CHAPTER1

INTRODUCTION

1.1  Peptide nucleic acid (PNA)

Perhaps there is no molg nportant in the molecular processes

in living system than the damental functions of life are
' | —

encoded by this simple but=ve cgant melecule: the storage, the transfer

(replication), as well as the®fanslation (axpression ofithe genetic information. This is
‘ (nucleosides): deoxyadenosine
and., deoxycytosine (dC). Two

dA/dT, and dG/dC) form a

cads to association of the two

complementary nucleot
Watson-Crick base pai
strands of DNA to from Blehielix (ructure. The base pairing is further
stabilized by n-m interaction an teraction, the so called m-mt or base
stacking. The negative charge ie on the outside of the double helix

and are in direct contagt'with water, hidin; g the ratherhydrophobic base pairs inside.
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Figure 1.1 Nucleobase pair recognition by Watson-Crick hydrogen bonding.
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Oligodeoxynucl ides arc short strands of DN A ,'j', sually of a few-tens base.
They are usually obtained, by chemical gsynthesis. The important feature of
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oligonucleotide wWith a complementary‘sequence in the same way as DNA As a result,

oligonu lﬁ Wﬂﬁm um%mlﬁl lﬁl(&’ techniques,

mcludmﬁe use as a probe for hybridization in sequence determination
and as primers for Polymerase Chain Reaction (PCR). Since the binding of
oligonucleotides to DNA and RNA is governed by the standard base pairing rules, the
design of an agent that can directly interact with cellular DNA and RNA to interfere
~ their normal functions, the so called antisense agent, should be straightforward.
Natural oligonucleotides have been shown to exhibit both antisense and antigene

properties in vitro.[2-4] However, they are rapidly degraded by nucleases in vivo.
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oligonuclgotide mimics to ance hybridization, increase resistance to nuclease
digestion and improve membrane permeability. Attempts to overcome this serious
obstacle resulted in an impressive number of oligonucleotide analogues having been
synthesized during the last two decades (Figure 1.3).[5-6] Most of the novel motifs
contain relatively modest changes to either the nucleotide bases or to the phosphate
backbone. However, one rather radical modification, peptide nucleic acid or poly
amide nucleic acid (PNA), represents a dramatic departure from standard

oligonucleotide chemistry.



Peptide nucleic acids were first described by Nielsen er al. in 1991.[7]
A replacement of the natural deoxyribose phosphate backbone of DNA by a repeating
N-(2-aminoethyl)-glycine (aeg) unit (Figure 1.4) resulted in a DNA-compatible
skeleton. Attachment of nucleobases to that skeleton through methylenecarbonyl
linkers afforded a DNA mimic with several remarkable properties.

aegPNA (1)

Figure 1.4 Chemical structure “ota DNA melecule and an aegPNA molecule
/48

PNA binds ;E“T‘“T?—_ﬁ‘ nucleic acids forming a
PNA-DNA hybrid thag : corresponding DNA-DNA hybrid.
Unlike other DNA-bindi peptldes or protems the interaction is highly sequence
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molecules secondly, PNAs are achiral, which avoids the need to develop a
stereoselective synthesis; and thirdly, PNA synthesis uses standard Boc or Fmoc
protocols for solid-phase peptide synthesis. Since the first report of PNA, much effort
has been devoted to exploring the general DNA mimicking properties of PNAs such
as their structure and their physical properties, including the use as a sequence
specific ligand for binding double standed DNA..[9]



1.2 PNA-DNA Hybridization

A large amount of research effort focused on the structure and physical
properties of PNA and its hybrids with nucleic acids. Physical techniques, including
high-resolution NMR and X-ray crystallography have been used to analyze the major
families of PNA complex. Two duplex structures, a PNA-RNA [10] and a PNA-DNA
[11] duplex were solved by NMR, and the structures of a PNA-PNA duplex [12] and

the conformation of the : :’-:. o PNZ uplex is essential the A-from;

while that of the DNA s : isicloser to the B-from.[14]
Hybridization leotides is destabilized by

electrostatic repulsion )hosphate backbones of the

complementary strands. an'bind strongly and with high

sequence discrimination t : itar g ets of, NA, RNA or another DNA
and in general the thérm ili generally expressed as melting
temperature: 7r,) for identicCal cfices ol th prder: PNA-PNA > PNA-RNA >
PNA-DNA.[15] Because o ' 7 ge repulsion in PNA-DNA or PNA-
RNA duplexes due to the uncharge K NA, the stability and rate of PNA-

DNA hybridization ~_,,.'-::.'.r.r.'.:r:.::..._.,..-‘:.;;:.ﬁa.ai \‘; d to its complementary
nucleic acids in both 2 . .«; figure 1.5).[16] However,

on'entation has a marginally hig SHer stability.
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Figure 1.6 Hydrﬂn bonding via Watson-Crick am Hoogsteen base pairing.
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One imﬂ‘tagug %&j’% @Wé}lﬂ;}o form triple helices
(PNA); DNA espeeially when the PNA sequence is rich in pyrimidine bases (T, C). It
s QD FRGFIG Gt PRI o e
stranded BNA resulted in a novel strand displacement complex which is triple helical
in nature. Thymine-rich PNA binds to double stranded DNA to form a (PNA)," DNA
complex, leaving another thymine-rich strand of DNA free as a loop structure. A
preliminary study revealed that this complex could be in either of parallel and
antiparallel mode, but antiparallel binding orientation of two purine stands
(N-terminal PNA facing 3'-OH of DNA) gave a higher T}, value.[17] Cytosine-rich
homopyrimidine PNAs bound to the guanine-rich strand of a double stranded DNA



and became triplex with N>-protonation and Hoogsteen base pairing without causing a
strand displacement.[18]

From an X-ray crystal structure of a (PNA),"DNA triplex,[13] in addition to
the normal Watson-Crick base-pairing, the second strand of PNA was bound by a
Hoogsteen base-pairing (Figure 1.6). It 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 thereby also contributing to the stability.

Consequently, (PNA),"DNA triplexes : extremely high thermal stability.

The binding mechanigim of the /tip alelix formation was proposed as
summarized in Figure 1. E-mie i e binding process involves: i
um g : g p volves: 1) a
transient partial openi ' bi 1t¢ double strand DNA and
incorporation of one : | san intermediate PNA/DNA
duplex and ii) formatiog®f 2 46 bl (PN ’ ex.[19]
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Figure 1.7  Schematic representation of modes of binding of PNA to ssDNA and
ds DNA.



In contrast, mixed purine-pyrimidine PNA forms only duplex with DNA by
the usual Watson-Crick base-pairing. The duplex invasion is not so readily as in the
pyrimidine-rich PNA due to the high stability of DNA-DNA hybrids containing C-G
base pairing, especially under a high salt condition.[20]

1.3 Application of peptide nucleic acid (PNA)

standing potential for recognizing both

double-stranded and single-stranded | ' peutral backbone of PNA results in
stronger binding affinity .and “greater ecificity than would normally
achieve with DNA. Moregygigt - and biophysical properties of

PNA have been exploitgdemaking NG 3 o owerful platform to be developed as
biomolecular tools, anii§€nsé’ aud’ antigéne  agents,  molecular probes and as

biosensors.[21]
1.3.1 Therapeutics applic

Due to its DNA and ilities, PNA has obvious potential in

therapeutics, both for developm -—r?- f : ’ eutic drugs and for target validation

of medicines, as well! iés in molecular biology. In

—_—_— .

BB se drugs (Figure 1.8). In
designed to recognize and

principle, two gener_
the first strategy, oligmucleoies or their analogs
hybridize to the complerfientary sequencesain a particular gene of interest whereby

they should imﬂew ﬁg %g%@% ﬂ’tﬂufa] gne (antigene strategy).

Alternatively thébhucleic acid analogs can be desgled to recogIH'? and hybridize to
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strategy).§20]
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Figure 1.8 Schematic representation oVne antisense inhibition and antigene

inhibition. An antise \\\\\ PNA) binds to an mRNA containing
\...,__ Y —_ . .
sequence bit the expression of a protein

at the level of translation. On v@d, an antigene agent binds
: squence.in.the DNA and thereby inhibit

the complementa

directly to a

transcriptio

PNA-RNA dupl€xe
translation by PNA #is

e-H, antisene inhibition of
L4 different from that of
. penany ¥ 8 : :
phosphorothiotes. Conseguently, %2? ve targe dentified for phosphothioate
i f;‘:':..- s J )
oligonuecleotides are not ng€e ATty ex oC
sensitive RNA targets for PNA 5 are-presumably targets at which the PNA

can physically interfef

Iribg \0 me recognition, scanning

or assembly, wherea$ jiboson

robust.[22] Interestingg it was rece
are very sensitive targetssfor PNA antiseni,inhibition as correct mRNA splicing is

prevented.[23]ﬂuu18t£§1%%}%ﬁ§ Wmaﬂﬁ other DNA analogues

and mimics, it i8/advisable to perfm? a mRNA scanning by testing a series of PNAs
o

/s
targeti i | f '
,ﬂdz S, ﬁ&ﬂ?%eﬂ]\:l’igtovth]‘eecllrlyacoﬁlllexing it with a

partially complementary oligodeoxynucleotide and a cationic lipid.[24] The lipid

elongation appear much more

onstrated t@t intro-exon splice junctions

promotes internalization of the DNA, whereas the PNA enters as cargo and is
subsequently released. The antigene peptide nucleic acids (agPNAs) recognize
transcription start sites within chromosomal DNA and block gene expression. These
PNAs are the first synthetic molecules shown to be capable of recognizing

transcription start sites inside cells.
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1.3.2 PNA in diagnostics

The excellent hybridization properties of PNA oligomers combined with its
unique chemistry has been exploited in a variety of genetic diagnostic techniques. For
instance, fluorescene in situ hybridization (PNA-FISH), PNA probes for in situ
hybridization yield superior signal to noise ratios and often allow milder washing

procedures resulting in morphologically better samples. Thus PNA-FISH techniques

have been developed for quantitative teloniere analyses [25-26], chromosome painting

samples.[28]

DNA biosensor_igé | under intense investigation
owing to their great promiiSc JOr & 44 hnd\] OW-€ e detection of specific DNA
sequences. These technelogi €4 mOIRY o immobilization of a single-
stranded (ss) DNA probg el el® “troche r mass-sensitive transducers
to recognize the comple : % mismate t and in a sample solution. The
response from the hybridi - a detectable signal electrical
signal, like fluorescent & : probe for sequence-specific
biosensor. Some of the promis; ds
biosensors has been hlghhghtcd’m' &7,

Human genomics and mitochondrial DNA con ain large numbers of single-

r'}'

ked to known diseases. In a

the recognition layer in DNA

nucleotide polymorp .:.f“ (SNP:
system developed fo detection of SNPs, the fully I&atching PNA-DNA duplex
protected from %j“ hereﬁs’ DNA in PNA ‘DNA duplex involving a
mismatch are w %ﬁ e eﬁre one-base alteration
at potential SN& sites is visually dttected by using a 3-3'-die adlcarbocyamne
ey TS B DY) B3
vivid in ‘the visible- light region. The solution of fully matching PNA-DNA duplex
exhibits purple color, while one mismatch between PNA and DNA shows its intrinsic
blue color.[30]

A method for SNPs detection that couples the sensitivity and accuracy of
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOFMS) with the specificity and stability of PNA-DNA hybridization has also been

developed.[31] Following PCR amplification, the method is applied directly to
polymorphisms located within human mitochondrial DNA (mtDNA) and in genomic
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DNA using human leukocyte antigen (HLA)DQa polymorphisms. The PNA probes
were hybridized to single-stranded PCR-amplified DNA immobilized onto magnetic
particles. Following washing, the immobilized PNA-DNA complex is then directly
analyzed by MALDI-TOF mass spectrometry. The PNA-DNA hybrid denature during
the MALDI process, providing the free PNA which can be detected by its mass.[32]

1.3.3 PNAs as tools in biotechnology

The polymerase cha‘in‘ i been widely used for various

molecular genetic applicati ation of variable number of
tandem repeat (VNTR) logi

are used to block the tem

;ping. Small PNA oligomers
yailable for intra- and inter-
strand interaction during#€a and,the primer extension is not
1\\\ s the PNA molecules from the

t10n of reaction.[20] PNA

blocked; during this extensic erase
template and the primer
oligomers can be used §'si gle mutation analyses.[33]
This technique is so pow a specific signal from a

single mutation oncogene in'the resence ‘of 000-10,000 fold excess of the non-

\J

1.4 Structural pred ;“: zati P pimprove binding affinity

The success of PNf&Qas attract hﬁ any research groups
to search for aléi ﬂm ﬁ o PNA or may even
have extra featur?s currently not present or remained to be developed in Nielsen’s

it A e i o

binding.

According to thermodynamic consideration, the hybridization of PNA to
complementary oligonucleotide caused the enthalpy gain and significant entropy loss
due to the conformational restriction of both PNA and DNA as a result of
complexation. It can be envisioned that the free energy gain of hybrid formation may
be decreased by reducing this entropy loss. One way to solve this problem is by
locking the conformation of PNA to be the same as in the PNA-DNA hybrid.[36] For
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this reason, many research groups have focused on structural preorganization of PNA
such as introducing a rigid backbone to form a conformationally constrained PNA.
One concept for preorganization of PNA is based on introduction of a
methylene group to bridge between the aminoethylglycyl backbone and the methylene
carbonyl side chain of aegPNA [(1) in Figure 1.9] to form various five- or six-
membered nitrogen heterocyclic analogues.[37] A methylene bridge between the C-5
atom of the aminoethyl part and the C-2 atom of the glycine part of the aegPNA

resulted in 4-aminoprolyl PNA [(2).1 re 1.9], with introduction of two chiral

centers.[38] Homothymine hex ‘ ‘iastereomers (frans-D/ trans-L and
cis-L) failed to from a oo ‘v 'The chiral PNAs containing
monosubstitution with ither atthesNsterminus or in the interior are
capable of forming duy Slementary JNAsin parallel (7, = 40 °C) and

antiparallel (7, = 42 ° dge inserted between the C-2

atom of the glycine unit base linker of the aegPNA
resulted in a novel chir Flgure 1.9].[40-42] Another
interesting PNA syst d frans-L isomers of both
4-aminoproline and pyrrolidifie-2-oafbox ‘ id 'derivative carring nucleobases at

the C-4 position were studi€d. es€ ‘modified chiral PNAs and their

hybrid with oligonucleotides, g: g i solubility in aqueous media, making

) .
ave"so far met with variable

Attempts to T

success.[45-46] In a regent report, a synthesis and bir

! ng study of a pyrrolidinyl
PNA with an a inoethyll be The glycine carbonyl group
in the PTOI)’I ﬁe‘ﬁ ﬁﬁ%ﬁ*ﬁﬁﬂi‘, ne group to form
ammoethylprolyl (aep) PNA [(4) infFigure 1.9]cThis PNA system should make a

rather cogoympatipial feiblg tdiboht ilclhd chtrhaclofbrite side chain is

still restrigted. Though the increased entropy loss upon hybridization can result from

increasing conformational flexibility of the backbone or the decreasing the binding
affinity, this flexibility should allow the aepPNA to adopt a wider range of
conformations than the prolylglycyl PNA. In addition, the positive charge and the
tertiary nitrogen of proline should attract the negatively charged phosphate group of
DNA, providing further stabilization of the hybrid formed with natural DNA

Kumar ef al. [48] reported the synthesis of two of the four possible
stereoisomers of aepPNA, namely the (25,45)- and (2R 4S) isomers. The homothymine
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octamer aepPNAs in both diastereomers were reported to form very stable

(PNA),'DNA triplex with a complementary DNA (7 > 80 °C). On the other hand,

Vilaivan and co-worker [49] reported another synthesis of a new stereoisomer of
(2R,4R)-aepPNA oligomer. The thymine decamer (2R 4R)-aepPNA was found to bind
with poly(rA) (the complementary RNA) to form a 2:1 hybrid with high affinity
(7m = 53 °C), whereas no binding to poly(dA) (the complementary DNA) was observed

Figure 1.9

Base

MAnyaY
(1IN
(7) C))

Structure of modified PNA (1) aminoethylglycine (aeg) PNA, (2) 4-
aminoprolyl PNA, (3) prolylglycyl PNA, (4) aminoethylprolyl (aep)
PNA, (5) pyrrolidinyl PNA, (6) backbone extened pyrrolidinyl (bep)
PNA, (7)  aminocyclohexylglycyl (ch) PNA  and (8)
aminocyclopentylglycyl (¢cp)PNA
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Kumar and co-worker [50] has further constrained the flexibility in the
aegPNA by insertion of a methylene bridge to link the C-4 atom of aminoethyl part
and C-2' atom of the methylene carbonyl linker. The modified PNA [(5) in Figure
1.9] also bears a positive charge due to the presence of a tertiary sp® nitrogen atom.
The incorporationof the modified monomer with (25,4S) stereochemistry into
homothymine oligomers and mixed pyrimidine oligomers indicated a decreased

binding efficiency of these oligomers with the targets DNA/RNA sequence. A

selectivity for RNA over modified units at the terminals
(C-/N-) exerts very we ct ebrganizéd-eeinformation and allowed binding
with DNA as well . 2R/IR28) aminocyclohexanyl PNA

(chPNA) [(7) in Figu 21  designed. s 2 “the monomer dihedral angle
matches the value (65°) 1 AF VA r ther than that in PNA-DNA

duplexes (141°). This PNA “an jriekesting ence for binding to RNA over
DNA. The related ci ) anyl PNA (cpPNA) [(8) in
Figure 1.9] with a smallé arigletyalue (25% bind to both RNA and DNA

with higher affinity comparé'to 7‘ Acal A152-53]

Appella and coworker ed a related #rans-(1S,25/1R,2R)-

cyclopentane PNA ~1;;;"""'='.'.:=:.:.__‘..1;:.;;:.:=;3;15 or more #rans-(15,2S5)-
'—,—’ \

cyclopentanediaminéip gPNA backbone significantly

increase binding afﬁni ‘and sequence specificity to complementary DNA. When the

stereochemlstry ﬁ ﬁ % g)ﬂe%( ;Tﬁaﬁmon was observed in
the UV analysx ﬁ W g

In most o the work reportedsby Kumar geeup and othersgussually only some
modlﬁﬂpwq xa Y&)ﬂ'ﬂﬁ w 3,4 %’] ’@ %‘ &’]rauﬂof aegPNA at
various p%smons. The hybridization results are not easily interpreted in these cases
since the effect on 7,, is not only dependent on the structure modification but also to
the number and position of the modified residues in the original PNA strand.

Consequently comparison and interpretation of these hetero-oligomeric PNA should

be done with great care.
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1.5 PNA containing B-amino acids: A novel concept of structurally

preorganized PNA

In 1998, Gellman introduced the term foldamer [55-56] to describe any
polymer with a strong tendency to adopt a specific secondary or tertiary structure
especially p-amino acid. Conformationally rigidified B-peptide such as trams-2-

aminocyclohexane carboxylic acid (#rans-ACHC) and trans-2-aminocyclopentane

carbonyl group of amid m.to have a potential to form a

helix form even in ip. about pre-organization in
thermodynamic aspect > In 2003, Vilaivan and co-worker developed
eth lglycme) [(10) in Figure

1.12] as a spacer in backt ; ) "7 tunately, art of B-amino acid (N-amino-

N-methylglycine) in thiS P . ; eds - the binding affinity between
PNA and DNA because/of ghe ~- dtropy 10ss on binding. When consider at
structure, the designed PNA"beafins "-' ,- 1 ble b-amino acid different to ACHC
or ACPC which more rigid yALthe 7 i e, So the cyclic B-amino acid have

been studied and de; yeloped to use in | il as (S, S) trans-2-amino

cyclopentane carboxy .-H.

S, uﬂﬁ“ﬁmii

AWMU TN
HAJ\

BnO OtBu

., N
“CO,H H

n
trans-ACPC
Figure 1.10 Structure of monomeric and oligomeric #rans-ACHC and #rans-ACPC

Crystal structures of the hexamer and octamer of #ans-ACPC confirm the

predicted helical conformation (Figure 1.11).
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Figure 1.11 Solid-state stfictlire’of {rans-ACH amer from two perspectives: (a)

perpendicular tg ﬁrl X axts ong the helix axis.[56]

Figure 1.12 Structure of modified PNA bearing various B-amino acid spacer: (9) B-
amino acid, (10) N-amino-N-methylglycine (11) D-aminopyrrolidine-2-

carboxylic acid (D-Apc), (12) trans-(1S,2S)-2-aminopentanecarboxylic
acid (ssACPC)
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Since 2001 Vilaivan [57,59,60] has reported novel modified PNA various
acyclic and cyclic B-amino acids. It was observed that a favorable geometry for
hybridization to the complementary oligonucleotide is possible, at least with some
specific configurations. Only the (R,R) isomer carring a D-aminopyrrolidine-2-
carboxylic acid spacer (D-Apc) ) [(11) in Figure 1.12] could form a very stable hybrid
with its complementary oligodeoxynucleotide. The stoichiochemistry studied by UV
and CD spectroscopy revealed that only 1:1 hybrid was formed. Furthermore, D-Apc
ble hybrid to DNA over RNA. This property
& ost other PNA, including aegPNA,

1van and co-workers [58] has

PNA system appeared to form more
had never been reported in othg \\\"

bind stronger with comple _»... rv R

proposed a new the confommatitna {‘ q 'e PNA based on prolyl-2-
aminocyclopentane carbex¥!icefeid (/A "%\k‘q‘ (12) in Figure 1.12]. The
PNA containing (R,R) p gfapd /(1 t ‘ *~ orm a very stable 1:1 complex

de \\ )¢ PNA. The 7, value was
&1}@ can fe N a much more stable hybrid
with DNA than DNA afid nios ( et P7 '.,',‘ w ;\ aegPNA and D-Apc PNA with

the same sequence. It waS pfopos -J ab

ce of positive contribution from

P, e

electrostatic interaction in D-Apé&Ph sated by the more structurally rigid

.l'-_j:F"—— - . . .
ssACPC backbone. Accordm o-these ‘gooduinitial results, it was aimed to continue
investigation of ssAGBC PNA with differ ent length and*lase sequence to evaluate its

scope and limitation. ""(r ( PNA containing all four

DNA bases (A, T, G an er with the aim to obtain a

B} i) | i‘l L1k} (L

1.6 Objective ofths research

’QW?Mﬂ?ﬁU UAIAINYA Y

objectlve of this research is to optimize the synthesis protocol for ssACPC

C) should also be developed

PNA (12) bearing all four nucleobases (A, T, C and G) to improve the yield, decrease
reaction time and facilitate purification. Another objective is study the binding

properties of these mixed—base PNA with DNA.
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