signals
(spectrum 6b). The desired PNA' oligomer was then released from the DNA-bound
support by heating in boiling water. The existence of the expected PNA in the eluent
was confirmed by MALDI-TOF mass spectrometry (spectrum 6b). No PNA signal
was observed on the solid support after heating (spectrum 7b).

Thereafter, the combined eluted fractions were freeze-dried. The residue was
redissolved in 100 pL of water and the concentration of the PNA was determined
spectrophotometrically. The purity and identity of the purified PNA was ascertained
by HPLC and MALDI-TOF MS as shown in Figure 3.11.
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m/z = 4842.1 (Figure 3.12).
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Figure 3.12 MALDI-TOF MS of PNA P14 before and after purify by
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Consequently, the anion exchange capture technique was again used to purify

the PNA oligomers P13 and P14 after the unsuccessful HPLC separation. The

purification was performed in the same way as described for PNA P8, except that the

capture DNA sequences were changed so that they are complementary to the PNA to

be captured. The results are shown in Figure 3.13.

-c.:c.é spectrunt'l l PNA solution before absorb to solid support
= o] Spectrum 2 ___JJM_ PNA solution after absorb to solid support
2 o001 spectrum 3 ' solid support after loading crude PNA
: o0 spectrum 4 | solid support after elute with 5% MeCN
3 fl e
spectrum 5 solid support after elute with 10% MeCN '
e
spectrum 6 | solid support after elute with 15% MeCN '
:_. o] g =
i 030% spectrum 7 | solid support after elute with 20% MeCN '
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= 40 spectrum 8 t solution after heating
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g ]

Figure 3.13 MALDI-TOF MS of PNA P14 after washing with aqueous MeCN

and heating in boiling water.
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From Figure 3.13 after absorption of PNA solution into its complementary
DNA-bound support, both the mass peaks of the desired PNA (m/z = 4842.1) and
non-specific sequences (m/z = 4801.1) appeared on the solid support (spectrum 3)
whereas the amount of the desired PNA in the remaining solution decreased
(spectrum 2). After washing of the solid support with 20% aqueous acetonitrile, only
the molecular weight of the desired PNA sequence was observed on the solid support
as revealed in spectrum 7. The expected PNA oligomer was then recovered from the
solid support as described above. The identity of the PNA was ascertained by
MALDI-TOF MS as shown in Figure 3.14.
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Figure 3.14 MALDI-TOF MS of PNA P14 after purify by anion exchange solid

support capture

After purification with HPLC technique and/or anion exchange capture, all PNA
oligomers were obtained in pure form having observed molecular weights in good

agreement with the calculated values. The data are shown in Table 3.3.
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Table 3.3 Characterization data of all PNA sequences

PNA? R m/z m/z

(min) (calcd)® (found)
Pl Ac-TTTTTTTTT-Lys-NH, 20.1 3179.4 3179.7
P2 Ac-GTAGATCACT-Ser-NH, 21.7 3517.8 3517.6
P7 Ac-Arg-AAAATCCCATT-Ser-NH, £3.2 3961.2 3961.5
P8 Ac-Arg-AAA ATTCCATT-Ser-NH, ~ 23.8 3976.2 3976.4
P9 P- TTCCCCCTCCCAA -Ser-NH, 20.9 4667.8 4668.0
P10 P- TTCCCCTTCCCAA -Ser-NH; 20.6 4632.8 4683.3
P11 P-ATGTAACATCTCT-Ser-NH, 21.0 4785.9 4785.8
P12 P-ATGTAATATCTCT-Ser-NH; 20.0 4800.9 4801.4
P13 P-GCCTGTACTGTAG-Ser-NH, 20.1 4818.9 4818.6
P14 P-GCCPGTCCTGTAG-Ser-NH, 21.0 48429 4843.0

*P = carboxybutyl triphenyl phosphonium

baverage mass: M-H' for P1, P2, P7, P§, M" for P10-P14

P3, P4 were synthesized, purified and characterized by Dr. Choladda Srisuwanaket
P5, P6 were synthesized, purified and characterized by Miss Cheeraporn Anantanawat

3.5  Hybridization Properties of PNA

UV melting technique was used to study the binding property and sequence
specificity of all PNA oligomers. DNA-DNA or PNA-DNA duplexes are formed as a
result of hydrogen bonding between complementary bases following the Watson-
crick base ‘pairing rules [95, 100-101] and are further stabilized by additional
hydrophobic, n-n and dipole-dipole interactions between the stacked base pairs. In
principle, base-base stacking decreases the molar extinction coefficient (¢) value of
the -pairing DNA. strands (hypochromism).-Separation. of the duplex-into single
stranded oligonucleotides, ¢.g. by heating, resulted in unstacking of the DNA or PNA
bases, which was accompanied by a slight increase in the extinction coefficient (~ 10—
20%) (hyperchromism). The hyperchromicity is conveniently monitored at 260.nm,
the wavelength at which all four nucleobases strongly absorb. The resulting plot is
known as “melting curve™ which is S-shaped (Figure 3.15). The temperature at the
midpoint of the melting curve is known as melting temperature (7,,) which
corresponds to a temperature at which 50% of duplex has been dissociated. The

cooperativity between base-base interactions required that the melting process occurs
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within a relatively narrow temperature range (ca 10-20 °C). Once the input energy is
sufficient to break the first hydrogen-bonded base pair, the dissociation continues
until the two strands completely separate without detectable intermediate structures.
The melting temperature can provide information about the stability of the duplex
structure. As an approximation, stable duplexes melt at a higher temperature (have
higher T7,) than less stable ones when measured under identical conditions

(concentration, pH, ionic strength).

Single strand

Abs.
( 260 nm) hyperchromicity

. Danble stran

= - 2 =

Temperature (°C)

Figure 3.15 The changing of UV absorbance in the thermal denaturation
experiment of DNA duplex.

From the melting curve, the accurate melting temperature (7},) could be
determined from the maxima of the first derivative plot (dA/dT) against temperature

(Figure 3.16).

dA/T

T,

Temperature (°C)

Figure 3.16 The first derivative plot obtained from a typical thermal denaturation
experiment of a DNA duplex.
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The results of Tr, experiments of all PNA sequences and their complementary

and single mismatched DNA targets are summarized in Table 3.4.

Table 3.4 T data of all PNA oligomers used in this study
PNA"  DNA sequence (5'—> 3') note Corrected T, (°C)”  ATw (°C) €
P1 (D1) AAAAAAAAA perfect match 74.9 —
P2 (D2a) AGTGATCTAC perfect match 54.8 -
(D3) AAAATAAAA perfect match 67.0 -
P3
AAAACAAAA single mismatch 34.0 -33.0
(D4) AAAACAAAA perfect match 64.0 —
P4
AAAATAAAA single mismatch 39.0 -25.0
(D5a) TAGTTGTGACGTACA perfect match 78.6 -
P5
TAGTTGTTACGTACA single mismatch 61.1 -17.5
(D6a) TAGTTGTTACGTACA perfect match 78.9 —
P6
TAGTTGTGACGTACA single mismatch 60.5 -18.4
(D7) AATGGGATTTT perfect match 63.1 -
P7
AATGGAATTIT single mismatch 38.7 —24.4
(D8) AATGGAATTTT perfect match 65.9 —
P8
AATGGGATTTT single mismatch 37.8 —28.1
D9) TTGGGAGGGGGAA perfect match 63.8 E
P9
TTGGGAAGGGGAA single mismatch 324 -31.4




&3

b
PNA"  pNA sequence (5'—> 3") note Corrected Tr, (°C) ATy (°C) ©
(D10) TTGGGAAGGGGAA perfect match 67.9 —
P10
TTGGGAGGGGGAA single mismatch 32.8 -35.1
(D11) AGAGATGTTACAT perfect match 72.6 -
P11
AGAGATATTACAT single mismatch 52.8 -19.8
(D12) AGAGATATTACAT perfect match 75.8 -
P12
AGAGATGTTACAT single mismatch 43.9 -31.9
(D13) CTACAGTACAGGC perfect match 75.6 -
P13
CTACAGGACAGGC single mismatch 44.5 -31.1
(D14) CTACAGGACAGGC perfect match 67.7 -
P14
CTACAGTACAGGC single mismatch 51.5 —-16.2

* The T,, data of PNA P3 and P4 was obtained from Dr. Choladda Srisuwanaket dissertation .[85]
b T were measured at [DNA] = [PNA] =1 uM, 10 mM sodium phosphate buffer, pH 7.0, heating rate
1.0 °C/min. Corrected values, as described in section 2.6

AT, = T,(complementary) — T,(mismatched) (same PNA, different DNA)

The data in Tables 3.4 demonstrated that cach PNA oligomer can hybridize
with its complementary DNA target with a strong affinity. The homothymine
nonamers P1 and its' complementary DNA D1 gave the highest 73, (74.9 °C)
compared to other PNA nonamer. In all cases, the melting temperature of single base
mismatch hybrid was significantly lower than that of the perfect match hybrid. When
purine base is present in the DNA and/or PNA sequence, a high A7, was observed
such as PNA P3 and DNA D4 (33.0 °C) compared with PNA P4 and DNA D3 (25.0
°C). For decamers, the T;, of PNA P2 and its complementary DNA D2a was 54.8 °C.
For pentadecamers, the PNA P5 and P6 bind to complementary DNA targets with a
high T}, (78.6 °C and 78.9 °C respectively). A single mismatch at the central positions
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in the DNA strands caused a drop in 7y, of 17.5 and 18.4 °C. From the results it was
concluded that both short and longer sequences of PNA can form hybrid with
complementary DNA in a highly sequence-specific manner, which is in good
agreement with the literature [85-86].

The PNA P7-P14 were designed based on the sequence of DNA to be
detected (P7 and P8: bovine and porcine; P9—P14: human /L—/0 promoter) in the
PCR product. The results in Table 3.6 indicated that the hybrids of 11mer PNA
oligomers (P7 and P8) and their complementary DNA targets provided the highest 7},
values of 63.1 °C and 65.9 °C for the pairs P7/D7 and P8/D8 respectively. The
presence of single mismatchat the central positions in the DNA strands caused a drop
in Ty (24.4 °C for P7/D8 and 28.1 °C for P8/D7). For 13mers PNA P9-P14, the T,
values of perfect match hybrids were higher than the 11mer PNA P7 and P8 (63.8 °C
for P9/D9, 67.9 °C for P10/D10, 729 °C for P11/D11, 75.8 °C for P12/D12, 75.6 °C
for P13/D13 "and 67.7 °C for P14/D13). In all cases the 7., values of single
mismatched hybrids were ~16-35 °C lower than that of the perfect match hybrids.
This high decrease in T}, confirmed the high affinity and sequence specificity of the
new acpcPNA. Therefore, the PNA should be suitable to use as a probe for DNA

sequence analysis.

3.6  Ion-exchange capture technique for DNA sequence analysis

3.6.1 The principle

This research focused on the development of a new technique for DNA
sequence analysis by using ssACPC PNA probes. The present method relies on a
selective adsorption of a mnegatively charged PNA-DNA hybrid over unhybridized
PNA by an anion exchanger. PNA'is an electrostatically neutral molecule, therefore it
cannot be immobilized onto the anion exchanger unless it is first hybridized with a
negatively-charged complementary DNA target to form a negatively charged
PNA-DNA hybrid. After hybridization, the negatively-charged hybrids can then be
absorbed onto the solid support. The support bound PNA-DNA hybrid was isolated
from the unhybridized PNA by simple washing. The presence of the PNA-DNA
hybrid on the support can be detected by various means such as MALDI-TOF mass



85

spectrometry. PNA is very suitable for analysis with MALDI-TOF technique because
it is less prone to fragmentation during the MALDI process. Furthermore, due to the
much better ionization of PNA than DNA under the MALDI-TOF analysis conditions,
interference by the mass signal of DNA is expected to be minimal. [74] The principle

of the present method is illustrated in Figure 3.17.
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Figure 3.17 The concept of DNA sequence determination by employing a solid anion
exchanger suppott to selectively capture complementary PNA-DNA
hybrids followed by subsequent MALDI-TOF analysis.

3.6.2 Validation of the concept

To validate the ion-exchange capture concept explained above, a preliminary

experiment = was first = investigated by  using . quaternary = ammonium
(trimethylaminopropyl) modified silica (SAX, Varian) as the anion exchange support.

Its structure of which is shown in Figure 3.18.
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Figure 3.18  Structure of quaternary ammonium modified silica

(trimethylaminopropyl)

The ability of this-anion exchanger to absorb PNA and PNA-DNA hybrids was
first determined. Two PNA-probes containing single base mismatch to each other
namely Ac-TTTTATTTT-Lys-NH; (P3, m/z = 3186.48) and Ac-TTTTGTTTT-Lys-
NH, (P4, m/z = 3202.47) were selected as models. Two DNA targets:
dAAAATAAAA (D3) that is complementary with PNA (P3) and JAAAACAAAA
(D4) that is complementary with PNA (P4) were also chosen as models. In the
experiment, a mixture of the two PNA probes (100 pmol each) in 30 uL of 10 mM
phosphate buffer pH 7.0 as binding buffer was hybridized with each DNA target (200
pmol). The hybridization mixture was incubated at room temperature for 15 min.
Subsequently, the anion exchange support (SAX) was added to the PNA-DNA hybrid
solution and incubated at room temperature for another 15 min. The support bound
PNA-DNA duplex was extensively washed with Milli Q water and then analyzed for
the presence of PNA by MALDI-TOF mass spectrometry. The results are shown in
Figure 3.19.
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Figure 3.19 MALDI-TOF analysis of a mixture of two PNA probes, P3 and P4,
after hybridization with the DNA targets (D3 or D4) using anion
exchanger (SAX) as solid support. Experiments from top to bottom: no

DNA (solution), no DNA (solution), +D3 (solid), +D4 (solid)

Form the above figure, the spectrum 1 was obtained from the solution of the
PNA probes without DNA after removing the solid support. This was a solution
control experiment and two PNA signals are expected. Spectrum 2 was obtained from
the separated solid support in the absence of DNA. This was a solid control
experiment and no PNA signals are expected. However, the two PNA signals could be
observed in both control experiments indicating that non-specific absorption of the
PNA onto the solid support could take place to some extent. However, the intensity of
the probe signals in solution was substantially higher than in the solid. Upon addition
of D3 (complementary with PNA P3) to the mixed PNA probe solutions, spectrum 3
was obtained from the washed solid support. In this case the signal of PNA P3 was
observed as the major component. On the other hand, spectrum 4 was obtained from
the washed support after adding DNA D4 (complementary with PNA P4). The result
revealed the signal of PNA P4 as.the major component. The experiments therefore
validated the ion' exchange capture concept. However, significant background
absorption of the non-complementary PNA probes was also observed on the solid
support. The background absorption of the non-complementary PNA probe was

assumed to involve hydrophobic interaction between PNA probes and the support.
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Ross and co-workers have previously reported that the inclusion of 37.5%
formamide and 0.1% bovine serum albumin (BSA) in the binding buffer can reduce
the hydrophobic interaction between PNA probe and solid support (streptavidin-
magnetic bead in that case) and destabilize the non-complementary PNA-DNA
hybrids [74]. A study of the effect of formamide and BSA to remove non-specific
adsorption was performed according to the literature. Three different binding buffers
were employed, the first one was the original binding buffer containing 30%
formamide, the second binding buffer econtained both 30% formamide and 0.1% BSA
and the third buffer contained only 0.1% BSA. In the experiments, the PNA P3 and
P4, and DNA D3 and D4 were again used as models. The mixture of two PNA probes
(100 pmol each) was.mixed in 30 uL of each of binding buffer and then hybridize
with each of the DNA target. After 15 min of hybridization, the ion exchange support
(~2 mg) was added and left for another 15 min. After washing the support bound
PNA-DNA hybrids, .the support was directly analyzed by MALDI-TOF mass
spectrometry. The results are shown in Figure 3.20.
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Figure 3.20 The effect of three different hybridization medium to non-specificity
background. Experiments from top to bottom: no DNA (solution), no
DNA (solid), +D3 (solid), +D4 (solid). All spectra were recorded in

reflectron mode.
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From above figure, it was found that the nonspecific absorption between the
PNA probes and the solid support could be eliminated by using binding buffers
containing formamide. As shown in spectra 2a to 2c no signals of PNA probes were
observed on the solid support in the absence of added DNA. When DNA D3 or DNA
D4 was added to the mixed PNA probe solutions, a clear differentiation between
complementary and non complementary DNA was achieved when the first and
second binding buffer were used as shown-in.the spectra 3a, 3b, 4a and 4b. These
spectra revealed only mass signal of expected PNA probe complementary to the DNA
was observed i.e. PNA.P3 for DNA D3 and P4 for DNA D4. For the buffer 3
consisting of only 0.1% BSA, the signal of PNA P3 was observed as the major
component after adding D3 target (complementary with PNA P3) as shown in
spectrum 3c. The signal of PNA P4 was observed as the major component after
adding D4 target (ecomplementary with PNA P4) (spectrum 4c). In this latter case,
substantial background absorption of the non-complementary PNA probes was also
observed on the solid support. Form the results shown above, it was concluded that
formamide, but not BSA, can reduce the background absorption. Therefore, the buffer
containing only formamide was selected to use in the next experiments. As the
presence of formamide can decrease the stability of PNA-DNA hybrids, the amounts
of formamide were optimized in the next experiments. In these experiments, 10 mM
phosphate buffer pH 7.0 containing formamide (10—50%) were employed as binding
buffer. The same two PNA probes (P3 and P4, 100 pmol each) were again used as a
model. In the experiment, the mixture of two PNA probe in the binding buffer
containing varying percentage of formamide was added the SAX and incubated for 15
min at room temperature. The level of non-specific absorptions was determined by
MALDI-TOF analysis of the separated solid support after washing with water. The

results are shown in Figure 3.21.
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Figure 3.21 MALDI-TOF analysis of the effect of including formamide in the
hybridization medium to non-specificity background. All spectra were

acquired in reflectron mode.

From Figure 3.21 it became clear that the presence of formamide in the
hybridization buffer at concentrations of 20-50% could completely eliminate non-
specific absorption. As shown in spectra 3, 4 and 5, no signals of PNA probes were
observed in the absence of target DNA. The results confirmed that the presence of
formamide in the binding buffer could reduce the level of non-specific background
absorption of PNA, which is in good agreement with the finding of Ross and co-
workers [74]. Therefore, 20% formamide in 10 mM phosphate buffer pH 7.0 was

chosen as the binding buffer for hybridization step in the next experiments.

3.6.3 The ability of formamide-containing buffer to reduce non-specific

absorption of PNA in DNA sequence determination

In orderto confirm that the-use 'of 10 mM phosphate buffer pH 7.0 containing
20% formamide could eliminate non-specific background absorption for a variety of
PNA" sequences, .the ability of the present ‘method to distinguish between
complementary and non-complementary DNA using this binding buffer was next
investigated. The experiment was divided in two parts. In the first part, the experiment

was designed to distinguish complementary from completely unrelated DNA targets.
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The second experiment was designed to distinguish complementary from single base
mismatch DNA targets.

In the first experiment, two PNA probes with unrelated sequences: Ac-
TTTTTTTTT-Lys-NH; (P1, m/z = 3179.67) and Ac-GTAGATCACT-Ser-NH, (P2,
m/z = 3517.57), were used as models. The DNA (dAo, D1) that is complementary
with PNA P1 and DNA (dAGTGATCTAC, D2a) that is complementary with PNA
P2 were employed as  DNA targets. A mixture of the two PNA probes (100 pmol
each) was mixed in 30 gL of binding buffer and then hybridize with each of the DNA
target. After 15 min of hybridization, the solid support (~2 mg) was added and left for
another 15 min. After-washing the support bound PNA-DNA hybrids with water to
remove the unhybridized PNA probe, the solid support was then analyzed by
MALDI-TOF mass spectrometry. The results are shown in Figure 3.22.
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Figure 3.22 Discrimination between complementary and non-complementary DNA
targets (D1 and D2a) by the PNA probes P1 and P2. Experiments from
top to bottom: no DNA (solution), no DNA (solid), +D1 (solid), +D2a
(solid).

Spectra'l and 2 (in the Figure 3.22) were obtained from the control solution
and control solid respectively. The results were encouraging since no mass signals of
either of the two PNA probes were observed in spectrum 2, whereas both signal were
observed in spectrum 1. This means that the two PNA probes cannot be absorbed onto

the anion exchange under the new conditions. When DNA (D1) or DNA (D2a) was
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added to the mixed PNA probe solutions, spectrum 3 and 4 revealed only mass signal
of PNA probe complementary to the DNA added was observed i.e. PNA P1 for DNA
D1 (spectrum 3), and P2 for DNA D2a (spectrum 4). In both cases, a clear
differentiation between complementary and non complementary DNA was achieved.
As the result, it can be concluded that 20% formamide in 10 mM phosphate buffer
was a suitable binding buffer that can eliminate the background absorption of non-
complementary PNA probes.

In the second part of the experiment, two PNA probes, Ac-TTTTATTTT-Lys-
NH, (P3, m/z = 3186.48)-and Ac-TTTTGTTTT-Lys-NH, (P4, m/z = 3202.47) were
used as models. The DNA (dAAAATAAAA, D3) that is complementary with PNA
P3 and DNA (dAAAACAAAA, D4) that is complementary with PNA P2 were
employed as DNA target differing by only one base. The mixture of the two PNA
probes (100 pmol each) was mixed.in 30 pL of binding buffer and then hybridized
with each of the DNA target. After 15 min of hybridization, the solid support (~2 mg)
was added and left for another 15 min. After washing the support bound PNA-DNA
hybrids with water to remove the unhybridized PNA probe, the support was analyzed
by MALDI-TOF mass spectrometty. The results are shown in Figure 3.23.
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Figure 3.23 Discrimination between complementary ‘and non-complementary DNA
targets (D3 and D4) by the PNA probes P3 and P4. Experiments from
top to bottom: no DNA (solution), no DNA (solid), +D3 (solid), +D4

(solid). All spectra were acquired in reflectron mode.
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From spectrum 2 in this figure, no background absorption of the PNA could be
observed on the control solid support in the absence of DNA targets. In the presence
of the complementary DNA target, the negatively charged PNA-DNA complex
formed was preferentially absorbed onto the solid support. Analysis by MALDI-TOF
mass spectrometry revealed only the mass signal corresponding to the expected PNA
probe as shown in spectra 3 and 4. In both cases, the background absorption due to the
non-complementary probe was minimal. As a result, a clear differentiation between
complementary and single base mismatch could be €asily achieved.

The experiments.carried out so far demonstrated the potential utility of PNA
probe and anion exchange support in DNA sequence analysis by MALDI-TOF mass
spectrometry. Complete elimination of non-specific PNA probe absorption and thus a
clear differentiation between complementary and single base mismatch were achieved
by employing a hybridization buffer containing 20% formamide. Nevertheless, the
amount of the PNA probe and DNA target required in these experiments were still
relative high (100200 pmol). Therefore, the minimum quantity of PNA and DNA
that could be detected by MALDI-TOF mass spectrometry with a reasonable signal-
to-noise ratio was next investigated. The same two PNA probes (P3 and P4) and
DNA targets (D3 and D4) were selected as models for the next experiments.

In the experiment, the amount of PNA was varied in range between 100, 10
and 1 pmol, whereas the quantity of DNA target was fixed at 100 pmol. The
hybridizationand ion exchange capture procedure was accomplished in the same way
as described above with the hybridization step performed at room temperature. After
washing of the solid support to remove the unhybridized PNA probe, the resulting
solid support was analyzed by MALDI-TOF mass spectrometry as described

previously. The results are shown in Figure 3.24.
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Figure 3.24  Estimation of the optimum quantity of PNA probes by MALDI-TOF
analysis employing P3 and P4. All spectra were obtained in refectron

mode.

From the above spectra, it was apparent that the minimum amount of PNA
probe that can show a reasonable single-to-noise ratio was 100 pmol as shown in
spectra 3 and 6. When, the amount of PNA probe was lower (10 and 1 pmol) no
signal could be observed (spectra4, 5, 7, 8).

From the above results, it can be summarized that the minimum amounts of
PNA probe and DNA target that allow clear differentiation between complementary
and single mismatch DNA targets and provided a good signal-to-noise ratio were 100
pmol each. Therefore, these quantities were used in the next experiments.

In the next step, the ability of the present technique to distinguish between
complementary and single base mismatch DNA having different types of mismatches
at the middle position of the strand was carried out using a single PNA probe. The
10mer mixed base PNA (P2) was used as a probe model and the DNA D2a as a
complementary DNA target. Three other DNAs (D2b, D2¢ and D2d) were used as
single mismatched DNA targets. The sequences of PNA probe and DNA targets are

illustrated below.



96

PNA (P2) : Ac-GTAGATCACT-Ser-NH;

DNA (D2a) : 5-AGTGATCTAC-3' (complementary with PNA P2)

DNA (D2b) : 5'-AGTGAACTAC-3' (single base mismatch,A, with PNA P2)
DNA (D2¢) : 5-AGTGACCTAC-3' (single base mismatch,G, with PNA P2)
DNA (D2d) : 5'-AGTGAGCTAC-3! (single base mismatch,C, with PNA P2)

In the experiment, the PNA probe (100 pmol) was hybridized with each of the
DNA target (100 pmol) in 30 puL of binding buffer (10 mM phosphate buffer pH 7

containing 20 % formamide). After hybridization and washing, the solid support was

analyzed by

MALDI-TOF “mass spectrometry. A" clear discrimination between

complementary and all three single mismatched targets was successfully achieved.

The results are shown in Figure 3.25.
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Figure 3.25 ‘Discrimination between complementary and-various types of single

mismatch. DNA targets by PNA probe P2. Experiments from top to
bottom: no DNA (solution), no DNA (solid), +D2a (solid),
+D2b(solid), +D2¢ (solid), +D2d (solid)."All spectra were operated in

reflectron mode.

The results in Figure 3.25, spectrum 2 (solid control) demonstrated that the

PNA probe could not be absorbed in the absence of any DNA. In addition, a clear

discrimination between complementary and single base mismatch targets was

possible, regardless of the type of the mismatched nucleobases. Mass spectrometric
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analysis of the washed supports showed the mass signal of the PNA P2 probe only
when the DNA target was D2a (spectrum 3). The mass signal of the probe could not
be observed upon addition of the other three single base mismatch targets (D2b—D2d)
(spectra 4, 5, 6) suggesting that the single mismatch PNA-DNA hybrids could not
form. These results demonstrate the high efficiency of the present technique in DNA
sequence analysis, which can be attributed to the specificity of the PNA probe.
Importantly, DNA targets with similar length and only minor variation in the
nucleotide sequence can be readily distinguished on the basis of accurate mass
assignment.

Analysis of real DNA"samples usually requires a probe longer than 10 bases.
For example, a 16 base long sequence is statistically unique in a human genome. In
order to investigate the applicability of longer PNA probes, the 15mer PNA PS5 was
chosen to investigate the ability to differentiate between complementary and single
base mismatch.DNA targets. The DNA D5a and D5d were used as complementary
and single mismatched DNA targets, respectively. The sequences of the PNA probe
and DNA targets are illustrated below.

PNA (P5) : Ac-TGTACGTCACAACTA-Lys-NH;  (m/z=5209.38)
DNA (D5a) :5- TAGTTGTGACGTACA-3' (complementary with PS)
DNA (D5d) :5'- TAGTTGTAACGTACA-3' (single base mismatch with PS)

The experiment was performed in the same way as described for the 10mer
mixed base PNA probe. After washing the support, the resulting support-bound PNA-
DNA hybrid was analyzed by MALDI-TOF mass spectrometry. The results are shown
in Figure 3.26.
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Figure 3.26 Discrimination between complementary and single mismatched DNA
targets using 15mer mixed base PNA PS5 probes. Experiments from top
to bottom: no DNA (solution), no DNA (solid), +D5a (solid), +D5d

(solid). All spectra were obtained in linear mode.

From the above spectra, it was found that in the absence of DNA, the 15 mer
PNA (P5) probe was partially absorbed on the SAX support even when 20%
formamide was present in the binding buffer (spectrum 2, solid control). Not
surprisingly, substantial background signal of the PNA was observed on the solid
support in the presence of non-complementary target as revealed in spectrum 4. It was
possible that -long PNA sequences might be more hydrophobic than the shorter
sequences (9mers and 10mers PNA probes), which resulted in higher background
absorption. Therefore, attempts have been made to eliminate this non-specific
absorption by varying the percentage of formamide (30, 40 and 50%) in the binding
buffer to-find the conditions that-can minimize the non-specific absorption of PS5 on
SAX. The SAX support was added to the 15mer PNA probe (P5, 100 pmol) in the
binding buffers containing varying amounts of formamide and incubated at room
temperature for 15 min. The solid support was washed with water and subsequently

analyzed by MALDI-TOF mass spectrometry. The results are shown. in Figure3.27.
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Figure 3.27 MALDI-TOF .analysis revealing the effect of formamide in the
hybridization medium to eliminate non-specificity background. All

spectra were obtained in linear mode.

The results showed that 40 and 50% formamide in phosphate buffer can
completely eliminate the non-specific absorption of the 15mer PNA probe as shown
in spectra 2 and 3. This suggested that the non-specific absorption of the longer PNA
probes on the support could be reduced by increasing formamide in the binding
buffer. The formamide may effectively destroy the hydrophobic interaction between
the PNA and the solid support. According to the results shown above, the phosphate
buffer consisting of 20% formamide should be employed for the short PNA probes
such as 9mer and 10mer, whereas at least 40% formamide 1s required for longer PNA
probes such as 15mer.

Discrimination between complementary and single base mismatch DNA
targets using the* hybridization buffer containing 40% formamide was next
investigated: In the experiment, the mixed base 15mer PNA" probe PS5 and DNA
targets (D5a-D5d, D6a-D6b) having different types and different position of
nucleobase were employed as model. The sequences of DNA targets are as shown

below:
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DNA (D5a): 5'-TAGTTGTGACGTACA-3' (complementary with PNA P5)

DNA (D5b): 5'-TAGTTGTAACGTACA-3' (single mismatch, with PNA PS5, dA-pC)

DNA (D5c¢): 5'-TAGTTGTCACGTACA-3' (single mismatch, with PNA P5, dC-pC)

DNA (D5d): 5'-TAGTTGTTACGTACA-3' (single mismatch, with PNA PS5, dT-pC)

DNA (D6a): 5'-TAGTTGTGTCGTACA-3' (single mismatch, with PNA PS5, dT-pC at position 9)
DNA (D6b): 5'-TAGTTGTGAAGTACA-3'(single mismatch, with PNA PS5, dT-pC at position 10)

All experiments were carried out at 100 pmol of PNA probe, 200 pmol of each
DNA target in 10°mM phosphate buffer pH7 containing 40% formamide as the
binding buffer. The experiment was carried out in the same way as described above.

The results are shown in Figure 3.28.
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Figure 3.28 Discrimination between complementary and various types of single
mismatch DNA targets by PNA PS5 probe. Experiments from top to
bottom:*no DNA (solution), no DNA (solid), +D5a (solid), +D5b
(solid), +D5e¢ (solid), +D5d (solid), +Dé6a (solid), +D6b (solid). All

spectra were obtained in linear mode.

From the above figure, non-specific background absorption of the PNA (P5)
probe could not be observed on the solid support in the absence of any DNA target as
shown in spectrum 2 (solid control). Furthermore, satisfactory discrimination of
single-base mismatch targets was accomplished by using the 15-mer mixed base PNA

probe (P5), regardless of types and position of the mismatch nucleobase. Mass
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spectrometric analysis of the support revealed the mass signal of the PNA probe in
case of the complementary DNA target as shown in spectrum 3. The presence of a
single base mismatch in the DNA targets at various positions inhibited PNA-DNA
hybrids formation. As a result, the mass signal of the PNA probe could not be
observed in the spectra 4-8.

According to the above results, it can be concluded that the presence of
formamide in the hybridization buffer influences the level of non-specific background
absorption. It was observed that the percentage of formamide in the binding buffer
had to be increased when the longer PNA probe was employed to avoid non-specific
background. It was possible that longer PNA probes might be more hydrophobic and
thus absorbed more strongly than short PNA probes. In addition, it can be explained
in term of a higher melting temperature between the 15mer mixed base PNA and
single base mismatch DNA targets (61.1-63.1 °C) as compared to the 9mer PNA
(39.0-48.0 °C).and the 10mer PNA (34.0-37.0 °C) [8]. The strong binding affinity of
15mer mixed base PNA with single base mismatch DNA target can contribute to the
background absorption of non-complementary probes on the solid support. This can
lower the specificity of the method compared to shorter PNA probes. Fortunately,
increasing the percentage of formamide in binding buffer to 40% was found to more
or less completely destroy the absorption of non-complementary PNA probes on solid
support.

From these preliminary experiments, although SAX was successfully employed
as solid anion-exchange support in combination with the pyrrolidinyl PNA probes and
MALDI-TOF mass spectrometry for DNA sequence analysis, the non-specific
background absorption of the PNA probes were still problematic. Although the
background absorption could be eliminated by addition of formamide in the binding
buffer, different PNA" probes required different conditions (ie, concentration of
formamide) to eliminate non-specific absorption. For example, only 20% formamide
in 10 mM phosphate buffer pH 7.0 was sufficient to eliminate background absorption
of 9-10 mer. On the other hand, 40% formamide was required in the binding buffer
for 15mer PNA probes. Therefore, it was difficult to set up one general condition to
do simultaneous analysis using several PNA probes. Furthermore, it was possible that
formamide might also be interfering with the hybridization between PNA and DNA

targets. In order to simplify the hybridization while maintaining sequence specificity
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without using formamide, other less hydrophobic anion exchange supports were

explored next.

3.6.4 Investigation of alternative solid supports to eliminate non-specific

absorption

As the non-specific absorption was thought to involve mainly hydrophobic
interactions, other less hydrophobic anion exchange supports were studied in order to
minimize such undesired background absorption. Five ion exchange materials [102]
including ethylenediamine-N-propyl silica (PSA), diethylaminoethyl cellulose (DEAE
cellulose), diethylaminoethyl sepharose (DEAE sepharose), quaternary ammonium
sepharose (Q sepharose) and chitosan were tested. The structures of anion exchangers

used in this study are shown in Figure 3.29.

|
Oosll(CHZ)3E_(CH2)2 —NH, 011{’0 OH o /&/
HO OH Qn
H S NH, NH, H

NH,
n

ethylenediamine-N-propyl silica (PSA) 2-amino-2-deoxy-D-glucose (chitosan).

s CHs
O—-O-CHZCHZ-N\—H &-CHZ-N\—CH3
CH; CH,
Diethylaminoethyl sepharose Quaternary ammonium sepharose
(DEAE sepharose) (Q sepharose)

\

OPLL OH O}{{,

)NT )NT )N\

Diethylaminoethyl cellulose (DEAE cellulose)

Figure 3.29 Structures of anion exchange supports used in this study [102].
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The degree of absorption of the PNA probe and all solid supports, which give
rise to non-specific background, was determined. Two PNA probes, PNA P1 (m/z =
3179.68) and mixed base PNA P2 (m/z =3517.57), were used as model probes. In the
experiment, the two PNA probes (100 pmol each) were mixed in 10 mM phosphate
buffer (30 uL, then the solid support (~2 mg) was added to the PNA probes mixture
followed by incubation at room temperature (30.°C). After 15 minutes of incubation,
the support was washed with water and subsequently analyzed by MALDI-TOF mass

spectrometry. The results are shown in Figure 3.30.
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Figure 3.30 *“ MALDI-TOF analysis of study of hydrophobic interaction between
PNA probe and various solid supports in the absence of DNA targets

and formamide. For other conditions see text.

The resultsin Figure 3.31 revealed that even in the absence of formamide, no
significant absotption of the two PNA probes could be observed in most supports
except PSA (and SAX as observed in earlier experiments). It can be explained by the
fact that the PSA support consists of a silica core similar to SAX. The silica surface of
these two_supports must_be modified by silane chemistry to provide the desired
charged functional groups, which may give rise to a hydrophobic surface. It is
therefore not surprising to observe non-specific binding of the PNA probes. As a

result, this support was not considered further.
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Thereafter, the remaining ion exchange solid supports were next investigated
in term of their ability to differentiate between complementary and non-
complementary PNA-DNA hybrids. In these experiments, the DNA complementary to
each of the PNA probe was added. The mass signal of the PNA-DNA mixture solution
before and after adding the solid support was then observed. Ideally, a good solid
support should capture all of the negatively charged PNA-DNA hybrid in the presence
of the complementary. DNA target. Consequently, the remaining solution after
removal of the support should contain only the unhybridized non-complementary
PNA probe. An efficient-ion_exchange support should selectively and completely
capture the complementary PNA strand and leave the noncomplementary PNA in the
solution, and the spectra of both the solid and solution should provide only one mass
signal of the complementary and noncomplementary PNA probe, respectively. In the
experiment, the same model PNA probes (PNA P1 and PNA P2) were used in
conjunction with two DNA targets dAs (D1, complementary to P1) and DNA
dAGTGATCTAC (D2A, complementary to P2). The two. PNA probes (100 pmol
each) were mixed in the binding buffer (10 mM phosphate buffer pH 7.0, 30 uL) and
hybridized with each of the DNA target (100 pmol). The hybridization was allowed to
proceed at room temperature for 15 min, then each of the solid support was added to
the mixture. After 15 min incubation at room temperature, the support bound
PNA-DNA hybrid was separated from the solution, and then washed with water to
remove any unhybridized PNA. The solution after removal ofthe solid support and
the separated solid support were subsequently analyzed by MALDI-TOF mass

spectrometry. The results are shown in Figure 3.31.
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Figure 3.31 (a) MALDI-TOF analysis of solid support after hybridization with
the DNA target D1 or D2A

(b) MALDI-TOF analysis of a mixture of two PNA probes, P1 and
P2, after hybridization with the DNA target D1 or D2A
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The spectra above revealed that Q-sepharose was the best solid support. A
clear signal of the complementary PNA probes can be observed on the solid support
(spectra 6 and 10 in Figure 3.31a). Most importantly, in the remaining solution after
removal of the support, only one mass signal due to the non-complementary probe
remained (spectra 6 and 10 in Figure 3.31b). This means that Q-sepharose can
completely absorb the negatively charged complementary PNA-DNA hybrids without
leaving any free PNA probe in the solution: On the other hand, other solid supports
seemed to have lower capaeity to bind the negatively charged PNA-DNA hybrids
despite the observed high-specificity. This is evidenced by analysis of the PNA-DNA
solution after removing the support. In many cases, the mass signal of both PNA
probes were observed.as shown in Figure 3.31b (spectra 3—5, 7-9), while only signal
of the complementary probe was observed on the solid support. The results can be
explained by the fact that Q-sepharose is a strong anion exchanger due to the presence
of quaternary ammonium groups, whereas the other solid supports are weak anion
exchangers having primary or secondary amino groups (Figure 3.29). In addition, the
Q-sepharose showed a good ionic capacity as shown in Table 3.5 and it was therefore
selected for further use as the anion exchanger in conjunction with PNA probes for

DNA sequence determination in the next experiments.

Table 3.5 Type and ionic capacity of each of solid anion exchanger support [102,

103]
Solid suppeort Type of anion exchanger Total ionic capacity
PSA Weak 1.1-1.4 mmol/g
Q sepharose Strong 0.18-0.25 mmol/mL gel
DEAE sepharose Weak 0.11-0.16 mmol/mL gel
DEAE cellulose Weak ~ I'mmol/g
chitosan Weak 2.5-2.8 mmol/g

With the new. solid support, the quantity of PNA probe and DNA target that
can be detected by MALDI-TOF mass spectrometry. following the Q-sepharose
capture was optimized again. The PNA P1 (m/z= 3179.68) probe and its
complementary DNA target DNA D1 (dAy) were selected as models for further
optimization. In the protocol, the PNA probe was hybridized with DNA target (10
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mM phosphate buffer pH 7.0, 30 uL) and incubated at room temperature for 15 min.
Subsequently, the pre-equilibrated Q-sepharose was added to this PNA-DNA hybrid
solution and left for another 15 min. After extensive washing of the support with
water, the resulting support-bound PNA-DNA hybrid was analyzed by MALDI-TOF
mass spectrometry.

In the first part of the experiment, the amount of PNA was varied in range
between 100, 10, 1 and 0.1 pmol, whereas the-quantity of DNA target was fixed at

100 pmol. The results are shown in Figure 3.32.
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Figure 3.32 Determination of the limit of detection for PNA probe P1 with DNA D1
target (fixing the amount DNA target at 100 pmol/ 30 pL hybridization

reaction)

From these spectra, it was found that the minimum amount of PNA probe that
can be employed eonjunction with Q-sepharose for detection of DNA sequence with a
reasonable signal-to-noise ratio (27.9) was 10 pmol (spectrum 4). No signal could be
detected when the probe quantity.was less than 10 pmol as shown in ‘spectrum 5
(S/N=6.6, 1 pmol of probe) and spectrum 6 (0.1 pmol of probe). Therefore the
quantity at.10 pmol was selected as. the appropriate.amount of PNA.probe.for the next

experiments.
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In the second part, the amount of DNA was varied between 100, 50, 10 and 1

pmol, whereas the quantity of PNA probe was fixed at 10 pmol. The results are shown

in Figure 3.33.
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Figure 3.33 Determination of the limit of detection for DNA target using PNA
probe P1 (fixing the amount PNA probe at 10 pmol/ 30 pL

hybridization reaction)

The results in the above figure demonstrated that the minimum amount of
DNA target that can be used while a reasonable signal-to-noise ratio (75.9) still
observed was 10 pmol (spectrum 5). Although a weak signal of the PNA probe could
be observed when the DNA quantity was 1 pmol as shown in spectrum 6 (S/N=15.2, 1
pmol of target), the DNA quantity of 10 pmol was used in other experiments.

From the results in Figure 3.32 and Figure 3.33, it is possible to detect the
DNA sequence using PNA probe coupled with Q-sepharose and MALDI-TOF mass
spectrometry with the sensitivity of 10 pmol/hybridization reaction for both PNA
probes and targets. Since the specificity and detection limit obtained by Q-sepharose
was better compared to SAX or other ion exchange; these conditions were further

employed to detect DNA sequence in the next experiments.
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3.6.5 The effectiveness of the Q-sepharose based method in detection of
PNA-DNA hybridization.

This section will mainly focus on the ability to distinguish between fully
complementary and single mismatched DNA targets using PNA probes. Firstly, the
effect of type of single base mismatch in the DNA targets was studied. In the
experiment, the discrimination between complementary and single base mismatch
DNA containing different types of nucleobase at the middle position. A single PNA
probe was used in conjunction with Q-sepharose as anion exchange support. The
experiment was separated into three parts and all parts were performed under identical
conditions. In the procedure, the mixture of PNA probe (10 pmol) in 10 mM
phosphate buffer pH 7.0 (30 pnL) was hybridized with one of the DNA target (10
pmol) and incubated at room temperature for 15 min. Subsequently, the Q-sepharose
support (~3 pL) was added to the PNA-DNA solution and incubated for another 15
min. After separation and washing the support to remove any unhybridized PNA
probe, the resulting support was analyzed by MALDI-TOF mass spectrometry.

In the first part, the PNA Ac-To-Lys-NH, (P1) was employed as a model. The
DNA dAy (D1) was employed as the complementary DNA target. Several other single
base mismatch targets having different types of nucleobase at the middle position of
the strand (IAAAATAAAA, dJAAAACAAAA, JAAAAGAAAA) were also included
in the study. The results obtained from MALDI-TOF analysis of the washed solid

support are shown in Figure 3.34.
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Figure 3.34 Discrimination between complementary and various types of single
mismatch DNA targets by using homothymine nonamer PNA probe
Pl

The results in Figure 3.34 indicated the high specificity of the PNA probe P1
in distinguishing complementary and single mismatch DNA targets. The mass signal
of the PNA probe P1 was observed only in the presence of its complementary DNA
target as shown in spectrum 3. On the other hand, in the presence of all single base
mismatch DNA targets, the mass-signal of probe could not be observed as revealed in
spectra 4, 5 and 6. Spectra 1 and 2 were control solution and control solid in the
absence of any DNA. As a result, it can be concluded that the present technique
showed the potential to discriminate between complementary and single mismatched
DNA targets, regardless of the types of the mismatched nucleobase. In all cases, the
results were unambiguous and easily interpreted.

In the second part, the hybridization specificity between a mixed base PNA
probe and DNA targets was next determined. The 10mer mixed base PNA probe P2
and various DNA targets (D2A as complementary, D2B, D2C, D2D: single base
mismatched target containing a different type of nucleobase at the middle position of
the strand) were employed as a model. The sequence of the PNA probe and DNA
targets were illustrated below. The results obtained from MALDI-TOF analysis of the

washed solid support is shown in Figure 3.35.
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PNA P2 : Ac-GTAGATCACT-Ser-NH;

DNA (D2A) : 5-AGTGATCTAC-3" (complementary with PNA P2)

DNA (D2B) : 5-AGTGAACTAC-3' (single base mismatch,A, with PNA P2)
DNA (D2C) : 5-AGTGACCTAC-3' (single base mismatch,G, with PNA P2)
DNA (D2D) : 5'-AGTGAGCTAC-3' (single base mismatch,C, with PNA P2)
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Figure 3.35 Diserimination between complementary and various types of single

mismatch DNA targets by using mixed base 10mer PNA probe P2.

The results in Figure 3.35 illustrated that very high specificity was also
observed with, the mixed base PNA probe. Spectra 1 and 2 were used as the control
described in previous experiments. The mass signal of the PNA probe was observed
only in the presence of the complementary DNA target as revealed in spectrum 3, On
the other hand no signal of the PNA probe could be observed in the presence of all
single base mismatch DNA targets as shown_in spectra 4, 5 and 6. The experiment
demonstrated the' absolute specificity: of the  10mer mixed base PNA " probe in
differentiating between complementary and various types of single base mismatched
DNA targets when used in combination with Q-sepharose as solid support.

In the last part of the experiment, testing of the present technique with a longer
PNA probe was investigated. A 15mer mixed base PNA PS5 probe (m/z = 5208.38)
and a variety of DNA target including complementary target and single base
mismatch targets having different types of nucleobase at the middle position were
used as models. The sequences of the PNA probe P5 and all DNA targets are shown

at below.
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PNA (P5) : Ac-TGTACGTCACAACTA-Lys-NH,

DNA (D5A) : 5-TAGTTGTGACGTACA-3"' (complementary with PNA P5)
DNA (D5B) : 5-TAGTTGTAACGTACA-3' (single mismatch,A, with PNA P5)
DNA (D5C) : 5'-TAGTTGTCACGTACA-3' (single mismatch,C, with PNA P5)
DNA (D5SD) : 5-TAGTTGTTACGTACA-3' (single mismatch,T, with PNA PS5)
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Figure 3.36 Diserimination between complementary and various types of single

mismatch DNA targets by using mixed base 15mer PNA probe P5.

In the presence of the complementary DNA target (D5A), the mass signal of
PNA probe was detected as expected in spectrum 3 of Figure 3.36. However, after
washing the support with water and MALDI-TOF MS analysis, significant
background signal of the PNA was detected in the presence of all single base
mismatch DNA-targets as shown in the spectra 4, 5 and 6 (S/N=18.2, 17.4 and 15.4,
respectively) as compared with the control’ solution and control solid (spectra 1
and 2). Since no signals were observed in the case of control solid (spectrum 2), the
presence of these signals are not'due to nonspecific absorption of the PNA on the
solid “support. In these cases, the.mismatched PNA-DNA hybrids appeared to_be
sufficiently stable to be present in the solution and absorbed on the support. The
assumption is supported by the higher melting temperature (75,) of hybrids formed
between PNA P5 and single base mismatched DNA targets (61.1-63.1 °C) as
compare to that of 9mer PNA P1 (39.0-48.0 °C) and 10mer mixed base PNA P2
(34.0-37.0 °C).
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In order to eliminate non-specific absorption signal, a more stringent washing
condition was required. Raising the temperature during hybridization/washing is
theoretically possible so that the mismatched hybrids are destroyed. This strategy has
been used to solve similar problems in other works [74]. Alternatively, single strand
specific nucleases may be used to improve the specificity. However, having to control
temperature or use an enzyme would complicate the analysis and would not be
practical for high throughput applications.” In-this experiment, it was decided to
explore other washing conditions that allow-all steps to be carried out at room
temperature (30 °C) for the sake of simplicity. Based on literature precedent that the
stability of PNA-DNA.hybrids are sensitive to organie solvent, it was proposed that an
addition of organic solvent in the hybridization or washing buffer should improved
the specificity of the technique. To validate the concept, a series of 7;, experiment
between the 10mer PNA probe P2 and its complementary DNA target (D2A) in 10
mM phosphate buffer containing varying amount of acetonitrile as co-solvent. The

results are summarized in Figure 3.37 and Table 3.6.

Effect of MeCN to the stability of PNA-DNA hybrid
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Figure 3.37 T,, curves of P2:D2A hybrid in the presence of various hybridization
buffer: Condition PNA:DNA = 1:1, [PNA] = 1 uM, heating rate 1.0

°C/min.



114

Table 3.6 Effect of acetonitrile on 7, of 1:1 P2-D2A Condition: ratio of
PNA:DNA = 1:1, [PNA] = 1 uM, heating rate 1.0 °C/min.

Percentage of MeCN in 10 mM Tm (°C)
phosphate buffer pH 7.0
0 58.1
5, 523
10 46.2
15 42.4
20 40.3
25 35.6

From the above data, it becomes clear that increasing acetonitrile content in
the hybridization buffer can destabilize PNA-DNA hybrids. It should therefore be
possible to find an appropriate acetonitrile content that decrease the 7}, of mismatched
hybrids to below ambient temperature (30. °C) while that of the complementary
hybrids is still well above that temperature. Provided that the kinetic of the
dissociation is fast enough, it should also be possible to include acetonitrile only in
the washing step. To study the appropriate conditions for destroying
noncomplementary hybrids, the ‘washing step was carried out using various
percentage of acetonitrile in water (3—10%). Pleasingly, it was found that a washing
solution containing 10% aqueous acetonitrile could more or less completely eliminate
the signals from single mismatched hybrids between 15mer PNA and DNA. The

results are shown in the Figure 3.38.
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Figure 3.38 MALDI-TOE analysis of the effect of including acetonitrile in the

washing medium to eliminate non-specificity background

MALDI-TOF MS spectra obtained from the solid support after washing with
10% aqueous acetonitrile did not show any background signal in the presence of all
single base mismatch targets (D5SB, D5C, DSD) as shown in spectra 4, 5 and 6. In
contrast, in the presence of complementary DNA target (D5SA), a signal of PNA P5
probe was clearly detected .in spectrum 3. As a result, it can be concluded that
aqueous acetonitrile can eliminate any mismatched PNA-DNA hybrids that might
have occurred. Therefore, acetonitrile (3—10%) was always included in the washing

step for longer PNA probes (>10mers).

3.6.6 Applications in SNP analysis: Validation of present method with synthetic
single stranded DNA

The present mass spectrometric analysis of PNA:DNA hybrid on Q-sepharose
using single PNA as probe provided a good specificity in differentiating
complementary from single base mismatched DNA target. This technique is therefore
potentially: useful for detection of DNA sequences especially for Single Nucleotide
Polymorphism (SNP) analysis. SNPs have important implications in human  genetic
studies and great potential increasingly useful as genetic markers for genome mapping
studies, medical diagnostics, and human identity testing. The presence of the specific

SNP allele can be implicated as a causative factor in human genetic disorders [61]. It
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has been suggested that an appropriate set of SNP markers could be used to identify
genetic factors associated with complex disease traits. SNPs that vary across differing
population will also be useful for the purpose of human identification [104].

For SNP genotyping, a combination of two PNA probes is commonly used for
one experiment; each probe should be complementary to each type of SNP so as to
provide a mechanism for self-validation. For this reason, detection of DNA sequence
using two PNA probes should be next investigated. An experimental model was
established to verity the efficiency of the present technique for DNA sequence
analysis, using synthetic DNA targets which are different at one base position.

To wvalidate the technique using single stranded synthetic DNA, the
experiments were separated into three parts. All experiments were performed under
the same conditions, using different PNA probes. In the protocol, an equimolar
quantity of two PNA probes (10 pmol each) was mixed with one of synthetic single-
stranded DNA target (10 pmol) in 10 mM phosphate buffer pH 7.0 as binding buffer
(30 uL) and incubated at room temperature for 15 min. After the usual hybridization-
absorption-washing (by water or acetonitrile) cycles, the support was then analyzed
by MALDI-TOF mass spectrometry. The sequences of the PNA probes and DNA

targets employed in each experiment are shown in Table 3.7.

Table 3.7 PNA probes and DNA targets were employed in these experiments.

Experiment PNA probes (N to C) DNA targets (5' to 3')
section

1 "1 P1 Ac-TTTTTTTTT-Lys-NH, DI dAAAAAAAAA
P2 Ac-GTAGATCACT-Ser-NH, D2A dAGTGATCTAC

2 P3 Ac-TTTTATTTT-Lys-NH, D3 dJdAAAATAAAA
P4 Ac-TTTTGTTTT-Lys-NH; D4 dAAAACAAAA

3 PS5 Ac-TGTACGTCACAACTA-Lys-NH, | DSA dTAGTTGTGACGTACA
P6 Ac-TGTACGTAACAACTA-Lys-NH; | D6A dTAGTTGTTACGTACA

In the first part, the ability of a mixture of two different PNA probes to
differentiate between complementary and non-complementary DNA target was tested.

Using two PNA probes containing completely different sequences, namely Ac-To-

Lys-NH, (P1 m/z = 3179.68) and Ac-GTAGATCACT-Ser-NH, (P2 m/z = 3517.57)
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as models. Two synthetic DNA dAy (D1) and dAGTGATCTAC (D2A), which are
complementary with P1 and P2, respectively, were employed as DNA targets.
MALDI-TOF analysis results are shown in Figure 3.39.
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Figure 3.39 Discrimination between complementary and fully mismatched DNA
targets using a combination of two PNA probes P1 and P2.
Hybridization conditions: PNA 10 pmol each and DNA 10 pmol in 30
uL binding buffer at 30 °C. Experiments from top to bottom: no DNA
target (solution, positive control), no DNA target (solid, negative
control), +D1 (complementary to P1, single mismatch to P2), +D2A
(complementary to P2, single mismatch to P1).

The results in the Figure 3.39 revealed that in the control solution (spectrum
1) the mass signals of both PNA probes were observed. As expected, the solid control
did not show any,signals. Upon addition of either DNA D1 or DNA D2A to the mixed
PNA probe solution, only one of the mass signals of PNA probes corresponding to
their complementary DNA targets was observed in the washed solid support (spectra
3 and 4). In both case, no absorption of the non-complementary PNA. probe was
observed.

In the second part of the experiment, differentiation between complementary
and single base mismatch using a mixture of two PNA probes differing at only one
base was investigated. Two PNA probes containing single base mismatch to each
other at the middle position: Ac-TTTTATTTT-Lys-NH; (P3, m/z = 3186.48) and Ac-
TTTTGTTTT-Lys-NH, (P4, m/z = 3202.47) were used as models. Two synthetic
DNA dAAAATAAAA (D3) and dAAAAACAAAA (D4), which are complementary
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with P3 and P4 respectively, were employed as targets. MALDI-TOF analysis results

are shown in Figure 3.40.

3 spectrum 1

Intens. [a.u]
mor
=1
=

control (P3 + P4) solution

%_T‘ﬂé?@s’ s

3 spectrum 2

Intens. [au.]
[E
8
=

control solid

3 spectrum 3

Intens. fa.u]
mor
=1
=

PNA & D3

Fl E|
o250 gpectrum 4

PNA & D4

_L —— ‘E-_a—3|89253

T T
oo 2400

Figure 3.40

T T T T T T T T T T T T T T
2800 2E00 3000 3200 3400 36800 3E00 4000

Discrimination between complementary and fully mismatched DNA
targets using a combination of two PNA probes P3 and P4.
Hybridization conditions: PNA 10 pmol each and DNA 10 pmol in 30
pL binding buffer at 30 °C. Experiments from top to bottom: no DNA
target (solution, positive control), no. DNA target (solid, negative
control), +D3 (complementary to P3, single mismatch to P4), +D4
(complementary to P4, single mismatch to P3).

The result shown in Figure 3.40 indicated only mass signal of the

complementary PNA probe to the DNA target when the complementary DNA target

was present (spectra 3 and 4). Background absorption of non-complementary probe

did not occuron the solid support therefore unambiguous-differentiation between

complementary and single base mismatch were easily achieved.

In the third part, two 15mers mixed base PNA probes, P5 and P6, having a

single base mismatch to each “other were used as models. The D5A that is

complementary with P5 and D6A that is complementary with P6 were used as targets.

The sequences of PNA probes and DNA targets are as follow.



PNA (P5)
PNA (P6)
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. Ac-TGTACGTCACAACTA-Lys-NH, ( m/z = 5209.38)
: Ac-TGTACGTAACAACTA-Lys-NH, ( m/z = 5232.37)

DNA (D5A) : 5-TAGTTGTGACGTACA-3'

(complementary with PS5, single mismatch with PNA P6)

DNA (D6A) : 5-TAGTTGTTACGTACA-3'

(complementary with P6, single mismatch with PNA P5)

For these longer PNA probes, 10% aqueous acetonitrile was employed for

washing of the solid suppert after the hybridization and ion-exchange capture in order

to eliminate the background-due to the non-complementary probe. The results from

MALDI-TOF mass spectrometric analysis of the washed support are illustrated in

Figure 3.41.
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Figure 3.41 Discrimination between complementary and fully mismatched DNA

targets -using a combination of two PNA probes PS5 and P6.
Hybridization conditions: PNA. 10 pmol each and DNA 10 pmol in 30
pL binding buffer at 30 °C. Experiments from top to bottom: no DNA
target (solution, positive control), no DNA target (solid, negative
control), +D5SA (complementary to P5, single mismatch to P6), +D6A
(complementary to P6, single mismatch'to P5).

From the above spectra, it was observed that after hybridization and washing

with 10% aqueous acetonitrile, a satisfactory discrimination between complementary

and single base mismatched 15mer DNA targets was achieved since only the mass

signal of the expected PNA probe could be observed (spectra 3 and 4). The results
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confirmed that aqueous acetonitrile could effectively destroy any mismatched
PNA-DNA hybrids that might have formed when longer PNA probes were employed.

The results above clearly demonstrated the potential of the present technique
in discrimination between complementary and single base mismatch with high
specificity. The background absorption was not detected even when the hybridization

and washing were carried out at room temperature.

3.6.7 Applications in SNP analysis: Validation of present method with synthetic
double stranded DNA

All previous experiments were performed with synthetic single—stranded DNA
target. In reality, DNA samples obtained from extraction and/or PCR technique are
double-stranded. In this section, synthetic' double-stranded DNA was employed as
targets to validate the technique before applying to the real samples. In the
experiment, a synthetic 15mer double—stranded DNA and 15mer mixed base PNA P5
probe were used as models. The experiment was divided into three parts to address
factors that influence the PNA:-DNA hybridization including salt concentration,
temperature and the length of DNA target.

The first part of the experiment was designed to study the effect of salt
concentration on the formation of the hybrid between PNA and one of the DNA
strand in av.double-stranded DNA target. A synthetic double-stranded DNA
(DSA/D5A") having one of the strands (D5A) complementary with the PNA PS5 probe

was used as atarget model. The sequences of the DNA are shown below.

DNA (D5A) =5'- TAGTTGTGACGTACA-3' (complementary with PNA P5)
DNA (D5A") =5'-TGTACGTCACAACTA -3"(complementary with DNA DSA)

Two binding buffers containing different salt concentration were evaluated.
Buffer 1 consisted of 10 mM phosphate buffer pH 7 containing 100 mM NaCl-and
buffer 2 consisted of 10 mM phosphate buffer pH 7 without added NaCl.

In the procedure, the DNA DSA and D5SA' (10 pmol each) were mixed in 30
pL of binding buffer. The hybridization was incubated at room temperature for 15
min and then denatured to their single stranded DNA components in a boiling water

bath for 5 min. The mixture was rapidly cooled down at 0 °C and then the PNA probe
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P5 (10 pmol) was immediately added. The hybridization reaction was performed at
room temperature for 15 min to allow complete hybridization. The pre-equilibrated
solid support was then added to the PNA-DNA hybrid mixture and left for another 15
min. After that, the solid support was washed with the 10% aqueous acetonitrile. The
results from MALDI-TOF mass spectrometric analysis of the washed solid support

are shown in Figure 3.42.
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Figure 3.42 Determination of the effect of salt concentration to the hybridization

between PNA and synthetic double strand DNA

From above figure, it was apparent that the efficiency of the hybridization
between PNA and synthetic double-stranded DNA in the presence of 10 mM
phosphate buffer in the absence of NaCl (buffer 2) was comparable to that in the
presence of NaCl (buffer 1) (spectra 3 and 5). This is in agreement with the relatively
low sensitivity of PNA-DNA hybrids to ioni¢ strength. In addition, it was also
observed that the hybridization of PNA to dsDNA was at least as efficient as to
ssDNA as shown by the comparable signal intensities and signal-to-noise ratio in all
case. As a result, it can be concluded that dsDNA can be used as targets and that salt
concentration did not effect the hybridization between PNA and dsDNA.

From the above results, 10 mM phosphate buffer pH 7 without NaCl was
selected as the binding buffer for further experiments with both single-stranded and
double-stranded DNA targets. The low salt hybridization buffer is beneficial in

destabilizing dsDNA and minimizing secondary and tertiary structure formation. It
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also simplified the reaction set-up and analysis since it is well known that high
concentration of salt may interfere with MALDI-TOF analysis.

In the next part of the experiment, the differentiation between complementary
and single mismatched double stranded DNA compared to the single stranded DNA
was investigated. The 15mer PNA probes PS was employed as models. The synthetic
double-stranded 15mer DNASs carrying complementary (dsDNA DSA/D5A') and
single base mismatched sequences (dsDNA DSC/DSC') were employed as targets.
The sequences of the PNA probes and DNA targets are illustrated below.

PNA (P5) : Ac-TGTACGTCACAACTA-Lys-NH, (m/z=5209.38)

DNA (D5SA)  : 5-TAGTTGTGACGTACA-3" . (complementary with PNA PS)
DNA (D5A'). © 5'-TGTACGTCACAACTA-3' (complementary with DSA)
DNA (D5C) :5-TAGTTGTTACGTACA-3" (single mismatch with PNA PS5)
DNA (D5C!') : 5'-TGTACGTAACAACTA-3" (complementary with DSC)

In the procedure, one of the dsDNA target (10 pmol each) were mixed in 30
pL of binding buffer (10 mM phosphate buffer pH 7.0) and incubated at room
temperature for 15 min. The mixture was then heated in boiling water bath for 5 min
and rapidly cooled down at.0°C and solid support was added to mixture immediately.
The PNA probe P5 (10 pmol) was added to mixture immediately. The mixture was
incubated at room temperature for 15 min to allow complete hybridization. After the
usual hybridization-absorption-washing cycle (with 10% aqueous acetonitrile to
remove non-specifically bound probes), the support bound PNA-DNA hybrid was
analyzed by MALDI-TOF mass spectrometry. The results are shown in Figure 3.43.
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Figure 3.43 Discrimination between complementary and single mismatch in double
stranded DNA targets by the 15mer PNA probe PS. Hybridization
conditions: PNA 10 pmol, DNA 5 pmol, 10 mM sodium phosphate
buffer pH 7.0 (30 pL) at 30 °C. Experiments from top to bottom: no
DNA target (solution, positive control), no DNA target (solid, negative
control),  +dsDSA/DSA' (complementary, double-stranded),+DSA
(complementary, single-stranded), +dsD5SC/DSC' (C-T single mismatch,
double-stranded),+D5C (C-T single mismatch, single-stranded),

From the Figure 3.43, it was illustrated that the present method can clearly
differentiate between the complementary duplex (dsDNA D5A/DSA') and single base
mismatched duplex (dsDNA DSC/DSC') as shown in spectra 3 and 5 with
comparable results (signal intensity, S/N ratio) to the corresponding single stranded
DNA (D5A and D5C) as revealed in spectra 4 and 6 under the same conditions.

Hybrid formation with longer double stranded DNA is potentially difficult due
to the expected high stability of the dSDNA. Prior dissociation of the duplex to single
stranded DNA under a suitable condition, such as heating, before the hybridization
should facilitate the.hybridization process.: Therefore, in the last part of the
experiment, applicability of this technique with long synthetic double stranded DNA
sequences was verified. In the experiment, hybridization between PNA probe hybrid
and dsDNA target under the standard protocol (without heating) and the new protocol
with-an additional heating step-to denature double stranded to single strand DNA just
before hybridization with the PNA probe were made. The experiment employed the
15 mer PNA probes P5 as model and two 30mer synthetic double-stranded DNA
having complementary sequence at the terminal (D15A/15B) and middle (D16A/16B)

position of the sequence as targets. Their sequences are shown as follows.



PNA (P5)  : Ac-TGTACGTCACAACTA-Lys-NH, ( m/z=5209.38)
dsDNA (D15A-15B)

DNA (DI5A) : 5-TAGTTGTGACGTACACGTAAGTGACCGTCA-3'
DNA (D15B) : 3'-ATCAACACTGCATGTGCATTCACTGGCAGT-5'
dsDNA (D16A-16B)

DNA (D16A) : 5-ATCTAGCTAGTTGTGACGTACATACGCATC-3'
DNA (D16B) : 3“TAGATCGATCAACACTGCATGTATGCGTAG-5'
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In all cases, the hybridization steps were carried out in 10 mM phosphate

buffer pH 7.0. The solid supports were washed with the 10% aqueous acetonitrile.

The results from MALDI-TOF analysis of the washed support are shown in Figure

3.44.
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Figure 3.44 Comparison the efficacy of PNA-DNA hybridization under usual

condition and new condition with additional heating step

From the above results, it was apparent that the efficiency of the hybridization

between PNA probe and two 30mers synthetic double-stranded DNA sequence was

better using the new hybridization procedure with the additional heating step. As
shown in spectra 3 (D15A-D15B) and 6 (D16A-D16B) (with heating) compared to the
usual conditions (without heating) in spectra 4 (D15A-D15B) and 7 (D16A-D16B),

the signals intensity and S/N ratio obtained from the new protocol were better. The
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efficiency of the hybridization between PNA and synthetic 30mers double-stranded
DNA with additional heating step was comparable to that of the corresponding single-
stranded DNA targets as indicated in spectra 5 (D15A) and 8 (D16A). The position of
the sequence to be detected in the DNA targets had no effect on the hybridization
efficiency. In addition, the order of hybridization and absorption steps could be
reversed without any observable difference. Under the usual hybridization conditions
(without heating), the longer double—stranded -DNA might be more stable than the
short double-stranded DNA making it difficult for the PNA to dissociate and
hybridize with one strand-of the DNA target. The heating step used was necessary to
first dissociate the DNA"duplex. Upon rapid cooling, the DNA remained in its single
stranded form. Therefore, in case of real DNA samples detection, it was preferable to
include of the heating step to denature the dSDNA before hybridization with the PNA.

Although all above results suggested that the acpcPNA in combination with
Q-sepharose capture. and MALDI-TOF MS can be potentially useful for DNA
sequence analysis, the sensitivity of the analysis was still less than satisfactory since
at least 10 pmol of PNA probes and DNA samples are usually required to obtain
acceptable S/N ratio. Although these quantities of DNA are available by standard
PCR, it is quite wasteful of the expensive PNA probes. Therefore, the improvement of
the sensitivity of PNA probe for detecting DNA sequence was next studied.

3.6.8 Investigation of the effect of positively charged labeling groups on PNA to

enhance the sensitivity of the detecting DNA sequence

Since the PNA probe is analyzed in positive ion time-of-fight mode by
MALDI-TOF mass spectrometry, attaching a charged labeling group on the PNA
probe might enhance the sensitivity of the detection further [73]. Therefore, the effect
of modification of the. PNA with positively charged labeling groups to the detection
limit was next studied. To assess the effectiveness of positively charged labeling
groups, a simple PNA probes (Ac-TTTT-ser-NH,) was modified by at the N-termini
capping ‘with arginine or carboxybutyltriphenylphosphonium greup and directly
compared with the unmodified sequence. The structures of arginine and carboxybutyl

triphenylphosphonium group are shown in Figure 3.45.



126

0120
H
+ N NH
H3N)\/\/ 2 - —li)— /\/\j S"S:)
3
NH,
+
(a) (b)

Figure 3.45 Structure of (a) arginine and (b) earboxybutyl triphenyl phosphonium
group

The sequences of the modified PNA probes used in this study are shown

below.
PNA (Ac) = Ac-TTTT-ser-NH> (m/z=1476.57)
PNA (Arg) = Ac-Arg-TTTT-ser-NH,  (m/z= 1632.67)
PNA (P) = P-TTTT-ser-NH, (m/z=1780.53)

In the experiment, the amount of each PNA probe deposited on the MALDI-
TOF target was varied in range between 10 pmol to 0.00001 pmol. One microliter of
the stock PNA solution was mixed with the matrix solution (10 pL). The resulting
sample mixture (1 pL) was deposited onto the target and analyzed by MALDI-TOF

mass spectrometry. The results are illustrated in Figure 3.46.
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Figure 3.46 Determination of the limit of detection of
(a) unmodified PNA (PNA (Ac))
(b) PNA with N-terminal arginine group (PNA (Arg))
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(c) PNA with N-terminal carboxybutyltriphenylphosphonium group

(PNA (P))
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From the spectra, the minimum amount of PNA (Ac), PNA (Arg) and PNA
(P) that could be detected were 0.1, 0.001 and 0.0001 pmol (at S/N ratio= 17.3, 15.8
and 25.6) as shown in Figures 3.46 respectively. It can be concluded that attaching a
positively charged labelling group can improve the sensitivity of PNA detection using
mass spectrometry. Therefore, PNA probes used in later experiments were modified
with N-arginine or carboxybutylphosphonium to improve sensitivity of the detection.

At this stage, it was considered that'the technique was sufficiently robust to
allow determination of real DNA sequences. Applications of the technique in analysis

of meat products and human DNA will be discussed in the next section.

3.7 Investigation of the applicability of this method in real DNA samples

derived from PCR amplification.

3.7.1 Identification of meat products in feedstuff.

To demonstrate its applications, the present technique was applied for the
identification of meat species in feedstuffs wusing a fragment of mitochondrial
cytochrome b gene from bovine (Bos taurus) and porcine (Sus scrofa). The DNA
sequence information was obtained using Clustal W2 and BLASTN analysis of the
National Center for Biotechnology Information (NCBI database). For identification,
53bp DNA fragments (nucleotides 628—680) containing a single diagnostic T/C
difference at nucleotide position 654 were prepared from the meat samples by PCR
amplifying the cytochrome b gene covering the desired this SNP site using 5'-
GGAATCTCTCAGAC-3' and 5'-TTAATAGTGTAGTA-3' primers and hybridized
with two | lmer arginine-labeled PNA probes P7 and P8; which were specific for
bovine and porcine species respectively. The results were compared with a standard
process, PCR-RELF [105-106]. The sequences of the PNA P7, P8 and the bovine and

porcine target having the SNP site of the cytochrome b gene are shown below.
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PNA P7
PNA P8

Ac-Arg-AAAATCCCATT-ser-NH,  (m/z =3961.46)
Ac-Arg-AAAATTCCATT-ser-NH,  (m/z=3976.21)

(@)

Accession No.
V628 V654 V680
Sus scrofa  GGAATCTCATCAGACATAGACAAAATECCATTTCACCCATACTACACTATTAA AM492627
Sus scrofa  GGAATCTCATCAGACATAGACAAAATtCCATTTCACCCATACTACACTATTAA DQ334861
Bos javanicusGGAATCTCCTCAGACATAGACAAAATeCCATTCCACCCCTACTACACTATTAA EF685914
Bos indicus GGAATCTCCTCAGACATAGACAAAATeCCATTCCACCCCTACTACACTATTAA EF061240
Bos taurus  GGAATCTCCTCAGACATAGACAAAATeCCATTCCACCCCTACTACACTATTAA DQ186269

(b)

Figure 3.47 (a) Sequence of PNA P7 and PNA P8

(b) Target cytochrome b sequence used for identification of meat samples

Prior to applying the method to a real system, the fidelity of the hybridization
was first established by using two 11bp synthetic oligonucleotides (DNA D7 and D8)

as targets. The sequences of the two synthetic DNA are shown as follow.

DNA D7
DNA D8

5'-AATGGGATTTT -3' (complementary with PNA P7)
5'- AATGGAATTTT -3' (complementary with PNA P8)

In the experiment, an equimolar mixture of the two PNA probes (10 pmol
each) was mixed with 10 pmol of cither D7 or D8 in 10 mM sodium phosphate buffer
(30 pL) and“incubated at room temperature. After 15 min-of hybridization, Q-
sepharose (~3 pL) was added to the mixture and left for another 15 min. The solid
supports were then washed with water. The results from MALDI-TOF mass
speetrometric analysis-of the-washed anion exchange support-arc.shown.in Figure

3.48.
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Figure 3.48 Identification of bovine and porcine DNA in meat products by the 11mer
PNA probes P7 and P8. Hybridization conditions: PNA 10 pmol each,
DNA 10 pmeol, 10 mM sodium phosphate bufter pH 7.0 (30 puL) at 30 °C.
Experiments from top to bottom: no DNA target (solution, positive
control), no DNA target (solid, negative control), +D7 (complementary
to P7), +D8 (complementary to P8)

The results clearly revealed the high sequence specificity between the probes
and their complementary targets. Complementary and single base mismatched targets
could be readily distinguished. In the presence of the DNA D7 (complementary with
the PNA P7) the result showed a mass signal at m/z = 3961.1 corresponding to the
PNA P7 (spectrum 3). On the other hand, spectrum 4 showed only the mass signal of
PNA P8 at m/z = 3976.5 in the presence of the DNA D8 (complementary with PNA
P8). For such short PNA probes (11 mer), a clear differentiation between
complementary and single base mismatch was achieved when using water alone in the
washing step. The high specificity can be described in term of'the difference in melting
temperature (7,) between the complementary and single mismatched PNA-DNA
hybrids. The T3, value of single mismatched P7-D8 duplex and P8:D7 duplex (Table
3.6) were 37.8 °C and 38.7 °C, respectively. These figures-are considerably lower than
that of the perfectly matched P7-D7(63.1 °C) and P8-D8 (65.9 °C) hybrids (AL, = —
28.1 °C and —24.4.°C; respectively). The difference 7;, between the complementary
and single mismatch duplex of both sequence was very high which explained the high
discrimination power of the present PNA probes. The 7}, of both mismatched hybrids
was also low, thereby using only water in washing step was sufficient eliminate the

non-specific signal from the support-bound mismatched PNA-DNA hybrid. However,
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since the 7}, is concentration dependent, one should be careful in relying on the T},
data obtained under different concentrations (1 uM) from the actual hybridization
conditions. In these cases, the explanation based on 7}, should still be valid since all
probes are compared under more or less the same concentration (in the range of 1-10
pmol/30 pL, equivalent to 0.03—-0.3 uM).

From the satisfactory results obtained with synthetic DNA targets, this method
was further applied in real DNA sample derived from PCR amplification for detection
of bovine and porcine species-in meat produets. A total of 14 DNA samples from
meats and feedstuffs were analyzed. In the protocol, each of double-stranded DNA
sample (~5 pL) was mixed with 30 uL of 10 mM sodium phosphate buffer pH 7.0 and
denatured in a boiling water bath for 5 minuets. The mixture was rapidly cooled down
to 0°C and then a pre-equilibrated Q-sepharose support (3 pL, ~3 mg) was
immediately added to immobilize single-stranded DNA on the solid support. After
15-20 min at room temperature (30 °C), the solid support was extensively washed
with 10 mM sodium phosphate buffer pH 4.0 and re-suspended in 30 pL of the
hybridization buffer. This procedure allowed extensive washing of the support-bound
DNA to remove impurities like salts, proteins and nucleotides in the PCR samples
before subsequent hybridization with the PNA probe. For hybridization, a mixture
containing an equimolar quantity of each PNA probe (10 pmol) was added to this
support-bound DNA suspension.. The hybridization mixture was then incubated at
room temperature for another 15-20 min. After the usual hybridization-absorption-
washing cycle (with water), the solid support was analyzed by MALDI-TOF mass

spectrometry. The results are shown in Figure 3.49 and Table 3.8.
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Identification of bovine and porcine DNA in meat products by using

the PNA probes P7 and P8.
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The result in above spectra revealed the potential of this technique in detection
of the bovine and porcine species in the DNA samples by using PNA P7 and P8 as
probes. The results are in complete agreement with the origin of the samples and with
two independent analysis techniques (PCR-RFLP and electrochemical biosensor)
[105-106]. Amongst the samples tested, it was found that the mass signal of PNA P7,
but not P8, was observed in sample 1, 5, 11 and 12. It can therefore be concluded that
these samples contain only bovine meats. On the other hand, analysis of samples 6, 7
and 13 revealed only mass signal corresponding to PNA P8. Consequently, such
samples contained only porcine meat. The remaining samples exhibited neither
signals of P7 nor P8 hence they did not contain bovine and porcine meat. The mass
present in these samples were obtained using an external calibration at the beginning
of the experiment. A mass etrror range lower than 150 ppm was obtained which were
more than adequate to unambiguously discriminate between the two PNA probes
(Am/z = 15.1) in the whole set of experiments. The results from the above spectra are

also summarized in Table 3.8.
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Table 3.8 Analysis results of DNA samples obtained from meat products
sample no. description observed m/z results indendent
(error, ppm) analysis™®

DNA D7 bovine positive control 3961.1 (-25.2) bovine N/A
(synthetic)

DNA D8 pocine positive control 3976.5(+75.4) porcine N/A
(synthetic)

Sample—1 Cloned target DNA 3961.4 (+50.4) bovine bovine
(bovine positive)

sample—2 Soybean genomic DNA None negative | negative

sample—3 Non template control None negative | negative

sample—4 Poultry meat (Thai) None negative | negative

sample—5 Ruminant meat (Thai) 3961.5 (+75.7) bovine bovine

sample—6 Pig meat (Thai) 3976.3 (+50.3) porcine porcine

sample—7 Pig bone meat 3976.5 (+75.4) porcine porcine
(Netherlands)

sample—8 Hydrolyzed feather None negative | negative
(Australia)

sample—9 Chicken blood meal None negative | negative
(Australia)

sample—10. | Poultry meal (France) None negative | negative

sample—11 | Pet food paste 7% protein 3961.4 (+50.4) bovine bovine
(cattle & poultry , Thai)

sample—12 | Pet food paste 8% protein 3961.3 (+25.2) bovine bovine
(cattle & poultry, France)

sample—13 | Actipro 95PHS 3975.9 (=75.4) porcine porcine
(pig & poultry ,
Netherlands)

sample—14. | Pet food bar (poultry , None negative | negative
Thai)

* standard PCR-RFLP analysis

b . .
electrochemical biosensor
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3.7.2 Genotyping of single nucleotide polymorphism (SNP) in human gene

Apart from identification of meat species in feedstuffs, the present technique
was also applied to the detection of SNP in human DNA. The target chosen was
human interleukin—10 (/L—10) promoter gene, which was believed to be associated
with autoimmune disease like systemic lupus. erythematosus (SLE) and psoriasis
[107-108]. Three regions in the /L—10 promoter gene: rs1800896 (-1082 G/A),
rs1800871 (=819 C/T) and rs1800872, (592 A/C) were selected as representative

cases. The DNA sequences of the three respective regions are shown in Figure 3.50.

Substrate DNA PCR product:
rs1800896 (-1082'G/A)

5'-CCCTTACTTTCCTCTTACCTATCCCTACTTCCCC(e/) TCCCAAAGAAGCCTTAGTAGTGTTGTCTTGGATT-3'
3-GGGAATGAAAGGAGAATGGATAGGGATGAAGGGG(g/a)AGGGTTTCTTCGGAATCATCACAACAGAACCTAA-5'

rs1800871 (-819 G/T)

5-TATTTTATAGTGAGCAAACTGAGGCACAGAGAT(a/g)TTACATCACCTGTACAAGGGTACACCAGTGC-3'
3-ATAAAATATCACTCGTTTGACTCCGTGTCTCTA(t/e)AATGTAGTGGACATGTTCCCATGTGGTCACG-5'

rs1800872 (~592 A/C)

5’-CCATTTTACTTTCCAGAGACTGGCTTCCTACAG(git)ACAGGCGGGGTCACAGGATGTGTTCCAGGC-3’
3’-GGTAAAATGAAAGGTCTCTGACCGAAGGATGTC(e/a)TGTCCGCCCCAGTGTCCTACACAAGGTCCG-5’

Figure 3.50 /L—10 promoter gene sequence

The first experiments focused on two SNP sites, rs1800896 (—1082 G/A) and
rs1800871 (—819 C/T). Four PNA probes (P9—P12) corresponding to the two SNP
sites. were designed. The probes. P9 and P10 corresponded to SNPs —1082G and
—1082A, whereas P11 and P12 corresponded to SNPs —819C and —819T respectively.
All PNA probes were 13 bases long. Probes shorter than 10 and longer than 15 bases
tend to be less specific due to non-uniqueness of the sequences in the genome and the
high stability of single mismatched duplex, respectively. The carboxybutyltriphenyl
phosphonium label was attached to the N-termini of the PN'A probes to enhance the
sensitivity of the detection by MALDI-TOF MS. Using these phosphonium-labeled
probes, the quantity of the PNA probe desired for one experiment could be reduced to

10 fmol while clear signals was still obtained. In the actual experiments, it was



136

purposely decided to employ significantly larger amounts of probes (1 pmol) than this
detection limit to ensure reproducibility and to obtain high quality spectra with
reasonable signal-to-noise ratio. The sequences and polymorphisms of the SLE alleles
(Figure 3.50) as well as the PNA probes used to recognize this polymorphism were
indicated in the Table 3.9.

Table 3.9 Sequence polymorphism of PCR product and corresponding PNA probe

rs1800896

-1082G S GGCTICT TTGGGAGGGGGAA GTAGGGA...... -3
PNA (P9) P- TTCCCCCTCCCAA-ser-NH,  (m/z=4668.01 )

~1082A 5. GGCTTCT TTGGGAAGGGGAA GTAGGOA........-3'
PNA (P10) P-TTCCCCITCCCAA-ser-NH, (m/z = 4683.36)

rs1800871

_819C 5'-...GAGGCACAGAGATGTTACATCACCTGTACA.......-3'
PNA (P11) P-ATGTAACATCTCT =ser-NH, ( m/z =4785.75)

19T 5'-....GAGGCACAGAGATATTACATCACCTGTACA.......-3'

PNA (P12) - P-ATGTAATATCTCT -ser-NH,  (m/z=4801.46)

P = carboxybutyltriphenyl phosphonium

Before attempting to genotype real DNA samples, a model analysis on
synthetic DN'A was first investigated to study the ability of each probe to specifically
recognize their complementary DNA. In addition, two homozygous DNA samples
namely S64 (—1082G, —819C) and N2 (—1082A, —819T) from individuals known to
possess the target polymorphism were generated by amplifying the region of human
IL-10 promoter carrying the desire the SNP sites and also included in the samples.

As a model for rs1800896 typing, P9 and P10 were used as probes (1 pmol
each). Two synthetic DNA (5 pmol each) namely 5-TTGGGGGAGGGAA-3' (D9,
complementary with P9) and 5'-TTGGGGAAGGGAA-3' (D10, complementary with
P10) were used.as positive controls. Following the standard protocol, the results from
MALDI-TOF mass spectrometric analysis of the washed solid support are shown in

Figure 3.52.
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Figure 3.51 Discrimination between complementary and single mismatched DNA
targets using a combination of two. PNA probes P9 and P10.
Hybridization conditions: PNA 1 pmol each and DNA 5 pmol in 30 pL
binding buffer at 30 °C. Experiments from top to bottom: no DNA
target (solution, positive control), no DNA target (solid, negative
control), +D9 (complementary to P9, single mismatch to P10), +D10
(complementary to P10, single mismatch to P9).

The spectra 3 and 4 in Figure 3.52 clearly showed that the two DNA
corresponding to each different SNP at the position —1082 (rs1800896) could be
readily distinguished. The mass signal at 4667.7 in the spectrum 3 corresponded to P9
which is complementary with D9. Spectrum 4 showed a mass signal at 4682.8 of P10
whose sequences correspond to D10. No signals were detected in the absence of any
DNA (spectrum 2), indicating no non-specific absorption of the PNA probes.

As models for SNP typing at the position —819 (rs1800871), P11 and P12
were employed as probes (1 pmol each). Two synthetic DNA (5 pmol each) namely
5'-AGAGATGTTACAT-3'" (D11, complementary with P11) and 5'-
AGAGATATTACAT-3' (D12, complementary with P12) were used as positive
controls. The results from MALDI-TOF mass spectrometric analysis of the washed

solid support are shown in Figure 3.52.
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Figure 3.52 Discrimination between complementary and single mismatched DNA
targets using a combination of two PNA probes P11 and P12.
Hybridization conditions: PNA 1 pmol each and DNA 5 pmol in 30 pL
binding buffer at 30 °C. Experiments from top to bottom: no DNA
target (solution, positive control), no DNA target (solid, negative
control), +D11 "(complementary to P11, single mismatch to P10),
+D12 (complementary to P12, single mismatch to P11).

Again, speetra 3 and 4 in Figure 3.52 clearly showed that the two DNA
corresponding to each SNP at the position —819 (rs1800871) could be readily
distinguished. The mass signal at m/z = 4785.8 in the spectrum 3 corresponded to P11
which is complementary with-D11. Spectrum 4 showed a mass signal at 4800.7 of
P12 whose sequences correspond to the D12. No signals were detected in the absence
of any DNA (spectrum 2).

Although the two model SNP typing experiments were successful, different
washing conditions were required for the two typing experiments. After washing the
support with water, a-clear differentiation between complementary and single base
mismatch was achieved in case of using P9 and P10 as probe (Figure 3.51). On the
other hand, when P11 and P12 were employed as probes, the support had to be
washed with aqueous acetonitrile (3% MeCN in H,O) to give a clear discrimination
between complementary and single base mismatch.. This can be explained in term of
the difference in melting temperature (75,) between the perfectly matched duplex and
mismatched duplexes. In case of using P9 and P10 as probes, the 7}, of mismatched
P9-D10 duplex (32.8 °C) was comparable to that of P10-D9 duplex (32.4 °C) and
these numbers were very different from the 71, of the perfectly matched P9-D9 duplex
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(63.8 °C, ATy, = 35.1 °C) and P10-D10 duplex (67.9 °C, ATy = 31.4 °C). The low
stability of mismatched duplex means that washing with water was sufficient to
destroy the support-bound PNA-DNA hybrid and a clear discrimination was
achieved (Figure 3.52).

On the contrary, when P11 and P12 were used as probes, it was found that the
T of the mismatched duplexes P11-D12 (43.9 °C) and P12-D11 (52.8 °C) were much
higher than that of mismatched duplexes” P9-D10 and P10-D9. The 7, of the
mismatched P12-D11 duplex was less different from the fully complementary
P12-D12 duplex (75.8.°C, AT,y = 19.8°C). Furthermeore, the mismatched duplexes in
these cases had T}, values above room temperature. This may allow partial absorption
of the mismatched duplexes on the suppott. Fortunately, washing of support-bound
PNA-DNA hybrid with 3% aqueous acetonitrile after hybridization could completely
remove the mismatched hybrid signal and clearly distinguish between complementary
and single base mismatch.

Encouraged by the above results, the singleplex SNP genotyping in the real
human DNA sample derived from PCR amplification (S64 and N2) using the above
mentioned PNA sequences as probe was further investigated.

In the experiments, each of double-stranded DNA sample (~5 pL) was mixed
with 30 pL of 10 mM sodium phosphate buffer pH 7.0 and denatured in boiling water
bath for 5 min. The mixture was then rapidly cooled down at 0 °C followed by
addition of the pre-equilibrated solid support (3 pL, ~3 mg) to immobilize single-
stranded DNA. After incubation for 15-20 min at room temperature (30 °C), the solid
support was extensively washed with 10 mM sodium phosphate buffer pH 4.0 and
resuspended in 30 pl of the hybridization buffer. For hybridization, a mixture
containing equimelar.quantity of each PNA probe (1 pmol), P9 and P10 for —1082
g/a, P11 and P12 for—819 ¢/t, was added to support-bound DNA sample suspended in
binding buffer and incubated at room temperature for 15-20 min. After the usual
hybridization-absorption-washing cycle (with water or aqueous acetonitrile), the
anion. exchange. support.was.analyzed by. MALDI-TOF .mass spectrometry. The

results are shown in Figures 3.53 and 3.54.
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Figure 3.53 Singleplex SNP typing of the —1082 position of the human /L-70 gene
using a two PNA probes P9 (—1082G probe) and P10 (—1082A probe).
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Figure 3.54 Singleplex SNP typing of the —819 position of the human /L-10 gene
using two PNA probes P11 (-819C probe) and P12 (=819T probe).

From Figure 3.53, the presence of a mass signal of P9 at m/z = 4667.8 in

spectrum 5 indicated that the SNP genotype at the position —1082 of the S64 sample

was G. Spectrum 6 showed a mass signal of P10 at m/z = 4683.1 indicating that the

SNP genotype at the position —1082 of the N2 sample was A. In the Figure 3.54 the

mass signal of P11 at m/z = 4785.6 was observed in spectrum 5 indicating that the

SNP genotype at the position —819 in the S64 sample was C. Spectrum 6 showed a

mass signal of P12 at m/z = 4801.1 indicating that the SNP at the position —819 of the
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N2 sample was T. The presence of only one signal in each SNP region is consistent
with the fact that both human DNA samples came from homozygous individuals.
Synthetic DNA controls (D9-D12) gave the expected results (spectra 3 and 4, Figure
3.53 and 3.54), while in the absence of DNA no PNA signals were observed (spectra
1 and 2, Figure 3.53 and 3.54).

From positive results obtained in these earlier experiments, an opportunity to
carry out a more challenging simultaneous multiplex genotyping employing the
present method was next investigated. Two -homozygous 420bp double—stranded
DNA samples from the same individuals used in previous experiments (S64 and N2)
were obtained by standard PCR technique in such a way that each of PCR product
consists of both SNP.sites (—819 and —1082). The same set of PNA (P9/P11 and
P10/P12) were used as probes for simultaneous detection of two SNP sites

Since the washing condition for detection of the two SNP sites are not
identical, it was decided to perform a model experiment using synthetic DNA targets
carrying both SNP: sites first to establish a general washing condition. The sequences

of the synthetic DNA targets are shown below.

DNA D17A = 5'-GTGCAGAGATGTTACATGCATCATTGGGAGGGGGAATCTA-3'
DNA D17B = 5'-GTGCAGAGATATTACATGCATCATTGGGAAGGGGAATCTA-3'

The experiment was carried out at 1 pmol each probe and 5 pmol each
synthetic DNA target. After the hybridization, the Q-sepharose was washed with
water and then 3% aqueous acetonitrile to eliminate the non-specific probe. The
results from MALDI-TOF mass spectrometric analysis of the washed solid support

are shown in Figure 3.55.



142

El 4
= Goan

& son ] spectrum 1 % F control solution
£ 0] 2
] i il

w0 -
. @ ! —— ]
= 10ao
i ] SpEctrum 2 control solid
£ 00
~ aon]

200 E
T
= 1000
o ] spectrum3 PNA & syn.DNA (D17a)
E £00 § E
- AUEE % £

= oAk
E‘EE: spectrum 4 ~ PNA & syn.DNA (D17b)
£ & § @
B AUEE % l

2004

r — T T -j.
4800

300

Figure 3.55

Duplex SNP typing in the synthetic DNA using four PNA probes (P9,
P10, P11 and P12). Hybridization conditions: PNA 1 pmol each and
DNA'S pmol in 30 puL binding buffer at 30 °C. Experiments from top
to bottom: no DNA target (solution, positive control), no DNA target
(solid, negative control), +D17a (complementary to P9 and P11,
single mismatch to P10 and P12), +D17b (complementary to P10 and

P12, single mismatch to P9 and P11).

The results in above figure indicated that the two SNP positions, which were

incorporated into the 40bp synthetic DNA targets, can also be simultaneously

genotyped using four PNA probes in just one common washing condition (water

followed by 3% MeCN).-Unambiguous signals corresponding only to the expected

PNA probe were observed as shown in spectra 3 and 4 hence allowing a clear

discrimination between different SNP genotype.

The experiment above suggested that the two SNP sites could be genotyped in

a single experiment by using present technique. Next, genotyping of the two SNP

sites in real

PCR product (Table 3.9) was attempted. The experiments were

performed in the same way as described in the singleplex SNP genotyping. After the

denaturation-absorption-hybridization-washing cycle, the-Q-sepharose was analyzed

by MALDI-TOF mass spectrometry. The results are shown in Figure 3.56.
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Figure 3.56 Duplex SNP genotyping of the —819 position and -1082 position of the
human /L-10 gene using four PNA probes P9 (=1082G probe), P10 (—
1082A+ probe), P11 _(-819T probe) and P12 (-819C probe).
Hybridization conditions: PNA 1 pmol each, DNA sample (from PCR) 5
pmol, 10 mM sodium phosphate buffer pH 7.0 (30 uL) at 30 °C.
Experiments from top to bottom: no DNA target (solution, positive
control), no DNA target (solid, negative control), +D17a (positive
control), +D17b (positive control), +DNA sample S64 (-819C/C and —
1082G/G homozygous), +DNA sample N2 (-819T/T and —1082A/A
homozygous).

The two 40bp synthetic DNA targets (D17A and D17A) were used as positive
controls (spectra 3 and 4). Results in Figure 3.56 revealed that the simultaneous
genotyping in PCR products using four different PNA probes sample was successful.
The two peaks in the mass spectrum are well separated and could be identified
without ambiguity. With the S64 DNA sample, two mass signals were observed at m/z
=4666.9 (P9)-and 4786.7 (P11) (spectrum 5) indicated that the SNP genotype of this
individual was —819C and —1082G. On the other hand, in the presence of the N2 DNA
sample, two mass signals were observed at m/z = 4683.3 (P10) and 4802.6 (P12)
(spectrum 6) ‘indicated the ‘SNP- genotype of "this ‘individual” was =819T and
—1082A. In addition, synthetic DNA controls (D17a and D17b) gave the expected
results as shown in spectra 3 and 4, while in the absence of DNA no PNA signals
were observed as shown in spectrum 2.

From the perspective of high throughput analysis, it is desirable to develop a
multiplex SNP typing whereby different SNP sites can be genotyped in the same

experiment. Therefore, the possiblility of using this new technique for simultaneous
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genotyping of three SNP sites in the same DNA target was further evaluated. In the
next experiments, two new probes (P13 and P14) designed to detect an additional
SNP site at the position —592 of the /L—10 promoter (rs1800872) whose sequences
shown below were included in addition of the four 13bp PNA probes (P9-P12)
previously employed. Two homozygous 550bp double-stranded DNA (S64 and N2
samples) containing all three SNP sites (-1082, 819, —592) were prepared by PCR

amplification.
PNA P13 = P-GCCTGTCCTGTAG -ser-NH, (m/z=4818.62)
PNA P14 = P-GCCTGTACTGTAG -ser-NH, (m/z =4843.02)

The triplex SNP-genotyping using six different PNAs as probe was performed
with the two DNA samples in the same way as described in the singleplex and duplex
SNP genotyping. The results from MALDI-TOF mass spectrometric analysis of the

washed solid suppert are shown in Figure 3.57.
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Figure 3.57 Simultaneous multiplex typing of the human /L-/0 gene promoter at
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probes. P9. (—1082G probe), .P10. (-1082A probe), P11 (-819T
probe),P12 (=819C probe), P13(-592C probe) and P14 (-592A
probe).
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The spectra depicted in Figure 3.57 revealed that this technique can be used to
simultaneously detect three SNP sites in a single experiment. With the S64 sample,
only three out of six PNA mass signals were observed. The m/z of 4667.9 (P9),
4785.5 (P11) and 4817.9 (P13) observed in the spectrum 3 indicated that the SNP
genotype of this individual was —592C, —-819C and —1082G. On the contrary, the m/z
of 4683.8 (P10), 4801.8 (P12) and 4843.2 (P14) observed in the N2 sample (spectrum
4) indicated the SNP genotype of this individual was —592A, —819T and —1082A.
Since the smallest mass difference between any two of the six probes is 15 Da
(between C and T), the three peaks in the mass spectrum are well separated and all
three nucleotide variations (three homozygous genotypes C/A, C/T and G/A) could be
identified without ambiguity. The clear differentiation can be explained in term of the
difference in melting temperature (75,) between the fully matching duplex and single
mismatching duplex. The fully' complementary duplexes have 7, in the range
between 64 °C.to 76 °C, whereas the T, value of single base mismatch hybrids were
between 32 °C to 53 °C as shown in Table 3.4. The differences in Ty, (AT,) between
complementary with lowest stability and single mismatch with highest stability was
11 °C, which was sufficient to allow simultancous multiplex genotyping under one
general condition. The non-complementary probe and non-specific background were
easily removed during washing step using 3% aqueous acetonitrile.

To assess the ability of present method to simultaneous multiplex genotyping,
a blind-folded study was performed on 10 homo- and heterozygous human DNA
samples. The.550bp target DNA samples obtained from PCR amplification as
described earlier. The experiments were catried out according to the general protocol
for multiplex SNP genotyping descried in the previous experiment. After the usual
denaturation-absorption-hybridization-washing, cycle (with water and then 3%
aqueous| acetonittile),  the '/ Q-sepharose was analyzed by MALDI-TOF mass

spectrometry. The results are shown in Figure 3.58.
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Figure 3.58 Simultaneous multiplex typing of the human /L-/0 gene promoter of

unknown samples using a combination of six PNA probes (P9-P14).

Generally, for the homozygous samples, only one signal due to one specific
PNA. probe should be detected in each SNP region, while in the presence of the
heterozygous samples, signals of both probes should be detected with roughly-equal
intensities. In addition, ‘the intensity of the signals from homozygous sample are
approximately twice of heterozygous. From the above Figure 3.58, it was found that
three out of ten samples (2, 8, 9) were completely heterozygous at all SNP sites as
indicated by the presence of both probe signals at each SNP region (spectra 4, 10 and
11). Samples 1, 4, 6, 7 and 10 were completely homozygous as indicated by
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occurrence of only one signal in each SNP region (spectra 3, 6, 8, 9 and 12). The
remaining samples (3 and 5) contain both homo- and heterozygous for gene at
different SNP sites because of both probe signals were observed in one or more SNP
region and their intensities was approximately half of homozygous signal (spectra 5
and 7). In all cases, the signals of the PNA probes showed a reasonable signal-to-
noise ratio with mass error range less than 150 ppm. Furthermore, the results are in
complete agreement to those obtained from automated sequencing data as shown in
Table 3.10.

Table 3.10  Analysisresults of /L-7/0 SNP from 10-human DNA samples obtained

from different origins.

sample code observed m/z results sequencing
(error, ppm)

sample—1 4683.1 (+64.0) —1082 a/a —1082 a/a
4785.7 (—41.7) —819 c/c —819 c¢/c
4818.6 (—62.2) =592 ¢/c —592 c/c

sample—2 4667.7 (-21.4),4683.0 (+42.7) | —-1082 g/a —1082 g/a
4785.2 (=125.4), 4801.5(+124.1) | —819 c/t —819 ¢/t
4819.2(+62.9),4843.0 (+41.2) | =592 a/c —592 a/c

sample—3 4683.2 (+85.4) —1082 a/a —1082 a/a
4785.5 (—83.5),4801.4 (+104.1) | —819 c/t —819 c/t
4819.2 (+62.2),4842.5 (—82.5) | —592 a/c —592 a/c

sample—4 4682.7 (-42.7) —1082 a/a —1082 a/a
4800.5 (-83.3) —819 t/t —819 t/t
4843.1(+41.2) =592 a/a —592 a/a

sample—5 4683.3 (+106.7) —1082 a/a —1082 a/a
4785.5(-83.5),4800.3 (—104.1) —819 c/t —819 ¢/t
4819.3 (+83.0),4843.0 (+41.7) | 592 a/c —592 a/c

sample—6 4683.3 (+106.7) —1082 a/a —1082 a/a
4800.7 (—41.6) —819 t/t —819 t/t
4842.5 (—82.5) —592 a/a —592 a/a

sample—7 4682.5 (—64.0) —1082 a/a —1082 a/a
4801.2 (+62.4) —819 t/t —819 t/t
4842.7(-41.2) =592 ala =592.a/a

sample—8 4668.0 (+42.8), 4683.0 (+42.7) | —1082 a/g —1082 a/g
4786.0 (+20.8), 4801.5 (+104.1) | —819 c/t —819 c/t
4818.5 (—83.0),4843.1 (+41.2) | —592a/c —592 a/c

sample-9 4667.4 (—85.6), 4683.0 (+42.7) | —1082 a/g —1082 a/g
4785.7 (-41.7),4801.2 (+62.4) | —-819c/t 819 c/t
4819.3 (+83.0),4843.1(+41.2) [ -592 a/c —592a/c

sample—10 4682.6 (+42.7) —1082 a/a —1082 a/a
4785.7 (41.7) -819 c/c —819 c/c
4818.5 (—83.0) —592 c/c —592 c/c
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The ability of the new pyrrolidinyl acpcPNA to do multiplex SNP typing
under ambient conditions is unprecedented. Similar works using Nielsen aegPNA in
combination with streptavidin capture of biotinylated DNA samples [74-75, 77]
failed to achieve the desired level of specificity in a one-experiment assay format.
Furthermore, a high temperature and/or denaturing conditions are generally required
to achieve the desired level of specificity. Since the capture techniques are different, it
is difficult to compare the effectiveness -of “Nielsen and acpcPNA in terms of
specificity. To compare the performance of the acpcPNA and Nielsen’s aegPNA as
probes for SNP genotyping using the present technique, the ability to discriminate
between complementary and single base mismatch DNA targets was studied using the
two types of PNA prebes under identical conditions. Two acpcPNA probes labeled
with biotin group at N-terminus with sequence corresponding to the SNP were used as
model. A biotin-labeled Nielsen’s .aegPNA with identical sequence was used as
comparator. The sequences of all PNA used in this study are shown below. The biotin
group is not required for the capture experiment, but since the aegPNA was obtained

with biotin label, the aecpcPNA were also labeled with biotin for a fair comparison.

Neilsen’s PNA (T)  Biotin-TTCCCCTTCCCAA-NH, (m/z = 3890.58)
Pyrrolidinyl PNA(C) Biotin-TTCCCCCTCCCAA-ser-NH,  (m/z =4691.17)
Pyrrolidinyl PNA(T) Biotin-TTCCCCTTCCCAA-ser-NH,  (m/z=4706.16)

Two- -synthetic  DNA sequences namely 5-TFGGGGGAGGGAA-3'
(D9, complementary with pyrrolidinyl PNA(C)) and 5-TTGGGGAAGGGAA-3'
(D10, complementary with original PNA and pyrrolidinyl PNA(T)) were used as
targets. In the experiment, an equimolar quantity of the three PNA probes (50 pmol
each) was mixed with.an exeess.of the synthetic.single-sttanded DNA target (1000
pmol) in 10 mM phosphate buffer pH 7.0 (30.uL) and incubated at room temperature
(30 °Q) for 15 min. After the usual hybridization-absorption-washing cycles (with
water), the Q-sepharose was analyzed by MALDI-TOF mass spectrometry. The

results are shown in Figure 3.59.
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Figure 3.59 Comparison of specificity between Nielsen’s PNA and Vilaivan’s

pyrrolidinyl PNA

From the above figure, spectrum 1 (solution control) exhibited mass signal of
all probes, while spectrum 2 (solid control) did not exhibit any signal. This indicated
that both Nielsen’s and Vilaivan’s PNA could not be absorbed by the anion exchange
support (Q-sepharose) in the absence of DNA targets. In the presence of the D10
DNA target that is complementary to the Nielsen’s PNA (T) and pyrrolidinyl
PNA(T), the mass signals at m/z of 3889.94 and 4702.07 corresponding to the Nielsen
PNA and pyrrolidinyl PNA(T), were clearly observed as shown in spectrum 4. On the
other hand, the mass signal of Nielsen PNA (T) (3890.05) and pyrrolidinyl PNA(C)
(4692.07), but not the pyrrolidinyl PNA(T) (4702.07), were observed in the presence
the D9 DNA target (complementary with pyrrolidinyl PNA(C) and single base
mismatch with-Nielsen PNA (T) and pyrrolidinyl PNA(T)). This indicated the higher
specificity of Vilaivan’s acpcPNA. The results can be explained in term of the

melting temperature of three PNA probes and DNA targets as shown in Table 3.11.
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Table 3.11 Comparison of 71, between Nielsen’s aegPNA and Vilaivan’s acpcPNA

PNA® Ty, with D9 (°C)° Ty, with D10(°C)°
Neilsen’s PNA 49.2 (single base mismatch) | 60.5 (complementary)
Pyrrolidinyl PNA(C) | 56.7 (complementary) 40.4 (single base mismatch)
Pyrrolidinyl PNA(T) | 35.7 (single base mismatch) | 60.0 (complementary)

*Neilsen’s PNA was a high gift from Dr. Su Xiaodi, Institute of Materials Research & Engineering
(IMRE), Singapore.

°T,, values were provided by Miss Cheeraporn Ananthanawat (7}, were measured at [DNA] = [PNA] =
1 uM, 10 mM sodium phosphate buffer, pH 7.0, heating rate 1.0 °C/min. Corrected values, as
described in section 2.6)

From abowve Table; the 7, of the hybrid between Nielsen PNA and single base
mismatch DNA target is higher than that of the corresponding mismatched DNA
hybrids of pyrrolidinyl PNA(C) and pyrrolidinyl PNA(T). In addition, the melting
temperature of the mismatched Nielsen PNA -DNA hybrid was only slightly different
from that of the complementary hybrid (A7, = 11.3 °C). Much larger differences were
observed for the corresponding pyrrolidinyl PNA(C) (A7,,=16.3 °C) and pyrrolidinyl
PNA(T) (AT,= 24.3 °C). The high stability of the mismatched hybrid between
Nielsen PNA and the mismatched DNA target (D9) might be responsible for the non-
specific signal observed on the support. These results implied that the pyrrolidinyl
acpcPNA offers higher sequence specificity than that of the original aegPNA, at least

for this particular sequence.



CHAPTER IV

CONCLUSIONS

In this research, a novel mass spectrometric technique for DNA sequence
analysis employing PNA probe has been successfully developed. A new pyrrolidinyl
PNA, so caled acpcPNA was used as probe for detection of DNA sequence in
combination with ion_exchange method. This method relies on the electrostatic
interaction between negative charge of a PNA-DNA hybrid and positive charge of an
insoluble anion exchanger. Analysis of the ion exchanger with MALDI-TOF MS
revealed the signal .corresponding to the molecular weight of the PNA probe only
when its complementary DNA was present. A variety of anion exchangers were
studied. Q-sepharose was found to give the best results, providing high ion exchange
capacity and a low background adsorption. This technique allows differentiation
between complementary and single base mismatched 9-15mer DNA targets at room
temperature (30 °C) after simple washing. With unmadified PNA probe, the minimum
detectable quantity of the PNA probe and DNA target were 10 pmol. In the presence
of arginine or phosphonium charge tag on the PNA, the detection limit was reduced
from picomole to femtomole level and still showed a reasonable signal-to-noise ratio
which allows-the use of only small amounts of DNA sample and PNA probe. The
technique was validated using synthetic single and double stranded DNA. It was aso
applied for the identification of bovine and porcine species in feedstuffs and to the
detection of SNP in human DNA. The technique was shown to be highly reliable as it
provided.clear-cut results.that were in complete.agreement with the source of the
sample and data from independent analyses such as automated sequencing technique.
The' technique alows a straightforward, rapid, inexpensive and highly specific
detection of SNPs in PCR amplified DNA. In addition, the calculation of the cost for
analyzed the 'sample by using this method and comparison to that by employed
another technique such as'standard PCR technique ( ~350-500 bath per sample) and
automated sequencing technique ( ~2500 bath per sample), it was found that the
present technique is cheaper than that of the standard methods because all

experiments in this method could be performed in a one-pot reaction at room



152

temperature in without the need for labeled DNA samples therefore the unpurified
standard PCR product can be directly employed. Most importantly, the technique is
applicable for a very challenging simultaneous multiplex SNP analysis, which could
not be carried out using conventional PNA probes. Furthermore, this technique also
provided clear-cut discrimination between homo- and heterozygous sample, which

could not be carried out using other methods.
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FigureA.2 '"HNMR spectrum of (N-Fluoren-9-ylmethoxycarbonylamino)-cis-4-

(N*-isobutyrylguanin-9-y1)-D-proline pentafluorophenyl ester (12)
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benzoylcytosin-1-yl)-D-proline pentafluorophenyl ester (17)
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FigureA.6 'HNMR spectrum of (1S25)-2-Aminocyclopentane carboxylic acid
hydrochloride (24)
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Figure A.8 '"H NMR spectrum of (1529)-2-(N-fluoren-9-ylmethoxycarbonyl)-

aminocyclopentane pentafluorophenyl ester (27)
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FigureA.9 'HNMR spectrum of carboxybutyltriphenylphosphonium bromide
N- hydroxysuecinimidyl ester (2)
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Figure A.10 "C NMR spectrum of carboxybutyltriphenylphosphonium bromide
N- hydroxysuccinimidyl ester (2)
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Figure A.12 HPLC chromatogram of Ac-GTAGATCACT-Ser-NH, (P2)
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FigureA.13 netogram of Ac-TGTACGTCACAACTA-Lys-NH; (P5)
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Figure A.14 HPLC chromatogram of Ac-TGTACGTAACAACTA-Lys-NH; (P6)
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Figure A.16 HPLC chromatogram of Ac-Arg-AAA ATTCCATT-Ser-NH, (P8)
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Figure A.17 AA-Ser-NH, (P9)
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Figure A.18 HPLC chromatogram of P-TTCCCCCTCCCAA-Ser-NH, (P10)
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Figure A.20 HPLC chromatogram of P-ATGTAATATCTCT-Ser-NH, (P12)
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Figure A.22 HPLC chromatogram of P-GCCTGTCCTGTAG-Ser-NH- (P14)
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FigureA.23 MA FTT-LysNH; (P1)
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Figure A.25 MALDI-TOF mass spectrum of Ac- TGTACGTAACAACTA-Lys-NH; (P5)

FlgureA 26 MALDI-TOF mass s@ctrum of Ac-TGTACGTCACAACTA-LysNH; (P6)
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Figure A.29 MALL F mass s ‘ “f";"‘:-;.,_ CCCTCCCAA-Ser-NH; (P9)
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Figure A.35 Themelting curves of PNA P1 with DNA D1. The T,, were measured
a aratio of PNA:DNA = L1, [PNA] = 1 uM, 10 mM sodium

phosphate buffer, pH 7.0, heating rate 1.0 °C/min.
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Figure A.36 The melting curvesof PNA P2 with DNA D2a. The T, were measured
at a ratio of PNA: DNA = 1. 1, [PNA] = 1 pM, 10 mM sodium
phosphate buffer, pH 7.0, heating rate 1.0.°C/min.
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